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In insects, the neuropeptide eclosion hormone (EH) acts on 
the CNS to evoke the stereotyped behaviors that cause ec- 
dysis, the shedding of the cuticle at the end of each molt. 
Concomitantly, EH induces an increase in cyclic GMP (cGMP). 
Using antibodies against this second messenger, we show 
that this increase is confined to a network of 50 peptidergic 
neurons distributed throughout the CNS. Increases ap- 
peared 30 min after EH treatment, spread rapidly throughout 
these neurons, and were extremely long lived. We show that 
this response is synaptically driven, and does not involve 
the soluble, nitric oxide (NO)-activated, guanylate cyclase. 
Stereotyped variations in the duration of the cGMP response 
among neurons suggest a role in coordinating responses 
having different latencies and durations. 

[Key words: eclosion hormone, cGMP, ecdysis, nitric ox- 
ide, neuropeptide, motor program, behavior] 

The cyclic nucleotide cyclic 3’,5’-guanosine monophosphate 
(cGMP) is an important intracellular second messenger in both 
vertebrate and invertebrate tissues, mediating the actions of a 
wide variety of ligands that include transmitters, peptides, hor- 
mones, toxins and drugs. For example, in vertebrates it has been 
implicated as a second messenger in diverse actions such as 
smooth muscle relaxation, natriuresis, photoreception, olfac- 
tion, and activity-dependent depression of synaptic strength. In 
invertebrates cGMP has been shown to be involved in triggering 
stage-specific behaviors, in muscle cell death, and in regulating 
muscle energy metabolism (Garthwaite, 199 1; Goy, 199 1; La- 
torre et al., 199 1; Schmidt et al., 1993). cGMP is generated by 
several distinct pathways and may act directly on effector mol- 
ecules or indirectly via protein lcinases and phosphodiesterases 
(Garthwaite, 1991; Goy, 1991; Butt et al., 1993; Schmidt et al., 
1993). As a result of this complexity, the scope of cGMP-me- 
diated phenomena has only started to be assessed. 

In the moth Munduca sex&, the insect peptide eclosion hor- 
mone (EH) acts at the end of each molt to cause ecdysis, the 
process of shedding of the old cuticle (Truman, 1992). The 
peptide that is released into the blood has a variety of effects 
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on peripheral tissues including increasing cuticle extensibility, 
inducing secretion by dermal glands, and causing the death of 
specific sets of muscles. EH is also released locally within the 
CNS where it triggers the series of stereotyped motor programs 
that underlie the ecdysis behaviors. Both the central and pe- 
ripheral actions of EH have been shown to involve increases in 
cGMP (Truman et al., 1979; Schwartz and Truman, 1984; Mor- 
ton and Truman, 1985). 

Here we report that EH induces, as part of its normal action, 
a dramatic and long-lasting increase in cGMP immunoreactivity 
(cGMP-IR) in identified peptidergic neurons. We show that 
most of this increase in cGMP is a synaptically mediated re- 
sponse, and is therefore not due to the direct action of EH on 
these cells. The time course of this cGMP increase differs mark- 
edly among different neurons, suggesting a mechanism whereby 
brief exposure to a neuropeptide can trigger long-lasting, co- 
ordinated, changes in CNS activity. 

Materials and Methods 
Experimental animals, injections, and surgical procedures 
Animals. Manduca sexta larva were raised on artificial diet under a 17 
L, 7 D photoperiod regime at 26°C. Animals that were progressing to 
the molt to the fifth instar larvae were staged using external morpho- 
logical markers (Copenhaver and Truman, 1982), and maintained at 
27-29°C. 

EH injections. Pharate fifth instar larvae were selected 2 hr after the 
appearance of gas in the old head capsule, a time that is 2-3 hr prior 
to normal EH release (Copenhaver and Truman, 1982), and injected 
with >O. 1 units of EH. The eclosion hormone used in these studies was 
produced by a recombinant baculovirus (Eldridge et al., 1991). The 
peptide was diluted in saline (Ephrussi and Beadle. 1936) containing 10 
% acetonitrile (Fisher), and 6.i mg/ml bovine serum albumin (Sigma 
Chemical Co.). 

Sodium nitroprusside injections. Pharate fifth instar larvae were se- 
lected as described above and injected with 10 ~1 of 50 mM sodium 
nitroprusside (SNP, Sigma Chemical Co.). Based on the animal’s body 
weight, such an injection should result in a final concentration of ap- 
proximately 0.5 mM in the blood. 

Nerve cord transections. Pharate fifth instar larvae were anesthetized 
under a stream of CO,, and submerged under cold saline (Ephrussi and 
Beadle, 1936). A small incision was made in the body wall and the 
connective between a particular pair of ganglia transected. The animal 
was then sutured (with 6-O braided silk suture; Ethicon), and injected 
with >O.l units of EH. For cuts performed after EH injection, larvae 
were anesthetized for 1 min at the designated time under CO,, sub- 
merged under cold saline, and operated as described above. The entire 
operation takes 3-5 min. 

Immunohistochemistry 
anti-cGMP. The entire CNS was dissected under cold saline and fixed 
overnight in 4% buffered paraformaldehyde, at room temperature. The 
nerve cords were then rinsed in phosphate-buffered saline (PBS), and 
treated in 0.5 mg/ml collagenase (type IV, Sigma Chemical Co.) in PBS 
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Figure I. A-C, Pattern of cGMP-IR in the third thoracic ganglion of Manduca sexta larvae dissected at, in A, 2-3 hr prior to EH release; B, 
ecdysis; and C, 3 hr after ecdysis. Scale bar, 150 pm. 

+ 0.1 % Triton-X (PBST) for 30 min at room temperature. They were 
then run up and down a graded methanol series, rinsed 3 x 10’ in PBST, 
and incubated for 36 hr in rabbit anti-cGMP antibody (1: 1000; De 
Vente et al., 1987). The CNSs were then rinsed 4 x 10’ in PBST, and 
incubated in biotinylated anti-rabbit antibody (1:200; Vector Iabora- 
tories) for 2 hr at room temperature. They were then processed using 
the avidin-biotin-HRP system provided in an ABC kit (Vector Labo- 
ratories) using 0.5 mg/ml diaminobenzidine (DAB) + 0.003-0.01% 
H,O, (Sigma Chemical Co.), dehydrated and mounted in DPX (Fluka). 

Specificity control. In order to confirm the identity of the antigen 
recognized by the anti-cGMP antibody in Manduca ganglia the primary 
antibody was preincubated with various concentrations ofcGMP, GMP, 
or CAMP (Sigma Chemical Co.), for 1 hr at room temperature prior to 
application to the tissue. 

Anti-cGMP + anti-CCAP. For these double labels the tissue was first 
processed for anti-cGMP or anti-CCAP (1:800, kindly provided by Dr. 
Heinrich Dirksen) immunoreactivity as described above, except that 
avidin-FITC (1: 1000, Vector Laboratories) or avidin-Texas red (1:200, 
Vector Laboratories) was used instead of an HRP-based detection sys- 
tem. The tissue was then washed 4 x 10’ in PBST, and processed for 
anti-CCAP or anti-cGMP, and detected using the appropriate avidin- 
fluorochrome conjugate. The tissue was then mounted in 80% glycerol/ 
2% n-propyl-gallate (to reduce photobleaching) and viewed using con- 
focal microscopy (Bio-Rad). Singly labeled preparations, as well as dou- 
ble-labeled ones in which the primaries were detected using either of 
the two fluorochromes were also examined, to control for cross reactivity 
and “bleed-through” of the FITC emissions into the Texas red channel. 

Signal quantiJication. (1) Qualitative: cGMP-IR was quantitated sub- 
jectively using permanent, DAB-stained preparations. A score of 3 was 
given for intensely stained cells; a score of 2 if the staining was weaker, 
but both the cell body and its main arbor were visible; a score of 1 
when only the cell body was visible, and 0 ifcGMP-IR was not apparent. 
(2) Quantitative: cGMP-IR was quantitated using confocal microscopy 
on fluorescently labeled preparations. Tissues were prepared for cGMP 

immunoreactivity as described above, using the avidin-Cy5 fluoro- 
chrome (Jackson Laboratories) at a concentration 1: 500. In our hands 
this fluorochrome gives a lower background, and produces a stronger 
signal that is less attenuated over the - 150 pm thickness of a Manduca 
ganglion than do Texas red- and FITC-based detection systems. Others 
have made similar observations (Mesce et al., 1993). CNSs to be com- 
pared were processed simultaneously, and, whenever possible, in the 
same vial. They were then mounted as described above, and viewed 
using a Bio-Rad confocal microscope. For each cell, an optical section 
was collected at a depth that produced the maximum average intensity 
over the cell body. The change in signal intensity due solely to depth 
was compensated for each cell by adjusting the gain to produce a back- ’ 
ground level of 6. This corresponded to 5-6% of the maximal response, 
and was subtracted from the values reported in see Table 2. Since the 
detection system shows some nonlinearities at high and low intensities, 
the values reported should be taken as being approximate. 

Results 
EH triggers an increase in cGMP-IR in a small number of 
neurons in the Manduca CNS 
Measurements of the levels of cGMP found in the extracts of 
Manduca nervous systems taken at various times after EH in- 
jection showed that this peptide produced a sustained increase 
in the levels of cGMP in the CNS (Morton and Truman, 1985). 
To identify the cells that are responsible for this increase in 
cGMP we stained the CNS of ecdysing fifth instar animals using 
antibodies that recognize cGMP in fixed tissue (De Vente et al., 
1987). As shown in Figure 1, the thoracic (T) ganglia of such 
animals each had four neurons that showed strong cGMP im- 
munoreactivity (cGMP-IR). Importantly, these cells were not 

Figure 2. Pattern of cGMP-IR obtained in the third thoracic ganglion of larvae dissected 40 min after EH injection, using anti-cGMP antibody 
preabsorbed with, in A, 10m5 M cGMP, B, 1O-5 M CAMP, and C, 10-5~ GMP. Scale bar, 150 pm. 
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Figure 3. Confocal images showing co-localization of cGMP-IR to 
neurons immunoreactive to the neuropeptide CCAP. A, Abdominal 
neurons showing cGMP-IR, B, CCAP immunoreactivity (CCAP-IR) in 
the same neurons. Note that the intensity of cGMP-IR at this time was 
strongest in cell 27 (arrow), while that of CCAP-IR was strongest in 
intemeuron 704 (arrowhead). C and D, The homologous neurons in 
thoracic ganglia showing, in C, cGMP-IR, and D, no CCAP-IR. Scale 
bar, 25 Wm. 

immunoreactive when ganglia were taken a few hours prior to 
ecdysis (Fig. IA). They became strongly immunoreactive at the 
time of ecdysis (Fig. 1B) and this staining then persisted for 
several hours (Fig. 1C). The immunostaining was severely re- 
duced by preincubating the primary antibody with 1 O-5 M cGMP 
(Fig. 2,4), whereas it was unchanged when preincubated with 
1O-5 M of either CAMP or GMP (Fig. 2, B and C, respectively). 
Higher concentrations of cGMP abolished the immunostaining. 
Hence, as has been shown for mammalian tissues (De Vente et 
al., 1987), the immunostaining in insect CNS also appears to 
be specific for cGMP. 

Identity of cGMP-immunoreactive neurons 

Only 50 neurons in the entire CNS showed this robust increase 
in cGMP-IR (compare Fig. 4): five pairs of neurons in the su- 
besophageal ganglion (SEG), and two pairs of neurons in each 
segmental ganglion from Tl through A7. Both pairs of neurons 
in each abdominal ganglion are peptidergic neurons that are 
immunoreactive for crustacean cardioactive peptide (CCAP, Fig. 
3A,B), a peptide that is present in the abdominal CNS of Man- 

duca (Cheung et al., 1992). One pair of these cells, Cell 27 
(Taghert and Truman, 1982), are projection neurons that extend 
to the next posterior segment and terminate distally on the alary 
muscle of the heart and proximally in a neurohemal structure, 
the perivisceral organs (Davis et al., 1993). The second pair of 
cells (cell 704) are interneurons that show both anterior and 
posterior projections in the contralateral connectives (Davis et 
al., 1993). The morphology of the thoracic neurons indicates 
that they are the thoracic homologs of cells 27 and 704, but 
they lack CCAP immunoreactivity (Fig. 3C,D). One of the two 
most posterior pairs of SEG neurons is also a cell 27 homolog, 
which extends through the contralateral connective to T 1 where 
it exits to the periphery through the dorsal nerve. The remaining 
SEG neurons have varied characteristics. The most anterior pair 
projects through the circumesophageal connective to the frontal 
ganglion. Another pair innervates the extrinsic musculature of 
the foregut. At least one of the remaining pairs is a descending 
interneuron (DIN) that extends through a dorsal tract to A8. At 
the level of the light microscope, the axon of this cell appears 
to make contact with each cell 27/tell 704 pair as it traverses 
through the ventral ganglion. Thus, these 50 neurons appear to 
constitute an interconnected network of cells that is activated 
at the time of ecdysis. 

In addition to these strongly cGMP-IR cells described here, 
a few other cells showed modest increases in cGMP-IR (not 
shown). These included one or two pairs of neurons usually 
found in ganglia Al and A2, and a pair of smaller neurons in 
A8. These cells showed lower and variable levels of cGMP-IR 
and their axons were rarely stained. 

Time course of the cGMP response 

The temporal relationship of the activation of this network to 
EH action was determined by following the time course of the 
response in animals that were stimulated to undergo precocious 
ecdysis by injection of EH. As shown in Figures 4 and 5, only 
an occasional cell within the network showed weak cGMP-IR 
at the time of injection. The only cell showing strong staining 
was an A8 motoneuron that is thought to project to the rectum 
(Thorn and Truman, 1989). Interestingly, this neuron usually 
lost its cGMP-IR at the time of ecdysis and resumed expression 
of cGMP after ecdysis was complete. 

The first behavioral response to injected EH began at 20 min 
(20 f 0.9; N = 26) with the onset of preecdysis behavior (Co- 
penhaver and Truman, 1982; Miles and Weeks, 199 1). cGMP- 
IR remained close to basal levels during the first 20-25 min but 
by 30-40 min all 50 neurons in the network showed prominent 
expression of cGMP-IR in their cell bodies and throughout their 
extensive dendritic and axonal arbors. Only an occasional an- 
imal dissected within the latter interval showed neurons in which 
the cGMP staining was incomplete. Thus, the increase in cGMP 
appears to spread throughout each neuron within the span of a 
few minutes. Ecdysis behavior began at about 45 min (43 + 
1.5; N = 26) after EH treatment, just after the network showed 
its peak of cGMP-IR expression (Figs. 4, 5). 

Although the neurons showed relative synchrony in the in- 

Figure 4. Time course of the EH-induced increase in cGMP. Each chain of ganglia shows camera lucida drawings of cGMP-IR in the ventral 
nervous system of animals dissected at the indicated times after exposure to EH. SEC, Subesophageal ganglion; TI-3, thoracic ganglion T3 was 
drawn as a representative of the thoracic set; Al-h, abdominal ganglion A5 was drawn as a representative of the abdominal set; A7 and A8, the 
terminal ganglia. 
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Figure 5. Time course of the EH-in- 
duced cGMP response. The intensity of 
the cGMP-IR in cell 27 (I), interneuron 
704 (2), and the dorsal descending axon 
of the SEG interneuron (3) (see inset), 
was assessed qualitatively by assigning 
scores to the staining intensity obtained 
at different times in similarly treated 
preparations. Scores of 3 and 0 corre- 
spond to maximal and background lev- 
els of staining, respectively. Each point 
represents the average f  SEM for the 
number of preparations scored: 9 (at 50 
and 360 min), 8 (at 40 min), 7 (at 45 
min), 6 (at 0, and 30 min), 5 (at 190 
min), 4 (at 20 min), 3 (at 10, 60, 150, 
and 250 min), 2 (at 90 and 120 min). 

duction of cGMP-IR, there was a striking variation in the length 
of time that specific cells maintained their elevated levels (Figs. 
4, 5). Among the first elements to lose their cGMP-IR were the 
axons of descending interneurons, which were immunonegative 
by 90 min after EH injection. In both the thoracic and the 
abdominal ganglia, the cGMP-IR was shorter-lived in inter- 
neuron 704 than in cell 27, but as seen in Figure 5, the cGMP 
response in the thoracic neurons far outlived that seen in their 
abdominal counterparts. Thus, for instance, the cell bodies and 
axons of the thoracic cell 27’s were still immunopositive at 6 
hr after EH injection whereas their abdominal homologs had 
lost their immunoreactivity by 3 hr. These differences in time 
course are intriguing, and suggest that the thoracic and abdom- 
inal neurons within this network play different roles during the 
ecdysis response. This notion is supported by the varied pattern 
of projection of these cells and by the fact that only the abdom- 
inal cells contain CCAP. Overall, the time course of the cGMP 
increase determined by immunostaining matches that measured 

biochemically from extracts of the abdominal CNS (Morton 
and Truman, 1985). 

Since the peroxidase reaction with diaminobenzidine is non- 
linear, we used fluorescently labeled antibodies and confocal 
microscopy to estimate the magnitude of the changes in cGMP- 
IR observed during ecdysis. These results are summarized in 
Table 1, and show that the maximum levels of cGMP were 1 O- 
1 OO-fold higher than the basal levels, observed prior to exposure 
to EH. In addition, they show that the relative changes in the 
levels of cGMP-IR seen at 0 (basal), 30-40 min, and 2 hr after 
exposure to EH are consistent with the more subjective scoring 
system shown in Figure 5. 

The cGMP-IR increase is synaptically driven 

Insight into the mechanism by which EH evokes this increase 
in cGMP was provided by the response of larvae whose nerve 
cords had been transected prior to EH injection. Figure 6 shows 
the results obtained in an animal whose cord was cut between 
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Table 1. Relative changes in the intensity (average pixel intensity + 
SEM) of cGMP-IR in cells 27 and 704 in thoracic (T3) and 
abdominal (AS) neurons prior to EH injection (Basal), and at various 
times thereafter 

Gan- 
glion Neuron Basal 30-40 min 2 hr 

T3 27 8 + 2 (9) 81 f  6 (7) 100 + 6 (8) 
704 2 f  1 (9) 100 k 7 (7) 77 f 7 (8) 

A5 27 0.5 + 0.5 (8) 100 + 15 (7) 21 + 8 (6) 
704 0.8 + 0.7 (8) 100 + 13 (7) 0 + 0.0 (6) 

The number of neurons examined is indicated in parentheses. 

abdominal ganglia 1 and 2, and was then challenged with EH. 
When examined 60 min after injection a normal cGMP response 
was seen in the neurons anterior to the transection, whereas 
those posterior to it showed no response. 

Table 2 summarizes the results obtained for transections made 
at different levels along the ventral cord. When the abdominal 
portion of the cord was transected at any level, the portion 
anterior to the lesion showed the full response whereas the pos- 
terior portion showed no response. Hence the increase in cGMP 
seen in the abdominal cells 27 and 704 is not a direct response 
to injected EH (or to any other blood-borne factor) but rather 
depends on input from descending units coming from the an- 
terior region of the CNS. At this time the obvious candidates 
for this descending input are the SEG or thoracic members of 
this network whose axons project into the abdominal ganglia 
and appear to make contact with cells 27 and 704. 

The relationship of the response to EH in the thorax and SEG 
is more difficult to interpret. The results of the lesions show that 
these ganglia can generate a cGMP response in the absence of 
higher inputs but this response is very weak as compared to that 
seen normally. Consequently, these cells could be direct targets 
of EH, but the full, normal response appears to require the brain, 
since the latter is only seen when a connection with the brain 
is intact. 

In most systems examined so far cGMP responses are detected 
shortly after exposure to the relevant agonist. In contrast, as 
shown in Figures 4 and 5, we observed a delay of about 30 min 
between the time of the injection of EH and the synaptic acti- 
vation of this network. In order to identify the source of this 
delay, we transected nerve cords at various times after injection 
of EH. Figure 7 and Table 3 show the results of such experi- 
ments, for cuts made between the brain and the SEG. The nor- 
mal, robust cGMP response was obtained in more than half of 
the animals only when the connection to the brain was left intact 
for at least 25-30 min. Prior to this time, no such response was 
observed in the caudal portion, regardless of the time at which 
the larvae were subsequently processed for cGMP-IR. These 
results suggest that the lag time between exposure to EH and 
the cGMP elevation in the network represents the time required 
to activate the descending pathway. Since the time identified by 
the transection experiments is similar to the normal onset of 
cGMP expression, the cGMP response in these cells appears to 
be quite rapid once the descending signal is provided. An al- 
ternative, but less likely possibility, is that the descending path- 
way is rapidly activated upon exposure to EH, but must drive 
the posterior neurons continuously for 25-30 min before they 
show cGMP elevations. 

Figure 6. Example of the cGMP response in an animal in which the 
ventral nerve cord was transected prior to EH injection. A, Pattern 
cGMP-IR in ganglion Al, directly anterior to the transection, and rep- 
resentative of the cGMP-IR induced in all ganglia anterior it. B, Pattern 
of cGMP-IR observed in the ganglion A2, directly posterior to the cut. 
This absence of cGMP-IR was observed in all ganglia posterior to the 
cut. 

The guanylate cyclase that is activated is not the soluble, nitric 
oxide (NO)-activated isozyme 
One of the major biosynthetic pathways for cGMP involves the 
soluble form of guanylate cyclase (GC-S). GC-S can be activated 
by NO, a widespread intra- and intercellular mediator for a 
rapidly increasing number of agents (Garthwaite, 199 1; Schmidt 
et al., 1993). Because of its significance, we examined whether 
GC-S was the form of guanylate cyclase that was activated by 
EH. To this end we injected pharate larvae with the NO donor 

Table 2. The effects of the level of nerve cord transection on the 
ability of ganglia to show an increase in cGMP-IR after EH 
treatment 

% Response 

Level of transection N Strong Weak None 

Br 1 SEG, unilateral 
Br 1 SEG, bilateral 
Tl IT2 
T31Al 
Al IA2 
A3lA4 
ASIA6 
A61A7 

100 0 0 
0 75 25 
0 100 0 
0 0 100 
0 0 100 
0 0 100 
0 0 100 
0 0 100 

Nervous systems were fixed at 90-120 min after EH treatment. Ganglia anterior 
to the transection invariably showed a full response; those posterior to the lesion 
showed similar responses, which were scored as strong (a normal response), weak 
(only a few neurons in the SEG or thoracic ganglia responding weakly), or none. 
N refers to the number of animals tested. 
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Time of BradSEG transection (minutes) 
Figure 7. Percentage of larvae showing normal (strong) increases in cGMP-IR after removal of the brain at various times after EH injection. 
Numbers indicate the number of animals tested at each time. Animals were dissected at 90-120 min after injection and processed for cGMP-IR. 
A response was considered normal if all the cGMP-IR cells in T3 had a score of 2 or 3 (compare Fig. 5). 

sodium nitroprusside (SNP), and processed the CNS for cGMP- 
IR. As illustrated in Figure 8, SNP induced intense cGMP-IR 
in a small number of neurons. Interestingly, however, none of 
these corresponded to the neurons that show high levels of cGMP- 
IR after EH treatment. 

Discussion 

The insect neuropeptide EH acts on the CNS to evoke a ste- 
reotyped sequence of behaviors that are used for shedding the 
old cuticle at the end of each molt. These actions of EH can be 
mimicked by injection of cGMP (but not CAMP) and EH ex- 
posure induces a persistent elevation in cGMP in the CNS (Tru- 
man et al., 1979; Morton and Truman, 1985). The results re- 
ported here indicate that the cGMP increase is due primarily 
to changes occurring within a small set of 50 neurons within 
the CNS. 

While many transmitters, peptides, and hormones are known 
to effect changes in the levels of particular second messengers, 

Table 3. The effects of time of brain/ SEG transection (after EH 
treatment) on the ability of the ventral CNS to show an increase in 
cGMP-IR 

Time of lesion (min) N % Strong 

0 8 0 
20 5 0 
25 6 17 
30 8 63 
35 7 100 
40 10 80 
45 6 83 
50 6 100 

Ganglia were fixed 90-120 min after injection and their cGMP-IR was scored as 
described in Table 2 notes. N refers to the number of animals tested. 

the features of the cGMP response shown by these neurons at 
ecdysis show a number of novel features. The response occurs 
as the result of the normal action of a neuropeptide, and is 
confined to a small network ofapparently synaptically connected 
neurons. The cGMP increase is an extremely long-lived re- 
sponse, which is still detectable in some cells after 6 hr. 

Role of synaptic interactions in the EH-induced increase in 
cGMP 
The manner by which EH stimulates cGMP is controversial. 
Biochemical results obtained using the abdominal CNS of 
Manduca suggest that EH stimulates cGMP via metabolites of 
arachidonic acid (Morton and Giunta, 1992). In contrast, ex- 
periments in the commercial silkworm, Bombyx mori, on sap- 
onin-treated ganglia support a pathway leading from inositol 
triphosphate production and through subsequent calcium ac- 
tivation of nitric oxide synthase and, hence, to the soluble guan- 
ylate cyclase (Shibanaka et al., 1993, 1994). The immunocy- 
tochemical results reported here reveal an unexpected complexity 
in the involvement of cGMP with ecdysis. The biochemical 
measurements of cGMP in CNS extracts of Manduca (Morton 
and Truman, 1985) and Bombyx (Shibanaka et al., 199 1) show 
a moderate increase in cGMP occurring within 5-10 min after 
EH treatment with maximum levels seen only at the time of 
ecdysis. The attainment of maximal levels coincides with the 
delayed increase seen in the network described here. The tran- 
section experiments, though, show that EH is not sufficient for 
triggering the latter cGMP increase, at least for the majority of 
cells in this group. 

Consequently, cGMP appears to be involved in two distinct 
responses during ecdysis. Presumed EH target cells show a rapid, 
but moderate response to EH and may be represented by the 
weak-staining cells that we occasionally observe. This activation 
may involve arachidonic acid metabolites or a NO activated 
pathway. Downstream of this action, cGMP plays a second role 
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Figure 8. Photomontage of examples 
of cGMP-IR neurons in a thoracic (T3; 
A) and an abdominal (A6; B) ganglion 
in larvae iniected with the NO-donor 
SNP. Scale bar, 100 rrn. 

in the activation of the group of 50 neurons at ecdysis. This 
cGMP increase requires stimulation by descending units, and 
appears not to involve NO. 

Cell-specific cGMP responses to hormone 

The spectrum of cells that become cGMP immunoreactive at 
ecdysis is of interest considering the physiological changes that 
occur at this time. Air swallowing is a prominent feature of 
ecdysis in most insects including Manduca. This behavior likely 
involves some of the cGMP-IR neurons in the SEG, since one 
pair innervates the foregut and another extends to the frontal 
ganglion, which is associated with swallowing (Griss et al., 199 1). 
Also, at ecdysis there are major adjustments in cardiac activity 
as blood is redistributed to aid in rupturing the old cuticle and 
expanding the new one. Indeed, adult ecdysis in Manduca is 
accompanied by a release of cardioactive peptides (Tublitz and 
Truman, 1985), one of which is CCAP (Cheung et al., 1992). 
The cell 27s in the abdomen are the main neurosecretory cells 
that contain CCAP and would be involved in this release. Hence, 
the cGMP response appears to involve neurons that may me- 
diate the visceromotor and cardiac adjustments that accompany 
ecdysis. The timing of the activation of the network is inter- 
esting. It occurs after the onset of preecdysis behavior but before 
the start of ecdysis. This temporal relationship presents the 
intriguing possibility that this network might be the proximate 
trigger that initiates the ecdysis motor program. This possible 
initiating role aside, the anatomy of the network is not consistent 
with these cells being involved in the actual patterning of the 
ecdysis movements. 

Mechanism of spread of cGMP response 
In the case of the abdominal cell 27’s, their activation by de- 
scending units presumably occurs within the ganglion, but the 
cGMP appears to spread along 5 mm of axon in the connectives 
and peripheral nerves within less than a few minutes. The extent 
of this spread through the axon indicates that it cannot be due 
to simple diffusion of cGMP from the dendrites but must be 
due to activation ofguanylate cyclase that is distributed through- 
out the cell including the dendrites, cell body and axon. We 
envision two possible mechanisms by which this activation could 
occur within cell 27. One is that the firing of the cell could result 
in Ca2+ entry along the length of the axon, which, in turn, 

activates the guanylate cyclase (Ogura et al., 1986). Altema- 
tively, the spread could occur through a regenerative diffusion- 
based wave in which elevations of cGMP would directly or 
indirectly stimulate the cyclase. Such a mechanism has not yet 
been described for cGMP but it would be analogous to the 
calcium-induced calcium release that propels calcium waves 
through cells (Berridge, 1993). The time resolution of the ex- 
periments reported here do not allow us to distinguish between 
the above two possibilities. Irrespective of the mechanism, the 
observations on cell 27 suggest that there exists a mechanism 
by which cyclic nucleotide changes in one part of a cell can 
spread to remote regions of the same cell within the span of a 
few minutes. In the case of cell 27, the direction of spread is 
anterograde. In other contexts, a similar mechanism might be 
used for retrograde signaling from axon terminals or growth 
cones to the cell body. 

cGA4P as a long-lasting second messenger 

While increases in second messenger levels at the single cell 
level have been documented previously, they are usually more 
transient. Such is the case for changes in the levels of Ca2+ in 
cerebellar Purkinje cells (Tank et al., 1988; Sugimori and Llinas, 
1990) CAMP in Aplysia sensory neurons (Bacskai et al., 1993) 
and cGMP in photoreceptor cells (Yau and Baylor, 1989). In 
terestingly, though, the responses that involve changes in cGMF 
levels show some of the longest time courses. For example, bath 
application of atria1 natriuretic peptide induced a rise in cGMP 
in hippocampal slices that started to show a reduction only after 
20 min (De Vente and Steinbusch, 1992). This observation 
suggests that cGMP may be preferentially used in those cases 
in which a brief exposure to an agonist induces a long-lasting 
change in second messenger levels. 

Function of cGMP response 

One of the open questions is the effects of the increase,of cGMP 
in these cells. A likely possibility is that it leads to changes in 
neuronal excitability, and this hypothesis is consistent with the 
reports of the release of CCAP at the time of ecdysis (Tublitz 
and Truman, 1985; Cheung et al., 1992). Such changes could 
be achieved by the direct gating of ionic channel by cGMP, as 
is known to occur in photoreceptor and olfactory neurons (La- 
torre et al., 199 l), or by modifying their kinetic properties by 
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phosphorylation, which accounts, for instance, for the increase 
in calcium current of some snail neurons (Paupardin-Tritsch et 
al., 1986). 

The decay of the EH-induced cGMP increase differs markedly 
among individual neurons. This differential decay could provide 
a mechanism whereby neurons with different roles can remain 
active for the appropriate length of time following their con- 
certed activation, and may thereby allow for the orchestration 
of hormone-induced actions that have different durations. 

We have shown here that an insect neuropeptide triggers a 
long lasting increase in cGMP in a small network of identified 
neurons. The various features of this response make this prep- 
aration ideally suited to ask questions that are relevant to the 
action of peptides and second messengers in the CNS at the 
behavioral, physiological, and biophysical levels. 
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