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SUMMARY

A peptide hormone, the eclosion hormone, triggers two behavioural
patterns - the pre-eclosion and eclosion patterns - when injected into
pharate silkmoths. Injection of cyclic nucleotides caused the same behaviou-
ral responses with cGMP being 10 to 100 times more potent than cAMP.
Exogenous cGMP also acted directly on the isolated nervous system to evoke
the characteristic motor programmes. Protection of endogenous cyclic
nucleotides by pretreatment of moths with a phosphodiesterase inhibitor,
theophylline, markedly enhanced the sensitivity of the moths to the hormone.
Injection of partially purified hormone preparations was followed by an in-
crease in nervous system cGMP but not cAMP. The increase preceded
the behavioural response to the hormone. When various doses of hormone
were tested, the behavioural effectiveness of each dose was correlated with
its ability to cause a cGMP increase. It was concluded that the behavioural
effects of the eclosion hormone are mediated through an increase in cGMP
in the nervous system.

INTRODUCTION

The eclosion of the adult insect from the pupal cuticle represents the conclusion
of metamorphosis. This event comes about through a series of epidermal (Reynolds,
1977), muscular (L. M. Schwartz & J. W. Truman, unpublished), and nervous system
(Truman, 1976, 1978) changes which are coordinated by the eclosion hormone, a
peptide hormone (Reynolds & Truman, 1979) released from the brain of the insect.
The best understood effect of this hormone involves its action on the nervous system
of the silkmoth Hyalophora cecropia to trigger a sequence of behaviour patterns which
enable the insect to emerge from the pupal cuticle and cocoon (Truman, 1971, 1978).
The first two patterns in the sequence, the pre-eclosion and eclosion patterns, both
involve abdominal movements and last for about 60 min and 15 min respectively.
They are based on motor programmes that are built into the abdominal ganglia and
can be released by the direct action of the hormone on the CNS (Truman, 1978).
Experiments involving the wash-out of hormone from isolated CNS preparations
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have shown that the peptide needs to be present in the bathing medium for only a
few minutes in order to trigger these programmes (Truman, 1978). Thus, the hor-
mone appears to cause rapid changes in the CNS which result in persistent alterations
in nervous system function.

Preliminary studies utilizing crude hormone extracts have indicated that the trig-
gering of the motor programmes involves changes in cyclic nucleotides and that cyclic
3',5'-adenosine monophosphate (cAMP) might be the mediating agent (Truman,
Fallon & Wyatt, 1976). We report here subsequent data with purified hormone pre-
parations which suggest that cyclic 3',5'-guanosine monophosphate (cGMP) is the
nucleotide involved in the action of the eclosion hormone on the insect CNS.

MATERIALS AND METHODS

Experimental animals

Diapausing pupae of Hyalophora cecropia were obtained from Entomological
Research Enterprises, East Lansing, Michigan, and stored at 5 °C. Diapause was
broken by transferring pupae to 23 °C, and fully developed 'pharate' adult moths
(Hinton, 1946) were ready to emerge about 4 weeks later. The moths become respon-
sive to eclosion hormone only late in adult development (Truman, 1976) and sensitive
animals could be easily selected on the basis of pigmentation and the extent of moul-
ting fluid rescrption (Truman, 1978).

Abdomens isolated from sensitive pharate animals respond to injection of eclosion
hormone by performance of both the pre-eclosion and eclosion programmes (Truman,
1971, 1978). The abdomens were isolated by clamping a haemostat between the thorax
and abdomen of the insect and discarding the head and thorax. Isolated abdomens
stored at 4 °C for up to 10 days were fully responsive to eclosion hormone injection.

Behavioural observations

The behaviour of isolated abdomens was monitored as previously described (Tru-
man, 1971, 1978). A thread was waxed to the tip of the abdominal cuticle and attached
to one arm of a lever which wrote on a revolving, smoked kymograph drum. This
apparatus recorded the frequency of abdominal movements and also the time that the
cuticle was shed by the abdomen. The behaviour of the abdomens was also visually
monitored at intervals.

Recording from the isolated CNS

In the experiments on the isolated chain of abdominal ganglia, the abdominal
CNS and attached tracheal system were dissected as previously described (Truman,
1978) and pinned out in a wax dish. The tracheae were fitted over cannulae through
which a gentle stream of air was blown to aerate the ganglia. Previous experiments
have shown that this aeration is necessary for the nervous system to respond to the
hormone (Truman, 1978). Spontaneous motor activity, monitored through suction
electrodes on the dorsal nerves, was displayed on a Tektronix 4-beam oscilloscope
and recorded on a Hewlett-Packard FM tape recorder. The motor activity from each
root was processed through a pulse rate integrator and the integrated output simul-
taneously displayed on a Beckman Dynograph recorder. The patterning of individual
bursts was analysed during play-back of the taped data.
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Preparation of eclosion hormone

Partially purified eclosion hormone was prepared in two ways. In the first method,
a boiling water extract from the heads of pharate Manduca sexta moths was dialysed
and then subjected to molecular sieve and ion exchange chromatography as described
by Reynolds & Truman (1979). This procedure resulted in a yield of about 1 % and a
400-fold purification of the activity over that in the initial extract. The second method
used corpora cardiaca (the brain neurohaemal organs) from pharate moths as starting
material. Aqueous homogenates of corpora cardiaca were subjected to 80 °C for 10
min, centrifuged, and the resultant supernatant in o-i N-HC1 passed through a column
of Sephadex G-50. The active fractions yielded by this second method were of higher
specific activity than material obtained by the first. A unit of eclosion hormone! activity
was defined as that activity equivalent to the average level found in the corpora cardi-
aca of moths immediately prior to eclosion (Reynolds & Truman, 1979). Hormone
prepared by the first method was used for determination of cAMP titres and the ini-
tial cGMP measurements. All subsequent experiments utilized hormone prepared by
the second method. In its purest form the hormone proved to be somewhat labile.
Its stability was enhanced by storing and injecting the hormone in a solution of 1 %
bovine serum albumin (BSA).

Determination of cyclic nucleotide levels

Cyclic nucleotide determinations were carried out on nervous systems removed
from isolated abdomens of male H. cecropia. At various times after injection of hor-
mone, the abdomens were rapidly opened along the anterior margin, and the midgut
and rectal sac removed. They were then slit along the dorsal midline, pinned out,
flooded with cold saline (Weevers, 1966), and the ventral chain of four ganglia removed.
The dissected nerve cords were frozen immediately on dry ice and stored at — 70 °C.
The dissection procedure required less than 2 min per abdomen.

Cyclic nucleotides were extracted from the nervous system by homogenization in
ice-cold 1 N-HCl/ethanol (1:100). The acid-ethanol extract from individual nerve
cords was combined with two washes of the homogenizer (total volume of about 1 ml)
and centrifuged at 1300 g for 10 min to sediment protein and cell debris. The pellet
was washed and the combined supernatant fractions were evaporated to dryness
under a stream of filtered air. The residue was resuspended in 0-05 M sodium acetate
buffer (0-5 ml at pH 4 for cAMP determinations; 0-3 ml at pH 6-2 for cGMP
measurements).

For the cAMP determinations the extracted cyclic nucleotides were then separated
chromatographically through Dowex AGi-x8 columns by step elution with formic
acid (Fallon & Wyatt, 1975). The 2 N formic acid fraction (which contained the cAMP)
was lyophilized and the cAMP content of the residue measured by a binding protein
assay (Brown, Ekins & Albano, 1972).

Because of its lower concentration, the measurement of cGMP in single moth
nervous systems required a more sensitive assay. This sensitivity was supplied by a
radioimmunoassay kit (New England Nuclear) adapted from the procedure of Steiner,
Parker & Kipnis (1972). This method involves acetylation of the samples for greater
sensitivity of binding by the antibody which was developed against a 2'-O-succinyl
derivative of cGMP. Acid ethanol extracts from individual nerve cords in 0-3 ml
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sodium acetate buffer were acetylated with acetic anhydride. Two o-i ml aliquots of
each extract were then assayed using the RIA kit. We were able to detect as little as
2-5 f-mole (1 f-mole = io~ls mole) per acetylated sample with this assay.

In order to determine the loss of cyclic nucleotides during the extraction procedure,
trace amounts of 8H-labelled cyclic nucleotides were added at the start of the extrac-
tion. The radioactivity remaining in the extract at the end of the procedure was
expressed as the percentage of the radioactivity added, and designated 'recovery'.
The measured levels of cyclic nucleotides in the samples were corrected for recovery,
which varied between 60 and 100%.

The protein content of the abdominal nervous system, as measured by the Lowry
method (Lowry et al. 1951), varied by more than threefold. This difference was due
primarily to variations in the thickness of the connective tissue pad along the dorsal
surface of the CNS. This pad could not be removed prior to freezing the sample
without a time-consuming dissection. This variability in the size of the pad made the
use of total protein of the sample an unreliable standard with which to compare the
cyclic nucleotide content. Consequently, the quantity of cyclic nucleotides is expressed
on a per nervous system basis.

The pHJcAMP and the cGMP RIA kit were obtained from New England Nuclear.
All other chemicals were purchased from Sigma Chemical Co.

RESULTS

Behavioural response to cyclic nucleotides and to phosphodiesterase inhibitors

Various compounds were tested for their ability to mimic the eclosion hormone
in vivo. Fig. 1 a shows a kymograph record of a typical behavioural response of an
intact, pharate H. cecropia to the eclosion hormone. After a latency of 15 min, the
animal displayed the active and quiet periods characteristic of the pre-eclosion beha-
viour, followed by the eclosion behaviour. Isolated pharate abdomens gave similar
responses to the hormone (Fig. 1 b; Truman, 1971, 1978) and were used in the present
study to ensure that behavioural responses were the direct result of the treatments
rather than indirectly triggered through the release of hormone from the brain.

Fig. 2 summarizes the responses of isolated abdomens to three compounds which
block the metabolism of cyclic nucleotides by the inhibition of phosphodiesterase in
a number of species. Each of the methylxanthine derivatives was able to release the
pre-eclosion and eclosion behaviours. Fifty per cent of the abdomens responded to
7 x io~7 mole of theophylline. Caffeine was slightly less active and isobutylmethyl-
xanthine (IBMX) about 100 times more active than theophylline. The significance of
the relative potencies is considered in the Discussion.

Since compounds that inhibit the breakdown of cyclic nucleotides were able to
mimic the eclosion hormone, it was of interest to examine the potency of the cyclic
nucleotides themselves. Previous experiments (Truman et al. 1976) had indicated
that these compounds were inactive when administered alone, presumably because
they were degraded by blood and tissue phosphodiesterases (Albin, Davison & New-
burgh, 1975) before they reached their targets. Consequently, we pretreated abdo-
mens with 2 x io~7 mole of theophylline, a dose that was behaviourally inactive,
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(a)

Fig. 1. Tracings of kymograph records of the abdominal movements of pharate H. cecropia
moths after injection with various materials (arrow) (a), intact animal injected with 1 unit of
eclosion hormone; (6), isolated abdomen injected with 1 unit of hormone; (c), (d), isolated
abdomens injected with io~' mole of cGMP after pretreatment with theophylline. Dot
represents the start of eclosion movements. Bar equals 1 h.
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Fig. 2. The behavioural responses of isolated H. cecropia abdomens to injection of various doses
of methylxanthine derivatives. Triangles, IBMX. Circles, theophylline. Squares, caffeine. Each
point is based on approximately 10 abdomens.
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Fig. 3. The behavioural responses of isolated abdomens to injection of various doses of
cyclic nucleotides after preiniection with theophylline. Solid circles, cGMP; open triangles,
cAMP. Each point represents 10 abdomens.
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Table i. The effectiveness of various nucleotides in triggering the
eclosion behaviour in isolated abdomens of H. cecropia

% eclosing
90
o

20
20
30
10

• Abdomens were injected with 2 x io~T mole of theophylline 10 min before injection of the nucleo-
tides; io~T mole of each nucleotide was injected.

before challenging the abdomens with the nucleotides. Under these conditions both
cGMP (Fig. ic, d) and cAMP (example not shown) treatments were followed after
about 15-20 min by the active and quiet phases of the pre-eclosion behaviour and then
by eclosion. As seen in Fig. 3, a dose of i-6 x io"8 mole of cGMP elicited an eclosion
response in 50% of the abdomens. Assuming a blood volume in the abdomen of
approximately 1 ml, this represents a blood concentration of I ^ X I O ^ M . Fig. 3
also shows that injected cAMP was about 100 times less potent than cGMP in trigger-
ing the behavioural sequence. The data in Fig. 3 were collected in September 1978,
using animals sent from Michigan. A small-scale repeat of the experiment in June 1979
with H. cecropia obtained from The Cecropia Company, Edwardsville, Illinois,
yielded dose-response curves that were shifted to the left for both cyclic nucleotides
with cGMP being about 10 times more active than cAMP. At this time it is not known
whether the differences between the two sets of data are due to the time of year or to
the strain of H. cecropia which was used. In both cases, however, cGMP was sub-
stantially more active than cAMP.

The specificity of the eclosion response to exogenous nucleotides was further exa-
mined by injecting a range of compounds into isolated abdomens. As seen in Table 1,
at a dosage level of io~7 mole, cGMP was more effective in stimulating eclosion beha-
viour than the other four cyclic nucleotides tested. 5'-GMP was only slightly active.

Response of the isolated CNS to cGMP

The above results show that cGMP is an effective mimic of the eclosion hormone
when injected into isolated abdomens. Since the eclosion hormone exerts its effects
through a direct action on the moth CNS (Truman, 1978), it was important to esta-
blish whether systemically administered cGMP could have a direct central action.
The CNS was removed from abdomens of H. cecropia and set up for recording as
described in Materials and Methods. Isolated nervous systems were bathed in
2 x io~* M theophylline, the estimated concentration used in the pretreatment of
abdomens as described above. In three preparations that received only theophylline,
spontaneous motor activity consisted of tonic firing of 1 or 2 units and occasional
'rotational' bursts during the 3-6 h recording period. None showed the temporal
patterning of the pre-eclosion programme or the characteristic eclosion bursts.

Five nervous systems were bathed in 2 x io~* M theophylline for 15 min and then
cGMP was added to a final concentration of 5 x io~* M. Two of the preparations
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Fig. 4. Continuous integrated record of the spontaneous motor activity generated by an isola-
ted abdominal CNS in response to cGMP. (A) Exchange bathing media with saline containing
2 x io~* M theophylline; (B) addition of cGMP for a bath concentration of 5 x io~* M; (C)
rotational patterned burst that marked the beginning of the pre-eclosion programme; (D)
start of eclosion bursts. Horizontal bar equals 10 min. Inset shows placement of recording
electrode.
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Fig. 5. Dose-response curves showing the effect of pretreatment with phosphodiesterase
inhibitors on the behavioural response of isolated abdomens to eclosion hormone injections.
Open circles, no pretreatment. Solid circles, injected with 2 x 10"' mole of theophylline
10 min prior to hormone administration. Each point represents at least 10 abdomens.

showed spontaneous motor activity similar to the theophylline controls but the
remaining three generated complete pre-eclosion and eclosion motor programmes.
Fig. 3 shows the spontaneous motor activity of one of these preparations. Frequent
motor bursting began 46 min after the addition of cGMP. The bursts showed a
rotational patterning characteristic of pre-eclosion behaviour and continued at a
high frequency for about 60 min. There followed a quiet period of 65 min duration,
followed abruptly by more bursting. The new bursts showed the typical eclosion
patterning and continued for a number of hours. Thus, response of the isolated
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nervous system to exogenous cyclic GMP was identical to its response to the natural
peptide hormone (Truman, 1978).

Enhancement of eclosion hormone responses by phosphodiesterase inhibitors

If the eclosion hormone acts through an increase in cGMP, then the inhibition of
breakdown of endogenous cGMP by a phosphodiesterase inhibitor should enhance
the effectiveness of the hormone, since higher levels of intracellular cyclic nucleotides
should be attained. A preliminary study on the moth Antheraea pernyi indicated that
theophylline enhanced the response to the hormone (Truman et al. 1976). To deter-
mine if phosphodiesterase inhibitors also had such an effect in H. cecropia, we injected
isolated abdomens with 2 x io~7 mole of theophylline followed 10 min later with various
doses of eclosion hormone. As seen in Fig. 5, pretreatment with theophylline markedly
potentiated the effect of low doses of hormone. In the absence of theophylline, a dose
of o-6 units of hormone was required to cause eclosion in 50% of the abdomens. In
the presence of theophylline, the same response was elicited with a fourfold lower
dosage. Thus, when present together, theophylline and the hormone act synergisti-
cally to produce a response that is greater than the sum of the responses to each one
given alone.

Changes in CNS cyclic nucleotide levels after eclosion hormone administration

When corpora cardiaca extracts, which contain the eclosion hormone, were injected
into isolated abdomens, the CNS showed a twofold increase in cAMP levels (Truman
et al. 1976). These measurements were repeated when the partially purified pre-
parations of the hormone became available. In the unstimulated abdomen the level of
cAMP was 1-2 p-mole per abdominal CNS. Following injection of sufficient hormone
to cause a full behavioural response (0-85-1-3 units) the level of cAMP remained essen-
tially unchanged for 20 min after the injection (Fig. 6 A) and was thus unchanged
during the beginning of the behaviour (cf. Fig. 1B; Truman, 1971, 1978). By contrast,
when a crude corpora cardiaca extract containing similar levels of hormone activity
was used, the CNS showed cAMP increases similar to those reported earlier (Fig.
6 A). Thus, it appears that the eclosion hormone was not the material in the crude
extract that was responsible for the cAMP increase.

Our previous data had also indicated a possible increase in cGMP (Truman et al.
1976) but the significance of this rise was uncertain because the levels of cGMP
present in the CNS were at the limit of resolution of our assay. With our failure to
confirm a cAMP rise with partially purified eclosion hormone, we turned to an exa-
mination of cGMP titres. Prior to injection of hormone, the abdominal CNS contained
about 175 f-mole of cGMP. Isolated abdomens were injected with 1-3 units of hor-
mone and, at various times thereafter, the CNS was removed, frozen, and assayed
for cGMP content as described in Materials and Methods. Two separate experimental
series were run, one using hormone prepared from the heads of pharate moths and
one using hormone purified from corpora cardiaca (see Materials and Methods).
In both cases, the abdominal CNS showed an increase in cGMP following hormone
injection. The combined data (Fig. 6B) showed a doubling in cGMP levels by 15 min
after hormone administration. The cGMP concentration remained elevated through
at least the first 30 min.
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The mean (±s.E.) cGMP level in CNS at 10 min after injection of isolated abdomens with
various doses of eclosion hormone in 1 % BSA carrier. T., preinjection with % x io~' mole
of theophylline. Each bar represents data from 10 to 11 nervous systems. The values for 1-3
and a-6 units are significantly different from the o value at the o-io > P > o-os and P = 0-05
levels respectively. (B) Comparison of the effectiveness of various doses of hormone in
triggering the eclosion behaviour of isolated abdomens and in stimulating an increase in
CNS cyclic GMP. Symbols are the mean ±S.E. Data for the behavioural effectiveness of the
treatments are from Fig. 5.

The above experiments showed that injection of eclosion hormone preparations into
isolated abdomens was followed by a rapid increase in the cGMP titre in the nervous
system. We were interested in establishing whether this increase was correlated with
the behavioural response to the treatment. Consequently, we injected abdomens with
doses of eclosion hormone ranging from 0-13 units, a level which was below threshold
for eliciting eclosion, to 2-6 units, a dosage which induced a full behavioural response
in 100% of the treated abdomens. Ten minutes after injection the CNS was removed,
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frozen and assayed for cGMP as described in Materials and Methods. Fig. 7A
shows that low doses of hormone (o-13-0-39 units) had little effect on CNS cGMP
levels. Statistically significant increases were seen at doses of 1-3 units (o-i > P >
0-05, *-test) and 2-6 units (P = 0-05). These treatments induced eclosion behaviour
in 90% and 100% respectively of replicate groups of H. cecropia abdomens (Fig. 5)
Abdomens injected with theophylline followed 10 min later by 0-13 units of hormone,
a treatment that results in about 55% eclosions (Fig. 5), showed a 40% increase over
control levels.

Fig. 7 B contrasts the effectiveness of a particular dose of hormone in releasing the
eclosion programme (from Fig. 5) with the ability of that dose to cause an increase
in CNS cGMP levels. The two responses had similar thresholds, and were highly
correlated with each other.

DISCUSSION

Cyclic nucleotides play an important role in mediating the action of various peptide
hormones in both vertebrates and invertebrates. Although in most systems cAMP
is of predominant importance (Butcher, Robinson & Sutherland, 1972), cGMP has
also been implicated in the action of certain hormones (Goldberg & Haddox, 1977).
Considering the role of cyclic nucleotides in the action of peptide hormones in many
tissues, it is not surprising that they may also mediate the behavioural actions of this
class of hormones. Evidence for the involvement of these chemicals in the behavioural
responses to peptides has already been reported for the peptide modulation of bursting
in cell R-15 in Aplysia (Treistman & Levitan, 1976), and for the behavioural actions
of the eclosion hormone (Truman et al. 1976).

A number of lines of evidence implicate cyclic nucleotides in the behavioural re-
sponse of the H. cecropia CNS to the eclosion hormone. Inhibitors of phosphodiester-
ase, the enzyme that degrades cyclic nucleotides, mimic the behavioural effects of
eclosion hormone in isolated abdomens. The potency of the 3-methylxanthine deri-
vatives in mimicking the hormone was IBMX > theophylline > caffeine. Albin et al.
(1975) have shown that theophylline is slightly more effective than caffeine in inhibiting
phosphodiesterase from the moth, Manduca sexta. Beavo et al. (1970) reported the
same relative potencies for this series of xanthine derivatives as cAMP phosphodi-
esterase inhibitors in epididymal fat cells of the rat. They also noted a close agreement
between the potencies of these compounds as phosphodiesterase inhibitors and their
relative abilities to stimulate lipolysis in fat cells. The parallel order of effectiveness
seen in the ability of these compounds to mimic the eclosion hormone suggests that
this activity results from their elevation of cyclic nucleotide levels.

The above data, as well as the ability of low doses of theophylline to potentiate
the behavioural effects of submaximal doses of eclosion hormone (Fig. 5), suggest an
involvement of cyclic nucleotides in the action of the hormone but they do not
indicate which compound is involved. In an initial report (Truman et al. 1976) it was
suggested that the response of the eclosion hormone was mediated through cAMP.
This conclusion was based on the large increase in cAMP seen in the CNS after
injection of crude extracts prepared from corpora cardiaca. The results reported here
show that this increase is not caused by the eclosion hormone but by some other
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material in the extract. This material could be the glucagon-like activity from moth
corpora cardiaca reported by Tager et al. (1976).

The data reported above implicate cGMP rather than cAMP in the early action of
the eclosion hormone. Injection of cGMP into abdomens that have been pretreated
with theophylline released behavioural responses identical to those seen after admini-
stration of hormone (Fig. 1). Cyclic GMP was 10 to 100 times more potent than cAMP
and also 3-5 times more potent than other cyclic nucleotides in eliciting these
responses. This effect was specific for the cyclic derivative of GMP since 5'-GMP
had only slight activity. Cyclic GMP was also effective in triggering the pre-eclosion
and eclosion motor programmes from the isolated CNS, indicating that its effects
were mediated through a direct action on the nervous system.

The increase in nervous system cGMP after eclosion hormone treatment provides
strong evidence for the involvement of this compound. Cyclic GMP doubled within
10 min of hormone injection (Fig. 6B). This elevation in cGMP is the earliest known
effect of the eclosion hormone and precedes the start of the pre-eclosion behaviour
by 5-10 min. The direct correlation between the behavioural effectiveness of a dose
of hormone and its ability to elevate cGMP levels further suggestions an intimate
relationship between the two processes.

Although the preparations of eclosion hormone used in these experiments were of
much higher specific activity than hormone in crude corpora cardiaca extracts, they
did not contain electrophoretically pure hormone. It is thus possible that the increase
in cGMP seen in the CNS of abdomens after injection was due to some material
other than hormone. We feel this possibility is remote because similar increases were
obtained using hormone that was purified through two different preparative schemes.
Also, the similar thresholds for the cGMP and the behavioural responses (Fig. 7B)
suggest that they are caused by the same material. Lastly, in recent, preliminary
experiments, hormone purified from corpora cardiaca by gel filtration chromatography
and narrow-range isoelectrofocusing evoked increases in nervous system cGMP
similar to those shown in Fig. 6B (J. W. Truman and S. M. Mumby, unpublished).

The results outlined above support the conclusion that the eclosion hormone pro-
duces an increase in cGMP in the CNS of H. cecropia. Moreover, it appears that
the action of the hormone to induce persistent changes in the functioning of the nervous
system is mediated through this increase.
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