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rapidly to alter behavior (1). The exact 
mechanisms by which these behavioral 
changes come about are unknown, but it 
is likely that the initial responses in the 
nervous system are similar to those 
shown by nonneural tissues. In the case 
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of peptide and amine hormones, these 
agents typically act at the surface of their 
target cells to alter the level of adenosine 
3',5'-monophosphate (cyclic AMP) (2). 
Recently, guanosine 3',5'-monophos- 
phate (cyclic GMP), has also been im- 
plicated in the action of certain hormones 
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Fig. 1. The ability of A 100 - B 
cyclic nucleotides to 8 0 1 3 

stimulate preeclosion O 10 
behavior when in- > 60- 
jected into isolated ab- 
domens of pharate H. o | 40 - 10 

cecropia moths. (A) . 
Tracings of 'move- 1 , 0 20 - 

ment were recorded + 0 

by attaching the tip of -0 o___o _ - . ..._ 
the abdomen to a le- T+ T 1+T diB T+ 
ver that wrote on a re- 5'-AMP Cyclic diB Cyclic Cyclic AMP Cyclic AMP GMP volving drum (5); the AM P 
upper tracing was obtained after injection of the eclosion hormone (arrow), and the lower 
tracing after injection of theophylline followed by dibutyryl cyclic AMP (arrow). The horizontal 
line equals 0.5 hour; the dot identifies the onset of the peristaltic movements. (B) The per- 
centage of abdomens showing the preeclosion behavior after injection of 1 mg of a nucleotide. 
Theophylline (50 /.g) was injected at T, 5 minutes before nucleotide injection; AMP, adenosine 
monophosphate; diB-cyclic AMP, dibutyryl cyclic AMP. The number gives the size of each 
group. 
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(3). We report here that cyclic nucleo- 
tides play a central role in the hormonal 
mediation of complex behavioral changes 
in a silk moth. 

In the pharate (4) stage of the moth 
Hyalophora cecropia, a brain-derived 
hormone, the eclosion hormone, triggers 
a species-specific sequence of motor acts 
that culminates in the moth's escape 
from the pupal cuticle (eclosion) and the 
activation of its repertoire of adult behav- 
ior (5). The first portion of the emergence 
sequence, the preeclosion behavior (Fig. 
lA) begins about 10 to 15 minutes after 
hormone application. It consists of three 
phases: an initial 0.5-hour period of 
frequent abdominal rotations; a period of 
quiescence of about the same duration; 
and, finally, a second hyperactive period 
during which strong peristaltic con- 
tractions move anteriorly along the abdo- 
men to cause eclosion. Experiments on 
deafferented abdominal nervous systems 
and on isolated abdominal nervous sys- 
tems indicate that the information for the 
pattern of preeclosion behavior is pre- 
programmed in the abdominal ganglia 
and that this behavioral program is trig- 
gered by the direct action of the hormone 
on the abdominal central nervous system 
(CNS) (6). 

Since the eclosion hormone appears to 
be proteinaceous (7), we sought to deter- 
mine whether its effects are exerted by 
way of changes in cyclic nucelotide lev- 
els. To guard against our treatments 
causing a release of endogenous hor- 
mone from the brain, abdomens isolated 
from pharate adults were routinely uti- 
lized (8). The behavior of each abdomen 
was continuously monitored by attach- 
ing the tip of the abdomen to a lever that 
wrote on a revolving drum; preparations 
were also inspected at 10- to 15-minute 
intervals. The preeclosion behavior was 
recognized by the characteristic tempor- 
al pattern of activity coupled with the ap- 
pearance of the distinctive peristaltic 
movements during the final phase. 

The effects of injecting one of four pu- 
rine nucleotides (9) into isolated abdo- 
mens of H. cecropia are summarized in 
Fig. 1. Before the nucleotides were in- 
jected, theophylline [Sigma; 50 jsg in 10 
,ul of Ringer (10) solution] was injected 
to inhibit the high cyclic nucleotide 
phosphodiesterase activity in moth ner- 
vous tissue (11). Dibutyryl cyclic AMP 
[which may enter cells more readily, or 
have greater resistance to phosphodies- 
terase than cyclic AMP (2)] released the 
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Hormonal Release of Programmed Behavior in 

Silk Moths: Probable Mediation by Cyclic AMP 

Abstract. The eclosion hormone triggers a stereotyped preprogrammed pattern of 
behavior in silk moths. The effects of the hormone were duplicated by the injection of 
dibutyryl adenosine 3',5'-monophosphate, adenosine 3',5'-monophosphate (cyclic 
AMP), or guanosine 3',5'-monophosphate (cyclic GMP) into theophylline-treated 
pharate moths. Treatment with theophylline reduced the latency of the response to a 
low dose of hormone, presumably by blocking phosphodiesterase. Endogenous lev- 
els of cyclic AMP, but not cyclic GMP, increased significantly in the central nervous 
system within 10 minutes after hormone injection. We conclude that an early step 
leading to the release of the eclosion motor program is an increase in cyclic AMP in 
target neurons of the central nervous system. 
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GMP proved to be nearly as effective as 
dibutyryl cyclic AMP. However, the pre- 
eclosion behavior shown by some of the 
abdomens injected with cyclic GMP was 
atypical in that the quiescent phase was 
abnormally prolonged. 

To examine these findings in further 
detail, abdomens isolated from pharate 
male moths were injected with a stan- 
dard dose of an extract containing the 
eclosion hormone (12), and the concen- 
trations of cyclic AMP and cyclic GMP 
in the abdominal nervous system were 
measured at various times thereafter 
(13). Cyclic AMP was assayed in ex- 
tracts prepared from individual chains of 
ganglia. The lower endogenous levels of 
cyclic GMP required it to be measured in 
extracts pooled from up to five abdomi- 
nal nervous systems. 

The results, summarized in Fig. 2, 
show that in the unstimulated abdomen 
the nerve cord contained about 1.8 
pmole of cyclic AMP [7.9 pmole per milli- 
gram of protein (14)]. This is within the 
range reported for the CNS of other in- 
sects (15). Injection of the eclosion hor- 
mone was followed by an approximately 
twofold increase in cyclic AMP that 
peaked after 10 to 15 minutes and then 
declined to basal level by 30 minutes af- 
ter injection. The initial level of cyclic 
GMP was approximately one-fifth that of 
cyclic AMP; it seemed to be little af- 
fected by the injection of either saline or 
hormone. 

Because of the low basal levels of cy- 
clic GMP in the CNS and because pooled 
samples had to be used for these determi- 
nations, we cannot exclude the in- 
volvement of cyclic GMP in the response 
to the eclosion hormone. However, the 
marked rise in cyclic AMP after hor- 
mone injection strongly argues that it is 
the cyclic nucleotide of physiological sig- 
nificance. Since exogenous cyclic GMP 
has been shown to produce cyclic AMP- 
like effects in several systems (3), the ef- 
fectiveness of cyclic GMP in stimulating 
the preeclosion behavior (Fig. 1) may be 
due to its ability to mimic or protect en- 
dogenous cyclic AMP (16). 

As described elsewhere (17), the la- 
tency between hormone injection and 
eclosion decreases as one increases the 
amount of hormone injected. In an exper- 
iment performed on pharate male An- 
theraea pernyi moths, we examined 
whether prior treatment with theo- 
phylline (75 [/g per animal) could reduce 
the latency of response to a standard low 
dose of the eclosion hormone (18). The 
inhibition of cyclic nucleotide destruc- 
tion by theophylline would presumably 
allow a more rapid buildup of these 
24 DECEMBER 1976 

Table 1. Effect of theophylline (75 /ug per animal) on the latency of response to the eclosion 
hormone (0.25 corpora cardiaca equivalent per gram of live weight) by pharate A. pernyi moths. 

Material injected Number Number Latency* eclosing 

Theophylline 10 1 3.33 
Ringer solution plus eclosion hormone 10 10 2.17 + 0.25 
Theophylline plus eclosion hormone 1 11 1.27 + 0.05 

*Time between hormone injection and eclosion (hours + standard error of the mean). 

agents after hormonal stimulation and 
thereby produce a faster response. The 
results, summarized in Table 1, show 
that the latency was markedly reduced 
by the prior injection of theophylline. 
The same result was also obtained in par- 
allel experiments performed on 30 fe- 
males. These results are consistent with 
the hypothesis that the action of the eclo- 
sion hormone is mediated through an in- 
crease in cyclic AMP in its target cells. 

Because cyclic nucleotides are known 
to mediate certain classes of chemical 
synapses (19) in the nervous system, it is 
difficult to interpret the data. But the 
three lines of evidence presented above 
strongly argue that an increase in cyclic 
AMP is an integral step in the hormonal 
triggering of a complex motor behavior. 
Consequently, cyclic nucleotides appear 
to be involved not only in relatively 
short-term phenomena, such as synaptic 
transmission, but also in longer term, 
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Fig. 2. The concentrations of cyclic nucle- 
otides in the abdominal central nervous sys- 
tem (CNS) of H. cecropia after eclosion hor- 
mone was injected into isolated, pharate abdo- 
mens. Symbols: Circles are for cyclic AMP, 
triangles for cyclic GMP. Open symbols, ab- 
domens injected with Ringer solution; solid 
symbols, abdomens injected with eclosion 
hormone (0.7 corpora cardiacia equivalents 
per gram of live weight). Each point repre- 
sents determinations on approximately five 
nervous systems. Cyclic AMP was measured 
in individual nerve cords and cyclic GMP in 
pooled extracts. Error bars represent the 
standard error of the mean. 

hormonally induced alterations in neu- 
ronal function. Although we assume that 
the increase in cyclic AMP occurs within 
central neurons, increases within glial 
elements cannot be ruled out. Through 
the use of immunofluorescent techniques 
for localizing cyclic AMP (20), it is fea- 
sible to establish the cellular origin of the 
increase. It should thereby be possible to 
identify target neurons-that is, the cells 
responsible for initiating the preeclosion 
behavior. 

Note added in proof: Cyclic AMP has 
recently been implicated in the hormonal 
alteration of bursting patterns of certain 
large neurons in the CNS of Aplysia and 
Helix (21). 
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that were clearly inhibitory. 

The role of environmental agents in 
causing human malignancy (1) suggests 
the possibility that their identification 
and subsequent elimination from the en- 
vironment could reduce the incidence of 
cancer in the general population. In the 
past, animal studies have generally been 
used to identify environmental carcino- 
gens. Unfortunately, these studies re- 
quire several years to complete and may 
require inordinate capital expenditures 
to test the plethora of new chemicals in- 
troduced annually into the environment. 
Thus, attention has focused on the devel- 
opment of assays in vitro to screen initial- 
ly for potential carcinogens. These tests 
offer the possibility of rapidly and in- 
expensively examining a multitude of 
chemicals to select those to be evaluated 
further in animal systems. As there is a 
close correlation between carcinogenic- 
ity and mutagenicity, most assays in vi- 
tro examine the ability of exogenous 
agents to act as mutagens (2). For ex- 
ample, Ames and his colleagues (2) have 
developed tester strains of S. typhimu- 
rium in which suspected agents are evalu- 
ated by their ability to revert previously 
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induced mutations. Over 300 compounds 
have been studied, and the correlation of 
mutagenicity in their system with re- 
ported carcinogenicity is about 90 per- 
cent. However, this test has not been ap- 
plied for screening metal compounds for 
mutagenicity, although it and other sys- 
tems may be potentially adaptable (3). 
Because many metals have been identi- 
fied as carcinogens (4), through occupa- 
tional exposure as well as in the laboratory, 
it may be of importance to develop a test 
system to screen for these carcinogens. 
We now report an assay in vitro which 
may be used to screen for potential muta- 
genic or carcinogenic metal compounds. 
All of the known metal mutagens or car- 
cinogens (5) which have been tested 
could be identified through this analysis. 
In addition, three metals were analyzed 
that beforehand were assigned as pos- 
sible mutagens (6) or carcinogens (7); 
one was found to be positive in this as- 
say. None of the noncarcinogenic metals 
tested were identified as potential muta- 
gens or carcinogens. 

For this analysis we have measured 
perturbations in the fidelity of DNA syn- 
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thesis in vitro caused by soluble metal 
salts. Metals which increased base sub- 
stitution in this assay in vitro were 
designated as suspected mutagens or 
carcinogens in vivo. Each reaction mix- 
ture contained a DNA polymerase, a 
template-primer of restricted base com- 
position, Mg2+, and complementary 
and noncomplementary deoxynucleoside 
triphosphates each labeled with different 
radioactive isotopes. One of the com- 
plementary deoxynucleotides was labeled 
with a-32P of low specific activity (ap- 
proximately 5 to 20 dpm/pmole), while 
the noncomplementary deoxynucleotide 
was labeled with 3H of high specific 
activity (approximately 10,000 to 50,000 
dpm/pmole). From the ratio of radio- 
active substrates incorporated, we cal- 
culated the error frequency, that is, 
the ratio of noncomplementary to com- 
plementary deoxynucleotide incorpora- 
tion. For these initial studies, we chose 
to use the DNA polymerase (E.C. 
2.7.7.7) from avian myeloblastosis virus 
(AMV), since this polymerase is well 
characterized (8), incorporates non- 
complementary deoxynucleotides as 
single base substitutions (9) and, in com- 
mon with all purified eukaryotic DNA po- 
lymerases, lacks any associated exode- 
oxynuclease activity which might excise 
noncomplementary bases after incorpo- 
ration (10). The propensity of this DNA 
polymerase to make mistakes increased 
the sensitivity of the assay and empha- 
sized further the inability of non- 
carcinogenic metal compounds to affect 
fidelity. 

The effect of each metal compound on 
the fidelity of DNA synthesis was deter- 
mined at multiple concentrations be- 
tween 20 IaM and 150 mM as limited by 
solubility and by the effect of the metal 
salt on DNA synthesis. Compounds 
which increased the error frequency by 
greater than 30 percent at two or more 
concentrations were scored as positive. 
Each experiment contained reaction mix- 
tures without additional metal salts as 
well as reaction mixtures with CoCl2 (4 
mM) as a positive control. This cobalt 
concentration increases the error fre- 
quency by at least 50 percent (11). 

In this study, 31 compounds were test- 
ed (Table 1); 22 compounds were tested 
in triple-blind experiments. The assays, 
computations, and the designation of the 
unknown compounds with respect to fi- 
delity were carried out by three separate 
individuals, each unaware of the com- 
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pounds to be analyzed. All metal salts as- 
sayed in the triple-blind experiments 
were designated as carcinogens, possible 
carcinogens, or noncarcinogens prior to 
the analysis. Of the total metal com- 
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Infidelity of DNA Synthesis in vitro: Screening for 
Potential Metal Mutagens or Carcinogens 

Abstract. Thirty-one metal salts have been tested for their ability to affect the accu- 
racy of DNA synthesis in vitro. All ten salts of metal carcinogens decreased the fidel- 
ity of DNA synthesis. Of the three metals which beforehand were considered to be 
possible mutagens or carcinogens, only one decreased fidelity. In contrast, 17 non- 
carcinogenic metal salts did not affect fidelity even when present at concentrations 
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