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10. Sub'ect I was a 10-year-old female of normal 
10 

intefligence with no family history of epilepsy. 
Focal left facial clonic (partial motor) seizures 
began at age 9. These occasionally generalized 
into grand ma1 (generalized tonic-clonic) sei- 0  - 
zures. At the time of testing she was receiving Control Glucagon Control Giucagon 
carbamazepine (Tegretol) with resulting control injection antibody injection antibody 
of seizures. Subject 2 was a 37-year-old female injection injection 
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us observed each rat's behavior once 
each minute. The rats were divided into 
treatment groups on the basis of feeding 
latency and were intraperitoneally inject- 
ed as  soon as  they began feeding with 
rabbit antibodies against purified bovine 
pancreatic glucagon or with serum from 
nonimmunized rabbits (13). These anti- 
bodies are highly speclfic for pancreatic 
glucagon (14, 15); the injected dose neu- 
tralizes about 5 ng of pancreatic gluca- 
gon in vitro. The rats were returned to 
their cages after the injections. They 
were not noticeably disturbed by this 
procedure and usually resumed feeding 
immediately. Meals were considered 
ended when the final event in the behav- 
ioral satiety sequence, resting, was ob- 
served (16). 

Injection of glucagon antibodies dra- 
matically stimulated feeding (Fig. 1). 
Mean meal size after the antibody injec- 
tions was 63 percent greater than after 
the control injections, and meal duration 
was 74 percent greater. With a lower 
dose of glucagon antibodies (neutralizing 
capacity, about 3 ng of pancreatic gluca- 
gon), the increase in meal size was 27 
percent ( P  > .05, Student's t-test) and 
the increase in meal duration was 32 
percent ( P  < .02). The effects appeared 
specific, since there were no apparent 
differences in nonfeeding behaviors be- 
tween experimental and control rats and 
since both groups showed the postpran- 
d ~ a l  satiety sequence. These results indi- 
cate that normal levels of endogenous 
glucagon are required for normal post- 
prandial satiety. The glucagon released 
during meals (11) may therefore provide 
an important physiological satiety signal. 
This is the only direct evidence we know 
implicating an endogenous hormone re- 
leased in the gut by food stimuli as  a 
controller of feeding behavior. 

In a second experiment, we tested the 
effect of glucagon antibody injections on 
hepatic metabolism. Glucagon's most 
prominent metabolic action is stimula- 
tion of hepatic glycogenolysis (9), and it 
has been suggested that the effect of 
exogenous glucagon on satiety depends 
on its glycogenolytic and hyperglycemic 
effects (4-6). Rats were maintained as  
described above, deprived of food on the 
test day, and observed after presentation 
of food. Samples of hepatic and portal 
venous blood and of the left lateral lobe 
of the liver were obtained under ether 
anesthesia at meal onset (group 0 )  o r  18 
to 24 minutes after injection of glucagon 
antibodies (group A) or  control solution 
(group C) at meal onset. The results of 
the first experiment indicate that group C 
rats would be near the end of their meal 
at the time they were killed, whereas 

26 NOVEMBER 1982 

&up: o c A O C A  

Fig. 2. Effect of glucagon antibody injection 
on portal vein (A) and hepatic vein (B) blood 
glucose concentration. Blood samples were 
obtained at meal onset (group 0; N = 28) or 
18 to 24 minutes after injection of glucagon 
antibodies (group A; N = 18) or control se- 
rum (group C;  N = 28) at meal onset. Sym- 
bols: (*) significantly different from group 0 
(P < .01); (+) significantly different from 
group C (P < .05). 

group A rats would be near the middle of 
their meals. Blood glucose and liver gly- 
cogen were obtained and assayed as  de- 
scribed by Geary et al.  (2). 

Mean food intakes were similar in 
groups A and C (2.6 -t 0.2 and 3.0 i 0.2 
g, respectively). Portal vein blood glu- 
cose also increased similarly in groups A 
and C over levels measured at meal 
onset (Fig. 2A), indicating that glucose 
was absorbed during feeding. In con- 
trast, hepatic vein blood glucose in- 
creased more in group C than in group A 
(Fig. 2B). The difference in hepatic glu- 
cose output may have been due to a 
blockage of hepatic glycogenolysis by 
glucagon antibodies, since the content of 
hepatic glycogen decreased 17 percent 
( P  < .05) in group C rats and only 10 
percent in group A rats, although this 
difference is not statistically significant. 
We previously showed that hepatic gly- 
cogenolysis and hepatic vein hyperglyce- 
mia accompany rats' meals under these 
and unrestricted feeding conditions (17). 

Assuming that the normal prandial gly- 
cogenolysis and hepatic vein hyperglyce- 
mia are at  least partially the result of 
prandial increases in circulating endoge- 
nous glucagon ( l l ) ,  the relative hepatic 
vein hypoglycemia seen after glucagon 
antibody injection indicates that suffi- 
cient endogenous glucagon was neutral- 
ized to  block the metabolic effects. This 
is independent evidence of the specific 
action of the antibody. Glucagon anti- 
bodies did not always have glycemic 
effects in previous studies, perhaps be- 
cause systemic rather than hepatic blood 
samples were taken (18). 

The two effects we observed after in- 
jecting glucagon antibodies at  meal- 
time-increased meal size and duration 
and decreased prandial hepatic vein hy- 
perglycemia-suggest that the increase 

in circulating glucagon that accompanies 
meals provides a physiological satiety 
signal. Our findings are also consistent 
with the hypothesis that glucagon's sati- 
ety effect is mediated by its glycogenoly- 
tic and hyperglycemic effects ( 4 6 ) .  Our 
results do not prove this, however, be- 
cause glucagon antibodies probably op- 
pose glucagon's other biological actions 
equally effectively. Further, glucagon's 
hyperglycemic and satiety effects have 
been dissociated in several experiments 
(7, 8, 19). Thus, the mechanism and the 
site of glucagon's satiety effect remain to  
be identified. 
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Larval Testes of the Tobacco Budworm: 

A New Source of Insect Ecdysteroids 

Abstract. Testes of last-instar larvae of tlze tobacco budworm release jive times 
more ecdysteroid into incubation medium (judged by radioimtnunoassay) in 2.5 
hours than is found in testis homogenates. Incubation o j  testicular components 
indicates that the testis sheath may be the site of ecdysteroid syntlzesis. Fraction- 
ation of hemolymplz, t e s t i ~  homogenate, and incubation medium by high-perform- 
ance liquid chromatography produces a distinct ecdysteroid pattern in each case. 
Thus, released testis ecdysteroids are probably converted to other forms for use, 
sequestration, or general circulation. Their functions are unknown. 

Ecdysteroids, particularly ecdysone 
and 20-hydroxyecdysone, are currently 
accepted as the molt and development 
promoting hormones in insects (I). The 
sources of ecdysone in immature insects 
are reported to  be the prothoracic glands 
and, to a limited extent, oenocytes asso- 
ciated with epidermis o r  fat body (2). 
Anomalies, in which ecdysteroid-depen- 
dent development occurs in segments 
experimentally separated from the pro- 
thoracic glands, have been reported in at 
least four insect orders (3) and have 
prompted a search for other organs capa- 
ble of considerable ecdysteroid synthe- 
sis. By the time insects reach adulthood 
the prothoracic glands degenerate (I), 
but ovaries of some adult females then 
become capable of secreting ecdyste- 
roids into the circulating hemolymph (4- 
8). Even though testes of adult males 
contain ecdysteroids, their blood gener- 
ally holds little or no detectable hormone 
(9). We report now that there is exten- 
sive ecdysteroid synthesis and release by 
isolated testes of late last-instar larvae of 
the tobacco budworm, Heliothis vires- 
cens. 

Testes of laboratory reared H ,  vires- 
cens (10) were excised from last-instar 
larvae just before the pupal molt, at o r  
just before fusion of the paired testes, 
and washed in sterile insect Ringer solu- 
tion (11) with garamycin (250 mgiml) 
(Schering). The osmolality of the Ringer 

solution was approximately the same as 
hemolymph of animals at this stage in 
development (285 mOsmole1kg) (12). 
Testes were separated into components 
by pulling them apart with forceps in 
medium and agitating them to expel ger- 
minal cells (spermatocysts) and follicle 

Time (m~nutes) 

Fig. 1. Ecdysteroid in medium surrounding 
incubating pairs of whole testes (open circles) 
and testis sheath-pair equivalents (closed cir- 
cles). Ecdysteroid content of 100-p1 samples. 
withdrawn every 15 minutes, was determined 
by RIA (13). Fused and nonfused testes were 
pooled before the experiment; two nonfused 
testes or  one fused testis, incubated in 200 PI 
of medium, were considered a testis pair. The 
ordinate represents cumulative data at each 
time interval. Error bars represent standard 
errors determined for each point in six sepa- 
rate experiments. 
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fluid from the sheaths. Sheath and the 
spermatocyst fractions were rewashed 
prior to incubation in the Ringer medi- 
um. Follicle wash-fluid was saved for 
analysis by radioimmunoassay (RIA) 
(13, 14). At the end of the incubation 
period, all tissues and medium samples 
were processed for RIA. Other tissues 
(fat body, jaw muscle, hemolymph) were 
taken simultaneouslv from the testis do- 
nors; brains were taken from 4th-instar 
larvae. Ecdysteroids were secreted into 
the medium by intact testes and testis 
sheaths (Fig. 1) but not by spermatocysts 
(with or without follicular fluid), muscle, 
fat body, or brain (Table 1). 

Intact testes released approximately 
twice as much RIA-detectable ecdyste- 
roid as sheath preparations during the 
incubation period. More than half of the 
RIA-sensitive ecdysteroid of whole tes- 
tes (N = 26) was found in testis follicular 
fluid (means t S.D.: 53 t 7 percent); 
20 t 8 percent was in sheath prepara- 
tions, and 8 ? 2 percent appeared in 
washed spermatocysts. The ecdysteroid 
synthesis tissue appears to  be part of the 
sheath of the testis; it may therefore be 
analogous to the ecdysteroid-synthesiz- 
ing follicular epithelium of adult female 
insect ovaries (6-8). High-performance 
liquid chromatography (HPLC) fraction- 
ation (15) of methanol extracts of hemo- 
lymph, whole testes, and whole testis 
incubation medium (2.5 hours) followed 
by RIA of resulting fractions, elicited the 
ecdysteroid patterns shown in Fig. 2. 
Peaks E ,  G,  H ,  and I were common to all 
preparations. Peaks E and G cochro- 
matographed in the same solvent system 
with makisterone A and 20-hydroxy- 
ecdysone, respectively. Peaks H and I 
probably correspond to 20,26-dihy- 
droxyecdysone and a highly polar com- 
ponent, respectively (16, 17). Hemo- 
lymph and whole testes also showed 
peak C (cochromatographed with ecdy- 
sone in our system), peak F1 (cochroma- 
tographed with 26-hydroxyecdysone), 
and peak A (unidentified). Hemolymph 
and testis ecdysteroid patterns are simi- 
lar to those described at various times in 
the life cycles of other insects and as  
metabolites of ecdysone (7, 16-18). 

Although the antibody used for RIA in 
this study is highly sensitive to ecdyste- 
roids, it does not bind each analog to the 
same degree (14) so that the height of 
each ecdysteroid analog peak in Fig. 2 
may not reflect the actual amount of 
analog. However, the relative titers of 
corresponding peaks may be compared. 
Peak F ,  is about twice as  high in the 
testis extract as in the hemolymph, while 
peak G is about half as high. Therefore 
the proportion of hormones in testis tis- 
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