
lipolysis and glucose metabolism and 
whether the oxytocin-related mediators 
have any relation to the chemical mes- 
sengers thought to be involved in the 
action of insulin (8). 

Administration of vasopressin does 
not render Brattleboro rat adipocytes 
responsive to oxytocin (7). Since the 
defect in oxytocin activation of pyruvate 
dehydrogenase cannot be corrected by 
the missing hormone or by other agents 
(glucose, diethyl stilbestrol, calcium) 
which affect oxytocin action (9), it may 
be assumed that the defect is transmitted 
genetically along with the defect in vaso- 
pressin biosynthesis. To our knowledge, 
this is the first report to describe oxyto- 
cin-mediated stimulation of pyruvate de- 
hydrogenase activity in rat adipose tis- 
sue and the first indication that activa- 
tion of pyruvate dehydrogenase is a met- 
abolic step at which a genetically de- 
termined defect in hormone action oc- 
curs. 

Oxytocin may stimulate the activity of 
other cellular enzymes, such as glucose- 
6-phosphate dehydrogenase and glyco- 
gen synthetase. The lack of stimulation 
of pyruvate dehydrogenase in Brattle- 
boro rat adipocytes may, however, be 
sufficient to explain the lack of oxytocin- 
stimulated lipogenesis. The inability of 
these adipocytes to respond to oxytocin 
in terms of glucose oxidation suggests 
that activation of glucose-6-phosphate 
dehydrogenase by oxytocin may also be 
impaired; oxytocin-stimulated glucose 
oxidation proceeds largely through the 
pentose-phosphate pathway (3). It re- 
mains to be determined whether the de- 
fect we describe is restricted to adipo- 
cytes or whether numerous different tis- 
sues are involved. Since phosphoryla- 
tion and dephosphorylation mechanisms 
govern the activity of pyruvate dehy- 
drogenase (8, 10) it is important to evalu- 
ate the role of such reactions in the 
action of oxytocin. In this respect, the 
homozygous Brattleboro rat may prove a 
most useful genetic model, not only for 
sorting out the mechanisms of oxytocin 
action but also for uncovering new as- 
pects of the action of insulin. 

Note added in proof: A recent report 
(16) also documents the stimulation of 
pyruvate dehydrogenase activity by oxy- 
tocin. 
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Serotonin and Octopamine in the Nematode 
Caenorhabditis elegans 

Abstract. The biogenic amines serotonin and octopamine are present in the 
nematode Caenorhabditis elegans. Serotonin, detected histochemically in whole 
mounts, is localized in two pharyngeal neurons that appear to be neurosecretory. 
Octopamine, identijied radioenzymatically in crude extracts, probably is also 
localized in a few neurons. Exogenous serotonin and octopamine elicit specijic and 
opposite behavioral responses in Caenorhabditis elegans, suggesting that these 
compounds function physiologically as antagonists. 

The circuitry of the 302-cell nervous 
system of the free-living nematode Cae- 
norhabditis elegans has been established 
from electron micrographs of serial sec- 
tions (1-6). In addition, the functions of 
individual neurons have been deter- 
mined from experiments in which cells 
were ablated physically with a laser mi- 
crobeam (7, 8) or genetically as a result 
of mutations (8, 9). However, a detailed 
understanding of the C. elegans nervous 
system requires establishing the identity 
and function of the chemical signals uti- 
lized by each neuron. Dopamine (10) and 
acetylcholine (11-15) have been impli- 
cated as neurotransmitters in C.  elegans. 
We now report that the biogenic amines 
serotonin (5-hydroxytryptamine) and 
octopamine (p-hydroxyphenylethanol- 
amine) are present in C .  elegans and may 
act antagonistically. 

Serotonin was detected in C.  elegans 
by the technique of formaldehyde-in- 
duced fluorescence (FIF). Rapidly fad- 
ing yellow FIF, which is characteristic of 
serotonin (16), was seen as three chains 
of varicosities in the pharynx (Fig. la). 
The two cell bodies from which these 
chains emanated were not visualized by 
FIF in wild-type animals; however, in 
the mutant c a t - l ( e l l l l j ,  in which dopa- 
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mine is restricted to the cell bodies ( l o ) ,  
two pharyngeal cell bodies with yellow 
FIF were seen (not shown). The cell 
bodies as well as their processes were 
more easily observed in wild-type ani- 
mals that have been exposed to exoge- 
nous serotonin (Fig. lb), indicating the 
presence of a serotonin uptake system in 
these cells. 

We used the positions and morpholo- 
gies of the serotonergic cells to identify 
them as the two pharyngeal neurosecre- 
tory motoneurons (NSM's) previously 
described by Albertson and Thomson 
(Fig. Ic) (4). They noted the presence of 
dense-cored vesicles in the NSM's. 
Dense-cored vesicles are also found in 
aminergic neurons in other organisms 
(17). It has been suggested that serotonin 
has a neurohumoral role in a number of 
invertebrate species (18, 19). 

Octopamine was identified radioenzy- 
matically in extracts of C.  elegans. The 
animals were grown on petri dishes con- 
taining NG agar (11) seeded with Esche- 
richia coli NA22, removed from the dish- 
es in distilled water (4"C), washed three 
times in cold water, centrifuged, and 
weighed. For each 0.1 g of nematodes, 
0.6 ml of 10 mM formic acid was added. 
The animals were then sonicated; disrup- 
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tion was confirmed with a dissecting 
microscope. Debris was removed by 
centrifugation for 2 minutes at 2000 rev/ 
min, and the clear supernatant was heat- 
ed at 90°C for 3 minutes. The precipitate 
was removed by centrifugation for 5 min- 
utes at 5000 revlmin and the swernatant 
was frozen for later assay. Octopamine 
concentrations were determined bio- 
chemically with the method of Evans 
(20). This assay involves the transfer 
by phenylethanolamine-N-methyltrans- 
ferase of a radioactive methyl group 
from [3H]methyl-S-adenosyI-~-methio- 
nine to octopamine to form [3H]syneph- 
rine (N-methyloctopamine), which is se- 
lectively extracted. The amount of radio- 
activity is determined by liquid scintilla- 
tion counting. Identification of the 
radioactive product as [3H]synephrine 
was confirmed by subjecting it to chro- 
matography in a variety of solvents (20). 

An adult-enriched population of C.  
elegans hermaphrodites grown at 20°C 
contained 0.13 + 0.06 pg (N = 13) of 
octopamine per gram of wet weight. This 
level is similar to that of dopamine (10). 
Since FIF has shown that dopamine in 
C.  elegans hermaphrodites is localized in 
eight neurons (lo), it is plausible that the 
octopamine is also localized in a few 
neurons. That mutants with neuronal ab- 
normalities have been found to be octopa- 
mine-deficient also supports the hy- 
pothesis that octopamine is localized in 
the nervous system. Octopamine and 
dopamine are probably synthesized in 
different cells; otherwise their combined 
biosynthetic enzymes could generate 
norepinephrine (18), which is not present 
in C.  elegans (10). 

Octopamine concentrations were 
strikingly age-dependent. A population 
of C.  elegans was separated into groups 
of different sizes (and hence different 
ages) in a gradient of 1 to 5 percent 
sucrose (21). Fertilized eggs and larvae 
at all stages had approximately five times 
less octopamine per gram of wet weight 
than adults, suggesting that the amine 
plays a role in adult behavior. Octopa- 
mine levels were also dependent on the 
temperature at which the animals were 
grown: adults that were grown at 15", 
20°, or 25°C contained 0.3, 0.1, or 0.05 
pg of octopamine per gram, respective- 
ly. 

Exogenous serotonin elicited three 
distinct behavioral responses by C .  ele- 
guns. First, serotonin depressed locomo- 
tion. Serotonin-treated animals were rel- 
atively inactive, and moved only briefly 
when touched with a fine ~latinum wire. 
Second, serotonin stimulated pharyngeal 
pumping. Adult hermaphrodites exposed 

to serotonin at 10 mg/ml pumped 267 + 4 
times per minute (N = lo), whereas un- 
treated animals pumped only 22 a 6 
times per minute (N = 10) (22). Third, in 
adult hermaphrodites serotonin stimulat- 
ed the rate at which eggs were released 
from the uterus (Fig. 2a). Similar effects 
of exogenous serotonin have been re- 
ported by Croll (23). The serotonergic 
NSM's may modulate pharyngeal pump- 
ing, locomotion, and egg laying, since 
they innervate pharyngeal nerves and 
muscles and appear to have neuro- 
humoral outputs to the pseudocoelom 
(4). 

Exogenous octopamine also produced 
behavioral responses by C. elegans. The 
animals became kinked and moved poor- 
ly, and egg laying in the presence of 
bacteria was depressed (Fig. 2b). (Caen- 
orhabditis elegans is normally main- 
tained on a diet of bacteria.) In addition, 
octopamine depressed bacteria-stimulat- 
ed pharyngeal pumping. Untreated adult 
hermaphrodites on petri dishes contain- 
ing bacterial lawns pumped 231 * 26 
times per minute (N = lo), whereas ani- 
mals exposed to octopamine at 20 mg/ml 
pumped only 20 + 7 times per minute 
(N = 10) (24). Phentolamine, which 

Fig. 1. Serotonergic neurosecretory motoneu- 
rons in the C. elegans pharynx. (a) Yellow 
FIF in the NSM processes of an adult her- 
maphrodite, as visualized by the technique of 
Sulston et al. (10). Focusing through a speci- 
men reveals three distinct chains of varicosi- 
ties, one each in the left subventral, right 
subventral, and dorsal pharyngeal nerve 
cords; the two dorsal processes (one from the 
left NSM and one from the right NSM) are not 
resolved and appear as a single chain (arrow- 
heads). FIF is also visible in males and in 
larvae of all stages. .This fluorescence is de- 
pendent on treatment with formaldehyde, in- 
dicating that it is not autofluorescence. The 
other vkible FIF is green and is located in the 
dopaminergic processes of the circumpharyn- 
geal nerve ring and in the cell bodies associat- 
ed with these processes (10). Scale bar, 20 
pm. (b) FIF in a wild-type animal exposed to 
serotonin (1 mg/ml) for 4 hours before being 
frozen. NSM cell bodies are visible; one is 
indicated by the arrow. Arrowheads point to 
the dorsal chain of varicosities. Two phasmi- 

dial neurons in the tail (5) and, occasionally, two other cells in the head also accumulate some 
exogenous serotonin. Exposure to 5-hydroxytryptophan, but not to tryptophan, results in 
similar loading of the NSM's. (c) Line drawing of one NSM [adapted from Albertson and 
Thomson (4)l. 

No drugs 

Serotonin (10 mglml) 

0 Serotonin (10 mplml) 
plus octopamlne 
(20 mglml) 

4 No bacteria / 

No octopamlne 

0 Octopamine (5 mglml) 

octopamine (20 mgtml) 7 

Minutes 

Fig. 2. Effects of serotonin and octopamine on egg laying. Young adult hermaphrodites were 
transferred to petri dishes with various concentrations of serotonin or octopamine, or both, in 
NG agar. At various times after transfer, the number of eggs laid was counted. The relatively 
high concentrations of amine needed to affect egg laying may reflect the general impermeability 
of C. elvgans (10, 11, 13). (a) Results for dishes not containing bacteria. Each curve represents 
data for one petri dish containing ten hermaphrodites. (b) Results for dishes seeded with E. coli 
OP50. Each point represents the mean of four experiments, each involving ten hermaphrodites 
on one petri dish. 
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blocks an octopamine receptor in the 
locust (25), stimulated egg laying in C. 
elegans hermaphrodites not exposed to 
any other drugs: ten adult hermaphro- 
dites placed in microtiter wells contain- 
ing phentolamine (10 mglml) in M9 buffer 
(10) released 53 eggs in 30 minutes, 
whereas untreated control animals re- 
leased no eggs. This observation sug- 
gests that endogenous octopamine also 
inhibits egg laying. The increased levels 
of endogenous octopamine seen in adults 
may reflect the fact that egg laying is an 
adult behavior. 

The finding that serotonin and octopa- 
mine affect pharyngeal pumping and egg 
laying oppositely suggests that these 
amines function as antagonists physio- 
logically. Consistent with this hypothe- 
sis, octopamine depressed serotonin- 
stimulated egg laying (Fig. 2a). (Octopa- 
mine did not, however, prevent seroto- 
nin-stimulated pharyngeal pumping.) 
Antagonistic effects of these amines 
have been observed in other inverte- 
brates (25, 26). 

We have identified mutant strains of 
C. elegans with reduced levels of seroto- 
nin or octopamine. The unc-86 mutants 
(9) are deficient in yellow FIF of the 
NSM's. Three mutants with well-charac- 
terized neuronal defects-daf-IO(e1387) 
(27), che-3(e1124) (28), and osm-3(p802) 
(29, 30)-lack detectable levels of oc- 
topamine (that is, contain less than 0.02 
pgig). We hope that these and additional 
mutants may be used to define the roles 
of serotonin and octopamine in C, ele- 
guns. 
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Physiological Basis for Swimming Endurance Differences 
Between LDH-B Genotypes of Fundulus heteroclitus 

Abstract. Adenosine triphosphate levels in erythrocytes are correlated with LDH- 
B genotype in Fundulus heteroclitus. Adenosine triphosphate is t he j sh ' s  allosteric 
modiJier of hemoglobin oxygen afinity. Since oxygen delivery to muscle affects 
swimming performance, j s h  of each homozygous LDH-B phenotype were swum to 
exhaustion at 10" or 25°C to determine whether in vitro differences attributed to the 
LDH-B allelic isozymes were manifest in vivo. At 10"C, the critical swimming speed 
of the LDH-BaBa phenotype was 3.6 body lengths per second, whereas that of the 
L D H - B ~ B ~  phenotype was 4.3 body lengths per second. At 25°C there were no 
differences between LDH-B phenotypes in erythrocyte adenosine triphosphate 
levels, blood oxygen afinity, or swimming performance. 

Adenosine triphosphate (ATP) is the 
major organic phosphate in the erythro- 
cytes of many fish species (1). Its role as 
an allosteric modifier of fish hemoglobins 
is similar to that of 2,3-diphosphoglycer- 
ate in mammalian red blood cells in that 
it decreases the affinity of hemoglobin 
for oxygen, facilitating oxygen delivery 
to tissues (2). 

Erythrocyte organic phosphate con- 
centrations are heritable traits in humans 
(3), rats (4), and fish (5). In humans, this 
trait is correlated with genetic variability 
of both pyruvate kinase and hexokinase 
(3). In the fish Fundulus heteroclitus, 
erythrocyte organic phosphate (that is, 
ATP) levels are correlated with genetic 
variation at the LDH-B locus (5). Eryth- 
rocyte ATP levels are lower in fish with 
the LDH-BaBa phenotype than they are 
in those with the L D H - B ~ B ~  phenotype, 
and concentrations in heterozygotes 
(LDH-B"B~) are intermediate (5). Since 
ATP is the major organic phosphate in 
Fundulus red cells ( 1 ,  6, 7), oxygen affin- 
ity differences also exist between LDH- 
B phenotypes (5). However, the mecha- 
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nism by which genetic variation at the 
LDH-B locus affects erythrocyte ATP 
levels is not known. Either the LDH-B 
isozyme influences erythrocyte ATP me- 
tabolism, or the LDH-B locus is linked 
to a second locus that affects ATP pro- 
duction. 

Kinetic analyses of purified LDH-B 
allelic isozymes indicated that the great- 
est catalytic differences between LDH- 
BaBa and L D H - B ~ B ~  exist at low tem- 
perature (lO°C), with no significant dif- 
ference at high temperature (approxi- 
mately 25°C) (8). Thus, if the LDH-B 
isozyme has a metabolic influence on 
erythrocyte ATP concentration, differ- 
ences in ATP and blood oxygen affinity 
should exist at acclimation temperatures 
below 25°C. Furthermore, since organic 
phosphate amplifies the Bohr effect of F. 
heteroclitus hemoglobins (6, 7), this phe- 
nomenon should be exaggerated at low 
blood pH values, like those produced 
during swimming performance experi- 
ments. We now report that swimming 
performance is highly correlated with 
genetic variation at the LDH-B locus for 
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