
acid that forms readily from threonine 
and methionine. Homoserine, which can 
form either from cystathionine or more 
importantly by reductive deamination of 
canaline (I#), is subject to  a deamination 
tha.t also forms 2-oxobutyric acid. While 
the above reactions have not been stud- 
ied specifically in C ,  brasiliensis, their 
occurrence in insects is well documented 
and they represent reasonable pathways 
for the transfer of the 1 5 ~  isotope to the 
various amino acids of this seed-feeding 
insect. On the other hand, a glutamic 
acid-2-oxoglutarate aminotransfer is an 
integral aspect of leucine, isoleucine, ly- 
sine, and histidine biosynthesis. It is 
evident, therefore, that this nitrogen- 
transferring reaction does not support all 
the amino acid biosynthetic pathways 
operative in this seed predator. 

Many, perhaps even all, of the meta- 
bolic capacities reflected in the catabo- 
lism and detoxification of canavanine 
and canaline by C ,  brasiliensis larvae 
(14) may emanate from the enzymes syn- 
thesized by the prokaryotic flora of the 
insect rather than the insect itself. 
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Cholinergic Agonists Induce Vectorial Release of 
Serotonin from Duodenal Enterochromaffin Cells 

Abstract. Serotonin-containing enterochromafin cells in the rabbit duodenal 
mucosa span the tissue contacting both the luminal and serosal sides. When the 
serosal surface is stimulated with carbachol in vitro, serotonin is secreted on the 
serosal side but not the mucosal side. Carbachol added to the luminal side is 
ineffective. Atropine but not hexamethonium blocks the effect of carbachol. Acetyl- 
choline on the serosal surface also stimulates serotonin release on the serosal side. 
These findings indicate that enterochromafin cells possess on their serosal surfaces 
muscarinic receptors that mediate vectorial release of serotonin when activated by 
cholinergic agonists. 

The enterochromaffin cells in the gas- 
trointestinal mucosa contain a large pro- 
portion of the body's store of serotonin 
(1). In spite of this, little is known about 
the regulation of these cells or the pre- 
cise role of the serotonin they release. 
The enterochromaffin cells typically 
span the mucosa. In general, the apical 
pole of each cell borders the intestinal 
lumen and is striated with microvilli (2). 
The polymorphous secretory granules 
that contain the amine are most com- 
monly found in the widened base of the 
cell but occasionally are found in the 
apical portion (3). Presumably, dietary 
stimuli induce responses in the apical 
portion (4) and endocrine or nerve-de- 
rived factors induce responses in the 
basal portion (5). In vivo studies indicate 
that the cells have the ability to  secrete 
serotonin from their apical o r  basal 
sides, leading to increases in either lumi- 
qal (4) o r  blood (5) concentrations of 
serotonin. We have been studying the 
biochemical control mechanisms in these 
cells in vitro. We report that enterochro- 
maffin cells in the rabbit duodenum ap- 
pear to  contain muscarinic receptors 
which, when activated, lead to serotonin 
secretion on the vascular side of the 
mucosa. 

Duodenal tissue was obtained from 
New Zealand White rabbits and the lon- 

gitudinal and circular muscle layers were 
removed. The pieces of mucosa were 
mounted in modified Ussing chambers 
so that the serosal and mucosal surfaces 
could be incubated with separate solu- 
tions of Ringer bicarbonate. Test solu- 
tions could then be added to either o r  
both sides of the preparations so that the 
vectorial release of serotonin could be 
studied (6). Preliminary studies showed 
that the spontaneous release of serotonin 
to the serosal side decreased and became 
stable during the first 30 minutes of incu- 
bation (Fig. 1). The spontaneous release 
of serotonin to the mucosal side was 
initially higher and more variable but 
also stabilized at a low level after 30 
minutes. 

The solutions bathing both sides of the 
tissue were then removed and replaced 
with control or drug-containing test solu- 
tions. Replacing the bathing solutions 
with control solutions caused some in- 
crease in the release of serotonin to  the 
mucosal side, but release to  the serosal 
side was not altered (Fig. 1). Since most 
of the serotonin released into the muco- 
sal bathing chamber was removable by 
low-speed centrifugation, it probably 
was attributable to  exfoliated entero- 
chromaffin cells. When carbachol 
(>10-~h.I) was added to the serosal side 
there was a dramatic increase in the 
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release of serotonin to  that side (Fig. 1). 
Maximal effects were found at about 
~ o - ~ M  carbachol, which caused an ap- 
proximately 20-fold increase over basal 
concentrations. However, addition of 
carbachol to  the serosal side produced 
no increase in the mucosal release of 
serotonin. In addition, carbachol 
( l ~ - ~ b f ~  added to the mucosal side pro- 
duced no increase in the release of sero- 
tonin to  either side. The release of sero- 
tonin following the addition of carbachol 
to the serosal side was not sustained and 
approached baseline values after 30 min- 
utes. 

Prior addition of atropine, a muscarin- 
ic cholioergic antagonist, had no effect 
on the release of serosal o r  mucosal 
serotonin but completely blocked the 
stimulation obtained with ~ O - ~ M  carba- 
chol (Fig. 2). In contrast, prior incuba- 
tion with the nicotinic antagonist hexa- 
methonium had no effect on spontaneous 
or carbachol-stimulated release (Fig. 2). 
Prior incubation with the neuronal block- 
ing agent tetrodotoxin (10-6M) also had 
no effect on spontaneous or carbachol- 
stimulated serotonin release (N = 4), in- 
dicating that the serotonin released by 
carbachol was not of neuronal origin and 
that carbachol did not act through an 
interneuron. Acetylcholine chloride 
(lO-'h.n added to the serosal side in the 
presence of neostigmine bromide 
( w 4 W  had the same effect on the sero- 
sal release of serotonin, both in magni- 
tude and duration, as  carbachol ( N  = 3). 
Neostigmine itself had no effect on the 
serosal release of serotonin. The addi- 
tion of epinephrine and isoproterenol 
(10-'W, bombesin, substance P,  and 
neurotensin (10-6M), o r  vasoactive in- 
testinal polypeptide (IO-~M) to the sero- 
sal bathing medium had no effect on 
serosal or mucosal release of serotonin. 
The negative results with norepinephrine 
and isoproterenol contrast with previous 
results showing P-adrenoreceptor-medi- 
ated release of serotonin from entero- 
chromaffin cells in cats and rats (5). 

These results indicate that duodenal 
enterochromaffin cells in rabbits possess 
on their basal surfaces muscarinic recep- 
tors which, when activated by choliner- 
gic agonists, stimulate vectorial release 
of serotonin. Such muscarinic receptors 
presumably are postsynaptic to choliner- 
gic neurons. Indeed, unmyelinated nerve 
profiles and typical boutons have been 
demonstrated close to  the basement 
membrane of enterochromaffin cells (3). 
The majority of these boutons are filled 
with clear round vesicles that probably 
contain acetylcholine. The role of the 
serotonin released is another question. 
The amine could act locally to modulate 

? Minutes  

10 -7  1 0 - 6  1 0 - 5  1 0 - 4  

Carbacho l  (M) 

Fig. 1. (A) Release of serotonin to the serosal 
side following the addition of carbachol to the 
serosal side. Each value (mean 2 standard 
error) is expressed as a percentage of the total 
serotonin measured for a given tlssue sample. 
Symbols: (W) 10-4M carbachol ( N  = 4). (A) 
10-5M carbachol (N = 8); (0) 5 X ~ o - ~ M  
carbachol (N = 3); (0) ~ o - ~ M  carbachol 
(N = 5); and (A) Ringer bicarbonate (N = 8). 
Horizontal bar indicates the presence of car- 
bachol on the serosal side. (B) Dose-response 
relation for the amount of serotonin released 
to the serosal side during the first 15 minutes 
of ~ncubation with carbachol. 

Minu tes  

Fig. 2. Release of serotonin to the serosal side 
following the addition of various drugs to the 
serosal side. Each value (mean ? standard 
error) is expressed as a percentage of the total 
serotonin measured for a given tissue sample. 
Symbols: (A) 10-'M carbachol (N = 8); (a) 
10-'M carbachol plus 10-5M atropine sulfate 
(Sigma) (N = 4); (4) 10V5M atropine sulfate 
(N = 4); (0) 10-'M carbachol plus 10V5M 
hexamethonium bromide (Sigma) (N = 4); 
and (0) 1 0 - ' ~  hexamethonium bromide 
(N = 4). The solid bar indicates the presence 
of carbachol and the hatched bar indicates the 
presence of atropine or hexamethonium. 

intestinal secretion (7) or to  alter trans- 
mission in mucosal sensory neurons in- 
volved in gut vasodilator (8) or peristaltic 
reflexes (9). Traditional endocrine ac- 
tions of serotonin exerted over longer 
distances are also possible (10). 
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