Hallinan et al. (8) submitted elec-
tron-micrographic evidence that rat
reticulocytes contain  mitochondria.
These intracellular structures are ab-
sent from the fully mature erythrocyte.
The cationic component of rat liver
GOT is confined predominantly to the
mitochondrial fraction, whereas the
anionic component is almost exclusive-
ly in the supernatant fraction (2).
Our results with the rabbit are in
agreement with the earlier findings.
The mature erythrocyte contains only
the anionic GOT, whereas the reticu-
locytes contain the cationic type. Ellis
et al. (9) have reported that during
the transition from reticulocyte to ery-
throcyte much of the cellular protein,
other than hemoglobin, disappears and
that the reticulocytes show substantial
increases in acid cathepsin acting at
pH 3.2, in several peptidases, and in
acid and alkaline phosphatases. Halli-
nan et al. (8) have pointed out that
in sections prepared for electron mi-
croscopy the mitochondria of rat retic-
ulocytes frequently show signs of al-
terations, with disoriented cristae and
even ruptured outer membranes,
whereas the mitochondria of mono-
cytes in the same section are relatively
unaltered. As noted above, there was
some indication that the intensity of
the anionic band of GOT was inversely
related to the intensity of the cationic
band as reticulocytosis was induced
and allowed to recede.
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Serotonin: Synthesis and Release
from the Myenteric Plexus
of the Mouse Intestine

Abstract. After injection of its radio-
active precursor, 5-hydroxytryptophan,
radioactive serotonin was biosynthe-
sized and bound in the myenteric plex-
us of the mouse intestine. Addition of
nonradioactive serotonin to prepara-
tions in vitro caused a net release of
radioactive serotonin from the plexus.
This release appeared to result from
activity in the intramural nervous sys-
tem of the intestine. A neurotransmitter
role between sensory and motor neu-
rons in the peristaltic reflex pathway
is suggested as a working hypothesis to
explain the action of serotonin.

A radioautographic method, utilizing
the tritiated precursor of serotonin, H?*-
labeled S5-hydroxytryptophan (SHTP-
H?), has recently been devised for the
purpose of localizing tissue sites that
synthesize and bind serotonin (7, 2).
The method has shown the myenteric
plexus of the mouse intestine to be
such a site. Surprisingly, and in marked
contrast with the stomach where the
argentaffin cells of the mucosa also be-
come labeled, the myenteric plexus is
the only site shown to synthesize and
bind serotonin in the small intestine
after a single intravenous injection of
0.4 to 4.0 mc of SHTP-H?® (2, 3). We
now report additional experiments in-
tended to define the localization and
fate of intestinal serotonin; certain re-
sults may be interpreted to suggest that
serotonin is a neurotransmitter between
sensory and motor nerve cells in the in-
tramural nervous system of the intes-
tine.

One hour after intraperitoneal in-
jection of 60 mg/kg of @B-phenyliso-
propylhydrazine (a monoamine oxidase
inhibitor), mice were injected intra-
venously with 0.4 to 4.0 mc of SHTP-
H* or 5.0 uc of C!4labeled SHTP.
Stomach and intestines were removed
4 hours later, and strips of gut were
opened longitudinally and bathed in
oxygenated Krebs solution at 37°C.

The resultant outflow of radioactive
material can be described by a multi-
compartmental washout curve (4).
Three components were resolved: the
first was extremely rapid, with a half
time (#y,») of about 40 seconds; the
ty,2 of the second averaged 9 minutes;
the third component was very slow,
having a t;,, averaging 560 minutes.

The radioactive compounds present in
the effluent were identified by paper
chromatography. In addition, the ra-
dioactive compounds initially present,
and those remaining after washout,
were extracted from the intestinal
strips with 70-percent ethanol and simi-
larly assayed. Most of the material ac-
counting for the radioactivity of the
two faster components was either
SHTP-H? or tritiated serotonin-O-glu-
curonide. Radioactive serotonin was
detected in the bath only in small
amounts, briefly, during the first minute
of washout, and not again until 60
minutes later.

Since very little radioactive serotonin
leaves the intestinal strips, the propor-
tion of tissue radioactivity due to tri-
tiated serotonin increases with wash-
out time (Fig. 1). It was concluded
therefore that the rapid components
represent washout of the serotonin pre-
cursor and metabolite which are un-
bound, whereas the slow component
reflects the existence of a barrier to
the free diffusion of serotonin from
the tissues (4). The extremely rapid
phase may depict washout from ex-
tracellular space and perhaps from
blood platelets.

Since tritiated serotonin accounts
for most of the radioactivity remain-
ing in the gut after the slow component
is reached, any label detected by radio-
autography in tissue fixed at this time
probably indicates the presence of tri-

0k . Serotonin
! 5- Hydroxytryptophan

q Serotonin - 0~
2 glucuronide

Fig. 1. Radioactive compounds extracted
from intestinal strips with 70-percent eth-
anol 4 hours after injection of C'-labeled
5-hydroxytryptophan and isolated and
identified by paper chromatography; their
amounts were determined by counting in
a liquid-scintillation spectrometer. The
compounds initially present, expressed as
percentages of total extractable radioactiv-
ity, are shown at left; those present after
1 hour of washout, on the right.
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tiated serotonin. The accuracy of this
identification is substantiated by com-
paring radioautographs of tissue fixed
before and after washout and attribut-
ing to tritiated serotonin only the label-

ing that was undiminished by washout.
Similarly, increases in the rate of wash-
out noted after the slow component
was reached probably indicate release
of tritiated serotonin from the intestinal

strips. Labeling around myenteric gan-
glion cells is illustrated in Fig. 2; the
pattern of labeling around the cells sug-
gests possible presence of tritiated sero-
tonin in synapses on the surface of the

Fig. 2. Radioautographs of the myenteric plexus of the mouse intestine. 4, Focus on the plane of section, showing ganglion cells
(G) and surrounding satellite cells and synapses; the inner, circular, layer of muscle lies below, and the outer, longitudinal, layer
above, the ganglion. B, The plane of the overlying emulsion, showing accumulation of silver grains, indicating the presence of
tritiated serotonin around the ganglion cells. The scale line represents 10 u.
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Fig. 3. Representative curves of washout of radioactive material from mouse intestinal strips. a, Serotonin autorelease elicited by
addition of serotonin (5-HT) to the bath at 0.04 ug/cm® In b, the solution contained lidocaine for the first 20 minutes of
washout; after a 5-minute wash in Krebs solution, serotonin (5-HT) was added in the same concentration as in a. In ¢, radio-
active serotonin, final specific activity 2.3 X 10° count min? umole?, was added to the bath at the same concentration as in a;
points on the graph were obtained by subtracting the added radioactivity from the total radioactivity found in the bath; additional
radioactive serotonin is released from the intestinal strips.
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cells. Since the myenteric plexus is nor-
mally the only site labeled in the in-
testine, any observed release of sero-
tonin would probably be from this
site.

Release of radioactive serotonin can
be provoked by addition of nonradio-
active serotonin to the bathing fluid
during the slow component of washout
(Fig. 3), a phenomenon we call “auto-
release.” This release is reflected in
radioautographs, which also indicate
that the myenteric plexus is the source
of the released material. Washout it-
self does not diminish labeling in the
myenteric plexus, yet the addition of
serotonin to the bath during washout
does deplete the plexus of labeled ma-
terial.

In order to determine whether this
effect represents a net release or self-
exchange, radioactive serotonin with a
specific activity greater than that mea-
sured for intestinal serotonin was added
to the bath, and the release of sero-
tonin was again measured. Tissue sero-
tonin was measured spectrophotofluoro-
metrically (5). Carbon-14-labeled
SHTP was injected into mice, and the
specific activity of intestinal serotonin
was 23 + 2.0 X 10 count min—1
pmole—1. When serotonin of higher spe-
cific activity, 2.3 x 10% count min—!
pmole—1, was added to the bath, and the
added radioactivity was subtracted
from the total radioactivity found in
the bath, the release of radioactive
serotonin from the intestine was still
evident and was undiminished (Fig.
3C). Since additional radioactivity did
appear in the bath, in a situation in
which exchange would be expected to
be between radioactive molecules, the
phenomenon was a net release and not
self-exchange.

In further experiments we studied
the extent to which exogenous sero-
tonin can enter the endogenous sero-
tonin pool in vitro. The experiments of
Axelrod and Inscoe (6) indicate that
there is little or no exchange in vivo.
Intestinal strips were bathed for 130
minutes in 5.0 ml of oxygenated
Krebs solution containing 2.5 x 107
count min—! mi—1 of C'4-labeled sero-
tonin at 37°C or at room temperature.
The strips were then subjected to wash-
out in Krebs solution until less than 1
percent of the initial radioactivity re-
mained. A multicompartmental desatu-
ration curve was obtained and at least
two exponential components could be
resolved. The #;,, of the slowest com-
ponent was 30 =+ 5 (standard error)
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minutes. Since the t,,, of the slowest
component of washout of radioactivity,
from strips in which endogenous sero-
tonin had been labeled in vivo, was
more than 15 times longer than this,
the exogenous serotonin probably had
not mixed with the endogenous ma-
terial. Moreover, the addition of non-
radioactive serotonin to the bath did
not affect the washout of C!*-labeled
serotonin from intestinal strips loaded
with labeled material in vitro. It there-
fore appears that exchange between
exogenous and endogenous serotonin
does not occur in the mouse intestine.

Autorelease occurs almost immedi-
ately after addition of serotonin to the
bath, falls off within less than 1 min-
ute, but can be reelicited after a 15-
minute wash in Krebs solution; it fol-
lows a dose-response curve, the min-
imal effective concentration being 4.9
X 107YM and the maximal response
occurring at 9.8 X 108M. Response
is diminished when concentrations
greater than 10*M are added to the
bath. The phenomenon of autorelease
is completely inhibited by a local an-
aesthetic lidocaine (5 mM), and by
lowering the temperature to 4°C. Con-
traction of the longitudinal muscle was
measured with a transducer sensitive to
10 yx of linear motion. When, as in
these experiments, serotonin is added
to both mucosal and serosal surfaces
no muscle contraction is elicited by
concentrations of serotonin below
107°M; autorelease is therefore not sec-
ondary to muscle contraction.

The peristaltic reflex, normally ini-
tiated by pressure-sensitive mucosal
receptors (7, 8), is mediated by way of
a pathway shown in Fig. 4. Sensory
nerve fibers, the pseudounipolar cell
bodies of which are situated in the
submucosal plexus, interconnect the
receptors of the mucosa with the motor
ganglion cells of the myenteric plexus
(8, 9). Serotonin added to the mucosal
surface of the intestine stimulates mu-
cosal receptors and, through the intra-
mural nervous system, therefore stim-
ulates peristalsis (9). In our investiga-
tion the lumen of the intestinal strips
was kept open, and consequently the
nonradioactive serotonin added to the
bath must have reached and thus stim-
ulated mucosal receptors. Addition of
this serotonin, however, was also fol-
lowed by an almost immediate release
of radioactive serotonin from the re-
gion of the myenteric plexus. These
findings suggest that the observed re-
lease of endogenous serotonin is the

! < Argentaffin cell

Mucosa

Submucosal
ganglion cell  wree

Myenteric

== Submucosa

Circular muscle

Lohgifudinal muscle

- Assumed conduction
block by lidocaine
Radioactive 5~ HT

Fig. 4. Proposed mechanism of autorelease
of serotonin. In our experiments we con-
sidered it likely that serotonin added to
intestinal strips in vitro reached and stimu-
lated mucosal sensory nerve fibers; this
resulted in release of tritiated serotonin
(indicated by stippling) from the myen-
teric plexus. Such release is blocked by
lidocaine. Presence of argentaffin cells,
containing a large amount of non1a.-
beled serotonin in the mucosa, is indi-
cated.

result of activation of the intramural
nervous plexus, a suggestion supported
by the inhibition of serotonin auto-
release by lidocaine and by cold. The
pattern of localization of the radioac-
tive serotonin surrounding myenteric
ganglion cells indicates that the end-
ings of the sensory neurons are the
sites from which the material is re-
leased. Further, since pharmacologic
evidence suggests that serotonin also
depolarizes myenteric ganglion cells
(9, 10), a working hypothesis may be
framed from these data: that serotonin
is a neurotransmitter between sensory
and motor neurons in the peristaltic
reflex pathway.
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