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The peristaltic reflex can be evoked in the absence of input
from the CNS because the responsible neural pathways are
intrinsic to the intestine. Mucosal enterochromaffin ceils have
been postulated to be pressure transducers, which activate the
intrinsic sensory neurons that initiate the reflex by secreting
5-HT. All of the criteria necessary to establish 5-HT as this
transmitter have been fulfilled previously, except that no mu-
cosal mechanism for 5-HT inactivation was known. In the cur-
rent investigation, desensitization of 5-HT receptors was dem-
onstrated to inhibit the peristaltic reflex in the guinea pig large
intestine in vitro. At low concentration (1.0 nm), the 5-HT uptake
inhibitor fluoxetine potentiated the reflex, but higher concen-
trations blocked it, suggesting that the peristaltic reflex de-
pends on the 5-HT transporter-mediated inactivation of 5-HT.

Specific (Na*-dependent, fluoxetine-sensitive) uptake of 3H-
5-HT by intestinal crypt epithelial cells was found by radioau-
tography. mRNA encoding the neuronal 5-HT transporter was
demonstrated in the intestinal mucosa by Northern analysis and
located in crypt epithelial cells as well as in myenteric neurons
by in situ hybridization. cDNA encoding the 5-HT transporter
was cloned from the mucosa and completely sequenced. 5-HT
transporter immunoreactivity was detected in crypt epithelial
cells and enteric neurons. Mucosal epithelial cells thus express
a plasmalemmal 5-HT transporter identical to that of seroton-
ergic neurons. This molecule seems to play a critical role in the
peristaltic reflex.
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The enteric nervous system (ENS) is the only region of the periph-
eral nervous system that contains complete reflex circuits (Gershon
et al., 1994; Furness et al., 1995). Intrinsically mediated reflexes such
as the peristaltic thus can be elicited in isolated segments of gut
(Trendelenburg, 1917). Considerable evidence supports the idea that
mechanosensitive mucosal receptors, which initiate the peristaltic
reflex, are 5-HT-containing enterochromaffin (EC) cells (Erspamer,
1954; Biilbring et al., 1958; Biilbring and Crema, 1959a,b; Kosterlitz
and Lees, 1964). In response to pressure (Biilbring and Crema,
1959b), these cells secrete 5-HT into the lamina propria (Toh, 1954;
Nilsson et al., 1987), where subepithelial nerve fibers express 5-HT
receptors (Branchek et al., 1984a,b; Wade et al., 1994) and are
excited by 5-HT (Biilbring and Lin, 1958; Feng et al., 1994). Excita-
tion of submucosal sensory neurons in response to mucosal pressure
is blocked by 5-HT,, (Kirchgessner et al., 1992) or 5-HT, (Foxx-
Orenstein et al., 1995) antagonists. 5-HT-sensitive submucosal sen-
sory neurons project to the myenteric plexus, where the peristaltic
reflex is integrated (Smith et al., 1990; Grider, 1994; Grider and Jin,
1994). 5-HT, therefore, seems to play a critical role in initiating the
peristaltic reflex.

If 5-HT is an EC cell to sensory neuron transmitter, a means of
inactivating intramucosal 5-HT would be predicted. The action of
transmitters is characteristically limited temporally and spatially;
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moreover, enteric 5-HT receptors are subject to desensitization
(Gershon and Wade, 1994). If 5-HT were to accumulate, there-
fore, 5-HT receptors on sensory nerves would be expected to
desensitize. A mucosal mechanism for 5-HT inactivation has not
been identified previously. Serotonergic neurons inactivate 5-HT
by reuptake (Brownstein and Hoffman, 1994) mediated by a
specific 5-HT transporter, which has been cloned and sequenced
(Blakely et al., 1991; Hoffman et al., 1991). There are, however, no
serotonergic nerves in the mucosa (Costa et al., 1982; Furness and
Costa, 1982), and 5-HT is not taken up by mucosal nerve fibers
(Gershon and Sherman, 1982). Monoamine oxidase in the intes-
tinal epithelium (Baldessarini, 1990; Gershon et al., 1990) is
intracellular and thus should not affect extracellular 5-HT. 5-HT is
absorbed into the portal circulation (Toh, 1954; Ahlman et al,,
1978), which could help to reduce its effective concentration;
nevertheless, this mechanism is probably too slow to inactivate a
transmitter. Non-neuronal cells such as platelets (Rudnick, 1977;
Williams and Phillips, 1991) and mast cells (Hoffman et al., 1991)
take up 5-HT. The current study was undertaken to determine
whether a non-neuronal element of the intestinal mucosa ex-
presses the 5-HT transporter, to locate it, and to ascertain its
importance in the peristaltic reflex. Observations support the
ideas that 5-HT initiates the peristaltic reflex, that crypt epithelial
cells express the same 5-HT transporter that is expressed by
serotonergic neurons, and that the 5-HT transporter plays an
important role in terminating the mucosal action of 5-HT.

MATERIALS AND METHODS

Colonic motility. Segments (~8 cm long) of guinea pig distal colon were
secured to the bottom of a Sylgard-lined (Dow Corning, Midland, MI)
organ bath (40 ml) with pins placed through a small flap of attached
mesentery. The preparations were perfused continuously with oxygenated
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Figure 1. Reflex-initiated propulsion of artificial fecal pellet by the
guinea pig distal colon was detected in a specialized chamber that per-
mitted motility to be measured photometrically. The bottom of the organ
bath was opaque, except for two slits 5 cm apart. The organ bath was
positioned over a light box, and the peristaltic reflex was evoked by
inserting the pellet into the oral opening. When the opaque pellet passed
over the slits, the change in light level was sensed by a photocell. Output
from oral and anal photocells was directed to a flatbed recorder. The rate
of propulsion was proportional to the distance between pen deflections.

Krebs solution and thermostatically maintained at 35°C (£1°). The peri-
staltic reflex was evoked by inserting solid pellets into the oral end of the
isolated segments of bowel (Costa and Furness, 1976). These pellets were
fashioned from a silicone elastomer (Sylgard) and were about the same
size, shape, and weight as a fecal pellet. The pellets were transported
distally from their point of insertion. The rate at which the pellet moved
was measured manually by direct observation or automatically by deter-
mining the time taken by the pellet to traverse the distance between two
light-sensitive probes (Fig. 1).

Preparations were allowed to equilibrate for 30 min before the exper-
iments were begun. A baseline rate of motility was then determined for
each preparation by averaging the rate of propulsion measured for three
to five consecutive trials at 5 min intervals. Each trial consisted of one
complete passage of the pellet down the entire length of the segment of
colon. The pellet was retrieved and reinserted at the oral end at the
conclusion of each passage. Experimental compounds were added after
the control records were obtained. The colon was incubated for 15 min in
the presence of the compound before resuming measurement of the rate
of propulsion of the pellets. For cach compound, the peristaltic reflex was
again quantified by averaging the rate of propulsion measured for three
to five consecutive trials at 5 min intervals. Preparations were then
washed with three to five complete changes of Krebs solution and allowed
to equilibrate for 15 min, and the recovery of the peristaltic reflex was
determined once more by averaging the rate of propulsion measured for
three to five consecutive trials at 5 min intervals. The rate of propulsion
of the pellet in the presence of test compounds was expressed as a
percentage of the control rate determined for the same segment of colon.
Each preparation thus served as its own control, and each served as a
single value for comparisons between treatments. Comparisons between
means for different compounds and/or different concentrations of a single
compound were analyzed by using the Scheffé F-test. Differences were
considered to be significant if the value determined for p was <0.05. The
specificity of the action of fluoxetine on the peristaltic reflex was tested by
measuring the responsiveness of colonic segments to acetylcholine
(ACh), nicotine, or transmural electrical stimulation (0.5 msec, 150 V, 1
sec at 10 Hz). The preparations were attached at the distal end to a force
transducer (FORT10, World Precision Instruments, Sarasota, FL), the
output of which was amplified and directed to a flatbed chart recorder
(Kipp and Zonen, Bohemia, NY). The resting tension of the preparations
was adjusted to 0.5 gm and allowed to equilibrate at this level for 30 min
before stimulation. In each of these experiments, data were collected as
the average of three consecutive stimuli (controls), three stimuli in the
presence of fluoxetine (1.0 or 10.0 pm), and three stimuli after the
washout of fluoxetine. Data were expressed as a percentage of the control
contraction, and differences between control and washout values were
determined using Student’s ¢ test. Differences were considered to be
significant if the value determined for p was <0.05.

Radioautographic visualization of sites of *H-5-HT uptake. Segments of
rat and guinea pig small intestine and distal colon (2 ¢cm in length) were
opened along the mesenteric border and cut into full-thickness flat sheets
of tissue. These sheets were pinned along their edges to a frame made of
Sylgard. The frames were weighted at one end with a small stainless steel
clip, which enabled the preparations to be immersed in solutions. The
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opened sheets of bowel fastened to the frames (which served as holders)
were then incubated at 35°C in Krebs solution (gassed with a mixture of
95% 0,/5% CO,), which contained the MAO-inhibitor pargyline
(10 pm). Tissues were equilibrated in this solution for 15 min, after which
SH-5-HT (0.1 pM in Krebs) was added, and incubation was continued for
an additional 45 min. Specificity controls included the addition of fluox-
etine (1.0 um) or substitution of choline chloride for NaCl in the Krebs
solution. After incubation, tissues were washed with iced Krebs solution
and fixed for 4 hr in 4% formaldehyde (from paraformaldehyde) in 0.1 M
phosphate buffer containing 3% sucrose (Gershon and Ross, 1966). Fixed
tissues were removed from their frames, rinsed with PBS, eryoprotected
by overnight incubation in PBS containing 30% sucrose, embedded in
O.C.T. (Miles, Elkhart, IN), and sectioned at 10-15 pm in a cryostat-
microtome. Sections were thaw-mounted onto gelatin-coated glass slides,
air-dried, dehydrated in graded alcohols, cleared in xylene, and passed
through a mixture of xylene/ether (1:1) and 100% ether before drying in
air (Gershon et al., 1990). The defatted dried slides were dipped in liquid
radiographic emulsion (Ilford L4, Polysciences, Warrington, PA). The
slides were exposed for 1-2 weeks at 4°C (over silica gel). Exposed slides
were developed with Kodak D-19, fixed, and washed in water. The tissues
were then stained with toluidine blue, and coverslips were permanently
mounted. The sections were examined and photographed using vertical
dark-field illumination.

Northern analysis. The edge of a glass slide was used to remove the
mucosa from the surface of opened segments of small intestine. The
brainstem was also dissected from adult rats and guinea pigs to serve as
a positive control. Total RNA was extracted from each tissue by the acid
guanidinium thiocyanate-phenol-chloroform method (Chomezynski and
Sacchi, 1987). Total RNA (25 pg) was resolved by electrophoresis on a
0.9% agarose gel under denaturing conditions and transferred to a
Duralon-UV membrane (Stratagene, La Jolla, CA). The full-length
¢DNA encoding the rat brain 5-HT transporter (Blakely et al., 1991,
1993) was excised from pBluescript SKII™ (Stratagene) with NotI and
Xhol and used to synthesize [*?P]-labeled ¢cDNA with «-[**P]-dCTP by
using a random priming kit (Promega, Madison, WI). Blots were prehy-
bridized at 42°C in a solution containing 50% formamide, 5 SSPE, 5x
Denhardt’s solution, 10% dextran sulfate, 1% SDS, and 100 pg/ml
salmon sperm DNA for 3-4 hr. The [**P]-labeled cDNA probe was then
added, and hybridization was continued overnight. The blots were rinsed
(two times for 15 min each time, room temperature) in a solution
containing 2 SSPE and 0.1% SDS, followed by a rinse for 1 hr at 60°C
in a solution containing 0.1xX SSPE and 0.1% SDS. Blots were then
exposed with an intensifying screen for 6 d to Kodak X-OMAT film.

In situ hybridization. Cells containing mRNA encoding the 5-HT trans-
porter were localized by in situ hybridization. Animals were perfused intra-
cardially with saline, followed by perfusion for 5-10 min with 4% formalde-
hyde (freshly prepared from paraformaldehyde) in 0.1 M PBS, pH 7.5.
Tissues were then removed from the animal and postfixed with the same
fixative for an additional 4 hr at room temperature or 12 hr at 4°C. Tissues
to be sectioned were rinsed in PBS and then immersed in 30% sucrose (w/v)
in PBS overnight at 4°C. The tissues were then embedded in O.C.T. and
stored at —80°C. Sections (10-15 pm) were cut with a cryostat-microtome
and thaw-mounted onto 3-aminopropyltriethoxysilane-coated glass slides. A
full length cDNA clone encoding the rat neuronal 5-HT transporter [rSERT;
(Blakely et al., 1991)] was used to synthesize **S-UTP-labeled cRNA probes
in the antisense or sense (control) orientation. These probes were used for in
situ hybridization.

For in situ hybridization with radioactive probes, sections were re-
moved from the freezer and postfixed with 4% formaldehyde (freshly
prepared from paraformaldehyde). Preparations were acetylated with 0.1
M acetic anhydride and washed in 0.2 SSC. Tissues were prehybridized
for 2 hr at room temperature in a mixture containing 50% formamide,
600 mm NaCl, 10 mm Tris, pH 7.5, 1X Denhardt’s reagent, 1.0 mM
EDTA, 0.05% sheared DNA, 0.05% yeast total RNA, and 0.005% yeast
tRNA. They were then hybridized at 50°C for 1618 hr in the presence of
600 mm NaCl, 10 mM Tris, pH 7.5, 1X Denhardt’s reagent, 0.5 mMm
EDTA, 0.01% sheared DNA, 0.05% yeast total RNA, 0.005% yeast
tRNA, 10% dextran sulfate, 10 mm dithiothreitol, and 0.1% SDS. Heat-
denatured probes (5 X 10° cpm per section) were added to the hybrid-
ization solution. After hybridization, the sections were washed first for 30
min in 50% formamide, 1x SSC, and 10 mm dithiothreitol at 50°C and
then for 30 min with 0.5x SSC at room temperature. The washed sections
were treated with 0.1 mg/ml RNase at room temperature to hydrolyze
single-stranded RNA. After washing with 500 mm NaCl, 10 mm Tris, pH
7.5, and 1.0 mM EDTA, the slides were washed for 2 hr at 55°C in 0.2
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SSC. Sections were dehydrated in the presence of ammonium acetate
(0.3 M) and coated with liquid photographic ecmulsion (Kodak NTB2) for
radioautography. Slides were exposed in dry, light-tight boxes at 4°C and
developed with Kodak D19. Processed sections were stained with hema-
toxylin and eosin and visualized by using indirect dark-field optics.

Because sections of bowel pass through only a small number of ganglia
per section and thus sample very few neurons in any one slide, whole
mounts rather than sections were used to locate neurons containing
mRNA encoding the 5-HT transporter in the myenteric plexus. For this
purpose, in sifu hybridization was carried out with laminar preparations of
longitudinal musclc with adherent mycnteric plexus (LMMP) dissccted
from the gut wall (Wade et al., 1994). These preparations were fixed in a
flat oricntation and processed for in situ hybridization with the myenteric
plexus facing up. Methods used for whole-mount in situ hybridization
were similar to those described previously (Harland, 1991). Digoxigenin-
labcled probes were prepared in the antisense and sense (control) orien-
tations by using the Genius kit (Boehringer Mannheim, Indianapolis, IN)
according to the directions of the manufacturer. Hybridizing probes were
detected immunocytochemically with monoclonal antibodies to digoxige-
nin in association with secondary antibodies coupled to alkaline phos-
phatase in the presence of levamisol to inactivate endogenous alkaline
phosphatase in enteric neurons (1.0 mm) (Gershon et al., 1990; Kirch-
gessner et al., 1990).

Cloning and sequencing of the rat mucosal 5-HT transporter. Total RNA,
extracted from the gut as described above, was incubated with Maloney
Murine Leukemia Virus reverse transcriptase with random hexamers.
The resulting cDNAs were amplified by PCR using a 19-bp sense primer
(5'-GGGAATCCGCATCACTTAC-3") and an 18-bp antisense primer
(5'-AAGAGGTGTCCTCTCCCA-3"). These primers were designed
from the known sequence of the cDNA encoding the rat neuronal 5-HT
transporter (Blakely et al., 1991) and flank the translated region of the
open reading frame. The sense primer corresponds to nucleotides 86—
104, and the antisense primer corresponds to nucleotides 2017-2034.
After an initial incubation for 3 min at 94°C, PCR mixtures were sub-
jected to 30 of the following cycles: 1 min at 94°C, 1 min at 55°C, and 2
min at 72°C. Analysis of the amplified products on an agarose gel showed
a DNA fragment of the expected size of ~2 kb. This PCR product was
subcloned into the TA Cloning vector pCR II (Invitrogen, San Diego,
CA), according to the manufacturer’s instructions, and double strand-
sequenced by the dideoxynucleotide chain termination using Scquenase
2.0 (United States Biochemical, Cleveland, OH).

Immunocytochemistry. Frozen sections and whole mounts of LMMP
were obtained from rat and guinea pig intestine as described above.
Primary antisera, directed against a 34 amino acid sequence of the
intracellular carboxyl terminus of the 5-HT transporter (Qian et al., 1995)
and diluted (0.4 pg/ml) in 0.1 M phosphate buffer containing normal
horse serum (4% v/v) and Triton X-100 (0.3% v/v), were applied to
tissues overnight at room temperature. Tissues were rinsed in buffer and
then incubated for 4 hr at room temperature with goat anti-rabbit IgG
coupled to tetramethylrhodamine isothiocyanate (TRITC) diluted 1:100
(Kirkegaard and Perry, Gaithersburg, MD). For double-label immuno-
cytochemistry, the same tissues were incubated with a mouse monoclonal
antibody to 5-HT (1:50; DAKO A/S, Glostrup, Denmark), which was
visualized with an affinity-purified goat anti-mouse secondary antibody
coupled to fluorescein isothiocyanate (FITC) diluted 1:100 (Kirkegaard
and Perry). Controls for double-label experiments included omission of
one or both primary antibodies in preparations immunostained with each
or both of the secondary antibodies. Sites of immunoreactivity were
visualized by vertical fluorescence microscopy using a Leitz “L,” filter
cube (exciting filter bandpass 450-490 nm, dichroic mirror reflection
short pass 510 nm, barrier filter bandwidth 525/520 nm). TRITC fluores-
cence was visualized using a Leitz (Leica, Wetzlar, Germany) “N,” filter
cube (exciting filter bandpass 530-560 nm, dichroic mirror reflection
short pass 580 nm, edge wavelength 580 nm). There was no cross-
detection between the FITC (L,)- and TRITC (N,)-selective dichroic
mirror-filter cubes.

RESULTS

Desensitization of 5-HT receptors blocks the
peristaltic reflex

An in vitro preparation of the distal region of the guinea pig large
intestine was used to analyze the role of 5-HT and the 5-HT
transporter in the peristaltic reflex. The reflex was initiated by
inserting an artificial fecal pellet into the lumen (oral end); the
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Figure 2. The reflex-initiated rate of propulsion of an artificial fecal
pellet in vitro is reproducible, neurally mediated, and inhibited by desen-
sitization of 5-HT receptors. 4, The distance (cm) traversed by an artificial
fecal pellet is plotted as a function of time. Time O represents the moment
the pellet is inserted. The points represent the means of 10 trials, repeated
at intervals of 5 min, in three separate segments of gut from one guinea
pig. The horizontal bars indicate the SEM. Note that after an initial delay,
during which the reflex is evoked, the pellet travels at a linear rate and this
rate remains virtually constant. B, The peristaltic reflex is abolished by
tetrodotoxin (TTx; 0.1 uM; n = 3 preparations) and inhibited by hexame-
thonium (C6; 10.0 um; n = 3 preparations). Desensitization of 5-HT
receptors, by exposurc to high concentrations of 5S-HT, reversibly abolishes
the peristaltic reflex (multiple preparations from 7 animals).

rate at which the pellet was transported proximodistally by the
bowel was then monitored. This rate proved to be remarkably
constant through multiple trials extending over long periods of
time (Fig. 24). The reflex-driven propulsion of the artificial fecal
pellet was blocked by tetrodotoxin (0.1 um) (Fig. 2B), indicating
that it is nerve-dependent. The reflex was also inhibited, but not
abolished, by hexamethonium (10 um) (Fig. 2B), suggesting that a
nicotinic synapse is present in the reflex pathway, although par-
allel non-nicotinic pathways may also exist. Finally, the reflex-
driven propulsion of the fecal pellets was blocked by a sustained
application of a high concentration of 5-HT to desensitize 5-HT
receptors (Fig. 2B). This desensitizing effect of 5-HT was
concentration-dependent and reversible. The observation that
5-HT desensitization abolishes reflex-driven propulsion suggests
that 5S-HT-mediated transmission plays a critical role in the peri-
staltic reflex pathway in the guinea pig distal colon. We therefore
determined the effect on the reflex of subtype-selective 5-HT
antagonists.

The selective 5-HT,p antagonist 5S-HTP-DP inhibited the rate
of propulsion of the artificial pellets in the distal colon (Fig. 34).
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Figure 3. The reflex-initiated rate of propulsion of an artificial fecal
pellet in vitro is blocked by a 5-HT,p and a 5-HTj;,, antagonist. 4, The
peristaltic reflex is reversibly inhibited by the selective 5-HT,, antagonist
5-HTP-DP. A lower concentration of 5-HTP-DP is required to inhibit
reflex-activated propulsion when the compound is applied to the mucosal
rather than to the serosal surface of the bowel. (*p < 0.003 vs control;
multiple trials in preparations from 2 animals). B, The peristaltic reflex is
reversibly inhibited by tropisetron, which is a selective 5-HT, antagonist at
concentrations <<1.0 uM, but also antagonizes 5-HT, receptors at higher
concentrations (multiple preparations from 7 animals).

5-HTP-DP was effective in this regard, both when it was added to
the solution in the organ bath and when it was added as a bolus to
the solution in the lumen of the gut (Fig. 34); however,
5-HTP-DP seemed to be a more effective inhibitor of the reflex
when it was applied intraluminally. For example, intraluminal
application of 20 uM 5-HTP-DP decreased propulsion signifi-
cantly (p < 0.003); however, the same concentration of 5-HT was
ineffective when added to the bath (serosal). A 5-HTP-DP con-
centration of 50 uM was needed to inhibit propulsion significantly
{p < 0.001) when the compound was added to the bathing solu-
tion. Thesc observations are consistent with the idea that
5-HTP-DP gains access to the site in the wall of the colon at which
it acts more effectively from the mucosal than from the serosal
surface of the bowel. A second subtype-selective 5-HT antagonist
that inhibited the propulsion of artificial pellets was tropisetron,
which at concentrations below 1 umM antagonizes only 5-HT,
receptors but at higher concentrations blocks both 5-HT, and
5-HT, sites. Tropisetron had no effect on the reflex at low,
5-HTj-selective concentrations (Fig. 3B). This finding is consis-
tent with the report that 5-HT;-selective antagonists fail to influ-
ence the peristaltic reflex in the guinea pig distal colon (Kadowaki
et al., 1993). Tropisetron was found to inhibit reflex-driven pro-
pulsion at 5.0 M and abolished it at 10.0 um. These data suggest
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Figure 4. The reflex-initiated rate of propulsion of an artificial fecal
pellet in vitro is potentiated by a low concentration but inhibited by higher
concentrations of fluoxetine. A, The rate of propulsion is plotted as a
function of the concentration of fluoxetine. The increase in the rate at 0.01
M is significant (*p < 0.05 vs control). The decreases observed at 0.1 um
and 1.0 uM are also significant (**p < 0.01 vs control; ***p < 0.001 vs
control; multiple preparations from 6 animals). B, Fluoxetine (1.0 um)
does not nonspecifically affect either the amplitude of the contractile
response evoked by ACh or that evoked by transmural electrical stimula-
tion (TMS) (preparations from 4 animals). Con, Control.

that antagonism of 5-HT, receptors is necessary for tropisetron to
inhibit the propulsion of pellets in the guinea pig colon. 5-HT,-
selective antagonists, however, have been reported not to inhibit
the peristaltic reflex in the guinea pig distal colon (Kadowaki et
al., 1993). Both 5-HT; and 5-HT, receptors thus may have to be
blocked simultaneously before antagonism of these receptors in-
terferes with the reflex. These observations are consistent with the
idea that endogenous 5-HT plays a role in the mediation of the
peristaltic reflex and that this function of 5-HT involves more than
a single subtype of 5-HT receptor.

The 5-HT-selective uptake inhibitor fluoxetine was found to
exert a concentration-dependent effect on the peristaltic reflex.
A low concentration of fluoxetine (0.01 uM) significantly in-
creased the rate of propulsion of the artificial fecal pellets (Fig.
44). In contrast, higher concentrations of fluoxetine (=0.1 um)
decreased the rate of propulsion below that seen in control
preparations. The degree of inhibition of pellet movement
became more intense as a function of the fluoxetine concen-
tration. Once fluoxetine inhibited propulsion, the effects were
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Figure 5. Crypt epithelial cells and enteric neurons specifically take up *H-5-HT. Cells that took up *H-3-HT were located in the rat intestine by
radioautography. A, The arrows indicate foci of intense labeling over the epithelium of the basolateral regions of intestinal crypts of Lieberkiihn and over
ganglia of the myenteric plexus (arrowheads). Labeling is absent from the epithelium lining the wall of villi (v). B, Fluoxetine (1.0 uM) abolishes *H-5-HT
uptake. Birefringent collagen fibers are visible in the submucosa; these are brighter in B than in 4. Scale bar, 100 pm.

either irreversible during the time frame of the experiments, or
they reversed very slowly (after about 1 hr). Smooth-muscle
contractions, however, could still be elicited by mechanical
stimulation of the serosal surface (not illustrated). A concen-
tration of fluoxetine (1.0 um) that reduced the peristaltic reflex
to about half that of control had no effect on the responses of
the preparations to ACh (0.12 M) or transmural electrical
stimulation (TMS) (Fig. 48). These observations suggest that
inhibition of the peristaltic reflex by fluoxetine is not attribut-
able to inhibition of ACh receptors, nor is it attributable to
interference with nerve conduction or with the release of ACh.
To confirm that fluoxetine does not interfere nonspecifically
with neural mechanisms or responsivity to ACh, advantage was
taken of the long-lasting inhibition of pellet motility by fluox-
etine. Preparations were exposed to a high concentration of
fluoxetine (10 wm), which was then washed out; responses to
ACh (0.12 um) and TMS were determined 15 min after wash-
out, during the period when pellet motility was still blocked by
fluoxetine. Responses to ACh (rate = 100 * 10% of control)
and TMS (90 + 2.3% of control) were not inhibited signifi-
cantly. A second 5-HT-selective uptake inhibitor, zimelidine
(Takaki et al., 1985), was assessed to evaluate further the
specificity of the action of fluoxetine. Like fluoxetine, zimeli-
dine (5.0 um) abolished reflex-activated propulsion of artificial
fecal pellets, but the action of zimelidine was more rapidly
reversible. The data are thus consistent with the idea that

fluoxetine interferes with the peristaltic reflex by causing the
desensitization of 5-HT receptors.

5-HT is taken up by crypt epithelial cells as well as by
serotonergic neurons in the gut

Radioautography of tissues incubated with *H-5-HT was used to
determine whether a mucosal component takes up *H-5-HT.
Because serotonergic elements of the ENS are known to take up
*H-5-HT selectively (Gershon et al., 1976; Erde et al., 1983), its
uptake by the neuronal structures served as an internal positive
control. Initial studies were carried out on segments of guinea pig
and rat duodenum. This area of the small intestine was selected
because it is the region of the gastrointestinal tract with the
highest concentration of EC cells (Penttild, 1967; Thompson and
Campbell, 1967). *H-5-HT was taken up by epithelial cells of
intestinal crypts, by processes in the neuropil of submucosal and
myenteric ganglia, and by nerve cell bodies in myenteric ganglia
(Fig. 54). Additional experiments were carried out with prepara-
tions incubated with *H-5-HT in the presence of fluoxetine or in
Na'-free media to determine whether the pharmacological prop-
erties and ionic requirements of the crypt epithelial uptake of
*H-5-HT are similar to those of serotonergic neurons. The uptake
of *H-5-HT by enteric (Gershon et al., 1976; Gershon and Jona-
kait, 1979) and central (Blakely et al., 1991; Hoffman et al., 1991)
scrotonergic neurons, as well as by non-neuronal cells such as
platelets (Rudnick, 1977; Williams and Phillips, 1991) and mast
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Figure 6. The mucosae of the rat and guinea pig small intestine contain
mRNA that hybridizes in Northern blots with a cDNA probe encoding the
rat brain 5-HT transporter. A, Total RNA extracted from the rat brain. B,
Total RNA extracted from the mucosa of the rat small intestine. C, Total
RNA extracted from the mucosa of the guinea pig small intestine. Posi-
tions of /85 (1950 bp) and 285 (4700 bp) ribosomal RNA are indicated.

cells (Hoffman et al., 1991), is Na"-dependent and blocked by
fluoxetine. The uptake of *H-5-HT by both crypt epithelial cells
and neural elements was prevented completely when the tissues
were incubated in the presence of fluoxetine (Fig. 5B) or in the
absence of extracellular Na™ (not illustrated). These data suggest
that the crypt epithelial cells express a 5-HT transporter with
properties similar to those found in serotonergic neurons.

mRNA encoding the 5-HT transporter is present in
crypt epithelial cells as well as in myenteric neurons
Northern analysis was used to determine whether mRNA encoding
the 5-HT transporter found in rat brain is also expressed in the rat
intestinal mucosa. Total RNA was extracted from samples of mucosa
scraped from the rat and guinea pig small intestines, with care taken
not to remove deeper elements of the wall of the bowel. The blots
were probed with a **P-labeled full-length (2415 bp) ¢cDNA probe
encoding the rat brain 5-HT transporter. Single hybridizing mRNA
species (~3.7 kb) were found in the rat brainstem (investigated as a
positive control) and the rat and guinea pig intestinal mucosa (Fig.
6). The abundance of this message was higher in the rat intestinal
mucosa than in the brainstem. The intensity of the hybridizing signal
from the guinea pig mucosa, although present, was much less than
that from the rat. These blots suggest that mRNA is present in the
intestinal mucosa encoding a 5-HT transporter that is similar or
identical to that of the brain.

Reverse transcription-PCR was used to assess the degree of
identity between the rat intestinal mucosal and brain 5-HT trans-
porters. Both nucleotide and predicted amino acid sequences of
the rat mucosal 5-HT transporter were found to be almost iden-
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tical (99.8%) to those reported for the 5-HT transporter cloned
from rat brain (Blakely et al., 1991) and the 5-HT transporter
cloned from rat basophilic leukemia cells (Hoffman et al,, 1991).
Only three differences between the mucosal and rat brain 5-HT
transporters were found at the nucleotide level, and only two of
these would affect the predicted amino acid sequence. These were
a change of A., to G and R,,, to S. These small differences could
be attributed to PCR, or they may reflect slight strain variations.
The observations indicate that the rat mucosa contains mRNA
encoding the same 5-HT transporter that is present in serotoner-
gic neurons.

Cells containing mRNA encoding the 5-HT transporter were
located in cross-sections of rat intestine by in situ hybridization
using a *>S-labeled cRNA. Similarly treated serial sections, ex-
posed to a **S-labeled sense riboprobe, served as controls. Sec-
tions of rat brainstem, cut through raphe nuclei, were examined
simultaneously with the same reagents as a positive control. Spe-
cific labeling was considered to be that seen in sections incubated
with the antisense, but not the sense riboprobe. Intense labeling of
crypt epithelial cells was observed in sections hybridized with the
FS-labeled cRNA (Fig. 74). These cells were not labeled by the
*S-labeled sense riboprobe (Fig. 7B). The intensity of labeling of
epithelial cells was greatest near the base of crypts and declined
near the crypt-villus junction. The mature enterocytes lining the
walls of villi were not labeled. In addition to the specific labeling
of crypt epithelial cells, nonspecific binding of both sense and
antisense probes to scattered small cells in the lamina propria also
occurred (Figs. 74,B8). The same probe that was used to detect
mRNA encoding the 5-HT transporter in the bowel labeled the
cell bodies of serotonergic neurons in the dorsal nucleus of the
median raphe (Fig. 7C). No dorsal raphe neurons were labeled by
the **S-labeled sense riboprobe (Fig. 7D).

In contrast to sections through the median raphe, almost no
neurons in either the submucosal or myenteric plexuses were
found to be labeled by the **S-cRNA probe in sections of the
rat duodenum. We thought that this seemingly paradoxical
result might be attributable to the relative paucity of enteric
serotonergic nerve cell bodies and their scattered distribution.
In contrast to the transporter itself, which mediates the uptake
of 5-HT by axons, mRNA is essentially confined to the cell
bodies and dendrites of neurons. Enteric serotonergic neurons
in rodents have been demonstrated to be limited to the myen-
teric plexuses, where they comprise about 3% of the total
number of neurons (Costa et al., 1982; Furness and Costa,
1982; Gershon and Sherman, 1987). Cross-sections of duode-
num, therefore, would rarely pass through the cell body of a
serotonergic neuron. To determine whether enteric serotoner-
gic neurons actually do express mRNA encoding the same
5-HT transporter as their central counterparts, digoxigenin-
labeled riboprobes were used to locate mRNA encoding the
5-HT transporter by in situ hybridization in whole mounts of
LMMP. Bound probes were detected by immunocytochemistry.
Sections of brainstem were cxamined again with the same
digoxigenin-labeled riboprobes as a positive control, and sense
probes were used to evaluate the specificity of labeling. Myen-
teric neurons in the whole-mount LMMP preparations were
found to be labeled by the antisense but not the sense ribo-
probe (Fig. 8 A-C). When preparations were exposed to the
sense riboprobe, the entire myenteric plexus was devoid of
labeling. Labeling by the antisense riboprobe was confined to
the cell bodies of these neurons and to the most proximal
regions of processes, which were interpreted as dendrites. The
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Figure 8. Neurons of the rat small intestine myenteric plexus contain mRNA encoding the 5-HT transporter. fa situ hybridization with a digoxigenin-
labeled antisense riboprobe was used to locate mRNA encoding the 5-HT transporter in strips of longitudinal muscle with attached myenteric plexus
dissected from the rat small intestine. Preparations were examined as whole mounts; bound probe was visualized immunocytochemically with monoclonal
antibodies to digoxigenin. The dorsal nucleus of the median raphe was also investigated as a positive control. A, Scattered cells (arrows) hybridize with
the antisense probe. B and C, At higher magnification, the cells that contain mRNA encoding the 5-HT transporter can be identified as myenteric neurons.
Differential interference contrast optics were used to visualize the outlines of nonlabeled cells. D and insert, Rat brainstem hybridized with the antisense
probe. Neurons are labeled in the dorsal raphe nucleus. Scale bars: A, 100 pum: B and C, 50 pum; D, 100 pm; insert, 50 pm.

packing density of these neurons was relatively low, about the
same as that reported for serotonergic neurons revealed by
immunocytochemistry with antibodies to 5-HT (Costa et al.,
1982; Furness and Costa, 1982) or radioautography of tissue
incubated with *H-5-HT (Gershon and Sherman, 1987; Ger-
shon et al., 1990). The same digoxigenin-labeled antisense (but
not the sense) riboprobe used to detect mRNA encoding the
5-HT transporter in LMMP preparations labeled the cell bod-
ies of serotonergic neurons in the dorsal nucleus of the median
raphe (Fig. 8D). These observations suggest that mRNA en-
coding the same 5-HT transporter that is expressed by neurons
of the median raphe is also expressed by enteric neurons and
crypt epithelial cells in the bowel.

5-HT transporter immunoreactivity is present in crypt
epithelial cells and enteric serotonergic neurons
Immunocytochemical studies were carried out with antibodies
to the rat brain 5-HT transporter to determine whether the
protein itself is expressed by crypt epithelial cells and enteric
neurons. The antibodies that were used were raised in rabbits
against a glutathione-S-transferase fusion protein that encom-
passed the final 34 amino acids (597-630) of the rat brain 5-HT
transporter (Qian et al., 1995). The antibodies selectively rec-

ognize both brain and platelet isoforms of the 5-HT transporter
expressed in heterologous cell systems and native tissues. Fur-
thermore, the immunocytochemical distribution of sites in the
rat brain labeled by the affinity-purified antibodies to the 5-HT
transporter has been shown to overlap with sites labeled by
antibodies to 5-HT. A subset of crypt epithelial cells was found
to be immunocytochemically labeled by antibodies to the 5-HT
transporter in sections of rat and guinea pig small intestine (Fig.
94). Crypt epithelial cells were also labeled by these antibodies in
the colon (not illustrated) of the rat and guinea pig. No labeling
was scen when the primary antibodies were omitted (Fig. 98). The
cells that were labeled by the antibodies to the 5-HT transporter
were not themselves 5-HT-immunoreactive when double-label
immunocytochemistry was carried out (Fig. 9C,D). The anti-
bodies to the 5-HT transporter immunostained both varicose
axons and nerve cell bodies in whole mounts of rat LMMP
preparations (Fig, 104-D). The number of 5-HT transporter-
immunoreactive nerve cell bodies was comparable to that of
neuronal perikarya expressing mRNA encoding the 5-HT
transporter (Fig. 84); however, the antibody demonstrated the
axons of labeled cells that were not visualized by in situ hybrid-
ization. The pattern of fibers and the distribution of nerve cell
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Figure 9. The immunoreactivity of the 5-HT transporter protein is present in crypt epithelial cells of the rat small intestine. The immunoreactivities of
the 5-HT transporter (TRITC) and 5-HT (FITC) were located by double-label immunocytochemistry in frozen sections of rat small intestine. 4, TRITC
5-HT transporter-immunoreactive cells most numerous in the epithelium of the basolateral regions of crypts. This location corresponds to that of cells
found radioautographically to take up *H-5-HT and to contain mRNA encoding the 5-HT transporter. B8, TRITC (control). There is no labeling of cells
when the primary antibody is omitted. C, TRITC. At higher magnification the 5-HT transporter immunoreactivity can be seen to be concentrated in the
ind plasma membrane. Nuclei are not labeled. D, FITC 5-HT immunoreactivity is d me section (C) used to
3 HT transporter. Most of the EC cells, identified by their content o ; acti do not coincidentally

express the 5-HT transporter. Arro ow the location of the EC cells, which are fluoresce )
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Figure 10.  The immunoreactivity of the 5-HT transporter protein is present in myenteric neurons of the rat small intestine. 5-HT transporter immunoreactivity
was demonstrated in whole mounts prepared from the rat small intestinal LMMP. A, Scattered neuronal perikaya are 5-HT transporter-immunoreactive, The
numbers of such cells are similar to those found by in situ hybridization to contain mRNA encoding the 5-HT transporter (compare with Fig. 84). In contrast
to the mRNA, however, 5-HT transporter immunoreactivity is present in axons as well as in the nerve cell bodies. B-D, At higher magnification, the varicose
nature of 5-HT transporter-immunoreactive axons can be seen. The occurrence of two or more 5-HT-immunoreactive neurons in a single ganglion (B) is
uncommon; more frequently, ganglia contain only one (C,.D). The location of the neurons is often at the ganglionic surface (B,C). E and F, Whole-mount
radioautographs showing the location of elements in the guinea pig myenteric plexus that take up “H-5-HT. Note that the pattern is similar to that of 5-HT
transporter-immunoreactive elements of the myenteric plexus. Scale bars: 4, 100 pwm; B-F, 50 pum.

bodies labeled by the antibodies to the 5-HT transporter in the DISCUSSION

Whole mounts was Comparable, in Similar preparati{ms, to those Thc rolc p]ayed b)i mucosal secretion of 5_HT in Bvoking the pe_ri-
of fibers and perikarya that take up radioautographically de- staltic reflex has been a conundrum. This role seems to be critical:
tectable *H-5-HT (Fig. 10E,F). EC cells secrete 5-HT in response to pressure or mucosal distension
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(Feldberg and Toh, 1953; Biilbring and Crema, 1959b; Grider et al.,
1994; Foxx-Orenstein et al., 1995). This 5-HT stimulates the intrinsic
sensory neurons that initiate the peristaltic (Kirchgessner et al., 1992;
Grider et al.,, 1994; Foxx-Orenstein et al., 1995) or secretory reflexes
(Cooke and Reddix, 1994). The mechanism of mucosal 5-HT inac-
tivation, however, has not been known. If 5-HT is the transmitter at
an EC cell-sensory nerve junction, then mucosal 5-HT will have to be
removed rapidly to terminate responses to it and prevent receptor
desensitization. Indeed, an inactivating mechanism is a criterion used
in identifying neurotransmitters (Burnstock, 1983). The present in-
vestigation was thus carried out to identify the putative mechanism
for the inactivation of mucosal 5-HT. We tested the hypothesis that
the same plasmalemmal 5-HT transporter that is expressed by sero-
tonergic neurons and accounts for the inactivation of 5-HT at syn-
apses in the nervous system is expressed in the mucosa. Because the
mucosa contains no serotonergic nerves (Costa et al., 1982; Furness
and Costa, 1982), the cells that express this transporter would have
had to be either nonserotonergic neurons or non-neuronal cells. Our
data suggest that uptake of 5-HT in the mucosa plays a necessary role
in the peristaltic reflex by preventing the desensitization of 5-HT
receptors. Mucosal uptake of 5-HT occurs because crypt epithelial
cells synthesize and express a functional 5-HT transporter in their
plasma membrane.

Evidence that 5-HT inactivation is important in the peristaltic
reflex was derived from in vitro studies of the reflex-activated
propulsion of artificial fecal pellets in the guinea pig distal colon.
The peristaltic reflex was evoked reproducibly in this preparation
for long periods of time. Because the in vitro reflex was blocked by
tetrodotoxin and inhibited by hexamethonium, it was nerve-
dependent. The reflex was also dependent on intact serotonergic
mechanisms, because propulsive activity was abolished by desen-
sitization of 5-HT receptors. The effectiveness of tropisetron, a
5-HT,/5-HT, dual antagonist, and 5S-HTP-DP, a 5-HT, antago-
nist, in inhibiting propulsion suggested that both 5-HT;/5-HT,
(Kadowaki et al., 1993) and 5-HT),, receptors participate in the
reflex. The observation that 5-HTP-DP was more effective when
applied to the mucosal rather than the serosal surface of the colon
suggests that 5-HTP-DP acts on the mucosa. 5-HT,; receptors
have been located in the mucosal nerve plexus that underlies the
intestinal epithelium (Wade et al., 1994), and 5-HT,, receptors
have been implicated in the activation of the intrinsic sensory
neurons in the submucosal plexus that initiate the peristaltic reflex
(Kirchgessner et al., 1992; Foxx-Orenstein et al., 1995). A site of
action on mucosal sensory nerves thus would account for the
observed effectiveness of 5S-HTP-DP. These observations sup-
ported the use of the guinea pig distal colon to test the prediction
that blocking the uptake of 5-HT would interfere with the peri-
staltic reflex.

The actions of fluoxetine and zimelidine, selective inhibitors of
5-HT uptake, supported the hypothesis that the 5-HT transporter
plays a role in the peristaltic reflex. A low concentration of
fluoxetine potentiated the propulsion of fecal pellets; neverthe-
less, propulsion was inhibited by fluoxetine at concentrations
above 0.1 um. These observations could be explained if a moder-
ate degree of inhibition of 5-HT uptake by fluoxetine enhances
the action of endogenous 5-HT to accelerate propulsion but more
complete inhibition of uptake causes 5-HT receptors to desensi-
tize, inhibiting the reflex. The similar action of zimelidine sup-
ports the idea that 5-HT accumulation accounts for reflex inhibi-
tion; however, nonspecific antagonism of a 5-HT receptor subtype
by fluoxetine was not excluded rigorously. Fluoxetine did not
affect cholinergic transmission or nerve-driven muscle contraction
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and thus evidently did not interfere nonspecifically with reflex-
driven motility. Physiological experiments alone do not identify
which of the potential sites of action of 5-HT are affected by
drugs. Because 5-HT is a neurotransmitter of myenteric neurons,
as well as a product of EC cells, interference with serotonergic
transmission could antagonize the peristaltic reflex at sites in the
mucosa or in the myenteric plexus. Although the peristaltic reflex
depends on serotonergic transmission, receptor desensitization,
5-HTP-DP, tropisetron, and fluoxetine/zimelidine could have an-
tagonized the reflex in the guinea pig distal colon by blocking the
effect of 5-HT on either mucosal sensory nerves or myenteric
neurors.

A functional 5-HT transporter was indeed found to be ex-
pressed in the mucosa. This transporter was localized to crypt
epithelial cells by radioautography; thus, these cells took up
*H-5-HT by a Na'-dependent mechanism that was inhibited by
fluoxetine. Fluoxetine was shown previously to block mucosal
uptake of radiolabeled 5-HT in the rat, although that study
assumed that 5-HT was taken up by EC cells (Ternaux et al.,
1981). Most of the EC cells, identified immunocytochemically in
the current study by their content of endogenous 5-HT, did not
become labeled by *H-5-HT. Conceivably, crypt cells might have
been mistaken for EC cells in the previous investigation of the rat
mucosa. It seems likely that the uptake of 5-HT by crypt epithelial
cells enables the mucosal epithelium to act as a S-HT sink. The
uptake of 5-HT by crypt epithelial cells does not prevent the
diffusion of 5-HT secreted by EC cells into the lumen of the bowel
(Ahlman et al., 1981a,b) or from absorption into blood vessels
(Toh, 1954); nevertheless, the presence of the epithelial sink
probably causes the concentration of 5-HT in the lamina propria
to fall more rapidly, after its secretion by EC cells, than it would
have in the absence of the crypt epithelial 5-HT transporter. An
apparent barrier, which impedes the mucosal to serosal passage of
*H-5-HT, has been reported previously (Gershon and Tamir,
1981; Cooke et al., 1983). This barrier could be accounted for by
the existence of a mucosal 5-HT sink.

Northern analysis indicated that mRNA hybridizing with a
full-length cDNA probe encoding the rat brain 5-HT transporter
is present in the intestinal mucosa of both guinea pigs and rats,
confirming previous data from rat bowel (Hoffman et al., 1991).
This mucosal mRNA was about the same size (3.7 kb) as hybrid-
izing mRNA extracted from rat brainstem and encoded a mole-
cule that was virtually identical in sequence to the rat brain 5-HT
transporter (Blakely et al., 1991). mRNA encoding the 5-HT
transporter was also found by Northern analysis to be more
abundant in the rat intestinal mucosa than in the rat brainstem.
Less hybridizing mRNA was detected in the guinea pig mucosa,
probably because the sequence of the guinea pig 5-HT transporter
is not identical to that of the rat. In situ hybridization revealed that
cells that contain mRNA encoding the 5-HT transporter were
located in exactly the same region of the crypt epithelium as the
cells found by radioautography to take up *H-5-HT. These cells
were most abundant in the basolateral region of intestinal crypts
and declined in number along the crypt-to-villus axis. This distri-
bution corresponds to the proliferative zone of epithelial precur-
sor cells (Gordon et al., 1992). These crypt epithelial cells are
known to be secretory (Welsh et al., 1982), and intestinal CI~
secretion is stimulated by 5-HT (Cooke and Reddix, 1994). 5-HT
also stimulates the proliferation of crypt epithelial cells (Tutton,
1974). The 5-HT transporter thus may play a role in epithelial
actions of 5-HT.

5-HT transporter-immunoreactive cells were observed to be
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present in the same regions of the intestinal crypts as the cells that
contain mRNA encoding the transporter and take up *H-5-HT.
The transporter protein thus is expressed by crypt epithelial cells
and probably accounts for their uptake of *H-5-HT. The location
of 5-HT transporter-immunoreactive cells, however, was not ab-
solutely identical to that of cells revealed by in situ hybridization.
Some villus cells contained 5-HT transporter immunoreactivity
but not the corresponding mRNA. This difference suggests that
the S-HT transporter continucs to be present in a subset of
epithelial cells after they ascend beyond the crypt-villus junction
and biosynthesis of the transporter ceases. 5-HT transporter im-
munoreactivity was strikingly marginal in individual cells, consis-
tent with a concentration of the transporter in the plasma mem-
brane. Few of the 5-HT-containing EC cells expressed 5-HT
transporter immunoreactivity, accounting for the failure of these
cells to become labeled by *H-5-HT. The expression of the 5-HT
transporter in the epithelium, therefore, differs from its expres-
sion in the ENS and CNS, where the cells that secrete 5-HT are
the cells that also express the 5-HT transporter. Epithelial expres-
sion of the transporter is thus a capture and not a recapture
mechanism.

Our observations are consistent with the idea that the peristaltic
reflex is evoked by the release of 5-HT from mucosal EC cells to
stimulate intrinsic sensory nerves. The current observations rep-
resent the first report of an inactivating mechanism for 5-HT in
the mucosa and thus provide support for the hypothesis that the
mucosal action of 5-HT is important in neurally mediated reflexes
in the gut.
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