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We tested the hypothesis that 5-HT promotes the differenti-
ation of enteric neurons by stimulating a developmentally
regulated receptor expressed by crest-derived neuronal pro-
genitors. 5-HT and the 5-HT, agonist (*)-2,5-dimethoxy-4-
iodoamphetamine ‘HCI (DOI) enhanced in vitro differentiation of
enteric neurons, both in dissociated cultures of mixed cells and
in cultures of crest-derived cells isolated from the gut by im-
munoselection with antibodies to p75N™?. The promotion of in
vitro neuronal differentiation by 5-HT and DOI was blocked by
the 5-HT, , antagonist methysergide, the pan-5-HT, antagonist
ritanserin, and the 5-HT,g,,c-selective antagonist SB206553.
The 5-HT,5-selective antagonist ketanserin did not completely
block the developmental effects of 5-HT. 5-HT induced the
nuclear translocation of mitogen-activated protein kinase. This
effect was blocked by ritanserin. mRNA encoding 5-HT,, and

5-HT,g receptors was detected in the fetal bowel (stomach and
small and large intestine), but that encoding the 5-HT, recep-
tor was not. mRNA encoding the 5-HT,g receptor and 5-HT,g
immunoreactivity were found to be abundant in primordial [em-
bryonic day 15 (E15)-E16] but not in mature myenteric ganglia.
5-HT,g-immunoreactive cells were found to be a subset of cells
that expressed the neuronal marker PGP9.5. These data dem-
onstrate for the first time that the 5-HT,g receptor is expressed
in the small intestine as well as the stomach and that it is
expressed by enteric neurons as well as by muscle. It is pos-
sible that by stimulating 5-HT,g receptors, 5-HT affects the fate
of the large subset of enteric neurons that arises after the
development of endogenous sources of 5-HT.
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The gut is the only organ that is able to display reflex activity
when isolated from the CNS (Furness and Costa, 1987; Gershon
et al., 1994). This activity is mediated by the intrinsic innervation
of the bowel, the enteric nervous system (ENS), which structurally
and chemically has more in common with the CNS than with the
extraenteric peripheral nerve. Despite its unique properties, the
ENS shares the neural crest origin of most of the PNS (Yntema
and Hammond, 1954, 1955; Le Douarin and Teillet, 1973, 1974).
At least some migrating crest-derived cells are pluripotent
(Fraser and Bronner-Fraser, 1991; Ito and Sieber-Blum, 1993; Ito
et al., 1993; Sieber-Blum et al., 1993) and remain so at the time
they colonize the gut (Rothman et al., 1990, 1993; Sextier-Sainte-
Claire Deville et al., 1994; Lo and Anderson, 1995). The enteric
microenvironment, therefore, plays a role in determining the
ENS-specific outcome of the differentiation of crest-derived cells
within the bowel (Gershon, 1997, 1998).

Signals that influence the fate of crest-derived neural and glial
precursors in the enteric microenvironment are known to include
glial cell line-derived neurotrophic factor (Moore et al., 1996;
Pichel et al., 1996; Sanchez et al., 1996; Chalazonitis et al., 1998b;
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Hearn et al., 1998), neurotrophin-3 (Chalazonitis et al., 1994),
neuropoietic cytokines (Gershon, 1997; Chalazonitis et al.,
1998a), endothelin-3 (Baynash et al., 1994), and laminin-1 (Roth-
man et al., 1996; Chalazonitis et al., 1997). It has been suggested
that early-developing enteric neurons, or their transmitters, might
also influence the fate of later-developing cells because different
types of enteric neurons arise in a reproducible sequential order
(Pham et al., 1991). In fact, differential dependence on the ex-
pression of the mash-1 gene has enabled early- and late-
developing enteric neuronal precursor lineages to be clearly dis-
tinguished (Blaugrund et al., 1996). The mash-1-dependent cells
are transiently catecholaminergic before they acquire their termi-
nally differentiated phenotype. These cells leave the cell cycle and
give rise to neurons at a time when the mash-1-independent
progenitors are still proliferating (Blaugrund et al., 1996). Early
neurons even form synapses on dividing neuroblasts (Gershon et
al., 1981). All enteric serotonergic neurons are mash-1 dependent
and develop early (Pham et al., 1991; Blaugrund et al., 1996).
5-HT could thus influence the fate of late-developing neurons.
Enterochromaffin cells (EC), which are by far the largest enteric
source of 5-HT, also develop before the mash-I1-independent
lineage of enteric neurons (Branchek and Gershon, 1989). 5-HT
may thus be a growth and/or survival factor, as well as a neuro-
transmitter or paracrine hormone (Cooke et al., 1997; Chen et al.,
1998; Gershon, 1999).

Although 5-HT’s ability to act as a growth factor has not yet
been directly demonstrated, indirect evidence suggests that 5-HT
does play a role in the development of neurons (Lauder and
Krebs, 1978; Lauder, 1988, 1993; Azmitia et al., 1990; Whitaker-



Fiorica-Howells et al. « 5-HT,5 Receptors in ENS Development

Azmitia et al., 1990; Nishi et al., 1996), glia (Liu and Lauder,
1992), and mesenchymal cells (Shuey et al., 1992, 1993; Choi et
al., 1994, 1997). 5-HT may also affect phenotypic choice, for
example, by increasing the proportion of CNS neuroblasts that
develop as glutaminergic neurons (Lavdas et al., 1997). The
current study was performed to test the hypothesis that 5-HT
promotes enteric neuronal differentiation by stimulating a devel-
opmentally regulated subtype of the 5-HT receptor. The data
show that the 5-HT,y5 receptor is both highly expressed and
developmentally regulated in primordial enteric ganglia. 5-HT
promotes the in vitro development of enteric neurons by an action
that can be blocked by antagonizing 5-HT,y receptors. 5-HT,5
expression temporally follows that of sources of 5-HT and coin-
cides with the period of terminal differentiation of mash-I-
independent enteric neurons; therefore, these observations are
consistent with the possibility that stimulation of 5-HT,; recep-
tors by 5-HT influences the fates of late-developing enteric
neurons.

MATERIALS AND METHODS

Animals and tissue collection. Adult Sprague Dawley rats (Charles River
Laboratories, Wilmington, M A) were anesthetized with methoxyflurane
(Pitman Moore) and decapitated. Guinea pigs (Kingstar Laboratories)
were stunned and exsanguinated. Mice (CD-1 strain; Charles River
Laboratories) were killed by asphyxiation, followed by cervical disloca-
tion. Fetuses, obtained from timed pregnant mice, were anesthetized by
cooling and exsanguinated before dissection. All procedures were ap-
proved by the Animal Care and Use Committee of Columbia University.

Cell culture. Experiments were performed with dissociated cells ob-
tained from the intestines of 10-15 fetuses (removed from one or two
dams) at embryonic day 13 (E13)-E15. The entire bowel was dissected,
minced, and digested with collagenase A (5 mg/ml) in saline-G (in mM,
NaCl 137, KC1 5.4, Na,HPO, 1.1, KH,PO, 1.1, and glucose 0.11%, pH
7.2-7.4) for 30 min at 37°C. After digestion, cells were dissociated by
trituration in defined media (Stemple and Anderson, 1992). The disso-
ciated cells (6.0 X 10%/0.5 ml sample) were plated on laminin-coated glass
coverslips, held in four-well tissue culture plates, and grown in serum-
free defined media (Stemple and Anderson, 1992). Experimental com-
pounds or vehicle (controls) was added after 24 hr in vitro. Cultured cells
were fixed after 3 or 7 d of incubation. When cells were cultured for 7 d,
the medium was changed at day 3. Cultures were maintained in tripli-
cate. Cultured cells were fixed for 1 hr with 4% formaldehyde (freshly
prepared from paraformaldehyde) in PBS (130 mm NaCl, 7 mm
Na,HPO,, and 3 mm NaH,PO,). Compounds tested were the follow-
ing: 5-HT, (*)-2,5-dimethoxy-4-iodoamphetamine HCI (DOI), ritan-
serin, SB206553 (Research Biochemicals, Natick, MA), methysergide
(Sandoz, Basel, Switzerland), and ketanserin (Janssen Biochimica,
Berse, Belgium).

Immunoselection. Crest-derived cells of the E14 gut were separated
from noncrest-derived cells by positive and negative immunoselection as
described previously (Pomeranz et al., 1993; Chalazonitis et al., 1994,
1997, 1998a). Antibodies to the common neurotrophin receptor p75~N™®
(#9651; generously supplied by Dr. Moses Chao, Cornell University
Medical College, New York, NY) (Huber and Chao, 1995) were used to
immunoselect the crest-derived population.

Reverse transcription and the PCR. RNA was extracted from segments
of mature or fetal bowel using the guanidinium thiocyanate method
(Chomczynski and Sacchi, 1987). Reverse transcription (RT)-PCR was
used to detect expression of mRNA-encoding members of the 5-HT,
receptor family in sampled regions of the gut. The set of PCR primers
used for the analysis of the 5-HT,, receptor, 5'- ATGGAAATTCTCT-
GTGAAGACAATATCTCC-3" and 5'-TCACACACAGCTAAC-
CTTTTCATTCACGGT-3', corresponded to nucleotides (nt) 1-30 and
1387-1416, respectively, of the murine receptor (Yang et al., 1992). The
set of PCR primers used for the analysis of the 5-HT,y receptor,
5"-ATGGCTTCATCTTATAAAATGTCTGAAA-3" and 5'-ATC-
GAGGAGGATGATTGATGAGGACTGAATGGTTGA-3’, corre-
sponded to nt 19-45 and 1366-1401, respectively, of the murine receptor
(Loric et al., 1992). The set of PCR primers used for the analysis of the
5-HT,c receptor, 5'-TAATTGGCCTATTGGTTT-3" and 5'-ACACT-
ACTAATCCTCT-3’, corresponded to nt 44—61 and 1361-1376, respec-
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tively, of the murine receptor (Yu et al., 1991). For first-strand cDNA
synthesis, 2.5 ug of RNA was incubated for 1 hr at 42°C with 200 U of
Moloney murine leukemia virus reverse transcriptase, using random
primers at a concentration of 2.5 uM. This reaction and subsequent
amplification with Taq polymerase was performed with a commercial kit
(GeneAmp; Perkin-Elmer, Emeryville, CA) according to the manufac-
turer’s instructions. The PCR profile of 93°C for 2 min, 55°C for 2 min,
and 72°C for 4 min for 30 cycles was programmed into a model PTC-150
programmable thermal cycler (MJ Research, Watertown, MS). PCR
reaction products were resolved on 1.2% agarose, 40 mm Tris-acetate,
and 1 mMm EDTA gels, and their size was determined using a 123 bp
standard ladder.

Riboprobe biosynthesis. PCR products, amplified with primers designed
on the basis of sequences found between the third and sixth transmem-
brane domains of the rat 5-HT,g receptor, were obtained from mouse,
rat, and guinea pig tissues. These fragments were 620 bp (mouse), 606 bp
(rat), and 611 bp (guinea pig). For subcloning, the PCR fragments were
extracted from agarose gels (Gene-Clean; BIO 101, La Jolla, CA) and
ligated into the cloning vector pCRII using the T/A cloning kit (Invitro-
gen, San Diego, CA). PCR fragments were sequenced using the Sanger
dideoxynucleotide chain termination method (Sanger et al., 1977). cDNA
fragments encoding the partial sequence of the 5-HT,j receptor for each
species were used as templates for the synthesis of sense and antisense
[?S]-labeled riboprobes using a commercial kit according to the manu-
facturer’s directions (Promega, Madison, WT).

In situ hybridization. nRNA encoding the 5-HT,g receptor was located
by in situ hybridization in mouse, rat, and guinea pig tissues. Dissected
preparations were cleaned and fixed for 4 hr (fetal) or 3 hr (adult) in 4%
formaldehyde (freshly prepared from paraformaldehyde) in PBS. The
fixed tissues were then cryoprotected by overnight incubation in 30%
sucrose at 4°C, embedded in ornithine carbamyl transferase (OCT)
compound (Tissue-Tek), frozen in liquid N,, and sectioned at —20°C
with a cryostat microtome. Cross sections were cut through dissected
segments of bowel or the abdominal cavities of fetal mice. The sections
were thaw-mounted onto Tespa (Sigma, St. Louis, MO)-coated slides
and stored at —80°C until used.

Tissue sections were post-fixed on slides with formaldehyde (4%,
freshly prepared from paraformaldehyde) in PBS, containing 50 mm
EDTA, for 3 min at room temperature. The sections were rinsed twice
in PBS and once in water, dehydrated by passage through a graded series
of ethanols, air dried for 5 min, rehydrated (2 min), and transferred to 50
mM triethanolamine. Acetic anhydride was added to yield a final con-
centration of 0.25%, and the sections were left for 10 min. After a 10 min
rinse in 0.2X SSC (1X SSC, 150 mm NaCl and 15 mm Na citrate, pH 7),
the sections were again dehydrated in a series of increasing concentra-
tions of ethanol and air dried. Sections were prehybridized for 2 hr at
50°C in 250 ul of a solution containing 50% formamide, 600 mm NaCl, 10
mM Tris-HCl, pH 7.5, 1 mm EDTA, 1X Denhardt’s solution, 0.05%
boiled salmon sperm DNA, and 0.0125% yeast tRNA in a chamber
humidified by a solution of 4X SSC containing 50% formamide. The
sections were then hybridized overnight at 50°C with 3°S-antisense or
3S-sense 5-HT,y riboprobes. The probes were diluted (50,000 cpm/ul)
in a hybridization buffer containing 50% formamide, 600 mm NaCl, 10
mm Tris-HCI, pH 7.5, 1 mm EDTA, 1X Denhardt’s solution, 10%
dextran sulfate, 0.01% boiled salmon sperm DNA, 0.0125% yeast tRNA,
10 mMm DTT, and 0.1% SDS. The slides were washed for 30 min at 50°C
in a solution containing 50% formamide, 1X SSC, and 10 mm DTT.
Formamide was removed by washing slides at room temperature in 0.5X
SSC for 30 min. Sections were treated with RNase A (100 pg/ml) in
buffer (10 mm Tris-HCI, pH 7.5, 1 mm EDTA, and 500 mm NaCl) for 30
min at room temperature and rinsed in the same buffer (twice for 10 min
each; room temperature) and then in 0.5X SSC (twice for 60 min each;
50°C). Finally, the sections were dehydrated in ethanol containing 300
mM ammonium acetate and air dried. Slides were dipped in liquified
Ilford L4 emulsion (diluted 1:1), dried, and exposed for 16-20 weeks
(adult tissue) or 4—8 weeks (fetal tissue) at room temperature before
development with Kodak Microdol X (Eastman Kodak, Rochester, NY).
Developed slides either were viewed unstained or were counterstained
with Geimsa, dehydrated, and mounted with Permount. Sections were
examined with a Leica DMRB microscope (Nussloch, Germany) using
bright-field and/or vertical dark-field illumination.

Immunocytochemistry. Both fresh-frozen and fixed preparations were
examined. Freshly dissected and fixed tissues were infiltrated with OCT-
embedding medium, frozen in liquid N,, sectioned (10 pwm) with a
cryostat microtome, and collected on gelatin-coated glass slides. Sections
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of fresh-frozen tissue were fixed on slides (1% formaldehyde; 10 min;
4°C) and washed (twice for 10 min each) with PBS containing 0.1%
Triton X-100 (PBS-T). All preparations were treated for 30 min with
H,0, (0.3%) in PBS-T, washed again with PBS-T, and blocked for 30 min
with 4% goat serum (GS) in PBS containing 0.3% Triton X-100. Poly-
clonal (Choi and Maroteaux, 1996) or monoclonal (PharMingen, San
Diego, CA) antibodies to the 5-HT,; receptor were then applied (diluted
1:100 in blocking solution) to the sections for 72 hr at 4°C. Cells in
culture were fixed and treated as described above. Sites of antibody
binding were detected with biotinylated species-specific secondary anti-
bodies and avidin coupled to horseradish peroxidase (ABC method;
Elite Kit; Vector Laboratories, Burlingame, CA). Peroxidase activity
was visualized with H,O, and 3,3’-diaminobenzidene and nickel in-
tensification. Alternatively, double-label fluorescence immunocyto-
chemistry was used to identify the neuronal marker ubiquitin hydro-
lase (PGP9.5; diluted 1:500) (Wilkinson et al., 1989) together with
5-HT,p receptors. 5-HT, immunoreactivity was detected with indo-
carbocyanine (Cy3)-labeled goat anti-mouse antibodies (diluted
1:2000) or biotinylated goat F(ab"), anti-mouse IgG1 (v, chain specific;
diluted 1:100; Southern Biotechnology, Birmingham, AL) and stepta-
vidin coupled to Cy3 (diluted 1:1000; Jackson ImmunoResearch, West
Grove, PA). PGP9.5 immunoreactivity was visualized with fluorescein
isothiocyanate (FITC)-labeled secondary antibodies (diluted 1:1000;
Jackson ImmunoResearch).

For studies of the development of neurons in vitro, the PGP9.5 immu-
noreactivity was again used as a neural marker. For these experiments,
fixed cultures were permeabilized with 4% GS in PBS containing 0.1%
Triton X-100. PGP9.5 immunoreactivity was visualized with biotinylated
goat anti-rabbit IgG (diluted 1:400; Kirkegaard & Perry, Gaithersburg,
MD) and streptavidin coupled to FITC (diluted 1:200; Vector Labora-
tories). The PGP9.5-immunoreactive cells were counted at a magnifica-
tion of 100X, using a rectangle projected into the viewing oculars.
Sampling errors were avoided by counting every PGP9.5-immunoreactive
cell on each coverslip. To estimate the total numbers of cells in each
culture, we stained the same cultures used for demonstrating PGP9.5
immunoreactivity with bisbenzamide (1.0 pg/ml for 5 min followed by
two washes). Because bisbenzamide inserts into DNA, nuclei could be
accurately counted, and cell numbers were determined from the nuclear
counts. All conditions were analyzed in triplicate in each experiment;
means were compared by ANOVA, using the STATVIEW 4.0 program
for the Macintosh computer. In all instances, p < 0.05 was considered
significant. No significant differences were found between conditions in
total cell numbers within each experiment.

RESULTS

5-HT promotes the development of enteric neurons in
vitro by stimulating a 5-HT, receptor

Fetal mouse gut was dissociated at E13-E16. This period pre-
cedes the differentiation of mash-1-independent neurons (Blau-
grund et al., 1996) yet still encompasses both the birth of enteric
serotonergic neurons (Pham et al., 1991) and the acquisition of
their neurotransmitter (Rothman and Gershon, 1982). Cells were
cultured in serum-free defined media. Neurons (identified as
PGP9.5-immunoreactive cells) developed well under these con-
ditions. In initial studies, cultured cells were exposed to 5-HT (1
or 10 uMm) for 48 hr. 5-HT increased both the number of neurons
(PGP9.5-immunoreactive cells) developing in vitro (p < 0.01 vs
control, for 1 and 10 um) and the extent of branching of their
neurites (Figs. 1, 24,B). The 5-HT, , antagonist methysergide (10
uMm), by itself, exerted no effect on neuronal development (Figs. 1,
2C); however, methysergide blocked both the 5-HT-associated
promotion of neuronal development (p < 0.001 vs 1.0 um 5-HT)
and the enhancement of neuritic branching (Figs. 1, compare 2D
with B).

In subsequent experiments, dissociated enteric cells were ex-
posed to 5-HT for 144 hr to provide additional time for its actions
to become manifest. 5-HT (1 uM) again increased the number of
neurons developing in vitro (Fig. 3). The average number of
neurons found in cultures of mixed cells dissociated from the fetal
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Figure 1. 5-HT promotes the development of neurons in vitro, and this
effect is blocked by methysergide. Intestinal cells (E16) were dissociated
and cultured in the presence of vehicle (control) or the indicated exper-
imental compounds for 48 hr. The concentration of methysergide was 10
uM. All of the neurons (PGP9.5-immunoreactive cells) on each cultured
dish were counted. Data are presented as the actual number of neurons
found in each dish. The total number of cells per culture does not differ
significantly between conditions.

bowel was 1415 + 120 neurons (n = 28), which represents ~10%
of the total number of cells per culture (14,727 = 630). Although
there were now many more neurons, the magnitude of the in-
crease evoked by the addition of 5-HT (approximately twofold)
was approximately the same as that seen in cultures exposed to
5-HT for only 48 hr. The 5-HT, agonist DOI (1 uM) mimicked
the effects of 5-HT and increased both the number of neurons
developing in vitro (p < 0.001 vs control for both 5-HT and DOT)
and the complexity of neuritic branching. The response to DOI
was greater than that to the same concentration of 5-HT (p <
0.001 vs 5-HT). The selective 5-HT, antagonist ritanserin (0.1
uM) abolished the effects, both of 5-HT (p < 0.001 vs 5-HT) and
DOI (p < 0.001 vs DOI) (Fig. 3).

In contrast to ritanserin, the 5-HT,, selective antagonist ket-
anserin (0.1 uMm) did not completely prevent the stimulation of
neuronal development by 5-HT or DOI (Fig. 3). Both 5-HT (1.0
uM; p < 0.001 vs control) and DOI (1.0 uMm; p < 0.03 vs control)
continued to promote neuronal development, despite the pres-
ence of ketanserin. Ketanserin moderately reduced the number
of neurons developing in the presence of DOI (p < 0.001 vs
DOI). The observation that ritanserin completely antagonizes the
promotion of the in vitro development of enteric neurons by 5-HT
and DOI suggests that stimulation of a 5-HT, receptor is suffi-
cient to account for the response. Because ketanserin (0.1 um) did
not completely block the response to 5-HT and DOI but ritan-
serin (0.1 um) did, the pharmacology of the receptors that medi-
ate the 5-HT- and DOI-induced enhancement of neuronal devel-
opment seems to be more like that of a 5-HT,g and/or 5-HT,
than a 5-HT,, receptor.

Enteric crest-derived cells respond directly to 5-HT

To determine whether 5-HT and/or DOI promoted the develop-
ment of neurons by acting directly on their crest-derived progen-
itors, we cultured isolated populations (E14) of crest- and
noncrest-derived cells for 3 d in the presence or absence of 5-HT
or DOI. The isolated cells were obtained by a process of positive
and negative immunoselection with antibodies to p75™ ™R, 5-HT
(p < 0.001) and DOI (p < 0.001) were each found to promote
the development of neurons at least as well in cultures of isolated
crest-derived cells as in mixed cultures of crest- and noncrest-
derived cells (Fig. 4; compare with Figs. 1, 3). The antagonist
SB206553, which has an ~500-fold greater affinity for 5-HT,; and
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Figure 2. The effects of 5-HT on neuronal development were visualized by demonstrating the immunoreactivity of the neuronal marker PGP9.5.
Cultures were prepared and treated as described in Figure 1. Nerve cell bodies (—) and a growth cone (—) are indicated. 4, Control. B, 5-HT (1.0 um).
C, Methysergide (10.0 um). D, 5-HT (1.0 um) + methysergide (10.0 um). 5-HT increases both the number of neurons and the complexity of the branching
of their neurites. Methysergide does not itself affect the number or appearance of cultured neurons but blocks the effects of 5-HT. Scale bar, 50 wm.
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Figure 3. The effects of 5-HT on in vitro neuronal development are
mimicked by DOI and antagonized by ritanserin more than ketanserin.
Intestinal cells (E14) were dissociated and cultured in the presence of
vehicle (control) or the indicated experimental compounds for 144 hr. All
of the neurons (PGP9.5-immunoreactive cells) on each cultured dish were
counted. Concentrations were as follows: 5-HT, 1.0 um; DOI, 1.0 pm;
ritanserin, 0.1 uM; and ketanserin, 0.1 uM.

5-HT, than for 5-HT,, receptors (Audia et al., 1996; Kennett et
al., 1996), was used to test the premise that the growth factor-like
actions of 5-HT are mediated by a 5-HT, - receptor. SB206553
(1.0 um) antagonized both the increase in development of enteric
neurons induced by 5-HT (1.0 um; p < 0.01) and that induced by
DOI (1.0 um; p < 0.001). Virtually no neurons could be detected
in the cultures of noncrest-derived cells, whether or not these
cells were exposed to 5-HT or DOI (data not shown).

5-HT activates mitogen-activated protein kinase in
developing enteric neurons in vitro

When transfected cells expressing 5-HT,g receptors are exposed
to 5-HT, mitogen-activated protein kinases (MAPKs) are stim-

7

5-HT

pot [

5-HT + SB206553

DOl + SB206553

. e ———— ——————
0 50 100 150 200 250
Neurons (% control)

Figure 4. 5-HT and DOI promote the development of neurons in cul-
tures of isolated enteric crest-derived cells. The effects of both com-
pounds are blocked by a selective 5-HT,p,, antagonist, SB206553.
Concentrations were as follows: SB206553, 1.0 um; 5-HT, 1.0 pwMm; and
DOI, 1.0 puMm.

ulated (Launay et al., 1996). The activation of MAPKSs in enteric
neuronal precursors by 5-HT might, if it occurred, foster the
proliferation of cycling precursors and/or the differentiation and
survival of postmitotic neurons (Marshall, 1995). We therefore
tested the hypothesis that stimulation of 5-HT, receptors acti-
vates MAPKs in enteric crest-derived cells. These studies were
performed by immunocytochemistry, using antibodies that spe-
cifically detect the Y204-phosphorylated forms of both p42 (Erk1)
and p44 (Erk2) MAPKs (Yan and Zahradka, 1997). Because
phosphorylation causes the p42 and p44 MAPKs to become
catalytically active and translocated to the nucleus in stimulated
cells, the detection of intranuclear immunoreactivity was taken as
indicative of MAPK activation.

Cells from the fetal bowel were dissociated at E13 and cultured
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Figure 5. 5-HT activates MAPK in cultures of dissociated cells from fetal gut (E13). Phosphorylated MAPK was demonstrated immunocytochemically.
Cells are visualized by interference contrast microscopy. 4, Control. No nuclear immunoreactivity is demonstrable. Cells with a neuronal morphology
(™) are indicated. B, 5-HT (1 um; 45 min). MAPK immunoreactivity (—) can be seen in the nuclei of a subset of cells with a neuronal morphology;
additional cells with a neuronal morphology are not immunoreactive (»). Scale bars, 50.0 wm.

for 3 d. Very little background nuclear p42/44 MAP kinase
immunoreactivity could be detected in control cultures (Fig. 54).
Within 45 min of the addition of 5-HT (1 uMm), however, many
cells now displayed nuclear p42/44 MAPK immunoreactivity
(Fig. 5B). Most of the cells in the 5-HT-treated cultures with
p42/44 M APK-immunoreactive nuclei, moreover, were process
bearing, suggesting that they were in a neuronal or glial lineage.
Ritanserin (1.0 pum) abolished the response to 5-HT (data not
shown). These observations are consistent with the idea that the
ability of 5-HT to activate M APKs in cells cultured from the fetal
mouse gut is mediated by a 5-HT,g receptor.

5-HT,; receptor mRNA is expressed in the fetal

mouse gut

Because ritanserin and SB206553 do not adequately distinguish
between 5-HT, or 5-HT, receptors, studies were performed to
determine which subtypes of 5-HT, receptor are actually ex-
pressed in the fetal bowel. RNA was isolated from the E16 fetal
mouse gut, and RT-PCR was used to detect transcripts encoding
members of the 5-HT, receptor family. This analysis suggested
that mRNA encoding the 5-HT, , (Fig. 64) and 5-HT, (Fig. 6B)
receptors is expressed in the fetal bowel. mRNA encoding the
5-HT,, receptor was also detected in the adult mouse small
intestine, stomach, and brain (Fig. 64). mRNA encoding the
5-HT,y receptor was detected in the adult mouse colon and
stomach (Fig. 6B). Little or no mRNA encoding the 5-HT,,
receptor could be detected in the adult mouse small intestine or
brain. The expression of the 5-HT,g receptor in the stomach was
expected and probably reflects the location of this receptor in the
smooth muscle of the gastric fundus (Kursar et al., 1992). No
mRNA encoding the 5-HT, receptor could be detected with
RT-PCR in either the fetal or adult bowel (Fig. 6C). In contrast,
mRNA encoding the 5-HT, receptor was readily detected in the
adult mouse brain with the same primers (Fig. 6C). These obser-
vations suggest that 5-HT,, and 5-HT,g, but not 5-HT,, recep-
tors are expressed in the fetal mouse gut.

Cells that express mRNA encoding 5-HT,g receptor
were located by in situ hybridization in the fetal gut
In situ hybridization was used to locate cells that express the
5-HT,p receptor in the fetal mouse gut. *>S-labeled sense and
antisense riboprobes were synthesized from cDNAs encoding the
region between the putative third and sixth transmembrane do-

mains of the 5-HT,; receptor. This sequence shares very little
identity with the corresponding sequences of the 5-HT,, and
5-HT, receptors. No hybridizing cells could be detected at E13.
At E14, however, a small number of cells that hybridized weakly
with the antisense but not the sense *°S-riboprobe could be
detected in ganglia of the small and large intestines (Fig. 74). The
intensity of labeling and the numbers of cells labeled by the
antisense **S-riboprobe increased at E15 (Fig. 7B) and was max-
imal at E16 (Fig. 7C,E), so that at this time, virtually every
ganglion of the developing myenteric plexus in the fetal stomach
and small and large intestine was heavily labeled. In contrast, no
cells hybridized with the **S-sense riboprobe (Fig. 7D). Cells

1 2

3 4 5 6

A. (5-HT,,)

1416 >

B. (5-HT,,)
1383 >

C. (5-HT,.)

1333 >

Figure 6. mRNAs encoding 5-HT,, (A) and 5-HT,5 (B), but not
5-HT,¢ (C), receptors are expressed in the fetal mouse gut. Receptor
expression in fetal and adult bowel was analyzed by RT-PCR. The size of
the PCR products is given in base pairs. Lane 1, Fetal gut (E16); lane 2,
adult colon; lane 3, adult small intestine; lane 4, stomach; lane 5, brain;
lane 6, cDNA from plasmid insert.
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Figure 7. Expression of the 5-HT,; receptor is developmentally regulated in the ENS. mRNA encoding the 5-HT,; receptor was located in fetal tissue
by in situ hybridization with an antisense **S-riboprobe. As a control, alternate serial sections were hybridized with a sense *S-riboprobe. Sections are
visualized by using reflected dark-field illumination. 4, E14 fetal bowel (antisense riboprobe). mRNA encoding the 5-HT, receptor is found in scattered
ganglia of the primordial myenteric plexus in the outer gut mesenchyme (—). The dark-field bright material lining the lumen (L) is caused by the
chemographic effects of meconium and is not specific labeling. The section was exposed for 12 weeks. B, E15 (antisense riboprobe). The degree of
labeling is approximately equal to that seen at E14; however, exposure for only 8 weeks is required to detect mRNA encoding the 5-HT,g receptor in
primordial myenteric ganglia (—). C, E16 small intestine (antisense riboprobe). mRNA encoding the 5-HT,; receptor is detectable in many myenteric
ganglia (—) that surround the gut. D, E16 control (sense riboprobe). An adjacent section, serial to that illustrated in C, is shown. No structures are
labeled. E, E16 colon (antisense riboprobe). Labeled ganglia (—) are even more numerous than in the small intestine at the same age. F, E18. Only

occasional ganglia are labeled (—). Scale bars, 10 um.

containing mRNA encoding the 5-HT,; receptor appeared to be
most abundant in the colon (Fig. 7E), where developing myenteric
ganglia are more numerous and closely packed than are those in
the small intestine (Fig. 7C) or stomach (data not shown). The
numbers of cells expressing mRNA encoding the 5-HT,g recep-
tor declined rapidly after E16, so that by E18, 5-HT,z; mRNA
could be detected only in occasional cells and not in every
ganglion of the myenteric plexus (Fig. 7F). Expression of mRNA
encoding the 5-HT, receptor could not be detected at any time
in the submucosal plexus or in the smooth muscle of the fetal
intestine.

Cells that express mRNA encoding the 5-HT,g
receptor were located by in situ hybridization in the
adult gut

Observations made with in situ hybridization in the fetal bowel
suggested that the 5-HT,y receptor might be developmentally
regulated. The **S-labeled antisense riboprobe was thus used to

locate cells expressing mRNA encoding the 5-HT,; receptor by
in situ hybridization in the adult mouse gut. To investigate the
species specificity of the data, we also investigated adult bowel
from rat and guinea pig. In the mouse and rat stomach, mRNA
encoding the 5-HT,z receptor was confined to smooth muscle
cells in the fundic area (Fig. 84,B). Neither the smooth muscle of
the gastric corpus or pylorus (Fig. 8C) nor the skeletal muscle of
the esophagus (Fig. 8D) of the rat or mouse was labeled. The
labeled fundic smooth muscle cells were restricted to a band of
cells at the periphery of muscle bundles at the junction of the
muscularis externa and the connective tissue (Fig. 84). No hy-
bridization was detected either in neurons or glia in the relatively
sparse ganglia of the fundic region. No cells were labeled by the
35S-labeled antisense riboprobe in the adult guinea pig stomach
(data not shown).

In contrast to the rat and mouse gastric fundus, mRNA encod-
ing the 5-HT,y receptor was not detected in intestinal smooth
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Figure 8. Smooth muscle cells express mRNA encoding the 5-HT,; receptor only in the fundus of the stomach. mRNA encoding the 5-HT,; receptor
was located in the adult rat stomach by in situ hybridization with an antisense **S-riboprobe. Sections are visualized by using a combination of reflected
dark-field and bright-field illumination. 4, Fundus (antisense riboprobe). mRNA encoding the 5-HT, receptor is concentrated in cells located at the
periphery of muscle bundles. B, Fundus, control (sense riboprobe). An adjacent section, serial to that illustrated in 4, is shown. No structures are labeled.
C, Corpus (antisense riboprobe). No structures are labeled. D, Esophagus (antisense riboprobe). No structures are labeled. Scale bars, 20 uwm.

muscle. Instead, intestinal expression of the 5-HT,; receptor was
confined to a small subset of myenteric neurons (compare Fig. 94
with B, control). The small intestinal location of mMRNA encoding
the 5-HT, receptor was essentially the same in the rat (Fig.
94,B), mouse (Fig. 9C-F), and guinea pig (data not shown). The
number of 5-HT,g-expressing neurons increased proximodistally.
The expression of 5-HT,; mRNA was also observed in the crypt
epithelium of the mouse small intestine (compare Fig. 9C,E with
D,F, controls).

Myenteric ganglia of the fetal and adult mouse gut
contain 5-HT,g-immunoreactive cells

5-HT, receptor immunoreactivity was demonstrable in neurons
of the myenteric plexus of the small and large intestines of E15
fetal mice (Fig. 10). At this age, virtually every myenteric gan-
glion contained 5-HT,y receptor immunoreactivity (Fig. 104, B).
The 5-HT,5 immunoreactivity of most of the labeled myenteric
neurons appeared to be concentrated at the periphery of the cells
(Fig. 10C). 5-HT,g-immunoreactive cells were less abundant in
adult than in fetal ganglia (Fig. 10D). No 5-HT,; immunoreac-
tivity was observed in the submucosal plexus or in the smooth
muscle of the mouse intestine.

Neurons developing in cultures of cells dissociated
from fetal mouse intestine are 5-HT,g immunoreactive
Both polyclonal and monoclonal antibodies to the 5-HT, recep-
tor labeled cells in cultures of dissociated E14 fetal mouse gut
(Fig. 11). Double-label immunocytochemistry revealed that most,
but not all, of the 5-HT,gz-immunoreactive cells coexpressed
PGP9.5 immunoreactivity. Patches of 5-HT,; immunoreactivity
were found on the cell bodies of these neurons and also on their
varicose neurites. The perikarya of most of the doubly labeled

neurons were strongly PGP9.5 immunoreactive; however, 5-HT,
receptors were also found on occasional cells with only weak
PGP9.5 immunoreactivity. The cells with coincident 5-HT,g/
PGP9.5 immunoreactivity represented a subset of the PGP9.5-
immunoreactive cell population. The 5-HT,g-immunoreactive
cells that did not express PGP9.5 immunoreactivity were located
close to the neurons and thus might have been crest-derived
precursors that had not yet acquired the neural marker or glia.

DISCUSSION

The current study supports the tested hypothesis that 5-HT
promotes the differentiation of enteric neurons by stimulating a
developmentally regulated receptor expressed by crest-derived
neuronal progenitors. First, the following observations suggest
that stimulation of 5-HT,j receptors in vitro enhances the enteric
neuronal development: (1) Both 5-HT and the 5-HT, agonist
DOI promote in vitro differentiation of enteric neurons; the effect
of 5-HT is blocked by the 5-HT,,, antagonist methysergide. (2)
Ritanserin, a pan-5-HT, antagonist, which lacks activity against
5-HT, receptors, totally abolishes responses to 5-HT and DOI,
whereas an equal concentration of the 5-HT, ,-selective antago-
nist ketanserin does not. (3) The 5-HT,,, antagonist SB206553,
which has little antagonistic activity at 5-HT, or 5-HT,, sites
(Audia et al., 1996; Kennett et al., 1996), blocks the promotion of
neuronal differentiation by 5-HT. (4) mRNA encoding the
5-HT,p receptor is expressed in the fetal bowel, whereas that
encoding the 5-HT,. receptor, which might also have been af-
fected by ritanserin and SB206553, is not. These data do not
definitively eliminate an additional role for the 5-HT,, receptor
in development.

Second, evidence that 5-HT, receptors are expressed by crest-
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derived neural precursors included the following: (1) 5-HT and
DOI promote neuronal development when they are added to
cultures of crest-derived precursors isolated by immunoselection
with antibodies to p75N"R, and the effects of both agonists are
blocked by SB206553. (2) mRNA encoding the 5-HT, receptor
was detected by RT-PCR in isolated intestinal ganglia (Fiorica-
Howells and Gershon, 1995). (3) mRNA encoding the 5-HT,,
receptor (demonstrated by in situ hybridization) is developmen-
tally regulated and abundant in primordial (E15-E16) myenteric
ganglia. (4) 5-HT, immunoreactivity was found in many devel-
oping enteric neurons. (5) 5-HT,g-immunoreactive cells present
in cultures of fetal gut coexpress PGP9.5, a marker for cells
specified as neuronal. The weak PGP9.5 immunoreactivity (which
might just have been acquired) in some of the doubly labeled cells
is consistent with the possibility that expression of 5-HT,; recep-
tors precedes that of PGP9.5.

The 5-HT,p receptor was originally known as the “fundus
receptor,” because it was thought to be unique to muscle cells of
the fundic (rumen) region of the rat and mouse stomachs (Baez
et al., 1990; Foguet et al., 1992a,b; Kursar et al., 1992; Wang et al.,
1993). The 5-HT, receptor, however, was found to be expressed,
not only by the fundic muscle, but also by intestinal neurons. The
muscular distribution of mRNA encoding the 5-HT,g receptor
was strikingly limited to the fundic regions of the rat and mouse
stomachs. The 5-HT,y-expressing muscle cells of the rat and
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Figure 9. mRNA encoding the 5-HT,g receptor is ex-
pressed in intestinal neurons. In situ hybridization with an
¥S-riboprobe. A, Rat colon (antisense riboprobe). mRNA
encoding the 5-HT,y receptor is concentrated in cells in the
myenteric ganglia. B, Rat colon, control (sense riboprobe).
C, E, Mouse ileum sections (antisense riboprobe). mRNA
encoding the 5-HT, receptor is found in crypt epithelial
cells (—). D, F, Mouse ileum sections, control (sense ribo-
probe). L, Lumen. Scale bars: A-D, 50 um; E, F, 20 um.

mouse stomachs, moreover, were restricted to the periphery of
muscle bundles. This localization is compatible with the idea that
the 5-HT,; receptor is selectively expressed by that subset of
muscle cells that is innervated. Because enteric smooth muscle
cells are electrically coupled, the effects of stimulating 5-HT,5
receptors on innervated cells could be transmitted to the nonin-
nervated cells deep in muscle bundles.

It is difficult to envision a role for a receptor expressed, as is the
5-HT,y in adults, only on rare cells in a minority of enteric
ganglia. Moreover, although the electrophysiological responses of
enteric neurons to 5-HT have been thoroughly characterized,
none have been found to be mediated by a member of the 5-HT,
receptor family (Gershon, 1995, 1999; Galligan, 1996). The timing
of the developmental regulation of the 5-HT,g receptor implies
that its function is likely to be more significant during the forma-
tion of the ENS, when the receptor is abundant, than in adult life,
when it is rare. Conceivably, stimulation of enteric neuronal
5-HT,g receptors does not lead to a change in membrane poten-
tial but mediates a trophic function of 5-HT, even in mature
animals. The rare adult ganglion cells that express the 5-HT,g
receptor might represent a small set of 5-HT-responsive neuronal
progenitors that persist in the adult bowel or mature neurons that
retain a vestigial fetal receptor.

The 5-HT, receptor family has been linked previously to the
regulation of growth and/or differentiation. 5-HT stimulates mi-
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Figure 10. 5-HT,y immunoreactivity is present in neurons of the fetal and adult mouse intestine. 4, B, E15 small intestinal loops (/) are shown. Note
that immunoreactive myenteric ganglia (—) surround the cross sections of gut. C, 5-HT,; immunoreactivity is concentrated on ganglion cell surfaces
(—). Most myenteric cells are 5-HT, immunoreactive. D, Adult stomach is shown. 5-HT,z-immunoreactive neurons are present in myenteric ganglia.
The — symbols point to some of the positive ganglia. L, Liver; S, stomach. Scale bars: 4, B, 100 um; C, 10 um; D, 25 um.

Figure 11. A subset of PGP9.5-immunoreactive neurons
expresses 5-HT,p immunoreactivity in a culture of fetal
bowel dissociated at E14. Laser-scanning confocal micro-
scopic image. The immunoreactivity of PGP9.5 (FITC) ap-
pears green and that of 5-HT,; receptors appears red (Cy3);
doubly labeled structures are yellow. Clusters of 5-HT,y
immunoreactivity are found on PGP-immunoreactive cell
bodies (white —) and the varicosities of their neurites (blue
—). Occasional 5-HT,g-immunoreactive cells are weakly
immunostained with antibodies to PGP9.5 ( pink —). Rare
cells, located close to neurons, express 5-HT,z but not
PGP9.5 immunoreactivity. Scale bar, 10 pum.

tosis and differentiation when it is added to transfected fibroblasts
that express either the 5-HT,g (Choi et al., 1994; Launay et al.,
1996) or the 5-HT, (Julius et al., 1989) receptor. In fact, trans-
fected fibroblasts that express the 5-HT, receptor can be trans-
formed by 5-HT or DOI in vitro, and the resulting foci give rise to
tumors when transplanted into nude mice (Launay et al., 1996).
Growth of the foci in vitro and the tumors in vivo is inhibited by
ritanserin. The 5-HT, g receptor has also been shown to affect the

development of cranial crest-derived ectomesenchyme (Choi et
al., 1997). The developmental effects of the 5-HT,y receptor
found in the present investigation, therefore, are not unprece-
dented. In fact, a transiently catecholaminergic cell line, 1C11,
that expresses first 5-HT, then 5-HT,;, and finally 5-HT,, recep-
tors has been reported (Kellermann et al., 1996). This sequence
resembles that found in the developing ENS.

In addition to cells in a neuronal lineage, epithelial cells in
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intestinal crypts were found to express the 5-HT,y receptor.
Crypt epithelial cells also represent a site where 5-HT,g receptors
are likely to affect growth and/or differentiation. The crypts of the
gut contain a self-renewing stem cell population that continually
differentiates throughout life to replace the cells that line the
luminal surface of the small and large intestines (Roth et al.,
1991). 5-HT stimulates the proliferation of both normal (Tutton,
1974) and neoplastic (Tutton and Barkla, 1980) intestinal crypt
cells. Intestinal epithelial cells, moreover, have been shown to
express a 5-HT, receptor (Siriwardena et al., 1993). It is thus
possible that the 5-HT, receptor is linked to cell growth and/or
differentiation in both neurectodermal and endodermal deriva-
tives of the gut.

Stimulation of 5-HT,g receptors, spontaneously expressed by
Mastomys tumor cells, or those expressed by transfected fibro-
blasts induces a rapid and transient activation of p21™° and
MAPK (Launay et al., 1996). In the current study, 5-HT was also
found to induce phosphorylation and nuclear translocation of
MAPK in vitro. The responding cells displayed a neuronal mor-
phology. The activation of MAPK by 5-HT, like 5-HT’s ability to
promote the development of enteric neurons, was blocked by
ritanserin. It is thus possible that 5-HT,g-related effects on the
development of enteric neurons are dependent on the activation
of MAPK. Activation of MAPK could increase the number of
neurons in vitro by exerting (1) a mitogenic effect on proliferating
neuronal precursors, (2) a differentiating effect on postmitotic
progenitors causing them to exhibit neuronal properties, and (3)
a survival effect on existing neurons. Although preliminary ex-
periments with bromodeoxyuridine did not reveal a mitogenic
action of 5-HT on cultured enteric crest-derived cells, the current
data do not permit a choice to be made between these
alternatives.

The appearance of the 5-HT,; receptor coincides with the end
of the period during which serotonergic neurons are born and
with the onset of the birthdays of mash-1-independent neurons
(Pham et al., 1991). The developmental regulation of the 5-HT,
receptor is thus appropriate for it to mediate serotonergic effects
on the development of the late-developing, mash-1-independent
set of enteric neurons. The observation that synapses are formed
between early-developing enteric neurons and still-dividing neu-
ronal precursors in the fetal myenteric plexus (Gershon et al.,
1981) is consistent with the concept that a neurotransmitter
influences neuronal development. Because 5-HT-containing EC
cells, as well as serotonergic neurons, are present when 5-HT,g
receptors appear (Branchek and Gershon, 1989), there are two
potential sources of 5-HT in the bowel during the period of time
when the 5-HT, receptor is expressed in the gut. The gut is well
equipped to inactivate 5-HT because the 5-HT transporter is
expressed both in serotonergic neurons and in the mucosal epi-
thelium (Wade et al., 1996; Chen et al., 1998).

Observations made in the present study are compatible with the
hypotheses that 5-HT acts on crest-derived cells to promote the
development of enteric neurons and that a developmentally reg-
ulated receptor, 5-HT,y, is responsible for this effect. The timing
and the pattern of the expression of this receptor in the bowel, as
well as the development of enteric sources of 5-HT, suggest that
late-developing (mash-1-independent) neurons may be in situ
targets of the growth factor-like actions of 5-HT. The ability of a
neurotransmitter/paracrine factor, like 5-HT, to affect enteric
neuronal development provides a potential mechanism by which
the experience of the immature gut could influence the nature of
the ENS that ultimately develops in a mature animal. By affecting
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the activity of enteric serotonergic neurons and/or mucosal EC
cells, the luminal content might determine the number, or even
the phenotypic composition (Lavdas et al., 1997), of the neurons
of the adult ENS. In mice, new neurons continue to be added to
the ENS for at least the first 3 postnatal weeks (Pham et al., 1991).
The equivalent period has not been determined for humans, but
the differences between mice and humans in size, period of
gestation, and life span suggest that new neurons are probably
added to the postnatal human gut for much more than 3 weeks.
The development of the human ENS might thus be expected to be
especially susceptible to an activity-dependent influence on its
development.
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