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xogenous Serotonin Regulates Proliferation of Interstitial Cells of Cajal
n Mouse Jejunum Through 5-HT2B Receptors
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ackground & Aims: Interstitial cells of Cajal (ICC)
re required for normal gastrointestinal motility.
oss of ICC is associated with several motility disor-
ers. The mechanisms modulating ICC survival and
roliferation are poorly understood. This study
imed to establish whether 5-hydroxytryptamine (5-
T) plays a role in regulating ICC proliferation.
ethods: Expression of 5-HT receptor mRNA was

nvestigated in muscle strips, in purified populations
f ICC, and in identified single cells. The effect of
-HT2B receptor ligands on ICC numbers was studied
n primary cell cultures. Proliferation of ICC was
etermined by counting Ki67-positive cells in culture.
esults: Of the 5-HT receptors known to be in-
olved in proliferation, 5-HT2B receptor mRNA was
etected by reverse transcriptase–polymerase chain
eaction (RT-PCR) in jejunal muscle, whereas
-HT1A, 5-HT1D, and 5-HT2C receptor mRNAs were
ot. 5-HT2B receptor mRNA was found in single
CC and cells purified by flow cytometry. Exoge-
ous 5-HT (1 �mol/L) increased (66% � 9%, P <

005) ICC numbers in culture. The 5-HT2 receptor
ntagonist, ritanserin, and the 5-HT2B receptor an-
agonist, SB204741, inhibited the effect of 5-HT.
he 5-HT2B receptor agonist BW 723C86 induced a
oncentration-dependent increase in ICC number
50% � 6% at 50 nM, P < .04) and increased ICC
roliferation (25% � 3% vs 19 � 1% in controls, P <

03). Conclusions: These studies establish that
-HT2B receptors are expressed on ICC. Exogenous
-HT regulates ICC numbers through 5-HT2B recep-
ors in part by increasing ICC proliferation. The
-HT2B receptor may serve as a novel pathway to
egulate ICC numbers.

he majority of serotonin (5-hydroxytryptamine,
5-HT) in the body is produced in the gastrointesti-

al tract, where it functions as a neurotransmitter, a
euromodulator, and a paracrine factor. 5-Hydroxytryp-
amine is produced and released in the gastrointestinal
ract by enterochromaffin cells in the mucosa1,2 and from
subset of enteric nerves.3–5 Platelets6,7 and mast cells8 –10
an take up and deliver 5-HT. 5-Hydroxytryptamine acts
n multiple distinct 5-HT receptors.11 Of the 7 classes of
-HT receptors, 5-HT1, 5-HT2, 5-HT3, 5-HT4, and 5-HT7

eceptors are known to be expressed in the gastrointesti-
al tract and to affect gastrointestinal motor func-
ion.12–20

The role of 5-HT in regulating gastrointestinal motility
y mediating the transduction of luminal signals across
he mucosa and by participating in enteric neurotrans-

ission is well established.21,22 There is however signifi-
ant evidence, mostly from outside the gastrointestinal
ract but also in studies on enteric nervous system devel-
pment, that shows that 5-HT can also regulate cell
urvival and proliferation. Four serotonin receptors have
een implicated in transduction of the 5-HT signal to
egulate cell survival and proliferation: 5-HT1A, 5-HT1D,
-HT2B, and 5-HT2C receptors. 5-hydroxytryptamine1A

nd 5-HT2C receptor activation results in increased
umbers of newly formed neurons in rat brain,23–25

hereas 5-HT1A and 5-HT1D receptors regulate mito-
enesis in human small lung cell carcinoma.26

-Hydroxytryptamine1A receptors are also involved in
roliferation of T cells and B cells27 and rat blood lym-
hocytes.28 A role for 5-HT2B receptors in cell differenti-
tion and proliferation has been shown in mouse enteric
eurons29 and hepatocytes.6 Activation of the 5-HT2B

eceptor by 5-HT also induces proliferation of mouse
ardiomyocytes30 and retinal cells in Xenopus,31,32 indi-
ating a conserved role for 5-HT2B in regulating cell
urvival and proliferation in different species.

Interstitial cells of Cajal (ICC) are the “pacemaker
ells” in the gastrointestinal tract; one of their functions
s to generate slow waves.33,34 Therefore, ICC determine
he frequency of contractions. Additionally, ICC act as
mplifiers of neuronal signals,35,36 as mechanosensors,37

nd to set the smooth muscle membrane potential gra-
ient.38 A decreased number of ICC or a disrupted ICC
etwork is associated with pathologic conditions such as

Abbreviations used in this paper: 5-HT, 5-hydroxytryptamine, sero-
onin; ICC, interstitial cells of Cajal; PCR, polymerase chain reaction;
T, reverse transcriptase; RT-qPCR, real-time quantitative PCR.

© 2007 by the AGA Institute
0016-5085/07/$32.00
doi:10.1053/j.gastro.2007.06.017
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low transit constipation,39,40 diabetic gastroparesis,41

nd pseudo-obstruction.42,43 Understanding the factors
hat underlie ICC survival and proliferation is important
n determining how ICC networks are maintained and
ow to limit ICC loss or induce recovery in disease states
ssociated with loss of ICC. Recent observations indicate
hat turnover of ICC occurs in immature and adult
CC.44 – 46 However, the factors that regulate this turnover
ave not been established except that the effects of the
eceptor tyrosine kinase c-Kit and its ligand, stem cell
actor, are known to be required for ICC mainte-
ance44,47– 49 by a still-undefined mechanism.
Given the roles that 5-HT and 5-HT receptors play in

egulating cell survival and proliferation on other cell
ypes and the availability of 5-HT in the gastrointestinal
ract, the aim of this study was to determine the potential
ole of 5-HT and 5-HT receptors in regulating ICC sur-
ival and proliferation.

Materials and Methods
Animals
Mice were maintained and experiments performed

ith approval from the Institutional Animal Care and
se Committee of Mayo Clinic College of Medicine. c-Kit
ominant white spotting/viable white spotting locus (W/

v) and their respective controls, and BALB/c mice were
btained from Jackson Laboratory (Bar Harbor, ME) and
arlan-Sprague-Dawley (Indianapolis, IN) respectively.
hree-day-old mice were killed by CO2 inhalation and
ecapitation. One-month-old mice were killed by CO2

nhalation. The fundus and jejunum were quickly dis-
ected out, flushed with ice-cold calcium-free Hanks’ bal-
nced salt solution (Invitrogen, Carlsbad, CA), and
inned onto a sylgard-lined petri dish; and for all exper-

ments the mucosa and mesentery were removed using a
inocular microscope.

Reverse Transcription–Polymerase Chain
Reaction
To determine the expression of the different 5-HT

eceptors, polymerase chain reaction (PCR) was per-

able 1. Primers used for PCR

Gene 5=-3=

-Kit GGACCTGGATGATT
-Kit nested CTCCTACCAGGTGG
-HT2B AAGCCAATTCAGGC
-HT2B nested ATTCAGGCCAATCA
-HT1A CTGTTTATCGCCCT
-HT1A nested ACTTCGTCCATCCT
-HT1D TGCTGTCCGTCATC
-HT1D nested GCCTCCAACAGATC
-HT2C GCTCACTCCTTGTG
-HT2C nested GCCTATTGGTTTGG
ctg2 CATGGCATCATCAC
ctg2 nested CCCCTAAACCCCAA

-actin CGTGCGTGACATCAAAGA
ormed on adult mouse jejunal muscle strips. Adult
ouse brain served as a positive control. Whole mouse

rain was quickly dissected out on ice. Total RNA from
ejunal muscle strips and brain was isolated using RNA-
ee (Tel-Test, Friendswood, TX) according to the manu-
acturer’s instructions. Reverse transcription (RT) was
erformed using Powerscript reverse transcriptase (Clon-
ech Laboratories Inc., Palo Alto, CA) as described by the

anufacturer. Polymerase chain reaction for 5-HT1A,
-HT1D, 5-HT2B, and 5-HT2C receptor message was per-
ormed on 50 ng of sample cDNA using 300 nmol/L of
ene specific primers (Table 1) and AmpiTaq Gold (Ap-
lied Biosystems, Foster City, CA) according to the man-
facturer’s instructions. Twenty-five-microliter PCRs
ere set up by dividing all solutions by 2. Thermal cycler

onditions were identical for all primer sets in the first
CR, namely, 95°C for 10 minutes, 35 cycles of 95°C for
0 seconds, 60°C for 20 seconds, and 72°C for 30 sec-
nds. For 5-HT1A, 5-HT1D, and 5-HT2C receptors, a nested
CR was performed on 1 �L of the first PCR using the
ollowing program: 95°C for 10 minutes and 35 cycles of
5°C for 20 seconds, 61°C for 20 seconds, and 72°C for
0 seconds.

Enzymatic Dissociation of ICC
Freshly dispersed cells were obtained from mouse

mall intestine. Intestinal muscle strips from 3 mice were
ooled for each experiment. BALB/c mice of either sex
etween 2 and 4 days old were used. The small intestine
as removed and pinned out in a Sylgard-lined dish

ontaining Hanks’ calcium-free buffer and 1% antibiotic-
ntimycotic (Invitrogen; Carlsbad, CA). The muscularis
ropria was placed in a collagenase-based dissociation
ocktail. The cocktail contained 2500 U collagenase
Worthington Biochemical Company, Lakewood, NJ), 20

g bovine serum albumin (Sigma, St Louis, MO), 20 mg
rypsin inhibitor (Sigma), and 5 mg adenosine triphos-
hate (Sigma) in 10 mL of calcium-free Hanks’ balanced
alt solution. The pH was adjusted to 7.0 with 0.1 mol/L
aOH. After 15 minutes of incubation at 32°C in a

ently shaken water bath, the tissue was triturated and

3=-5=

GA GGAGAAGAGCTCCCAGAGGA
AG ACGCAGCTGAAAATGCTCTC
C GGGCACCACATAAGCAGAAA
AA CTGTGAGACCCATCCAGCAT
GT CCACTACCTGGCTGACCATT
CT GATGGTGTACCCGTGGTCCT
TG GGATCTGGCCAAAGTTCCAG
AA TGCAGCACGTGATGTCAGAA
TA CTTAGTCCGCGAATTGAACC
TC TGCCCCCTATTGTCATGATT
TG GACTCCATGCCAATGAAGGA
A AAGCGCTCGTTGCCAATAGT
TGCT
CCA
CAAT
GTGC
GGAT
GCAC
ACAC
CCTG
CACC
CAGT
CAAC
AGCA
GA TTGCTGATCCACATCTGCTG
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pinned down at 2100g for 10 minutes. Cells were resus-
ended in 2 mL Dulbecco’s modified Eagle’s medium
ith 10% fetal bovine serum, 1% sodium pyruvate, and 1%
ntibiotic-antimycotic.

Mouse ICC and Murine Fibroblast Cocultures
Freshly dispersed cells obtained from the mouse

mall intestine were cultured on 22-mm glass coverslips
overed with mouse fibroblasts genetically engineered to
roduce murine stem cell factor as previously de-
cribed.50 Briefly, Sl/Sl4 mSCF248, murine stem cell fac-
or–secreting fibroblasts (provided by Dr. David Wil-
iams, Indianapolis, IN) were plated on 22-mm plain
lass coverslips at 4.5 � 104 cells per coverslip in high-
lucose Dulbecco’s modified Eagle medium containing
0% fetal bovine serum, 1% sodium pyruvate, and 1%
ntibiotic-antimycotic (all from Invitrogen). After 30
ours, the fibroblast cell division was arrested by irradi-
tion at 16000 Gy. After a 24-hour recovery period, 250
L of suspensions containing cells freshly dissociated

rom mouse jejunum were plated onto the Sl/Sl4

SCF248 fibroblasts at a cell density of approximately
� 105 cells per coverslip. Cells were allowed to incubate

or 30 minutes at 37°C/5% CO2 before adding 2 mL of
he culture medium to the well. These culture conditions
esult in cell cultures highly enriched in interstitial cells
f Cajal.

Enrichment of ICC
Interstitial cells of Cajal were selected on the basis

f detection of the ICC marker c-Kit. This procedure was
arried out on ice. Freshly dissociated cells were stained
or c-Kit expression with the phycoerythrin-labeled anti-

ouse CD117 (eBioscience, San Diego, CA) diluted at
:300 (final vol/vol) in flow cytometry staining buffer
eBioscience). Cells were incubated for 20 minutes in the
ark on a shaker and washed three times with ice-cold
taining buffer. The total volume was adjusted to 1 mL in
old flow cytometry staining buffer and filtered through
40-�m mesh filter before sorting. Enrichment of ICC
as performed using a Becton Dickinson Immunocytom-

try Systems (San Jose, CA) FACSVantage Sorter. c-Kit–
xpressing cells were sorted on the basis of phyco-
rythrin-ACK2 immunolabeling and collected in sterile
olystyrene culture tubes (Fisher Scientific, Eagan, MN).
he nonlabeled, nonfluorescent cell population that in-
ludes smooth muscle cells and enteric neurons as well as
ther cell types was also collected and served as a negative
ontrol. Both the phycoerythrin-ACK2–labeled cells and
he nonlabeled cells were collected by centrifugation at
000g for 10 minutes and immediately processed for
NA extraction.

Isolation of Single ICC
c-Kit–immunolabeled cells were prepared as de-
cribed previously. Single ICC were selected on the basis i
f phycoerythrin-ACK2 immunolabeling and collected by
entle aspiration into a 30-�m-wide patch clamp pipette
ip. The cell was lifted out of the chamber and immedi-
tely expelled into a 200-�L tube on dry ice as described
reviously.51 For controls single cells not labeled with
hycoerythrin-ACK2 were collected in each tube.

Single-Cell PCR
Per isolated cell, 0.5 �g yeast tRNA (Ambion,

ustin, TX) and 10 �g proteinase K (Roche Diagnostics
mbH, Mannheim, Germany) were added. The sample
as centrifuged at 3300g at 4°C for 30 seconds to release
NA. Nucleases and proteinases were destroyed by incu-
ation at 90°C for 10 minutes, 55°C for 30 minutes, and
0°C for 10 minutes.

Two-step reverse transcription and PCR were per-
ormed using the TaqMan Gold RT-PCR kit (Applied
iosystems) as described by the manufacturer. By divid-

ng all solutions by 225 �L, PCR reactions were set up.
or the first PCR reaction, cDNA of three collected cells
as pooled and used as template. Three microliters of the
rst PCR reaction (94°C for 10 minutes, 25 times 94°C

or 30 seconds, 60°C for 30 seconds, 72°C for 30 sec-
nds, and 72°C for 10 minutes) was used for the nested
CR (94°C for 10 minutes, 35 times 94°C for 30 seconds,
1°C for 30 seconds, 72°C for 30 seconds, and 72°C for
0 minutes).

Chemicals
Ritanserin and 5-HT were obtained from Sigma

St. Louis, MO), and BW 723C86 and SB204741 were
urchased from Tocris Cookson Inc. (Ellisville, MO).
efore use, 5-HT was freshly dissolved in distilled water.
he BW 723C86 (100 mmol/L), SB204741 (100 mmol/L),
nd ritanserin (33.3 mmol/L) stock solutions were made
n DMSO. Further dilutions were made fresh on the
xperimental day in distilled water. All dilutions were
aintained in solution using a 37°C water bath. Primary

ell cultures were treated every 12 hours with 5-HT and
very 20 hours with BW 723C86, ritanserin, or SB204741
or 2.5 days.

Immunohistochemistry
After 2.5 days in culture, ICC were immunola-

eled using the rat monoclonal anti-c-Kit antibody ACK2
eBioscience) as previously described.50 Briefly, acetone-
xed coverslips (4°C, 10 min) were washed with phos-
hate-buffered saline (PBS), incubated with 10% normal
onkey serum (NDS, Jackson Immunoresearch Labora-
ories, West Grove, PA) and 0.2% Triton-X-100 (Sigma) in
BS for 1 hour to minimize nonspecific antibody binding
nd then incubated with primary antibody (1/150 in 5%
DS) overnight at 4°C. Next, the sections were rinsed in
BS and incubated in the dark for 1 hour at room
emperature with donkey anti-rat IgG conjugated to CY3
Jackson Immunoresearch Laboratories, 1/800 dilution

n 2.5% NDS).
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Ki67 was used as a proliferation marker. After the
CK2 staining procedure, coverslips were postfixed with
% paraformaldehyde for 10 minutes, washed with PBS,
nd incubated with Ki67 (1/500 in 5% NDS; Abcam Inc,
ambridge, MA) overnight at 4°C. After washing, the

overslips were incubated for 1 hour with donkey anti-
abbit conjugated to fluorescein isothiocyanate (1/200
ilution in 2.5% NDS).
4=,6-Diamidino-2-phenylindole (DAPI) (1/3000 for 5
inutes; Invitrogen) was used as a nuclear counterstain.
overslips were mounted with 30% glycerol (Sigma).
Immunostained cultures were examined for c-Kit–

ositive cells with the use of a fluorescent microscope
Olympus BX51WI; Olympus America Inc., Center Val-
ey, PA). A times 20 objective (numeral aperture � 0.5)
bjective was used to count the number of c-Kit–
ositive cells per high-power field. One high-power
eld covered 0.94 mm2. At least 35 high-power fields
ere counted per culture. This number was chosen on

he basis of results from prior culture experiments and
s the optimal number to minimize field-to-field vari-
tion while not overcounting fields.

Data Analysis
All data analysis was carried out on the raw non-

ormalized data. Statistical analysis was performed using
he unpaired t test with Welch correction. For cell culture
xperiments, a paired t test was performed to compare 2
roups of data. All data for these experiments are ex-
ressed as the mean � SEM where n represents the
umber of experiments.

Results
5-HT Increased ICC Numbers
Exogenous-applied 5-HT induced a dose-depen-

ent saturable increase in ICC number in primary culture
Figure 1). At 1 nmol/L 5-HT, no effect was observed on
CC numbers versus control (3.8 � 1.1 ICC per field vs
.2 � 0.4). An increase in number was first detected at 10
mol/L 5-HT (5.1 � 1.2 ICC per field versus 4.2 � 0.4)
nd 100 nmol/L 5-HT (6.8 � 0.7 ICC per field versus
.2 � 0.4). The maximal effect was observed at 1 �mol/L
-HT. At this drug concentration, ICC numbers increased
y 66 � 9 % (n � 6 experiments; P � .005; 7.2 � 0.6 ICC
er field vs 4.2 � 0.4). Addition of 5 �mol/L 5-HT (4.9 �
.0 ICC per field versus 4.2 � 0.4) and 10 �mol/L 5-HT
3.2 � 0.6 ICC per field versus 4.2 � 0.4) had either less
f an effect or no effect, resulting in a bell-shaped con-
entration curve (Figure 1). The 5-HT concentration that
roduced 50% of the maximal effect was approximately
0 nmol/L.

5-HT Receptor mRNA Expression in Muscle
Strips From Adult Small Intestine
Four 5-HT receptors, 5-HT1A, 5-HT1D, 5-HT2B, and
-HT2C, have been linked to regulation of cell prolifera- s
ion.23,26,27,52 Using nested PCR, 5-HT1A, 5-HT1D, and
-HT2C receptor mRNAs of the expected size, 231, 316,
nd 148 nucleotides (nt), respectively, were amplified
rom total RNA of mouse brain but not from jejunal

uscle strips (Figure 2). After one round of PCR, products
f the expected size were amplified for 5-HT2B receptor
RNA (543 nt) from jejunal muscle strips (Figure 2). The

dentity of all bands was confirmed by sequencing.

5-HT2B Receptor mRNA Expression in
Neonatal Tissue
Freshly dissociated ICC from neonatal mice ex-

ressed 5-HT2B receptor mRNA. Expression of 5-HT2B re-
eptor mRNA in neonatal ICC was determined in cells
orted by fluorescent activated cell sorting. Living ICC were
mmunolabeled using phycoerythrin-ACK2. Labeled cells
epresented approximately 8% of the total cell population
fter cell sorting. c-Kit–positive cells were collected and
rocessed by one round of PCR followed by a second nested
CR specific for c-Kit and 5-HT2B receptor mRNA using
rimers that spanned exon boundaries to exclude the pos-
ibility of amplifying products from genomic contamina-
ion. Products of the expected size were amplified for c-Kit
218 nt) and the 5-HT2B receptor (392 nt) from the enriched
CC population (Figure 3A and B). Nonlabeled cells lacked
-Kit expression, but the primers for 5-HT2B amplified a
pecific 392 nt product (Figure 3A and B). The identity of
he bands was confirmed by sequencing.

Single ICC expressed 5-HT2B receptor mRNA. Cell
orting results in an enriched population of ICC. How-
ver, the sample is contaminated with c-Kit–positive cells
hat are not ICC, such as mast cells, whereas in the
orted, nonlabeled cell population c-Kit–negative ICC

ay still be present. To determine the expression of
-HT2B receptor mRNA on single ICC, freshly dispersed

igure 1. 5-HT increased ICC numbers in primary cell cultures. 5-HT had
dose-related effect on ICC numbers. Initial effects were seen at 10 nmol/L
-HT, and the maximum effect was reached at 1 �mol/L. At higher doses,

ess or no effect was observed. Data are shown as means � SEM; n �
–6.
ingle ICC from the small intestine muscle of neonatal
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ice were labeled with phycoerythrin-ACK-2 and col-
ected. For each experiment, 3 ICC were pooled. Using
ested PCR, products of the expected size were amplified

or c-Kit (218 nt) and the 5-HT2B receptor (392 nt) from
ingle ICC (Figure 3C and D). This experiment was car-
ied out 3 times. In 2 of the 3 experiments, both c-Kit and
-HT2B message was found. In one experiment, neither
essage for c-Kit or 5-HT2B was found, perhaps reflecting

egraded RNA. Single-cell ICC did not express enteric
mooth muscle actin mRNA (Actg2, 440 nt) (Figure 3E) or
GP 9.5 mRNA (data not shown), suggesting that there was
o contamination of the 3 pooled ICC with smooth muscle
ells or nerves. �-Actin mRNA was amplified from ICC and
mooth muscle cells (453 nt, Figure 3F). The identity of the
ands was confirmed by sequencing.

5-HT2B Receptor Agonists and Antagonists
Modulated ICC Numbers in Primary Cell
Cultures
To determine whether the 5-HT2B receptor on ICC

ediates the effects on ICC numbers observed with
-HT, ligands selective for 5-HT2B receptors were used on
CC cultures from mouse small intestine. A dose of 5-HT
100 nmol/L) that induced 60% of the maximal effect of
-HT was used to study the effect of 5-HT receptor
ntagonists on ICC numbers. The nonspecific 5-HT2 re-
eptor antagonist ritanserin partly blocked the effect of
00 nmol/L 5-HT. 5-HT (100 nmol/L) alone increased
CC numbers by 78% � 24% compared with 22% � 17%
hen ritanserin was added (n � 4 experiments; control,
.3 � 1.5; 5-HT, 12.4 � 0.6; ritanserin, 9.1 � 1.2 ICC per

igure 2. 5-HT2B receptor mRNA—
ut not 5-HT1A, 5-HT1D, or 5-HT2C re-
eptor mRNA—was expressed in
dult mouse jejunum muscle strips.
-HT1A (panel A), 5-HT1D (panel B), or
-HT2C receptor mRNA (panel D) was
xpressed in brain but not in jejunal
uscle strips. The expected ampli-

ons contained 231, 316, and 148
ucleotides, respectively. 5-HT2B re-
eptor mRNA was expressed in brain
nd jejunal muscle strips (panel C).
he amplicon contained 543 nucleo-
ides. All PCR products were con-
rmed by sequencing. �RT, minus re-
erse transcriptase; ladder, DNA
olecular weight marker XIV (Roche).
eld; P � .02) (Figure 4). The specific 5-HT2B receptor (
ntagonist SB204741 completely blocked the effect of
-HT on ICC numbers. In the presence of SB204741,
-HT did not increase ICC numbers (44 � 10% increase
or 100 nmol/L 5-HT compared with no change in the
resence of SB204741 (n � 6 experiments; control, 7.8 �
.7; 5-HT, 11.1 � 0.6; SB204741, 7.5 � 0.6 ICC per field;
� .004) (Figure 5).
The 5-HT2B receptor agonist BW 723C86 increased

CC numbers in a concentration-dependent manner (Fig-
re 6). Initial effects were seen at 1 nmol/L and maximal
ffects seen at 50 nmol/L with a 50 � 6% increase in ICC
umbers versus control (n � 7 experiments; control,
.4 � 0.6; 50 nmol/L BW 723C86, 8.0 � 1.1 ICC per field;
� .04). Similar to the 5-HT data, the dose response was

ell shaped, with 100 nmol/L resulting in no increase in
CC numbers.

Activation of the 5-HT2B Receptor Increased
ICC Proliferation

To determine if the increase in ICC numbers
voked by activation of the 5-HT2B receptor was caused
y an increase in proliferation, the number of proliferat-

ng cells was compared in control versus BW 723C86-
reated cells. Colocalization of nuclear Ki67, a marker for
ividing cells, and c-Kit immunoreactivity were used to

dentify proliferating ICC (Figure 7A). In control, 19 �
% of ICC were Ki67-positive. In the presence of the
-HT2B agonist BW 723C86 (50 nmol/L), significantly
ore ICC were Ki67 positive (25 � 3%, n � 6, P � .03)
Figure 7B).
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Discussion
In this study, we showed that exogenous applied

-HT increased ICC numbers in vitro, that the effect of
-HT on ICC numbers was mediated through 5-HT2B

eceptors expressed on ICC and that the effect was me-
iated in part by increasing proliferation of ICC.
Increasing evidence suggests that ICC numbers are not

tatic and that there is considerable ICC turnover in both
ealth and in motility disorders such as slow transit
onstipation. Our understanding of the control of ICC
umbers was fairly limited until recently. We now know
hat there are several substances that help modulate ICC
umbers in the gastrointestinal tract. The role of a func-
ional c-Kit–stem cell factor pathway in the develop-

ent33,47,53,54 and maintenance of ICC55 is well estab-
ished. It recently became apparent that in a mouse
astroparesis model, a reduced insulin/insulin growth
actor I (IGF-I) signaling pathway may lead to ICC de-
letion by causing smooth muscle atrophy and reduced
CF production.44 Also the protective role of neuronally
erived nitric oxide on ICC numbers and network vol-
me in the mouse gastric body was recently established.56

ur data suggest that another potential regulator of ICC

igure 4. The 5-HT2 receptor antagonist ritanserin reduced the effect
f 5-HT on ICC numbers. Ritanserin (3 nmol/L) partly blocked the effect
f 5-HT on ICC numbers in primary culture. (Mean � SEM; * P � .02 by
aired t test; n � 4.)

igure 5. The 5-HT2B receptor antagonist SB204741 blocked the ef-
ect of 5-HT on ICC numbers in primary cell cultures. SB204741
2 nmol/L) completely blocked the increase in ICC numbers induced by
igure 3. ICC expressed 5-HT2B receptor mRNA. (A) c-Kit mRNA was
xpressed in the sorted enriched ICC population but was absent in sorted
onlabeled cells (NLC). The expected amplicon contained 218 nucleo-
ides. (B) 5-HT2B receptor message was present in both the sorted en-
iched ICC population and the NLC. The amplicon contained 375 nucleo-
ides. (C) c-Kit mRNA was expressed by single ICC. The expected
mplicon contained 218 nucleotides. The other PCR product contained
pproximately 450 nucleotides and was due to nonspecific amplification.
D) 5-HT2B receptor mRNA was expressed by single ICC. The amplicon
ontained 375 nucleotides. (E) Enteric smooth muscle actin, Actg2, mRNA
as detected in single smooth muscle cells (SMC) but not in ICC. The two
mplicons both represent Actg2 (568 and 440 nt). (F) �-Actin mRNA was
mplified in all isolated cells (453 nt). In the SMC, genomic DNA for �-actin
as also amplified (673 nt). All PCR products were confirmed by sequenc-

ng. ICC, interstitial cells of Cajal; �RT, minus reverse transcriptase; ladder,

-HT. (Mean � SEM; * P � .004 by paired t test; n � 6.)
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umbers is 5-HT through the 5-HT2B receptor. The in-
racellular mechanism by which this effect is mediated is
ot yet known. Binding of 5-HT to the Gq-coupled
-HT2B receptor is known to activate phospholipase C,
hich initiates a rapid release of inositol trisphosphate
nd increases intracellular calcium. Also the 5-HT2B re-
eptor is involved in 5-HT–induced mitogenesis in which
-src is required for cell cycle progression via the mito-
en-activated protein kinase pathway.52 Through its PDZ
postsynaptic density protein [PSD95], Drosophila disc
arge tumor suppressor [DlgA], and zonula occludens-1
rotein [zo-1]) domain, the 5-HT2B receptor also activates
itric oxide synthesis,57 another cytoprotective molecule

or ICC.56 Which, if any, of these mechanisms is operative
n ICC remains to be established.

The current study does establish that the increase
n ICC induced by activation of the 5-HT2B receptor in
itro results, at least in part, from an increase in
roliferation of ICC. The demonstration that the nu-
lear proliferation marker Ki67 is expressed in ICC is a
ovel observation. The Ki67 antigen labels the granu-

ar components of the nucleolus during late G1, S, G2,
nd M phases.58 Of ICC on vehicle-treated control
over slips, 19% expressed this marker. When the
-HT2B receptor agonist BW 723C86 was used, ICC
roliferation was increased to 25%. Therefore c-Kit–
ositive ICC with a mature morphology are capable of
roliferating in culture and 5-HT increases prolifera-
ion of mature ICC. It is not known whether c-Kit–
egative precursor cells express the 5-HT2B receptor
nd also proliferate and differentiate into mature ICC
fter 5-HT2B receptor activation.

Primary cell cultures from 3-day-old mice were used
o determine the effect of exogenous-applied 5-HT on
CC numbers. In a dose-dependent manner, 5-HT in-
uced increased ICC numbers compared with control.
he maximum effect was reached at 1 �mol/L. At
igher doses, 5-HT had no effect on ICC numbers. This

ack of effect at higher concentrations may be due to
eceptor internalization59 or desensitization60 or is

igure 6. BW 723C86, a 5-HT2B receptor agonist, increased ICC
umbers in primary cell cultures. BW 723C86 induced a concentration-
ependent increase in ICC numbers, with the maximum effect seen at
0 nmol/L. (Mean � SEM; * P � .05 by paired t test; n � 4–7.)
ossibly due to an effect of 5-HT on other receptors. t
nterstitial cells of Cajal are known to express 5-HT3
14

nd 5-HT4
12,19 receptors as well as several other recep-

or classes. It is possible that activation of these recep-
ors by 5-HT at higher concentrations may reverse the
roliferative effects of 5-HT seen at lower concentra-
ions. The concentration of 5-HT that induced an
ncrease in ICC numbers is similar to that described in
iterature for regulation of proliferation in 5-HT2B re-
eptor–transfected mouse fibroblast cell line deficient
n thymidine kinase (LMTK�).52

To date, 5-HT3
14 and 5-HT4

12 receptors were the only
-HT receptors described on ICC. Outside the gastro-

ntestinal tract, 5-HT receptors, in particular 5-HT1A,
-HT1D, 5-HT2B, and 5-HT2C receptors, have been
hown to mediate cell survival and prolifera-
ion.6,23,24,26 –30,52 The expression and function of these
-HT receptors in ICC was unknown. Data presented

n this study suggest that of these 5-HT receptors only
-HT2B is expressed on ICC as 5-HT1A; 5-HT1D and
-HT2C mRNA could not be detected in preparations
rom adult mouse jejunum in which 5-HT2B receptor

RNA could be amplified. Previous studies have

igure 7. 5-HT induced proliferation of mature ICC in culture. (A) ICC
ere double labeled with the nuclear proliferation marker Ki67 (green)
nd ACK-2 (red) as a marker for ICC. Octothorp (#) indicates an ICC that
as also positive for Ki67, suggesting proliferation. (Scale bar �
0 �m.) (B) Addition of 50 nmol/L BW 723C86 resulted in increased
umbers of Ki67 immunoreactive ICC. (Mean � SEM; P � .03 by paired

test; n � 6.)
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hown that the 5-HT2B receptor is also expressed on
eurons and smooth muscle cells.15,16,61 We know that
he 5-HT2B receptor in the rodent gastrointestinal tract
s involved in the maturation of neurons15,29 and in
odent fundus contraction,62 suggesting a more gener-
lized role for the 5-HT2B in the control of cell number
nd function.

The 5-HT2B receptor expressed on ICC, as demon-
trated by amplification of 5-HT2B receptor mRNA from
orted and single ICC, appears to be involved in regulat-
ng ICC numbers, as activation of the receptor increased
CC numbers, and the nonspecific and specific 5-HT2B

eceptor antagonists ritanserin and SB 204741 reduced
he effect of 5-HT on ICC numbers at concentrations
onsistent with the known affinity of these compounds
or the 5-HT2B receptor.63 This and the dose-dependent
ffects of the agonists 5-HT and BW 723C86 indicate
hat the compounds are producing a specific receptor-

ediated increase in ICC number rather than having a
onspecific protective effect due to the known antioxi-
ant activity of 5-HT and similar compounds.64

The known expression of 5-HT3 receptors on subsets
f ICC and of 5-HT4 receptors together with the data
resented here that show expression of 5-HT2B recep-
ors on ICC suggest that 5-HT may have several mod-
latory effects on ICC. Additional experiments need to
ddress the possible physiological role of endog-
nously released 5-HT on ICC. Also, the source of 5-HT
s not clear. In vivo, in the mouse small intestine ICC
re located at the level of the deep muscular plexus,
ith another population of ICC forming a network

urrounding the myenteric ganglia. In larger animals
CC are also distributed within the muscle layers. In
ondiseased tissue it is unlikely that ICC respond to
-HT released by the enterochromaffin cells in the
ucosa, because the 5-HT transporters present in se-

otonergic neurons and in mucosal and submucosal
ells will rapidly take up 5-HT.65,66 However, a subset
f intrinsic primary afferent neurons located in the
ubmucosal plexus do project to the myenteric plexus
nd are activated by mucosal 5-HT.21,22 These submu-
osal to myenteric projections may explain the ability
f mucosal 5-HT release to indirectly activate myen-
eric neurons and ICC. In inflammation, 5-HT trans-
orters have been shown to be down-regulated67,68 and
-HT production increased,67 making it more likely
hat mucosal-generated 5-HT reaches ICC. Another
ossible source of 5-HT is the serotonergic interneu-
ons, which represent about 2% of the total number of
nteric neurons.4,69 However, although in the myen-
eric plexus interneurons are in close apposition to
CC, they do not come into direct contact with ICC
nd therefore would be unlikely to provide sufficient
-HT to activate ICC 5-HT receptors. Another source
or 5-HT is mast cells. It has been well established that

odent mast cells can synthesize and release 5-HT to
he appropriate target cells.8,9 Although it is generally
ccepted that human mast cells do not contain 5-HT,
ecent data suggest that human mast cells are capable
f serotonin synthesis and release,10 albeit to a lower
xtent than mouse mast cells. Mast cells are known to
e in close apposition to ICC and may therefore be one
f the sources of 5-HT. It is currently unknown
hether platelet-derived 5-HT can activate ICC.7,70

In conclusion, we show that exogenous-applied 5-HT
nduces an increase in ICC number in vitro, that ICC
xpress the 5-HT2B receptor, and that activation of the
-HT2B receptor increases ICC proliferation. The 5-HT2B

eceptor may therefore serve as a novel pathway to regu-
ate ICC numbers.
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