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Abstract
BACKGROUND & AIMS—The enteric abundance of serotonin (5-HT), its ability to promote
proliferation of neural precursors, and reports that 5-HT antagonists affect crypt epithelial
proliferation led us to investigate whether 5-HT affects growth and maintenance of the intestinal
mucosa in mice.

METHODS—Mice that lack the serotonin re-uptake transporter (SERTKO mice) and wild-type
mice were given injections of selective serotonin re-uptake inhibitors (gain-of-function models).
We also analyzed mice that lack tryptophan hydroxylase-1 (TPH1KO mice, which lack mucosal
but not neuronal 5-HT) and mice deficient in tryptophan hydroxylase-2 (TPH2KO mice, which
lack neuronal but not mucosal 5-HT) (loss-of-function models). Wild-type and SERTKO mice
were given ketanserin (an antagonist of the 5-HT receptor, 5-HT2A) or scopolamine (an antagonist
of the muscarinic receptor). 5-HT2A receptors and choline acetyltransferase were localized by
immunocytochemical analysis.

RESULTS—Growth of the mucosa and proliferation of mucosal cells were significantly greater
in SERTKO mice and in mice given selective serotonin reuptake inhibitors than in wild-type mice,
but were diminished in TPH2KO (but not in TPH1KO) mice. Ketanserin and scopolamine each
prevented the ability of SERT knockout or inhibition to increase mucosal growth and
proliferation. Cholinergic submucosal neurons reacted with antibodies against 5-HT2A.

CONCLUSIONS—5-HT promotes growth and turnover of the intestinal mucosal epithelium.
Surprisingly, these processes appear to be mediated by neuronal, rather than mucosal, 5-HT. The
5-HT2A receptor activates cholinergic neurons, which provide a muscarinic innervation to
epithelial effectors.
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The enteric nervous system (ENS) is unique in its ability to regulate gastrointestinal activity
independently of central neural input.1,2 Enteric serotonin (5-HT) levels dwarf those of other
organs, including the brain.1 Enteric 5-HT is stored in enterochromaffin (EC) cells3,4 and
neurons.5–8 It regulates bone resorption,9,10 intestinal secretion, microcirculation,2 and
peristaltic reflexes,11 and is an ENS neurotransmitter.8,12,13 5-HT also promotes
development of enteric neurons14,15 and proliferation of central nervous system neuronal
precursors,16 and it induces adult stem cells to undergo neurogenesis.17

The high concentration of 5-HT in the gastrointestinal mucosa, 5-HT’s promotion of neural
precursor proliferation, 15–17 and prior observations that 5-HT antagonists affect crypt cell
proliferation,18,19 raise the possibility that 5-HT regulates intestinal epithelial homeostasis.
Epithelial homeostasis is a balance between proliferation20,21 and apoptotic cell loss.22

Epithelial stem cells are located at crypt bases (Lgr5-expressing)23 and the +4 position of
intestinal crypts.20,21 Transit divisions amplify numbers of crypt cells, but proliferation
stops in villi. Postmitotic cells migrate to villus tips where apoptosis and extrusion occur.24

Increasing stem cell proliferation, incrementing numbers of transit divisions, or decreasing
apoptosis would increase epithelial cell numbers. Intestinal crypt cells express 5-HT2A
receptors,25 and the ENS innervates intestinal crypts.26,27 5-HT from EC cells or projections
of submucosal neurons, which receive a serotonergic innervation, therefore, might alter
these activities to regulate epithelial cell number.

Mucosal epithelial innervation has been linked to epithelial homeostasis. Sympathetic
nerves, for example, alter crypt cell proliferation because norepinephrine28 and
desmethylimipramine29 (potentiates norepinephrine by inhibiting the norepinephrine
transporter) accelerate crypt cell proliferation. Sympathetic nerve ablation decreases
proliferation.18,30 Sympathetic postganglionic neurons are extrinsic and could enable the
central nervous system to influence epithelial homeostasis. Intrinsic ENS components might
similarly regulate epithelial homeostasis. 5-HT, similar to norepinephrine, is a putative
regulator of epithelial crypt cell proliferation18,31,32; therefore, EC cells or serotonergic
neurons are potential intrinsic regulators of epithelial homeostasis.

The current experiments tested the hypothesis that 5-HT regulates epithelial homeostasis
and, if so, whether serotonergic effects are EC cell– or neuron-mediated. Gain- and loss-of-
function approaches were used. The gain-of-function model was to quantify epithelial
turnover and apoptosis in mice lacking the 5-HT re-uptake transporter (serotonin reuptake
transporter [SERT]; SERTKO mice). Epithelial cells and enteric serotonergic neurons
express SERT,33–35 which takes up 5-HT and inactivates it.36–38 Loss-of-function studies
were conducted with mice lacking tryptophan hydroxylase-1 (TPH1KO)14,39,40 or
tryptophan hydroxylase-2 (TPH2KO).14,41 Because TPH1 is rate-limiting in 5-HT
biosynthesis within EC cells, and TPH2 in neurons,42 EC cells lack 5-HT in TPH1KO
mice,39,43 and neurons lack 5-HT in TPH2KO animals.41 Results suggested that 5-HT
regulates epithelial proliferation and turnover. Surprisingly, this regulation depended on
neuronal rather than mucosal 5-HT. Serotonergic effects were linked to activation of 5-
HT2A receptors on cholinergic submucosal neurons.
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Materials and Methods
Animals

Wild-type (WT), SERTKO,44 and TPH1KO40 mice were bred on a C57BL/6 background at
Taconic Farms (Hudson, NY) and transferred to Columbia University. TPH2KO mice
(Lexicon Pharmaceutical Co, The Woodlands, TX) were bred at Columbia on multiple
backgrounds (C57BL/6, CD-1, and non-agouti). All mice were housed under pathogen-free
conditions on a 12-hour light/dark cycle with food and water ad libitum. Animals were
euthanized with CO2 asphyxiation and the ileum was analyzed. Columbia University’s
Institutional Animal Care and Use Committee approved all experiments.

Measurement of Villus Height and Crypt Depth
Paraffin sections were stained with H&E. Brightfield microscopy (100×) was used to
measure villus height (VH) and crypt depth (CD). Computer-assisted imaging (Volocity 4.0;
Perkin– Elmer, Waltham, MA) was used. Villi were selected when the central lacteal was
completely visualized. Crypts were analyzed when the crypt–villus junction could be
visualized on both sides of the crypt. Twenty villi and crypts were quantified per mouse.

Paneth Cell Counts and Enterocyte Height
Enterocyte height (EH) and Paneth cells were analyzed in 1-µm plastic sections (Epon 812)
stained with toluidine blue. EH was measured in the middle of each villus from the
basement membrane to the luminal edge of the brush border. Paneth cells (large, toluidine
blue–stained, cytoplasmic granules, and triangular cell shape) were counted in crypts with
distinct crypt–villus junctions.

Proliferation
A pulse of bromodeoxyuridine (BrdU; 100 mg/kg) was administered intraperitoneally to all
animals. After a 1-hour chase, animals were euthanized. BrdU incorporation was analyzed
immunocytochemically (BrdU in-Situ Detection Kit; BD Pharmingen, San Diego, CA). The
number of BrdU-labeled cells per crypt was counted and divided by the total number of cells
per crypt to compute the crypt proliferation index (CPI), which was calculated for at least 15
crypts/mouse.

Apoptosis
Apoptotic cells were analyzed in WT and SERTKO mice. Rabbit antibodies to cleaved
caspase-3 (Cell Signaling, Danvers, MA) were used for immunocytochemistry and Western
blot analysis. The terminal deoxynucleotidyl transferase–mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) assay (In Situ cell death detection kit; Roche
Diagnostics, Indianapolis, IN) was performed according to the manufacturer’s instructions
(see the Supplementary Materials and Methods section).

Selective Serotonin Re-uptake Inhibitors
C57BL/6 mice were treated either with citalopram hydrobromide (Sigma–Aldrich, St. Louis,
MO; dissolved in 0.9% saline) or sertraline (Sigma–Aldrich; dissolved in 50% ethanol);
treated mice were compared with controls given vehicle. Selective serotonin re-uptake
inhibitors (SSRIs) (10 mg/kg/day, n = 5/drug; 25 mg/kg/day, n = 5/drug) and the vehicles (n
= 5/for each vehicle) were administered continuously for 3, 7, or 14 days via an osmotic
micropump (0.25 µL/h; Alzet, Cupertino, CA) surgically implanted into the peritoneal cavity
of ketamine-anesthetized mice.
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Antagonists
Five SERTKO and 5 WT mice were treated continuously for 5 days via an osmotic
micropump with scopolamine (0.5 mg/kg/day; Sigma-Aldrich) or saline. Five SERTKO and
5 WT mice received daily intraperitoneal injections of ketanserin (1 mg/kg/day) for 5 days.
Six control SERTKO and 6 WT mice were treated similarly with saline.

Immunostaining
Primary antibodies to HuC/D (Invitrogen, Carlsbad, CA; biotin-conjugated mouse
monoclonal, A21272, 1:20 dilution), 5-HT (Diasorin, Stillwater, MN; ab20080, 1:500 –
1:10,000), 5HT2A (Abcam, Cambridge, MA; ab16028, 1:100 dilution), and choline
acetyltransferase (ChAT; Millipore, Billerica, MA; goat polyclonal, ab144P, 1:100 dilution)
were applied to fixed-frozen sections. Sites of primary antibody binding were detected with
species-specific secondary antibodies labeled with Alexa 488 (1: 200 dilution) or Alexa 594
(1:200 dilution). The dichroic mirrors and emission filters were specific and did not permit
cross-detection of fluorophors.

Results
SERTKO Mice

To test the hypothesis that up-regulation of serotonergic signaling affects turnover of
intestinal epithelial cells, VH, CD, and CPI were compared in SERTKO and WT mice. Each
was significantly greater (P < .0001) in SERTKO than in control animals (Figure 1). For
SERTKO mice, the mean values were as follows: VH = 246.7 ± 9.8 µm; CD = 109.7 ± 2.6
µm; and CPI = 40.5% ± 0.8%. For WT, the corresponding values were as follows: VH =
174.3 ± 5.4 µm; CD = 85.8 ± 2.3 µm; and CPI = 31.1% ± 0.9%. These observations are
consistent with the idea that 5-HT causes VH and CD to increase by promoting crypt
epithelial proliferation.

EH was significantly shorter in SERTKO (25.6 ± 0.3 µm) than in WT mice (27.2 ± 0.2 µm;
P < .0001) (Figure 2). The number of Paneth cells/crypt in SERTKO mice (5.7 ± 0.3 cells),
however, was numerically greater but not significantly different than WT animals (4.9 ± 0.2
cells; P = .0789) (Figure 2).

The TUNEL procedure and the detection of cleaved caspase-3 were used to assess apoptosis
in SERTKO and WT mice. Immunocytochemistry and immunoblots were used to identify
the location and quantity of cleaved caspase-3. Epithelial apoptosis was found
predominantly in the villus tip extrusion zone in SERTKO and WT mice (Figure 3A). The
number of cells undergoing apoptosis, however, was significantly greater in SERTKO than
in WT mice (Figure 3A and B). Immunoblot analyses of isolated preparations of mucosa and
the remaining mucosa-free preparations of gut wall confirmed that cleaved caspase-3 was
increased significantly in mucosal, but not mucosa-free, preparations of SERTKO intestine
(Figure 3C–F). These observations suggest that at equilibrium in SERTKO mice increased
apoptosis balances enhanced crypt cell proliferation; however, this balance does not prevent
the increase of both VH and CD.

SERT Inhibition
Two SSRIs, citalopram and sertraline, were investigated to determine whether acute SERT
inhibition mimics the effects of SERTKO on VH, CD, and CPI (Figure 4). Each parameter
was measured at 3, 7, and 14 days of exposure to the SSRIs or corresponding vehicle.
Measurements in mice receiving SSRIs were normalized to those in vehicle-treated animals.
Two-way analysis of variance was used to analyze the difference between SSRI- and
vehicle-treated tissue as well as the effect of duration of treatment. Both citalopram and
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sertraline increased VH, CD, and the CPI; however, the degree to which effects were seen
was found to depend significantly on time and dose. The time needed for evidence of the
first effect on most parameters was less for sertraline than for citalopram; moreover, for both
sertraline and citalopram, evidence of desensitization was seen as efficacy waned by 14 days
at the higher dose of each compound. The observation that SSRIs exert effects on VH, CD,
and the CPI that are similar to those seen in SERTKO mice suggests that these effects are
consequences of SERT deficiency and probably caused by 5-HT potentiation.

Deletion of TPH
Studies were performed to determine whether neurons or EC cells are the responsible source
of 5-HT that putatively regulates VH, CD, and CPI (Supplementary Figure 1; compare
Supplementary Figure 1A and B [WT] with Supplementary Figure 1C and D [TPH1KO] and
Supplementary Figure 1E and F [TPH2KO]). TPH1KO mice were examined to test the
hypothesis that 5-HT from EC cells modifies the proliferation of the intestinal epithelium
(Figure 5A). Surprisingly, VH (194.5 ± 2.2 µm) and CD (74.2 ± 1.2 µm) each were found to
be significantly greater (P < .0001) in TPH1KO than in WT mice (VH = 174.3 ± 4.7 µm;
CD = 62.3 ± 0.8 µm). The CPI, however, in TPH1KO mice was not significantly different
from that measured in WT (34.3% ± 0. 8% vs 33.0% ± 0.8%; P = .2431); neither the height
(WT = 27.3 ± 0.3 µm; TPH1KO = 27.8 ± 0.4 µm; P = .3718) nor the width (WT = 5.6 ± 0.1
µm; TPH1KO = 5.5 ± 0.2 µm; P = .6297) of enterocytes differed between TPH1KO and WT
mice. These observations are inconsistent with the idea that EC cell–derived 5-HT
stimulates proliferation of epithelial cells.

Experiments then were performed to determine whether serotonergic neurons are the source
of the 5-HT that effects intestinal epithelial proliferation. This hypothesis was tested in
TPH2KO mice (Figure 5B), which lack neuronal but not EC cell 5-HT (Supplementary
Figure 1E and F). VH, CD, and CPI were each significantly lower (P < .0001) in TPH2KO
mice than in WT littermates. For TPH2KO mice, mean values were as follows: VH = 172 ±
1.9 µm; CD = 61.5 ± 1.1 µm; and CPI = 27.2% ± 1.3%. For WT, the corresponding values
were as follows: VH = 191.1 ± 2.6 µm; CD = 67.9 ± 1.0 µm; and CPI = 33.1% ± 1.8%. In
contrast to SERTKO mice, in which EH was less than that of WT animals, EH in TPH2KO
mice (30.7 ± 0.3 µm) was greater than that of WT littermates (27.5 ± 0.4 µm; P < .0001)
(Figure 5C); however, numbers of Paneth cells did not differ between TPH2KO and WT
mice (Figure 5C). These observations support the idea that endogenous neuronal, rather than
EC cell, 5-HT increases VH, CD, and CPI.

Scopolamine
Submucosal secretomotor neurons innervate the mucosal epithelium2; therefore, it is
plausible that these neurons regulate intestinal epithelial proliferation as well as secretion.
Enteric serotonergic neurons, however, are interneurons, and the intestinal mucosa has not
been reported to receive a serotonergic innervation45; moreover, we did not detect 5-HT
immunoreactivity in mucosal nerves in WT mice (Supplementary Figure 1A and B). Enteric
serotonergic neurons nevertheless might regulate intestinal epithelial turnover indirectly
because they synapse on submucosal neurons, innervating the proliferating mucosa.7,45

Many of the submucosal neurons that innervate the epithelium are cholinergic and stimulate
secretion via muscarinic receptors.7,26,46 We thus tested the hypothesis that 5-HT activates
cholinergic neurons, which stimulate muscarinic receptors to promote epithelial turnover.
We used scopolamine, a general muscarinic antagonist, to determine whether muscarinic
blockade suppresses the SERTKO-associated increases in VH, CD, CPI (Figure 6A), and
apoptosis. As a control, WT mice also were treated with scopolamine. VH, CD, the CPI
(Figure 6A), and apoptosis (Supplementary Figure 2) were all significantly lower in
scopolamine-treated SERTKO mice (VH and CD, P < .0001; CPI, P < .05) than in SERTKO
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animals given saline. For scopolamine-treated SERTKO mice, the mean values were as
follows: VH = 174.0 ± 1.6 µm; CD = 64.6 ± 0.7 µm; and CPI = 32.2% ± 1.1%. For
SERTKO animals given saline, the corresponding values were as follows: VH = 217.4 ± 1.6
µm; CD = 78.5 ± 0.8 µm; and CPI = 35.4% ± 1.2%. Scopolamine, however, did not affect
any parameter when it was administered to WT control mice.

Ketanserin
Intestinal crypt cells and submucosal neurons express 5-HT2A receptors.25 We used
ketanserin, a relatively selective 5-HT2A antagonist, to test the idea that a receptor in the 5-
HT2 family mediates the increased VH, CD, CPI (Figure 6B), and apoptosis (Supplementary
Figure 2) that is seen in SERTKO animals. The actions of ketanserin (and saline controls)
were compared in SERTKO and WT mice. VH was significantly shorter in ketanserin-
treated SERTKO mice (184.6 ± 1.7 µm) than in SERTKO animals given saline (220.8 ± 3.0
µm; P < .0001). The same was true of CD, which also was significantly lower in ketanserin-
treated SERTKO mice (78.0 ± 1.0 µm) than in SERTKO animals treated with saline (96.6 ±
1.2 µm; P < .0001). Similarly, the CPI was significantly lower in ketanserin-treated
SERTKO mice (27.7% ± 1.0%) than in saline-treated SERTKO animals (31.6% ± 1.1%; P
= .0212). Ketanserin almost eliminated apoptosis (Supplementary Figure 2). Although
ketanserin did not affect CD when it was administered to WT mice, it increased VH and CPI
(Figure 6B). Methysergide, a nonselective 5-HT1/2 inhibitor, also has been reported to
increase jejunal CPI.18 Interestingly, VH in ketanserin-treated SERTKO mice was
significantly less than that in ketanserin-treated WT mice (P < .0001); furthermore, although
ketanserin inhibited the SERTKO-associated increase in CPI, the CPI in ketanserin-treated
SERTKO animals was reduced only to the level seen in ketanserin-treated WT mice. These
observations suggest that despite its ability to inhibit SERTKO-enhanced mucosal growth,
ketanserin itself enhances intestinal crypt epithelial cell proliferation and VH in WT mice.

Identification of 5HT2A Receptors on Submucosal Muscarinic Neurons
The observations that scopolamine and ketanserin each block the SERTKO-induced
enhancement of VH, CD, and CPI are compatible with the idea that enteric neuronal 5-HT
stimulates mucosa-innervating cholinergic neurons via 5-HT2A receptors (Figure 6C). We
thus determined whether enteric cholinergic neurons express 5-HT2A receptors.
Immunocytochemical identification markers were mouse monoclonal antibodies to HuC/D
for neurons, rabbit polyclonal antibodies for 5-HT2A receptors, and goat antibodies to ChAT
for cholinergic cells. Triply labeled 5-HT2A–immunoreactive enteric neurons were found in
both submucosal and myenteric ganglia (Figure 7). Interestingly, noncholinergic neurons,
identified by their lack of ChAT immunoreactivity, did not contain 5-HT2A
immunoreactivity. Almost no cholinergic neurons were seen that were not 5-HT2A
immunoreactive. These observations support the idea that enteric cholinergic neurons
express 5-HT2A receptors.

Discussion
The hypothesis that intestinal epithelial homeostasis is subject to serotonergic regulation was
tested (Figure 6C). Deletion of SERT provided a gain-of-function model in which 5-HT–
mediated responses are amplified as a result of deficient inactivation of released 5-
HT.36,47,48 The observations that VH, CD, and CPI all were greater in SERTKO than in WT
mice support the idea that 5-HT regulates epithelial proliferation and turnover. Two loss-of-
function models were used to determine which of the 2 enteric 5-HT pools is most important
in this process. Selective depletion of mucosal 5-HT through the genetic deletion of TPH1
(Supplementary Figure 1; compare Supplementary Figure 1A and B [WT] with
Supplementary Figure 1C and D [TPH1KO] and Supplementary Figure 1E and F
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[TPH2KO]), which is responsible for 5-HT biosynthesis in EC and mast cells,9,10,40,43 failed
to change VH, CD, or CPI from those of WT animals. In contrast, selective depletion of
neuronal 5-HT through the deletion of TPH2, which is responsible for 5-HT biosynthesis in
neurons14,42,49 (Supplementary Figure 1), caused VH, CD, and CPI all to be significantly
less than those measured in WT control animals. These observations confirmed that the
intestinal epithelium is under serotonergic regulation and further suggested that neuronal 5-
HT provides a drive that increases the size of villi by enhancing crypt epithelial cell
proliferation. EC cell– derived 5-HT probably opposes this effect; thus, both VH and CD
were increased over WT in TPH1KO mice. In SERTKO mice, in which released 5-HT is
present in excess, the neuronal effect of 5-HT appears to be dominant, leading to larger villi
and deeper crypts than in WT mice. It is not yet clear why VH and CD are greater in
TPH1KO mice than in WT controls while the CPI is unaffected. EC cell– derived 5-HT does
not increase the width of crypt cells or enterocytes, which would lead to an increase in VH
and CD without a corresponding increase in proliferation or cell number. Alternatively, if
EC cell– derived 5-HT was to promote cell death, the absence of 5-HT in TPH1KO mice
would be associated with increases from WT in VH and CD without a corresponding change
in CPI.

EH was significantly smaller in SERTKO mice than in WT controls. It is possible that the
rapid turnover of enterocytes in SERTKO animals might not allow the cells sufficient time
for optimal growth. This possibility is supported by the mirror effect of increased EH seen in
TPH2KO mice, which lack the serotonergic drive to enhance enterocyte turnover associated
with the deletion of SERT.

Exactly why apoptosis increases along with the proliferation of enterocytes in SERTKO
animals is unclear. Conceivably, the cholinergic neurons that stimulate proliferation also
shorten the lifespan of enterocytes. Alternatively, apoptosis may be independent of
innervation but increase as a response to the enhanced proliferation of transit-amplifying
cells. The maintenance of enterocytes, for example, might be compromised by crowding of
cells on villi as a result of excessive cell division.

Secretomotor neurons innervate the enteric epithelium. 2 The epithelium, however, does not
receive a serotonergic innervation7 (Supplementary Figure 1). Enteric serotonergic neurons
are located in the myenteric plexus, function largely as descending interneurons, and project
not only to other myenteric neurons, but also to neurons in submucosal ganglia, which
express many 5-HT–receptor subtypes.50 The idea that neuronal 5-HT drives proliferation in
the intestinal epithelium thus suggests that 5-HT may stimulate the secretomotor or intrinsic
primary afferent neurons, which provide the epithelium with its intrinsic innervation.51–53

Scopolamine, a muscarinic antagonist, was used to test the hypothesis that serotonergic
neurons stimulate cholinergic neurons to drive epithelial proliferation54 (Figure 6C).
Muscarinic antagonism was chosen because muscarinic receptors mediate the secretomotor
effects of acetylcholine (ACh) on crypt epithelium. 26,54 The ability of scopolamine to
abolish the SERTKO-associated increases in VH, CD, CPI, and apoptosis supports the idea
that effects of neuronal 5-HT are indirect and caused by serotonergic activation of
cholinergic neurons. The possibility that transmitters other than ACh also might participate
in mediating effects of 5-HT is not eliminated, but ACh fully accounts for the mucosal
changes in SERTKO mice. Curiously, scopolamine did not affect VH, CD, or CPI when
given to WT mice, which suggests that the cholinergic drive to epithelial proliferation does
not occur in the absence of the serotonergic provocation associated with the deletion of
SERT. The overcorrection (below the values in scopolamine-treated WT mice) of VH and
CD, but not CPI, that occurred when scopolamine was given to SERTKO mice is
compatible with the idea that blockade of the proliferative drive from neurons unmasks an
opposing inhibition of proliferation and/or promotion of apoptosis by EC cell– derived 5-
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HT. The increases in VH and CD observed in TPH1KO mice also are consistent with, and
could be explained by, these actions of EC cell– derived 5-HT.

The SERTKO-induced increase in the size of villi cannot be explained entirely as an
epithelial phenomenon. CPI increases as a result of enhanced cholinergic stimulation in
SERTKO mice, but the resulting increase in VH also must involve an accompanying
increase in the volume of the mesenchyme-derived components of villi. Again, it is unclear
whether coordination between epithelial and connective tissues in SERTKO mice involves
an effect of cholinergic neuronal activity on both tissues or a secondary effect of epithelial
growth on the underlying connective tissue. An effect of nerves on epithelial cells, for
example, might be transmitted to the connective tissue by signaling molecules, such as
indian or sonic hedgehog. 55,56 Alternatively, it is equally conceivable that cholinergic
nerves affect connective tissue cells, which transmit signals via bone morphogenetic
proteins or Wnt1 to the epithelium.57

The indirect effects of 5-HT on epithelial proliferation and turnover are likely to be
mediated by a member of the 5-HT2 family of receptors because ketanserin blocks them.58

Ketanserin has an affinity that is greatest for the 5-HT2A receptor, but the difference
between its affinity for 5-HT2A is not so different from that for 5-HT2B and 5-HT2C that it
reliably can distinguish between them.59 5-HT2A receptors are present at the bases of
intestinal crypts and are abundant on intestinal smooth muscle and neurons of both enteric
plexuses,25 especially submucosal neurons. In contrast, 5-HT2B receptors have been
associated primarily with interstitial cells of Cajal60 and neurons of the myenteric plexus61;
moreover, this receptor is highly abundant during development but down-regulated in adult
life.15 5-HT2C receptors are not highly expressed in the bowel.25 The location of 5-HT2A
receptors on neurons, which are likely to be the targets of the TPH2-dependent 5-HT that
drives mucosal proliferation, as well as the ability of ketanserin to block SERTKO-
associated epithelial proliferation, are consistent with the idea that the effects of neuronal 5-
HT on mucosal homeostasis are 5-HT2A–mediated (Figure 6C). Co-localization of 5-HT2A
receptors on cholinergic neurons in the submucosal ganglia further supports this mechanism.

Ketanserin interference with SERTKO-driven changes in VH, CD, and CPI suggests that
these effects require the ongoing enhancement of serotonergic signaling and are not a
developmental effect of SERTKO. This idea is supported further by the ability of acute
administration of SSRIs to mimic SERTKO mice in their effects on VH, CD, and CPI.

The susceptibility of mucosal homeostasis to pharmacologic modulation by drugs that affect
5-HT2A receptors or SERT provides a potentially valuable means of taking therapeutic
advantage of the serotonergic regulation of epithelial turnover. Drugs that affect neuronal 5-
HT also may be beneficial in altering the environment in which gastrointestinal carcinomas
develop.31,62

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ACh acetylcholine
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CD crypt depth

ChAT choline acetyltransferase

CPI crypt proliferation index

EC enterochromaffin

EH enterocyte height

ENS enteric nervous system

5-HT serotonin

SERT serotonin re-uptake transporter

SERTKO mice mice that lack the serotonin re-uptake transporter

SSRI selective serotonin re-uptake inhibitor

TPH1KO mice mice that lack tryptophan hydroxylase-1

TPH2KO mice mice that lack neuronal but not mucosal 5-HT

TUNEL terminal deoxynucleotidyl transferase–mediated deoxyuridine
triphosphate nick-end labeling

VH villus height

WT wild type
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Figure 1.
VH, CD, and CPI are significantly greater in SERTKO than in WT mice. (A) Mucosal
architecture in a section of WT mouse ileum stained with H&E. (B) Mucosal architecture of
a SERTKO mouse. (C) BrdU incorporation (brown reaction product) into crypt cells from a
WT mouse. (D) BrdU incorporation in a SERTKO mouse. (A–D) Scale bars: 30 µm. (E)
VH, CD, and CPI are expressed as the percentage of control (WT). *P < .0001.
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Figure 2.
Enterocytes are smaller in SERTKO than in WT mice. (A) Toluidine blue–stained semithin
sections (0.7 µm). (A) Midvillus, WT. (B) Midvillus, SERTKO. (C) Crypt, WT. (D) Crypt,
SERTKO. (A–D) Scale bars: 20µm. (E) EH and Paneth cell (PC) number are quantified and
expressed as the percentage of control (WT).
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Figure 3.
Apoptosis of enterocytes at villus tips is greater in SERTKO than in WT mice. (A)
Apoptotic cells (red) shown with TUNEL in the epithelium of the intestines of WT and
SERTKO mice. DNA counterstained with bisbenzimide. Scale bar: 100 µm. (B) TUNEL
staining cells quantified and expressed as the percentage of control (WT). (C) Cleaved
caspase-3 immunostaining (brown). Scale bar: 200 µm. (D) Numbers of cells displaying
cleaved caspase-3 immunostained cells quantified and expressed as the percentage of control
(WT). (E) Western blot showing cleaved caspase-3 immunoreactivity in preparations of
mucosa and the mucosa-free bowel wall in WT and SERTKO mice. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase. (F) Cleaved caspase-3 immunoreactivity was
quantified in the mucosa of WT and SERTKO mice and expressed as the percentage of
control (WT).
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Figure 4.
VH, CD, and CPI in WT mice that received vehicle (saline or 50% ETOH), citalopram (10
or 25 mg/kg/day), or sertraline (10 or 25 mg/kg/day) for 3, 7, or 14 days.
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Figure 5.
(A and B) VH, CD, and CPI have been quantified and expressed as the percentage of control
(WT). (A) VH and CD, but not CPI, are significantly greater in TPH1KO than in WT mice.
*P < . 0001, NS = 0. 2431. (B) VH, CD, and CPI are significantly lower in TPH2KO than in
WT mice. (B) *P < . 0001, **P < . 01. (C) The height of enterocytes but not the numbers of
Paneth cells in TPH2KO was greater than in WT mice. *P < . 05.
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Figure 6.
(A) VH, CD, and CPI are all significantly shorter in SERTKO mice treated with
scopolamine than with vehicle. VH, CD, and CPI were quantified and expressed as the
percentage of control (WT + vehicle). (B) VH, CD, and the CPI are all significantly shorter
in SERTKO mice treated with ketanserin than with vehicle. (C) A hypothetical explanation
of the mucosal changes seen in SERTKO mice. The deletion of SERT amplifies the effects
of 5-HT that neurons secrete. Serotonergic stimulation of 5-HT2A–receptor– expressing
cholinergic neurons in submucosal ganglia causes release of ACh in the mucosa, which
stimulates epithelial growth. Blocking muscarinic receptors with scopolamine or 5-HT2A
receptors with ketanserin thus prevent SERTKO-associated mucosal growth.
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Figure 7.
Cholinergic neurons in both the myenteric and submucosal plexuses express 5-HT2A
immunoreactivity. (A–D) Myenteric ganglion. (A) 5-HT2A immunoreactivity. (B) ChAT
immunoreactivity. (C) HuC/D immunoreactivity. (D) Merged image. The arrows depict a
neuron that is triply labeled by all 3 markers. The arrows with a rippled stem depict a neuron
that is not cholinergic and expresses neither 5-HT2A nor ChAT. (Ei–Eiv) Neuron of the
submucosal plexus (neurons tend to occur singly in sections through the murine submucosal
plexus). Ei, 5-HT2A immunoreactivity; Eii, ChAT immunoreactivity; Eiii, HuC/D
immunoreactivity; and Eiv, merged image. Scale bars: 20 µm.
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