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Autism spectrum disorder (ASD) is an increasingly common behavioral condition that frequently presents with
gastrointestinal (GI) disturbances. It is not clear, however, how gut dysfunction relates to core ASD features. Multiple,
rare hyperfunctional coding variants of the serotonin (5-HT) transporter (SERT, encoded by SLC6A4) have been identified
in ASD. Expression of the most common SERT variant (Ala56) in mice increases 5-HT clearance and causes ASD-like
behaviors. Here, we demonstrated that Ala56-expressing mice display GI defects that resemble those seen in mice
lacking neuronal 5-HT. These defects included enteric nervous system hypoplasia, slow GI transit, diminished peristaltic
reflex activity, and proliferation of crypt epithelial cells. An opposite phenotype was seen in SERT-deficient mice and in
progeny of WT dams given the SERT antagonist fluoxetine. The reciprocal phenotypes that resulted from increased or
decreased SERT activity support the idea that 5-HT signaling regulates enteric neuronal development and can, when
disturbed, cause long-lasting abnormalities of GI function. Administration of a 5-HT4 agonist to Ala56 mice during
development prevented Ala56-associated GI perturbations, suggesting that excessive SERT activity leads to inadequate
5-HT4–mediated neurogenesis. We propose that deficient 5-HT signaling during development may contribute to GI and
behavioral features of ASD. The consequences of therapies targeting SERT during pregnancy warrant further evaluation.
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Introduction
The increasingly frequent diagnosis of autism spectrum disorder 
(ASD) is based on deficits in social communication and interac-
tion together with restricted, repetitive patterns of behavior (1). 
Although the core features of ASD are behavioral, gastrointestinal 
(GI) disturbances, particularly constipation, are 4-fold more com-
mon in ASD (2). Platelet serotonin (5-HT), moreover, which is pri-
marily GI-derived (3), is increased in about one-third of patients 
with ASD (4, 5). Platelets do not synthesize 5-HT (6) but utilize the 
5-HT transporter (SERT, encoded by Slc6a4) (7) to take it up (8) as 
they circulate through the gut. Multiple hyperactive coding vari-
ants of SERT have been found in subjects with ASD (9–11). Knock-
in mice expressing the most common of these, SERT Ala56 (12), 
display hyperserotonemia, increased 5-HT clearance, and hyper-
sensitivity of central 5-HT1A and 5-HT2A receptors, as well as repet-
itive behaviors and deficits of socialization that are reminiscent 
of ASD (13). The phenotype of SERT Ala56 mice suggests that the 
constitutively elevated activity of SERT in these animals interferes 
with the 5-HT signaling required for normal brain development 
and later function (14–16).

Neither 5-HT nor SERT is exclusive to the CNS. The bulk of 
5-HT in the body is found in the intestine, where it is a multifunc-

tional signaling molecule during fetal and adult life (17). Changes 
in SERT-mediated 5-HT clearance, therefore, could contribute 
to GI and other peripheral comorbidities that accompany ASD. 
Enteric actions of 5-HT, like those in the brain, are terminated 
by SERT (18–20). In the bowel, moreover, enterocytes, as well 
as serotonergic neurons, express SERT (18, 19, 21). SERT uptake 
into enterocytes and subsequent intracellular catabolism are also 
important in restricting the spread of mucosal 5-HT to, or desensi-
tization of, aberrant targets.

Two 5-HT depots exist in the gut, each with its own biosyn-
thetic enzyme (22, 23). A large tryptophan hydroxylase 1–depen-
dent (TPH1-dependent) 5-HT pool exists in mucosal enterochro-
maffin (EC) cells and, in rats and mice, mast cells, whereas a 
smaller TPH2-dependent pool exists in the serotonergic neu-
rons of the enteric nervous system (ENS). Both pools regulate GI 
motility (22, 24). EC cell 5-HT stimulates extrinsic sensory nerves 
(25, 26), which transmit signals of noxious stimuli (27), discom-
fort, and pain to the CNS. 5-HT also stimulates intrinsic primary 
afferent neurons, which recruit the ENS to mediate peristaltic (24,  
28–30) and secretory reflexes (31). Enteric neuronal 5-HT func-
tions not only as a neurotransmitter but also as a growth factor, 
stimulating 5-HT4 receptors that promote neurogenesis during 
development and adult life (22, 32). Neuronal 5-HT also regulates 
crypt epithelial cell proliferation (33).

The current study was undertaken to test the hypothesis that 
SERT Ala56 hyperactivity drives structural and functional GI def-
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thus appeared to be selectively affected. In SERT Ala56 mice, sub-
mucosal TH-expressing (Figure 1B; also compare K with L) and 
CGRP-expressing neurons (Figure 1C; also compare M with N) 
were each deficient, not only in absolute terms but as a proportion 
of total neurons (Figure 1D). In contrast, TH-expressing (Figure 2B; 
also compare P with Q) and CGRP-expressing neurons (Figure 2C; 
also compare L with M) were overly abundant in the submucosal 
plexus of SERTKO animals, again as a proportion of total neurons 
(Figure 2D). Submucosal TH-expressing (Figure 3B; also compare 
P with S) and CGRP-expressing neurons (Figure 3C; also compare 
Q with T) were similarly hyperplastic in fluoxetine-treated mice, 
once more not only absolutely but also as a proportion of total 
neurons (Figure 3D). Similarly, SERT Ala56 mice were deficient 
in GABA-expressing neurons in the myenteric plexus of the ileum 
(Figure 1G; also compare S with T) and colon (Figure 1H; also com-
pare U with V), whereas GABA-expressing neurons were overly 
abundant in both SERTKO (Figure 2, F and G; also compare N 
and R with O and S) and fluoxetine-treated mice (Figure 3, G and 
H; also compare K with N). Expression of SERT Ala56 thus leads 
to a hypoplastic ENS with selective impairment of development/
survival of late-born neurons, the development of which is also 
5-HT–promoted (22). In contrast, in SERTKO mice and in ani-
mals subjected to developmental fluoxetine exposure, the ENS is 
hyperplastic and the development/survival of those neurons that 
are impaired in SERT Ala56 mice is selectively enhanced.

The placenta has recently been found to be a transient source 
of 5-HT in early embryos that is able to influence CNS develop-
ment prior to the endogenous synthesis of 5-HT in central sero-
tonergic neurons (38). The presence of 5-HT in early embryos thus 
makes it possible for the hyperfunctional SERT Ala56 mutation to 
decrease enteric neurogenesis even before 5-HT is synthesized 
in the fetal gut. In fact, the density of serotonergic neurons in the 
SERT Ala56 intestine was only 36.3% ± 5.6% (P < 0.01; n = 6) of 
that found in the intestines of WT littermates (see Supplemental 
Figure 4, A and B; supplemental material available online with 
this article; doi:10.1172/JCI84877DS1). In contrast, the density of 
serotonergic neurons in the intestines of fluoxetine-treated mice 
was significantly greater than that of untreated control animals 
(Figure 3, F, J, and M). The numbers of serotonergic neurons in 
SERTKO mice could not accurately be determined, because the 
content of the marker for these neurons, 5-HT, is reduced (due 
to lack of reuptake) in neurons of SERTKO animals. Serotonergic 
neurites, however, were readily visible, and appeared to ramify 
more extensively in SERTKO than in either G56A or WT gut (Sup-
plemental Figure 4, C and D).

Because of the ENS hyperplasia in SERTKO and fluoxetine- 
treated mice, transverse sections of the bowel were examined to 
determine whether neurons might be located ectopically in the 
mucosa or within smooth muscle coats, as occurs in mice lack-
ing Hox11l1, which also display ENS hyperplasia (39). No ectopic 
neurons were found either in SERTKO or in fluoxetine-treated 
mice (not shown), suggesting that 5-HT affects neuronal devel-
opment/survival but not the migration of neural precursors or 
patterns of gangliogenesis.

The SERT Ala56 mutation leads to slow GI transit and impair-
ment of the peristaltic reflexes. Experiments were carried out to 
determine whether the long-lasting ENS hypoplasia associated 

icits due to altered 5-HT signaling that can be prevented through 
mechanism-guided interventions. We assessed the structure and 
function of the gut in SERT Ala56 animals, comparing results with 
those obtained in mice either lacking SERT or treated from gesta-
tion to weaning with the selective 5-HT reuptake inhibitor fluox-
etine. We detected significant, reciprocal abnormalities in these 
models related to enteric neuronal development, regulation of GI 
motility, and mucosal growth. Transcription of both Tph isoforms 
was also abnormal. The SERT Ala56–associated deficits were 
prevented if the animals were treated during development with 
a 5-HT4 agonist, prucalopride (34). Our findings reveal that adult 
bowel function is exquisitely sensitive to SERT activity during 
ontogeny, and they confirm that 5-HT signaling is critical for the 
formation of the ENS. Therapies that perturb SERT activity dur-
ing development, therefore, may have long-term consequences 
for bowel function. Observations also suggest that defective 5-HT 
signaling could provide a common mechanism contributing to 
peripheral and central defects in ASD.

Results
Numbers of enteric neurons are inversely related to SERT activity dur-
ing development. 5-HT promotes enteric neuronal development (22, 
32); therefore, we tested the hypothesis that SERT hyperactivity in 
SERT Ala56 mice would impede enteric neurogenesis (Figure 1). 
Parallel comparative experiments were carried out with Slc6a4–/– 
(herein referred to as SERTKO) animals (Figure 2) and mice 
exposed to the SERT antagonist fluoxetine from E1 to P21 (Figure 
3). Total numbers of enteric neurons and subsets were identified 
immunocytochemically and quantified in whole mounts of laminar 
preparations dissected from the gut wall of mice at 6–8 weeks of 
age. Neuronal numbers were quantified as a function of ganglionic 
area, which is a parameter that is relatively resistant to stretching 
of the tissue (35). SERT Ala56 and SERTKO mice were compared 
with WT littermates. Fluoxetine-treated mice were compared 
with untreated control animals. Because serotonergic neurons 
are born early and 5-HT enhances development of late-born neu-
rons expressing tyrosine hydroxylase (TH) (dopaminergic neu-
rons), γ-aminobutyric acid (GABA), and calcitonin gene–related 
peptide (CGRP) (22, 36, 37), these phenotypes were chosen for 
study. GABA-expressing neurons were quantified in the myenteric 
plexus where they are located, whereas TH- and CGRP-express-
ing neurons were quantified in the submucosal plexus where most 
are found. Total enteric neurons were significantly less abundant 
in SERT Ala56 than in WT mice (Figure 1). This difference was 
observed in both the submucosal (Figure 1A; also compare I with J) 
and the myenteric plexus of the ileum (Figure 1E; also compare O 
with P) and colon (Figure 1F; also compare Q with R). In contrast, 
in SERTKO mice, total neurons were significantly more abundant 
in both the submucosal (Figure 2A; also compare H with I) and the 
myenteric plexus (Figure 2E; also compare J with K) of the small 
intestines than in WT animals. The bowel of fluoxetine-treated 
mice was similar to that of SERTKO animals; again, more neurons 
were found in both the submucosal (Figure 3A; also compare O 
with R) and the myenteric plexus (Figure 3E; also compare I with L) 
of the fluoxetine-treated than the control mice.

Late-born neuronal phenotypes were more sensitive to the 
level of SERT activity during development than total neurons and 
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Figure 1. Numbers of total and late-born enteric neurons are lower in SERT Ala56 than in WT mice. n = 6–7/group. (A–D) Submucosal plexus, small 
intestine: (A) Total neurons. (B) Dopaminergic neurons (TH-immunoreactive). (C) CGRP-immunoreactive neurons. (D) Dopaminergic and CGRP-expressing 
neurons as a proportion of total neurons. (E–H) Myenteric plexus: (E) Total neurons, small intestine. (F) Total neurons, colon. (G) GABAergic neurons, small 
intestine. (H) GABAergic neurons, colon. (I and J) Submucosal HuC/D-immunoreactive neurons (blue): I shows WT; J shows SERT Ala56. (K and L) Submu-
cosal TH-immunoreactive neurons (red): K shows WT; L shows SERT Ala56. (M and N) Submucosal CGRP-immunoreactive neurons (green): M shows WT;  
N shows SERT Ala56. (O and P) Myenteric HuC/D-immunoreactive neurons, small intestine (green): O shows WT; P shows SERT Ala56. (Q and R) Myenteric 
HuC/D-immunoreactive neurons, colon (green): Q shows WT; R shows SERT Ala56. (S and T) Myenteric GABA-immunoreactive neurons, small intestine 
(blue): S shows WT; T shows SERT Ala56. (U and V) Myenteric GABA-immunoreactive neurons, colon (blue): U shows WT; V shows SERT Ala56. Scale bars 
in N (applies to I–N), R (applies to O–R), and V (applies to S–V): 30 μm. Hu-C/D, pan-neuronal marker.
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were also investigated in vitro to determine whether changes 
in intestinal transit in SERT Ala56 mice are due to a defect that 
is intrinsic to the ENS. The extrinsic innervation of the gut is 
severed in isolated preparations, and the intrinsic circuits of the 
ENS mediate CMMCs (40).

with the SERT Ala56 mutation is reflected in GI motility. Mice 
were examined at 6–8 weeks of age. Measurements were made 
in vivo of total GI transit time, gastric emptying, small intes-
tinal transit (SIT), and propulsive colorectal motility. Colonic 
migrating motor complexes (CMMCs; peristaltic reflexes) 

Figure 2. Numbers of total and late-born enteric neurons are greater in SERTKO than in WT mice. n = 6. (A–D) Submucosal plexus, small intestine: (A) 
Total neurons. (B) Dopaminergic neurons (TH-immunoreactive). (C) CGRP-immunoreactive neurons. (D) Dopaminergic and CGRP-expressing neurons as a 
proportion of total neurons. (E–G) Myenteric plexus: (E) Total neurons, small intestine. (F) GABAergic neurons, small intestine. (G) GABAergic neurons as 
a proportion of total neurons. (H and I) Submucosal ANNA-1–immunoreactive neurons (blue): H shows WT; I shows SERTKO. (J and K) Myenteric ANNA-1–
immunoreactive neurons (green; red in background is due to GABA immunoreactivity): J shows WT; K shows SERTKO. (L and M) Submucosal CGRP- 
immunoreactive neurons (red [arrow]). The blue is due to ANNA-1 immunoreactivity in nerve cell bodies; note that CGRP-immunoreactive cells contain 
coincident ANNA-1 immunoreactivity. The green fibers are immunostained with Abs to TH. L shows WT; M shows SERTKO. (N and O) Myenteric GABA- 
immunoreactive neurons (red [arrows]): N shows WT; O shows SERTKO. (P and Q) Submucosal TH-immunoreactive neurons (green [arrows]). The blue is 
due to ANNA-1 immunoreactivity in nerve cell bodies; note that TH-immunoreactive cells contain coincident ANNA-1 immunoreactivity. The red fibers that 
are also visible are immunostained with Abs to CGRP. P shows WT; Q shows SERTKO. (R and S) Myenteric plexus doubly immunostained to reveal GABA 
(red [arrows]) and ANNA-1 (green) immunoreactivities. Note that all GABA-immunoreactive cell bodies, but none of the fiber tracts, display coincident 
ANNA-1 immunoreactivity. R shows WT; S shows SERTKO. These are the same fields illustrated in N and O, but the merged image is shown to display 
GABA and ANNA-1 immunoreactivities simultaneously. Scale bars: 50 μm.
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SERT Ala56 mice. SIT was significantly slower in SERT Ala56 than 
in WT mice after the injection of exogenous 5-HT (Figure 4D), con-
sistent with the hypothesis that the SERT Ala56 is hyperactive and 
reduces enteric effects even of exogenous 5-HT in vivo.

Intraluminal pressure was raised in isolated preparations of 
colon to initiate CMMCs, preparations were video-imaged, and 
spatiotemporal maps of contractile activity patterns were con-
structed (Figure 4, E and F). Analysis of these maps revealed that 
CMMC frequency (Figure 4G; P < 0.0001), velocity (Figure 4H; 

Total GI transit time in SERT Ala56 mice was significantly lon-
ger than that of WT animals (Figure 4A; P < 0.01); however, the rate 
of gastric emptying (Figure 4B) and SIT (not illustrated) in SERT 
Ala56 and WT animals did not differ significantly. In contrast to 
the stomach and SIT, propulsive colorectal motility was signifi-
cantly slower in SERT Ala56 than in WT mice (Figure 2C; P < 0.01). 
Exogenous 5-HT administration increases motility in the small 
intestine of humans and lower animals (41, 42). We therefore com-
pared SIT after exogenous 5-HT injection (1.0 mg/kg) in WT and 

Figure 3. Numbers of total and late-born enteric 
neurons are greater in mice exposed to fluoxe-
tine during development than in control mice 
exposed identically during development to 
vehicle. n = 6. (A–D) Submucosal plexus, small 
intestine: (A) Total neurons. (B) TH-immu-
noreactive neurons. (C) CGRP-immunoreactive 
neurons. (D) TH- and CGRP-expressing neurons 
as a proportion of total neurons. (E–H) Myenteric 
plexus: (E) Total neurons, small intestine. (F) 
5-HT–immunoreactive neurons. (G) GABAergic 
neurons. (H) Serotonergic and GABAergic neurons 
as a proportion of total neurons. (I–K) Myenteric 
plexus (MP) of fluoxetine-treated mice. (I) Total 
neurons (ANNA-1–immunoreactive; blue). (J) 5-HT–
immunoreactive neurons (red). (K) GABAergic 
neurons (green). (L–N) Myenteric plexus, control 
mice. (L) Total neurons (ANNA-1–immunoreactive; 
blue). (M) 5-HT–immunoreactive neurons (red). 
(N) GABAergic neurons (green). (O–Q) Submucosal 
plexus (SmP), fluoxetine-treated mice. (O) Total 
neurons (ANNA-1–immunoreactive; blue). (P) 
TH-immunoreactive neurons (red). (Q) GABAergic 
neurons (green). (R–T) Submucosal plexus, control 
mice. (R) Total neurons (ANNA-1–immunoreac-
tive; blue). (S) TH-immunoreactive neurons (red). 
(T) GABAergic neurons (green). Scale bar for all 
myenteric images (I–N): 50 μm. Scale bar for all 
submucosal images (O–T): 25 μm.

https://www.jci.org
https://www.jci.org
https://www.jci.org/126/6


The Journal of Clinical Investigation   R e s e a R c h  a R t i c l e

2 2 2 6 jci.org   Volume 126   Number 6   June 2016

P < 0.01), and length of propagation (Figure 4I; P < 0.001) were 
all significantly lower in SERT Ala56 than in WT mice. These 
observations suggest that the ENS hypoplasia of SERT Ala56 mice 
impairs generation and conduction of peristaltic reflexes.

GI motility was analyzed in SERTKO mice and in animals given 
fluoxetine during development to compare the effects of the SERT 
Ala56–associated ENS hypoplasia with those of ENS hyperplasia. 
In vivo measurements of GI motility in SERTKO mice, however, 
are complicated by the desensitization of 5-HT receptors that has 
been found to occur spontaneously in these animals (18). Diarrhea 
and constipation thus alternate in individual SERTKO mice. In 
contrast to SERT Ala56 animals, total GI transit time (Figure 5A) in 
SERTKO mice was not significantly different from that of WT ani-
mals, although gastric emptying was also not significantly different 
(Figure 5B). Surprisingly, as in SERT Ala56 mice, SIT (Figure 5C) 
and propulsive colorectal motility (Figure 5D) were significantly 
slower in SERTKO than in WT mice. Parameters of in vivo GI tran-
sit in mice exposed to fluoxetine during development, moreover, 
slowed even more than they did in SERTKO animals. Total intes-
tinal transit time in fluoxetine-treated animals was significantly 

increased (Figure 6A), SIT was significantly slower (Figure 6B), 
and the time required to eject beads from the rectum was signifi-
cantly greater (Figure 6C) than in vehicle-treated control mice.

We tested the idea that the unexpectedly slow transit in 
SERTKO and fluoxetine-treated mice was due to enhanced sym-
pathetic input from the CNS. This possibility is plausible because 
SERTKO mice are highly vulnerable to stress (43) and sympathetic 
stimulation, which slows GI transit, might result from the stress 
of measuring GI motility. We thus reinvestigated GI transit after 
chemical sympathectomy with 6-hydroxydopamine (6-OHDA) 
and also analyzed ENS-dependent CMMCs in isolated colon, 
which lacks a functional sympathetic innervation. Although sym-
pathectomy accelerated transit, GI transit time and gastric empty-
ing were not significantly different in WT and SERTKO mice (Fig-
ure 5, A and B). Sympathectomy, however, normalized SIT (Figure 
5C) and propulsive colorectal motility (Figure 5D) in SERTKO 
mice. Similarly, sympathectomy eliminated the slowing of all mea-
sures of in vivo motility in fluoxetine-treated mice without affect-
ing any of these parameters in matched control animals (Figure 6, 
A–C). These observations suggest that sympathetic slowing of GI 

Figure 4. Intestinal motility is abnormally slow in SERT Ala56 mice. Intestinal motility was abnormally slow in SERT Ala56 mice (n = 30–36/group; 2 
trials). (A) Total GI transit time (GIT) measured in vivo. (B) Gastric emptying. (C) Time to eject a bead from the rectum (colonic motility). (D) Small intestinal 
transit after a bolus injection of 5-HT. (E and F) WT (E) and SERT Ala56 (F) mice. Typical spatiotemporal maps showing CMMCs (arrows) in isolated prepa-
rations of colon (n = 3–4 per group). The ordinate represents time, and the abscissa represents oral-to-anal distance. The width of the gut (mm), indicative 
of contractions, was pseudocolored. (G) CMMC frequency. (H) CMMC velocity. (I) CMMC length of propagation. Student’s unpaired t test was used to com-
pare groups. For the box-and-whisker plot, the boxes represent the first and third quartiles, the whiskers are 95% confidence interval, and the lines within 
the boxes are median values.
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transit occurs and that both the deletion of SERT and its inhibition 
during development increase sympathetic input to the intestine. 
Analyses of the ENS-dependent CMMC in isolated preparations 
of colon from WT (Figure 5E), SERTKO (Figure 5F), control (Fig-
ure 6D), and fluoxetine-treated mice (Figure 6E) supported these 
ideas. CMMC frequency (Figure 5G) and velocity (Figure 5H) in 

SERTKO were not slower than in WT mice, although the propa-
gation length (Figure 5I) of CMMCs was significantly shorter. 
In isolated preparations of colon from mice that were exposed 
to fluoxetine during development, moreover, CMMC frequency 
(Figure 6F), velocity (Figure 6G), and propagation length (Figure 
6H) were all significantly greater than in those from control ani-

Figure 5. Sympathetic hyperactivity slows intestinal motility in SERTKO mice. Sympathetic hyperactivity slowed intestinal motility in SERTKO mice  
(n = 6–9/group for in vivo motility, 2 trials, and 12/group for peristalsis). (A) GIT measured in vivo. Total GI transit in WT and SERTKO mice was not sig-
nificantly different. 6-OHDA accelerated transit in both. (B) Gastric emptying. SERTKO and WT mice were not significantly different. (C) Small intestinal 
transit. Transit was significantly slower in SERTKO than in WT mice. 6-OHDA did not affect transit in WT mice but eliminated slow transit in SERTKO 
mice. (D) Colonic motility. More time was required for bead ejection in SERTKO than in WT mice. 6-OHDA did not affect motility in WT mice but eliminated 
slow bead ejection in SERTKO animals. (E and F) WT (E) and SERT Ala56 (F). Typical spatiotemporal maps showing CMMCs in isolated colon as in Figure 4. 
(G) CMMC frequency. (H) CMMC velocity. (I) CMMC length of propagation. Student’s unpaired t test and 1-way ANOVA were used, respectively, to compare 
single and multiple means. For the box-and-whisker plot, the boxes represent the first and third quartiles, the whiskers are 95% confidence interval, and 
the lines within the boxes are median values.
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with the SERT Ala56 mutation. 5-HT4 agonists increase enteric 
neurogenesis, and postnatal enteric neurogenesis is deficient in 
5-HT4 KO (Htr4–/–) mice (32). If SERT Ala56 hyperactivity were 
to impede enteric neurogenesis by diminishing 5-HT availability 
at 5-HT4 receptors, an exogenously supplied 5-HT4 agonist that 
is not a substrate for SERT ought to countermand the defect. We 
tested this hypothesis by administering the 5-HT4 agonist prucalo-
pride (15 mg/kg), which was given orally to dams from gestation 
through weaning. Offspring were then allowed to mature without 
further treatment. Treatment with prucalopride was found to pre-
vent the hypoplasia that occurs in total neurons (ANNA-1–immu-
noreactive) of SERT Ala56 mice in both the submucosal (Figure 
7A) and the myenteric plexus (Figure 7D). Prucalopride treatment 
also prevented the SERT Ala56–associated deficiencies of the sub-
mucosal late-born submucosal dopaminergic (TH-immunoreac-
tive; Figure 7B) and CGRP-immunoreactive neurons (Figure 7C) 
as well as the SERT Ala56–associated deficiency of the myenteric 
late-born GABA-immunoreactive neurons (Figure 7E). Prucalo-

mals. These observations suggest that ENS hyperplasia in mice 
exposed during development to fluoxetine is associated with 
facilitated generation, conduction, and propagation of peristaltic 
reflexes, which is the opposite of the effect of the ENS hypoplasia 
occurring in SERT Ala56 mice. Conceivably, the effects of SERT 
inhibition during development and SERT knockout are different 
because SERT is functional at the time that CMMCs are analyzed 
in fluoxetine-treated but not in SERTKO animals. SERT may be 
required during the generation of CMMCs to inactivate 5-HT, 
which participates in peristaltic reflex mediation (44). Spontane-
ous receptor desensitization in SERTKO mice (18) may also inter-
fere with CMMCs. In contrast, chemical sympathectomy prevents 
slow in vivo transit in both SERTKO and fluoxetine-treated mice, 
suggesting that enhanced sympathetic input to the bowel occurs 
in each and thus is probably due to a developmental disturbance 
of sympathetic control in the CNS.

Administration of a 5-HT4 agonist during development rescues 
mice from the abnormalities of the ENS and GI motility associated 

Figure 6. Chemical sympathectomy prevents in vivo slow intestinal transit of fluoxetine-treated mice. Chemical sympathectomy prevented in vivo slow 
intestinal transit in fluoxetine-treated mice (n = 8–13/group for in vivo motility assays, 2 trials; 4/group for peristalsis). Control and fluoxetine-treated 
animals were treated, respectively, with vehicle or 6-OHDA. Mice were examined within 2 weeks after the last injection. Data are from 4 mice of each type. 
(A) Total GIT. Fluoxetine treatment caused slow GIT. 6-OHDA corrected the defect in fluoxetine-treated mice but did not alter total GIT in control mice. 
(B) Small intestinal transit (SIT). Fluoxetine-treatment caused slow SIT. 6-OHDA corrected the deficit in fluoxetine-treated mice but did not affect SIT in 
control animals. (C) Colonic motility. Fluoxetine treatment increased the bead ejection time. 6-OHDA corrected the deficit in fluoxetine-treated mice but 
did not significantly alter ejection time in control animals. §P < 0.05; *P < 0.001; †P was NS. (D and E) WT (D) and fluoxetine-treated (E) mice. Typical spa-
tiotemporal maps showing CMMCs in isolated colon. (F) CMMC frequency. (G) CMMC velocity. (H) CMMC length of propagation. Student’s unpaired t test 
and 1-way ANOVA were used, respectively, to compare single and multiple means. For the box-and-whisker plot, the boxes represent the first and third 
quartiles, the whiskers are 95% confidence interval, and the lines within the boxes are median values.
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The SERT Ala56 mutation decreases crypt epithelial cell prolifer-
ation, stunts growth of villi, and decreases mucosal permeability. The 
ENS, and specifically 5-HT, have been linked to mucosal mainte-
nance (33); myenteric serotonergic neurons innervate submucosal 
cholinergic neurons that regulate proliferation of transit-amplify-
ing cells. As a result, the cell proliferation index, crypt depth, and 
villus height are all greater in SERTKO than in WT mice. Neuronal, 
rather than mucosal, 5-HT mediates these effects; SERTKO and 
double knockout SERTKO/TPH1KO (Slc6a4–/– Tph1–/–) mice are 
equivalent, but enhanced mucosal growth does not occur in dou-
ble knockout SERTKO/TPH2KO (Slc6a4–/– Tph2–/–) animals. We 
therefore compared villus height, crypt depth, and proliferation 
in SERT Ala56, SERTKO, and fluoxetine-treated mice (Figure 8  
and Supplemental Figure 3). 

Small intestinal villus height (Figure 8A) and crypt depth (Fig-
ure 8B) were both significantly less in SERT Ala56 mice than in 
WT littermates (Supplemental Figure 3, A and B). In contrast, in 
fluoxetine-treated mice, small intestinal villus height (Figure 8C) 

pride rescue of neuronal numbers was accompanied by elimina-
tion of the SERT Ala56–associated slowing of total GI transit time 
(Figure 7F) and of colonic motility (Figure 7G). The prucalopride-
mediated rescue of in vivo motility was also manifest in a rescue 
of CMMCs measured in vitro; prucalopride treatment prevented 
the SERT Ala56–associated decreases in CMMC frequency (Fig-
ure 7H), velocity (Figure 7I), and length of propagation (Figure 7J). 
These in vitro observations suggest that prucalopride rescue is an 
intrinsic property of the ENS and is not mediated through altered 
CNS control of the gut. Interestingly, administration of prucalo-
pride to WT mice during development led to a decrease in num-
bers of GABAergic neurons (Figure 7E) and a decrease in CMMC 
frequency (Figure 7H) that were not seen when SERT Ala56 pups 
were exposed to prucalopride. These observations are consistent 
with the possibility that excessive stimulation of 5-HT4 receptors, 
as might occur when prucalopride adds to endogenously released 
5-HT, can lead to receptor desensitization or, alternatively, to 
overstimulation and neurotoxicity.

Figure 7. Prucalopride treatment during devel-
opment rescues SERT Ala56 mice from ENS 
hypoplasia and associated abnormalities of GI 
motility. Treatment with prucalopride during 
development rescued SERT Ala56 mice from 
ENS hypoplasia (n = 3–4/group) and associated 
abnormalities of GI motility (n = 14–36/group 
for in vivo motility studies, 2 trials; 3–4/group 
for peristalsis). (A–C) Submucosal plexus. (A) 
Total neurons. Fewer neurons were found in 
SERT Ala56 than in WT mice. Prucalopride 
did not affect the number of neurons in WT 
animals but eliminated hypoplasia in SERT 
Ala56 mice. (B) TH-immunoreactive neurons. 
Prucalopride prevented the deficiency in SERT 
Ala56 mice. (C) CGRP-immunoreactive neu-
rons. Prucalopride prevented the deficiency in 
SERT Ala56 mice. (D and E) Myenteric plexus. 
Total neurons (D) and GABAergic neurons (E) 
were fewer in SERT Ala56 mice than in WT 
mice. Numbers of total and GABAergic neurons 
were normalized by prucalopride administra-
tion to SERT Ala56 mice. (F) Total GIT was 
longer in SERT Ala56 mice than in WT mice. 
Prucalopride eliminated slow transit in SERT 
Ala56 mice but did not affect total GIT when 
given similarly to WT mice. (G) Colonic motility 
was significantly longer in SERT Ala56 than in 
WT mice. Prucaloparide eliminated this defect 
in SERT Ala56 animals but did not significantly 
affect colonic motility when given to WT mice. 
(H–J) CMMCs in isolated colon. Frequency (H), 
velocity (I), and conduction length (J) were all 
lower in SERT Ala56 mice than in WT mice. 
Prucalopride eliminated each of these defects 
when given to SERT Ala56 mice but did not 
significantly alter CMMC parameters when 
given to WT animals. Student’s unpaired t test 
and 1-way ANOVA were used, respectively, to 
compare single and multiple means. For the 
box-and-whisker plot, the boxes represent the 
first and third quartiles, the whiskers are 95% 
confidence interval, and the lines within the 
boxes are median values.
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immunoreactive cells per small intestinal crypt (26.1 ± 0.7, n = 30  
crypts) of SERT Ala56 mice was significantly less than that of WT 
mice (45.0 ± 4.2, n = 31 crypts; P < 0.001; Supplemental Figure 
3, C and D). Similarly, in the colon, the mean number of Ki67- 
immunoreactive cells per crypt (21.4 ± 0.5, n = 112 crypts) of SERT 
Ala56 mice was significantly less than that of WT mice (30.5 ± 0.5, 
n = 28 crypts; P < 0.001). Crypt epithelial cells have previously 
been shown to proliferate more rapidly in SERTKO than in WT 
mice (33). Interestingly, proliferation in the intestinal crypts of 
fluoxetine-treated mice was similar to that previously observed in 
SERTKO animals and opposite to that of SERT Ala56 mice (Sup-
plemental Figure 3, G–J). The mean number of Ki67-immunore-
active cells per small intestinal crypt (22.3 ± 0.3, n = 78 crypts) 
of fluoxetine-treated mice was significantly greater than that of 

and crypt depth (Figure 8D) were all significantly greater than 
those of WT littermates (Supplemental Figure 3, E and F). As 
previously reported (33), in SERTKO mice, small intestinal villus 
height (142% ± 6% WT; n = 90 sections from 6 mice) and crypt 
depth (128% ± 3% WT; n = 90 sections from 6 mice) were signifi-
cantly larger than in WT littermates. Similar results were obtained 
in measurements of colonic crypt depth, which was significantly 
shorter than WT in G56A mice (Figure 8E) but significantly larger 
than that of controls in fluoxetine-treated mice (Figure 8F) and 
larger than WT in SERTKO animals (Figure 8G). 

Immunostaining of proliferating cells in crypts with Abs to 
Ki67 was used to verify whether altered proliferation of tran-
sit-amplifying cells was responsible for the differences observed 
in villus height and crypt depth. The mean number of Ki67- 

Figure 8. Effects of the SERT Ala56 
mutation on mucosal growth and  
permeability. Effects of the SERT  
Ala56 mutation on mucosal growth  
(n = 6) and permeability (12–20/group, 
2 trials) were reciprocal to those seen in 
SERTKO and fluoxetine-treated mice  
(n = 4/group). (A, B, and E) Comparisons 
of SERT Ala56 mice with WT mice. (A) 
Villus height (small intestine). (B) Crypt 
depth (small intestine). (E) Crypt depth 
(colon). (G) Comparison of SERTKO with 
WT mice. (G) Crypt depth (colon). (C, D, 
and F) Comparisons of fluoxetine-treated 
mice with control mice. (C) Villus height 
(small intestine). (D) Crypt depth (small 
intestine). (F) Crypt depth (colon). (H–J) 
Macromolecular permeability compared 
in SERT Ala56 (H), SERTKO (I), and 
fluoxetine-treated mice (J). Although 
macromolecular permeability in SERT 
Ala56 mice was significantly lower than 
that in WT animals (H), permeability was 
increased at both 2 and 5 hours after 
gavage of fluorescent dextran in SERTKO 
and fluoxetine-treated mice. Student’s 
unpaired t test was used to compare 
groups. For the box-and-whisker plot, the 
boxes represent the first and third quar-
tiles, the whiskers are 95% confidence 
interval, and the lines within the boxes 
are median values.
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when animals were analyzed. Despite changes in abundance of 
transcripts encoding TPH1 and the density of EC cells, no signifi-
cant change was seen in the concentration of 5-HT in the gut of 
either SERT Ala56 or fluoxetine-treated mice (data not shown). 
Secretion or intracellular metabolism of 5-HT, which were not 
measured, may thus balance changes in biosynthesis and uptake.

Discussion
SERT Ala56 is the most common of the rare hyperactive SERT vari-
ants that are overtransmitted to children with ASD (10, 11). SERT 
Ala56 mice exhibit hyperserotonemia and behaviors that align 
broadly with the core diagnostic features of ASD (12, 13, 45). These 
traits support the use of SERT Ala56 mice as a model for analyzing 
potential contributions of 5-HT signaling abnormalities to ASD. 
Both hyperserotonemia (4, 5) and GI dysfunction (2) are commonly 
seen in ASD. Because platelets derive their 5-HT from the gut (3) 
and 5-HT is an important multifunctional GI signaling molecule 
(17), we postulated that SERT hyperactivity would not only cause 
hyperserotonemia but also perturb GI structure and function in 
SERT Ala56 mice. Abnormal 5-HT signaling, moreover, impacts 
both CNS (38, 46–48) and ENS (22) development. We thus tested 
the hypothesis that ENS formation and ENS-dependent functions 
are perturbed in SERT Ala56 mice because of the reduction of 
endogenous 5-HT availability (13). To do so, we comprehensively 
analyzed SERT Ala56 mice and, for comparison, SERTKO and 
fluoxetine-treated animals, to provide, respectively, mice in which 
SERT is nonfunctional or is inhibited only during ontogeny. These 
studies of altered SERT activity also provided unique insights into 
roles of 5-HT signaling in enteric physiology and pathophysiology.

The ENS was strikingly hypoplastic in SERT Ala56 mice. 
Numbers of neurons were reduced in both plexuses of small and 
large intestines, and neurons generated after serotonergic neu-
rons during ontogeny (expressing TH, CGRP, or GABA) were 
more deficient than ENS neurons in general. In contrast, the 
ENS of SERTKO and fluoxetine-treated animals was hyperplas-
tic, and the late-born neurons that were deficient in SERT Ala56 
mice were especially abundant in these animals. The similarity 
between SERTKO and fluoxetine-treated mice suggests that the 
developmental period is a critical time for SERT function in neu-
rogenesis. These observations are consistent with the ideas that 
defective 5-HT signaling due to the increased 5-HT clearance of 
SERT Ala56 mice interferes with enteric neurogenesis, whereas 
potentiated serotonergic signaling due to the absence of SERT or 
its inhibition during development enhances neurogenesis. The 
sensitivity of late-born neurons to SERT activity is consistent with 
the ideas that serotonergic neurons, which are early-born, regulate 
enteric neurogenesis and thus help sculpt the ENS. These obser-
vations confirm that 5-HT is an ENS growth factor (22, 49) and 
that serotonergic signaling is essential for normal neurogenesis 
(22, 32). The data are also consistent with the hypothesis that a 
defect common to the ENS and CNS could be responsible in ASD 
for comorbid GI disturbances.

Motility of the SERT Ala56 bowel was impaired both in vivo 
(slowed GI transit time and colonic transit) and in vitro (decreased 
velocity, frequency, and length of conduction of CMMCs). 
Because CMMCs, which are ENS-dependent, were defective 
in isolated preparations of SERT Ala56 bowel, the motor abnor-

control animals (14.7 ± 00.3, n = 31 crypts; P < 0.001). Similarly, 
in the colon, the mean number of Ki67-immunoreactive cells per 
crypt (12.5 ± 0.3, n = 80 crypts) of fluoxetine-treated mice was 
significantly greater than that of control mice (9.1 ± 0.2, n = 74 
crypts; P < 0.001). These observations support the hypothesis 
that mucosal growth is stunted in SERT Ala56 mice because SERT 
regulation of 5-HT signaling is important for epithelial prolifer-
ation and mucosal maintenance. The effects of SERT inhibition 
during development, moreover, are remarkably persistent, since 
the fluoxetine-treated animals were given at least 6 weeks after 
fluoxetine withdrawal for SERT activity to recover.

Macromolecular permeability was investigated to determine 
how the alterations in mucosal maintenance observed in SERT 
Ala56, SERTKO, and fluoxetine-treated mice affected the integ-
rity of mucosal barrier function. Permeability to FITC-dextran in 
SERT Ala56 mice was found to be significantly less than that of 
WT animals (Figure 8H). In contrast, permeability of the mucosa 
of SERTKO (Figure 8I) and fluoxetine-treated mice (Figure 8J) 
was more than that of WT animals. Electron microscopic analysis 
after i.v. injection of HRP failed to reveal a loss of tight junctional 
integrity in any of the mice tested (Supplemental Figure 1).

Transcription of Tph1 and Tph2 is abnormal when SERT activ-
ity is altered in developing bowel. Experiments were carried out to 
determine whether the hyperactive SERT of SERT Ala56 mice or 
its absence in SERTKO animals altered transcription of Tph1 and/
or Tph2. Results with SERTKO mice were compared with those 
obtained with fluoxetine-treated animals to distinguish long-last-
ing developmental effects from the acute consequences of the 
absence of SERT. In the intestines of SERT Ala56 mice, transcripts 
encoding TPH1 and TPH2 were each significantly more abundant 
than in those of WT animals (Supplemental Figure 2A). Interest-
ingly, the relative density of EC cells and that of the entire ente-
roendocrine (EE) cell class were also significantly greater in SERT 
Ala56 than in WT mice (Supplemental Figure 2B). Because the 
majority of enteric TPH1 is located in EC cells, the high level of 
transcripts encoding Tph1 in SERT Ala56 mice is consistent with 
the greater abundance of EC cells in SERT Ala56 animals. In 
contrast, in the small and large intestines of SERTKO mice, tran-
scripts encoding TPH1 and TPH2 were each significantly less 
abundant than in those of WT mice (Supplemental Figure 2C). 
Consistently, the relative density of EC cells and that of the entire 
EE cell class were also significantly lower in SERTKO than in WT 
mice (Supplemental Figure 2D). The effects of the SERT Ala56 
mutation and SERTKO on transcription of Tph1 and Tph2, as well 
as on the relative abundance of EC and total EE cells, were thus 
the reverse of one another. In mice given fluoxetine throughout 
development, transcripts encoding TPH1 were significantly more 
abundant than in WT animals; however, no significant difference 
could be detected between fluoxetine-treated and control mice in 
transcripts encoding TPH2 (Supplemental Figure 2E). The signifi-
cant decreases relative to WT in the EC and total EE cell density 
of fluoxetine-treated mice (Supplemental Figure 2, E and F) were 
similar to those observed in SERTKO animals. It is possible that 
the abundance of transcripts encoding TPH2 was depressed in 
SERTKO mice but not in fluoxetine-treated animals because the 
effect requires an ongoing deficiency of 5-HT inactivation. SERT 
was presumably not inhibited 6 weeks after fluoxetine withdrawal 
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the hypoplastic mucosae of SERT Ala56 mice and greatest in the 
hyperplastic mucosae of SERTKO and fluoxetine-treated mice.

The SERT Ala56 mutation increased the GI expression of each 
of the 5-HT biosynthetic enzymes TPH1 and TPH2. These obser-
vations are consistent with the idea that the decreased availabil-
ity of 5-HT in the SERT Ala56 bowel triggers a feedback increase 
in 5-HT biosynthetic capacity in both EC cells (TPH1) and neu-
rons (TPH2). We also found that EC cells were more abundant 
in SERT Ala56 mice than in WT animals, which may account for 
the increased abundance of transcripts encoding TPH1. Feed-
back through 5-HT availability, however, may not account for the 
increase seen in total EE cells in SERT Ala56 animals, because the 
EE population includes cells that do not produce 5-HT. The dimin-
ished mucosal growth that occurs in SERT Ala56 animals may 
thus lead to an increase in the proportion of cells that differenti-
ate along a neurogenin 3–dependent pathway and acquire an EE 
phenotype (52). In SERTKO mice, transcripts encoding TPH1 and 
TPH2 were each less abundant than in WT animals and the den-
sities of both EC and total EE cells were decreased, a phenotype 
opposite to that seen in SERT Ala56 animals. These observations 
are consistent both with a feedback decrease in 5-HT biosynthesis 
due to enhanced 5-HT bioavailability in the absence of SERT and 
with a diminished acquisition of the EE phenotype when mucosal 
growth speeds up. The decrease in transcripts encoding TPH1 was 
mimicked in fluoxetine-treated mice, as was the decreased den-
sity of EC and total EE cells. Fluoxetine-treated mice, however, 
did not exhibit the decrease in abundance of transcripts encoding 
TPH2 that was seen in SERTKO animals; therefore, reduced TPH2 
expression probably reflects the ongoing enhanced 5-HT bioavail-
ability associated with SERT deletion. The mucosal effects of 
fluoxetine treatment, on the other hand, outlasted the period of 
acute SERT inhibition and are likely to be due to the rearranged 
ENS in these animals.

The GI impact of developmental administration of a SERT 
inhibitor persisted into adult life, long after the inhibitor was 
withdrawn. Depression occurs in up to 23% of pregnant women, 
and SERT inhibition is a common feature of most antidepressants 
used to treat it (15). Selective serotonin reuptake inhibitor (SSRI) 
use during pregnancy has been linked to a 2-fold increase in con-
genital defects (53). Children exposed to SSRIs or tricyclic antide-
pressants in utero were found to be 10-fold more likely to require 
laxatives for constipation, which is consistent with the idea that 
antenatal SERT inhibition disturbs ENS development and leads to 
persistent defects in GI motility (54). The ENS contributes to many 
GI disorders in adults, including irritable bowel syndrome (55) 
and inflammatory bowel disease (23, 56). Given the importance of 
5-HT signaling to ENS development and the long-lasting effects of 
fluoxetine treatment on sympathetic output, further investigation 
is probably warranted of the administration to pregnant or lactat-
ing women of antidepressants that affect SERT or 5-HT function.

ASD is severe in its prevalence, impact, and costs to society. 
Symptoms, more than etiology, define the syndrome; neverthe-
less, peripheral abnormalities, such as GI dysfunction (2), also 
occur. The complexity of the genetic contributions to ASD (57) 
encourages efforts to identify biomarkers, such as hyperserotone-
mia (4, 5), for convergent pathways to account for the pathophys-
iology. Because platelets acquire their 5-HT from the GI tract (3), 

mality is an intrinsic property of the ENS. This consideration is 
important because a global defect in SERT affects the CNS and 
well as the ENS. In both SERTKO and fluoxetine-treated mice, 
for example, the absence or inhibition of SERT during develop-
ment was found to enhance sympathetic activity, which slowed 
GI motility in vivo. Both the ENS hypoplasia of SERT Ala56 mice 
and the hyperplasia seen in SERTKO and fluoxetine-treated ani-
mals thus have functional consequences.

Two subtypes of 5-HT receptor have been linked to 5-HT–pro-
moted enteric neurogenesis, 5-HT2B (49) and 5-HT4 (32). Agonists 
of each promote enteric neurogenesis; moreover, postnatal enteric 
neurogenesis is defective when 5-HT4 receptors are deleted (32). 
To test the hypothesis that 5-HT4 receptors are critical in medi-
ating the enteric neurodevelopmental actions of 5-HT, we deter-
mined whether a 5-HT4 agonist, prucalopride (34), prevents the 
development of the SERT Ala56 ENS phenotype. Because pruca-
lopride is not a substrate for SERT, its signaling should not be ter-
minated prematurely, like that of 5-HT, by an overly active SERT. 
Prucalopride did, in fact, overcome the SERT Ala56 abnormal-
ity, preventing the ENS hypoplasia, deficiencies of late-develop-
ing neurons, the slowing of GI transit in vivo, and the defects in 
CMMCs that occur in vitro. Systemic agonist administration to 
dams precludes an absolute conclusion that the actions of prucalo-
pride derive from direct stimulation of enteric neurogenesis in off-
spring, though this seems likely and is consistent with the known 
receptor contributions to developing enteric neurons. Regardless, 
the striking ability of prucalopride to prevent SERT Ala56–associ-
ated ENS neuronal hypoplasia and its consequences supports the 
idea that SERT and 5-HT4 receptors play important roles in 5-HT–
promoted neurogenesis and also supports the overall hypothe-
sis that the defects seen in SERT Ala56 mice are, in fact, due to 
the premature clearance of endogenous 5-HT by the hyperactive 
SERT variant these animals express.

SERT has previously been shown to play a critical role in 
regulating the proliferation of crypt epithelial cells and mucosal 
maintenance (33). Serotonergic neurons, however, are restricted 
to the myenteric plexus and do not directly innervate the mucosa 
(50, 51); instead, myenteric serotonergic neurons innervate sub-
mucosal cholinergic neurons that provide a muscarinic input to 
the mucosa, which in turn stimulates epithelial proliferation and 
the growth of villi and crypts (33). Genetic deletion of SERT thus 
enhances the action of 5-HT at submucosal synapses, which indi-
rectly increases villus height, crypt depth, and crypt epithelial 
proliferation. Conversely, the enhanced 5-HT clearance of SERT 
Ala56 mice leads to a reduction in villus height and crypt depth and 
causes the proliferation of crypt epithelium to be abnormally slow. 
The enhanced mucosal growth observed in fluoxetine-treated 
mice, which resembled that seen in SERTKO animals, reveals that 
a critical period exists for SERT’s contribution to mucosal growth. 
SERT inhibition has long-term consequences even when, as in 
fluoxetine-treated mice, it is restricted to development. We pro-
pose that ENS hypoplasia due to enhanced SERT activity during 
development impairs mucosal maintenance during later life and 
suggest that mucosal maintenance is sustained by ongoing neu-
ronal 5-HT signaling. It is also interesting that mucosal permeabil-
ity to macromolecules appeared to be a direct function of mucosal 
growth. For example, macromolecular permeability was lowest in 

https://www.jci.org
https://www.jci.org
https://www.jci.org/126/6


The Journal of Clinical Investigation   R e s e a R c h  a R t i c l e

2 2 3 3jci.org   Volume 126   Number 6   June 2016

GI motility. Colonic motility was measured as the time required to 
expel a 3 mm glass bead inserted 2 cm into the rectum (69). Total GI 
transit time was estimated as the time required for a nonabsorbable 
dye (carmine red) to appear in stool after its gavage into the stomach 
(70). Gastric emptying and small bowel transit were evaluated follow-
ing the gavage of rhodamine B dextran in methylcellulose. The gut was 
removed 15 minutes after gavage, and the percentage of dye remain-
ing in the stomach as well as the geometric center of the rhodamine B 
dextran in the intestine was determined (71). Video imaging was used 
to analyze CMMCs in isolated colon (72, 73). Internal pressure was 
raised to initiate CMMCs, and spatiotemporal maps of colon diame-
ter as a function of time were constructed. CMMC frequency, velocity, 
and length of conduction were measured (74, 75). See Supplemental 
Methods for further details.

Quantitation of transcripts. Methods used to extract RNA, reverse- 
transcribe it to DNA, and quantify transcript abundance with real-time 
PCR have been described previously (22, 23) and are detailed in Supple-
mental Methods. Transcript expression was normalized to that of glyc-
eraldehyde-3-phosphate dehydrogenase (Gapdh).

In vivo permeability. The absorption of FITC-dextran (4.4 kDa; 
22 mg/ml in PBS; Sigma-Aldrich) was evaluated by measurement of 
its concentration in blood (fluorescence at 520 nm) after gavage (76). 
Submandibular puncture was used to obtain blood (100 μl) 2 and  
5 hours after the administration of FITC-dextran.

Statistics. Student’s unpaired t test and 1-way ANOVA were used, 
respectively, to compare single and multiple means. A P value of less 
than 0.05 was considered significant.

Study approval. Animal studies were approved by the IACUC of 
Columbia University Medical Center.
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the ASD-associated increase in platelet 5-HT links GI dysfunction 
to ASD. The gene encoding SERT (SLC6A4) has been associated 
with both platelet 5-HT content and susceptibility to ASD (58–61). 
The abnormalities of GI function that we have characterized in 
SERT Ala56 mice are also similar to those that occur at high fre-
quency in ASD (2, 62). Our observations thus support the idea that 
a defect in 5-HT–sensitive neurogenic pathways could be a com-
mon feature, describing a novel ASD subtype defined by “reverse 
phenotyping” (63), in which behavioral and enteric abnormalities 
due to abnormal serotonergic signaling underlie the condition. A 
prospective human study will be needed to confirm this sugges-
tion. Interestingly, the 5-HT4 receptor, which prucalopride rescue 
suggests is insufficiently stimulated in SERT Ala56 mice, also 
promotes hippocampal neurogenesis and has been postulated to 
underlie the neurogenesis induced by SSRIs (64). Prucalopride 
and other 5-HT4 agonists were developed for treating chronic con-
stipation and constipation-predominant irritable bowel syndrome 
(34). Whether 5-HT4 agonists might also be helpful therapeutic 
agents for ASD requires further study.

Methods
Animals. C57BL/6 mice were used for studies of Slc6a4 deletion 
(SERTKO) and inhibition during development with fluoxetine. Fluox-
etine (7.5 mg/kg/d) was administered to pregnant dams from E1 (the 
time a mucous plug was detected) through weaning at P21. Animals 
were tested at 6–8 weeks of age. SERT Ala56 mice were generated on a 
129S6 background (12). Experiments were carried out with confirmed 
homozygous WT and SERT Ala56 littermates. The selective 5-HT4 
agonist prucalopride (15 mg/kg; Shire Pharmaceuticals) was given to 
dams daily by gavage. Prucalopride was begun at E1 and was continued 
until P21. Control dams received autoclaved water, also by gavage. The 
E1–P21 period covers most of enteric neurogenesis (37). The effects of 
prucalopride were determined 3–5 weeks after cessation of therapy, 
ensuring that prucalopride itself was no longer present in the animals.

Immunocytochemistry. The immunoreactivities of the neuronal  
marker ANNA-1 (65–68) as well as tyrosine hydroxylase (TH), γ-amino-
butyric acid (GABA), 5-HT, and calcitonin gene–related peptide (CGRP) 
were located to quantify the abundance of total, dopaminergic, 
GABAergic, 5-HT–expressing, and CGRP-expressing enteric neurons. 
Myenteric and submucosal plexuses were examined in whole mounts of 
laminar preparations of the gut wall. Methods used have been described 
previously (22, 23) and are detailed in Supplemental Methods.

Images were obtained with a cooled CCD camera and analyzed 
with computer assistance (Volocity 6.0 software, Improvision/Perkin-
Elmer Life and Analytical Sciences). To count the numbers of labeled 
cells, a computer-controlled motorized stage was used to scan and 
collect images with a ×20 objective covering the entirety of a 10-mm2 
area. Collected images were computer-processed (Volocity 6.0 soft-
ware) to estimate numbers of immunoreactive cells of each type (cells 
per square millimeter of ganglionic area).
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