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The concept 
of the 
enteric 

innervation 
has 

changed.

• Peristaltic and 
secretory refexes 
are mediated by 
the ENS.

• The ENS and CNS 
communicate with 
one another



The ENS allows the bowel 
to be self-governing

• The gut is unique in that it can control its own behavior.  
Neuronally regulated propulsion can thus occur in the total 
absence of input from the CNS.

Intrinsic circuitry in action Intrinsic circuitry out of action
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The labor of integrative 
function is divided between 

the 2 brains 

The brain in the head deals with the finer things in life, religion, 
poetry, and philosophy, while the brain in the gut deals with the 
messy, greasy, dirty business of digestion. 



An intact ENS is essential

• Aganglionosis causes intestinal pseudoobstruction

– Bowel dilates proximal to aganglionic segments.

• Chagas disease is a cause of acquired aganglionosis.



For 5-HT, the gut is “the big 
enchilada”

• Quantitatively, the brain is a small afterthought (3%) of 
evolution.

• Platelets contain spill-over 5-HT from the bowel.
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Enteric 5-HT is stored in 
EC cells and enteric  

neurons

• EC cells secrete 5-HT in gut 

wall

– Activates IPANs and initiates 

reflexes.

• 5-HT is a neurotransmitter of 

descending myenteric 

interneurons
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EC cells secrete 5-HT 
stimulates IPANs       SERT 

inactivates 5-HT
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5-HT is thought to be 
released from pressure-
stimulated EC cells to 
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TPH2KO alters constitutive GI 
motility but TPH1KO does not

Total GI Transit Time Gastric Emptying

Small Intestinal Transit Colonic Motility

TPH2KO
slows

TPH2KO
speeds

TPH2KO
slows

TPH2KO
slows



The TPH1KO colon is 
abnormal

• The TPH1KO 

colon is 

distended and 

elongated.

• Fecal pellets 

are fewer but 

bigger and 

heavier.



Mucosal refexes are absent in 
TPH1KO mice

• Although stretch and elongation elicit contractions, 
mucosal stroking is without effect.



5-HT inactivation is SERT-
dependent

Increases in SERT activity will thus 
decrease efects of 5-HT; deletion of 

SERT will increase efects of 5-HT 

5-HTSER
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High Colonics
Tales of a Molecular Yenta



The G56A mutation in SERT was 
expressed in a transgenic mouse 

line• GI symptoms are common in autistic spectrum disorder 
(ASD).
– Odds ratio of 4.42 (95% CI, 1.90–10.28)*

• G56A is the most common gain-of-function SERT coding 
variant in ASD.
– Enhanced 5-HT clearance

– Hyperserotonemia (increased platelet 5-HT)

• Accompanying brain/behavioral abnormalities
• Altered basal firing of serotonergic raphe neurons
• 5HT1A and 5HT2A receptor hypersensitivity
• Autism-like altered social function*McElhanon et al Pediatrics 2014;133;872



Total GI transit and colonic motility 
are slower in G56A than in WT mice

• Ability of 

exogenous 5-HT to 

accelerate small 

intestinal  transit is 

also  blunted in 

G56A mice



CMMCs are abnormal in the 
isolated G56A colon

• CMMC frequency, velocity, and contraction length are all less in 

G56A than in WT colon.

• ENS regulation of peristaltic  activity  is defective in G56A mice.



Myenteric neurons are deficient 
in G56A mice

G56A
G56A

G56A G56A

G56A G56A



Submucosal 
neurons are 

deficient in G56A 
(SuperSERT) 

mice
• Total neurons

– HuC/D
• Late born neurons

– CGRP and TH

G56A



Depletion of neuronal 5-HT decreases 
total + dopaminergic enteric neurons

• TPH2KO and 

TPH1/2KO decrease 

Hu+ neurons and 

TH+ neurons.

– Decrease in TH+ >> 

decrease in Hu+ 

neurons.

• Some neurons 

depend on neuronal 

5-HT but others do 

not.

                            TPH2KO                                                                              TPH1/2 double KO



SERT inhibition during 
development causes ENS 

hyperplasia

• Numbers of total and late-born neurons are 

increased in mice given fuoxetine from gestation 

through weaning.



CMMC frequency, velocity, and duration 
are increased in fuoxetine-treated mice

• Effects are the opposite of those seen in G56A 

mice.



The ENS is hyperplastic in 
SERTKO mice 

• Hyperplasia is selective for late-born neurons and is similar 
to that seen in mice given fuoxetine from gestation 
through weaning.

Total neurons                               CGRP                                    TH                 



Neurons do not proliferate and 
must survive for long periods of 

time

• Neurons must be protected from:

– External force and deformation

• Brain has skull and CSF: ENS has only soft tissue

– Luminal pathogens and toxins also threaten ENS



The ENS is a dynamic 
participant in its own 

protection• The ENS regulates immunity and infammation.

– Neuronal hypoplasia decreases and hyperplasia 

increases severity of infammation.

• The ENS promotes growth of the intestinal 

epithelium and thus barrier function.

– 5-HT + acetylcholine.

• Enteric neurotransmitters exert protective 

effects.

– 5-HT

• Enteric neurotransmitters promote neurogenesis.

– 5-HT 



5-HT is a determinant of the severity of 
intestinal infammation

• SERTKO (potentiates 5-
HT)
– Increases the severity 

of TNBS-, DSS-, and 
IL10KO-induced colitis.

• TPH1KO (depletes 
mucosal 5-HT)
– Protects mice from 

TNBS- and DSS-
induced colitis Ghia et al.

• TPH2KO (depletes 
neuronal 5-HT)
– Increases the severity 

of TNBS-, DSS-
induced colitis.

WT 
TNBS
colitis

SERT 
KO

TNBS
colitis

       Gross                Swiss roll            submucosa

These observations support the idea 
that mucosal 5-HT is pro-
infammatory while neuronal 5-HT 
is anti-infammatory.



Depletion 
of mucosal 

5-HT 
protects 

mice from 
TNBS colitis

• LP-920540 (from Lexicon 
Genetics) is a TPH 
inhibitor.

– LP-920540 does not cross 
the blood-brain barrier.

– Oral administration it 
selectively depletes 
mucosal 5-HT.

*
* *

*

*

*

*

*

*
*

*

*<p.05
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Neuronal 5-HT depletion 
(TPH2KO) increases severity of 

DSS-colitis 
Clincal Score

Histology

Pro-infammatory 
Cytokines



TNBS-induced colitis is less severe in 
G56A than in WT mice

Lethality                                                

Clinical scores                                             

Cytokines



Extra-enteric immune responses 
are similar in G56A and WT mice

• Delayed hypersensitivity was 

assessed in the ear with 

DNFB.

– Ear thickness measured in the 

treated vs the control ear.

– Transcripts encoding IL1b and 

TNFa measured in the treated 

vx the control ear.

Ear Thickness                                             Transcripts           
                                  

IL1b

TNFa



Bacterial load, SIBO, and 
invasion in G56A >> WT mice

• DNA encoding ribosomal 16s RNA was used to 
quantify bacterial load.
– Measured in ileum and proximal colon.  Ileal r16s RNA was 

normalized as % colon.

– Measured also in stool.

Small Intestine        Mesenteric nodes                         Stool 



SERTKO (or SSRIs) increase villus 
height, crypt depth, and crypt 

cell proliferation
WT         SERTKO      WT   SERTKO



5-HT and ACh regulate 
mucosal growth in WT and 

SERTKO miceThe effects of SERTKO on mucosal growth are 
dependent upon neuronal 5-HT.
SERTKO effects are eliminated by TPH2KO 
butnot by TPH1KO.



Villus height, crypt depth, and 
proliferation ¯ in G56A mice 

WT                   G56A Proliferation (Ki67)

Villus 
height
and crypt 
depth

Villi                    Crypts                  Crypts           

WT                   G56A
WT                   G56A



5-HT4 
agonists 

specifically 
decrease 
apoptosis 
in enteric 

neurons in 
vitro

• RS67506 and tegaserod 
are anti-apoptotic.

• Actions are blocked by 
the 5-HT4 antagonist, 
SB204070.



The 5-HT4 agonist, prucalopride 
stimulates enteric neurogenesis 

from ENCDC 
Total Neurons                                                     Dopaminergic Neurons

GABAergic Neurons                                        Calretinin Neurons



Treatment of developing G56A 
mice with a 5-HT4 agonist rescues 

GI motility 
GI Transit                                                         Colonic Motility

CMMC frequency                                          CMMC velocity



5-HT is the sword (EC) and shield 
(ENS) of the bowel

• The large mucosal store of 5-
HT may be used to combat 
danger to the gut.

– TPH1-dependent

– EC cell; mast cell

– Pro-infammatory.

• The small ENS store of 5-HT 
is constitutively active in:

– Motility

– Neuroprotection

– Adult neurogenesis

– Mitigating infammation

Mucosa

ENS

5-HT 5-HT

5-HT



Conclusions
• Enteric 5-HT is a multifunctional signaling molecule.

– Paracrine (defense against invasion)
• EC cell initiation of peristaltic and secretory refex

• Promote infammation

– Endocrine
• Inhibit osteoblast formation/proliferation in bone (5-HT1B-dependent).

• Promote liver regeneration.

• Maternal promotion of cardiopulmonary development.

– Neurocrine
• Neurotransmitter descending myenteric interneurons

• Neuroprotective

• Activate neurogenesis in adults-development of late-born neurons during 
ontogeny
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Bowel resection provokes 
neurogenesis in adult mice

• NestinCreER/EGFP mice were used to detect 

neurogenesis.

– Tamoxifen injected (133 mg/kg) daily for 4 days. 

– Mice were rested for 4 days.

• Mice were subjected to resection of 50% of mid 

small intestine (n= 10) or sham laparotomy (n= 10) 

.

– Euthanized after 3 (n = 5/group) or 5 (n = 5/group) days 

after operation.

0 1 2 3

Sham (5 day) 

Resection (5 day)

Sham (3 day) 

Resection (3 day)

New submucosal neurons (%)

p < 0.02

p < 0.02



Abundance of transcripts 
encoding CGRP is low in ilea of 

G56A mice



Enteric 
neuronal 

hypoplasia in 
mice 

(Hand2+/-) 
decreases the 

severity of 
intestinal 

infammationTNBS Colitis



Enteric 
neuronal 

hypoplasia 
decreases 
cytokine 

expression 
during 

infammatio
n

TNFa CCR5 IFNg

IL1b IL6 TNFa



Enteric neuronal hyperplasia in 
mice (NSE-Nog+/-) increases 

the severity of intestinal 
infammationWT                                         NSE-Nog+/-

Cuprolinic Blue



The 
effects of 

genes that 
alter 

numbers 
of enteric 
neurons 
are gut-
specific

No effect on DNFB-induced 
delayed hypersensitiity in 
the ear 



 TPH1 expression is elevated but 
TPH2 is decreased in G56A mice 

• High TPH1 in G56A mice suggests that 5-HT biosynthesis increases to 
compensate for decreased 5-HT efects; explains G56A hyperserotonemia.

• Low TPH2 suggests compensation, decreasing intraneuronal 5-HT biosynthesis 
to balance uptake and maintain constant  level of neuronal  5-HT.

WT                                           G56A WT                                           G56A



EDU is incorporated into neurons 
and glia in LMMP strips in vitro

EDU Phox2b

NSEEDU/Phox2b



The 5-HT4 agonist, 
prucalopride, stimulates EdU 
incorporation into neurons in 

vitroControl                                                                                                                       Prucalopride



Depletion of neuronal 5-HT 
increases the severity of DSS-

induced colitis* * *
*

*

* *
**

*<p.05



Enteric neurons regulate 
mucosal growth and thus 
intestinal barrier function

• Myenteric serotonergic neurons and 

submucosal cholinergic neurons stimulate 

mucosal growth

– Serotonergic neurons innervate cholinergic 

neurons

– Cholinergic regulation of proliferation of transit 

amplifying cells in intestinal crypts.



• Nestin is an intermediate filament protein that is expressed in 
precursors but not CNS or ENS neurons.

– The nestin promoter can be used to drive Cre expression in neuronal precursors, which 
normally express nestin.

– Cre will excise “foxed” DNA between loxP sites if it is expressed and gains access to the 
DNA in the nucleus.

– CreER is linked to the estrogen receptor and translocates to the nucleus when the 
estrogen receptor is stimulated (tamoxifen).

– In bistransgenic mice a foxed stop signal is excised allowing permanent expression of 
YFP in nestin-expressing precusors when animals are injected with tamoxifen.

• The technique permits lineage tracing.  EGFP-expressing neurons 
found after injection of tamoxifen developed from precursor cells 
that expressed nestin when tamoxifen was injected.

NestinCreER/EGFP mice 
detect enteric neurogenesis



5-HT4 agonist (BIMU-8) 
stimulates enteric neurogenesis 

from ENCDCTotal Neurons                                                     Dopaminergic Neurons

GABAergic Neurons                                        Marker as % control



SERTKO increases apotosis in 
villi
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