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SEROTONIN IS A SWORD AND A SHIELD OF THE BOWEL:
SEROTONIN PLAYS OFFENSE AND DEFENSE

MICHAEL D. GERSHON, MD

ABSTRACT

The gut contains the bulk of the body’s serotonin (5-hydroxytryptamine,
5-HT); nevertheless, the physiological role that enteric 5-HT plays has not
been determined. 5-HT is linked to gastrointestinal (GI) motility; in-
creased intraluminal pressure causes enterochromaffin (EC) cells to se-
crete 5-HT, which stimulates intrinsic primary afferent neurons that
initiate peristaltic reflexes. 5-HT is also an enteric neurotransmitter.
Surprisingly, deletion of tryptophan hydroxylase-1 (TPH1), upon which
5-HT biosynthesis in EC cells depends, does not alter constitutive GI
motility, whereas deletion of TPH2, upon which biosynthesis of neuronal
5-HT depends, slows intestinal transit and accelerates gastric emptying.
TPH1 deletion, however, protects mice from experimental inflammation;
5-HT potentiation and TPH2 deletion each make inflammation more se-
vere. Neuronal 5-HT is neuroprotective and recruits stem cells to give rise to
new enteric neurons in adult mice. Mucosal 5-HT, therefore, may mobilize
inflammatory effectors, which protect the gut from invasion, whereas neu-
ronal 5-HT shields enteric neurons from inflammatory damage.

INTRODUCTION

The gut contains far more serotonin (5-hydroxytryptamine; 5-HT)
than does any other organ of the body (1). Although brain 5-HT has
received much more attention than that in the bowel because of its
seeming involvement in everything that makes life worthwhile, it is
reasonable to assume that the massive enteric pool of 5-HT evolved for
a purpose. Exactly what that purpose is, however, is still not entirely
clear. This uncertainty does not reflect a lack of actions of 5-HT on the gut.
In fact, it can be said that no pharmacologist ever went broke throwing
5-HT at the bowel. 5-HT does many things to the gut when applied in vitro
or in vivo because almost all of the many subtypes of 5-HT receptor are
expressed in the gut (1-3). The problem with determining which of the

Correspondence and reprint requests: Michael D. Gershon, MD, Department of Pathology
and Cell Biology, Columbia University, P&S, 630 West 168" Street, New York, NY 10032, Tel:
212-305-3447, Fax: 212-305-3970, E-mail: mdg4@columbia.edu

Potential Conflicts of Interest: None disclosed.

268



5-HT: ENTERIC INFLAMMATION AND NEUROPROTECTION 269

many actions of applied 5-HT are physiologically significant is that the
application of exogenous 5-HT, or even the experimental evocation of the
release of endogenous 5-HT, reveals what 5-HT can or might do in the gut,
not what 5-HT actually does under physiological circumstances. Recent
observations allowing identification of some of the functions that actually
are 5-HT-dependent have been surprising.

5-HT BIOSYNTHESIS IN THE GUT

To comprehend recent discoveries concerning the roles that 5-HT
plays in the drama of enteric behavior, it is first necessary to under-
stand that there are two quite different 5-HT depots (1). 5-HT biosyn-
thesis depends on an initial conversion of the amino acid L-tryptophan
to 5-hydroxytryptophan, which the rate-limiting enzyme, tryptophan
hydroxylase (TPH) mediates. A second, highly ubiquitous enzyme,
aromatic L-amino acid decarboxylase, then rapidly converts 5-hy-
droxytryptophan to 5-HT. There are, however, two TPH molecules that
are separate gene products. In one enteric 5-HT depot, 5-HT biosyn-
thesis depends on tryptophan hydroxylase 1 (TPH1), whereas in the
other, 5-HT biosynthesis depends on tryptophan hydroxylase 2
(TPH2). TPH1 is present in the enterochromaffin (EC) cells of the
mucosal epithelium (Figure 1) and in mast cells (of mice and rats)
(4—6), whereas TPH2 is located in neurons of the central (CNS) (7, 8)
and enteric (ENS) nervous systems (Figure 1) (4, 9). As a result, TPH1
deletion (TPH1KO) does not alter the content of 5-HT in the brain,
but reduces that in the gut to ~2% of control. In contrast, deletion of
TPH2 (TPH2KO) virtually eliminates brain 5-HT, but hardly alters
the total 5-HT content of the gut at all. This is because the EC cell
pool of 5-HT dwarfs that in enteric neurons (1). Mucosal 5-HT,

Fic. 1. TPH2 immunoreactivity (red) is present in neurons of the myenteric plexus
of the mouse intestine. Antibodies to HuC/D (blue) are used as a neuronal marker and
reveal the cell bodies of all neurons. Double label immunoreactivity demonstrates both
antigens in the same sections. Left panel: TPH2 immunoreactivity. Center panel: HuC/D
immunoreactivity. Right panel: Merged image. Note that TPH2 is found in 2 neurons
(arrows) but not in all and that it also extends into varicose axons running in intergan-
glionic connectives (arrowheads). The marker = 25 um.
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moreover, does not reach or act directly on myenteric neurons
(Figure 2) (10, 11). The two 5-HT compartments are kept apart (12).
Most myenteric neurons, nevertheless, are 5-HT-responsive (13-15)
and 5-HT is an enteric neurotransmitter (of myenteric interneurons)
(1, 9, 16). The disparity in the sizes of the two 5-HT compartments
creates a temptation to ignore enteric neuronal 5-HT; however, the size
of a package does not necessarily determine its importance. Both 5-HT
depots, moreover, are endowed with the critical molecule that inacti-
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Fic. 2. A cartoon showing the layers of the bowel wall and the cells thought to be
active in mediating the peristaltic reflex. Increased intraluminal pressure initiates the
secretion of 5-HT from EC cells in the epithelium of the intestinal mucosa. 5-HT
stimulates the mucosal projections of intrinsic primary afferent neurons (IPANs). Al-
though these cells are found in both the submucosal and myenteric plexuses, only a
submucosal IPAN is shown. IPANs activate ascending and descending interneurons,
which in turn stimulate orad excitatory and distal inhibitory motor neurons, respec-
tively. The interneurons enable the peristaltic reflex to manifest ascending excitation
and descending inhibition of smooth muscle. Excitatory motor neurons use acetylcholine
(ACh) and/or a tachykin to trigger contraction of the circular muscle, whereas inhibitory
motorneurons use NO and/or a purine (3-NAD or ATP) to evoke muscle relaxation. Most
interneurons are cholinergic and activate nicotinic receptors; however, 5-HT is also a
transmitter of descending myenteric interneurons.
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vates free 5-HT after it has stimulated its receptors. The plasmalem-
mal serotonin transporter (SERT) is expressed both in the ENS (17) and
in enterocytes of the intestinal mucosa (18—21); inhibition of SERT or its
genetic deletion (SERTKO) thus potentiates mucosal and neural actions
of 5-HT (22-26).

FUNCTIONS OF THE TWO ENTERIC 5-HT DEPOTS

The availability of TPH1KO, TPH2KO, and double knockout (TPH1/
2dKO) mice makes it possible to investigate the functions of the two
enteric 5-HT depots (3). TPH1KO animals lack mucosal 5-HT but
retain neuronal, TPH2KO mice lack neuronal 5-HT but retain muco-
sal, whereas 5-HT1/2dKO animals, which are very irritable, have no
5-HT at all. We have studied parameters of GI motility, inflammation,
and ENS development in each of these mice. We expected that the
peristaltic reflex and propulsive motility would be deficient in
TPH1KO mice. Those expectations were based on the evidence that
pressure and chemical stimuli release 5-HT from EC cells, which then
activates peristaltic reflexes (23, 27-31). The idea, illustrated in Fig-
ure 2, is that stimulated EC cells secrete 5-HT that acts on the
mucosal projections of intrinsic primary afferent neurons (IPANs)
(27). These cells, in turn, synapse with ascending and descending
interneurons, which finally activate, respectively, excitatory (cholin-
ergic/neurokinin-containing) and inhibitory (nitrergic/purinergic)
motor neurons that are responsible for the oral contraction and anal
relaxation of the peristaltic reflex (1, 32). The peristaltic reflex
increases propulsion of luminal contents. The reflex has been known
since Bayliss and Starling, at the end of the nineteenth century, first
described that behavior of the bowel, termed it the “law of the
intestine,” and attributed the activity to the “local nervous mecha-
nism” of the gut (33-35). Bayliss and Starling made this attribution
because they found that elevated intraluminal pressure would evoke
a reproducible oral contraction and anal relaxation of a dog’s intes-
tine in vivo, even when they cut all of the intestine’s extrinsic
innervation. Trendelenburg, in 1917, changed the name of the phe-
nomenon from Bayliss and Starling’s awe-inspiring “law of the in-
testine” to the more prosaic “peristaltic reflex” and demonstrated
that it can be evoked in vitro (a condition in which the brain, spinal
cord, and sensory ganglia are all absent) (36). That demonstration
leaves little doubt that Bayliss and Starling had been correct in their
attribution of the peristaltic reflex to the “local nervous mechanism”
of the gut, which is now called the ENS.
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The early work on the peristaltic reflex was popularly linked to 5-HT
as a result of a pioneering series of experiments that Bulbing et al.
performed with isolated preparations of guinea pig ileum (10, 30,
37-39). These experiments linked 5-HT, seemingly inextricably, to the
peristaltic reflex and the stimulation of intestinal propulsion (Figure
2). Carcinoid tumors, moreover, which are derived from EC cells and
secrete copious amounts of 5-HT, are also associated with severe diar-
rhea and enhanced peristaltic activity (40). Some of the same stimuli
that cause EC cells to secrete 5-HT activate carcinoid tumor cells to do
the same (41). 5-HT; receptor antagonists oppose carcinoid diarrhea
(42), supporting the idea that mucosal 5-HT secretion promotes motil-
ity. 5-HT, agonists, furthermore, are prokinetic (43) and were useful in
the treatment of chronic constipation and non-diarrhea—predominant
irritable bowel syndrome (IBS) before they were removed from the
market for safety reasons that were unrelated to mimicry of responses
of the gut to 5-HT (44, 45). It therefore came as a surprise when we
discovered that total gastrointestinal transit time (GIT), gastric emp-
tying, small bowel transit, and colonic motility were unchanged in
TPH1KO mice (Figure 3) (3). Those observations suggest that if mu-
cosal and mast cell stores of 5-HT are empty, the constitutive motility
of the bowel is not different from that in mice in which these stores are
full.

DEPENDENCE OF GI MOTILITY ON NEURONAL 5-HT

In contrast to GI motility in TPH1KO mice, motility in TPH2KO
animals is strikingly abnormal (Figure 3) (3). Gastric emptying accel-
erates significantly in TPH2KO mice, but small bowel and colonic
motility slows so substantially that the net effect is that GIT is signif-
icantly longer in TPH2KO mice than in their wild-type (WT) litter-
mates. Motility in TPH1/2dKO mice is not significantly different from
that of TPH2KO animals. Our observations that GIT, small bowel
transit, and colonic motility are abnormally slow in TPH2KO mice are
consistent with prior suggestions that 5-HT mediates propagating
contractile complexes (9), as well as slow (46—48) and fast excitatory
synaptic transmission (13). The seemingly paradoxical acceleration of
gastric emptying in TPH2KO and TPH1/2dKO mice is consistent with
prior reports that 5-HT participates in vagal inhibition of the stomach
(49) and that gastric emptying accelerates when 5-HT;p receptors are
antagonized (50). These data support the hypothesis that 5-HT func-
tions in vagal gastric accommodation reflexes (51); furthermore, 5-HT
agonists (52) and fenfluramine, which releases endogenous 5-HT (53,



5-HT: ENTERIC INFLAMMATION AND NEUROPROTECTION 273

é ns p<0.05 p<0.01 Bg ns p<0.05 p<0.01
1209 — — —
g 53 110
2 2
= > 100
a E 90
[
£ o
— E 80 ]
WT KO WT KO WT KO WT KO WT KO WT KO
TPH1 TPH2 TPH1/2 TPH1 TPH2 TPH1/2
q ns p<0.05 p<0.01 ns p<0.01 p<0.01
E 1409 — — — E 3009 — — —
S 2
g " z
5 =
o ]
) =
E )
E 5
S 3
3 [3)

WT KO WT KO WT KO

WT KO WT KO WT KO
TPH1 TPH2 TPH1/2 TPH1 TPH2 TPH1/2

Fic. 3. Total GI transit time, small intestine transit, and colonic motility are
decreased in TPH2KO and TPH1/2dKO mice; however, gastric emptying is accelerated
in the same animals. (A) Carmine red was administered orally and transit time was
considered as the time required for the red color to appear in feces. GI transit time in
TPH1KO, TPH2KO, and TPH1/2dKO mice was compared, respectively, to that of the
wild-type littermates of each of these types of mouse. Total GI transit time was increased
(slower than littermates) in TPH2KO and TPH1/2dKO animals but not in TPH1KO
mice. Total GI transit time in TPH1/2dKO animals was not significantly different from
that in TPH2KO mice. (B) Gastric emptying was measured after rhodamine dextran
gavage. The proportion of gavaged rhodamine dextran emptying from the stomach in 15
minutes was compared in TPH1KO, TPH2KO, and TPH1/2dKO mice and their respec-
tive wild-type littermates. Gastric contents emptied to a greater extent in TPH2KO and
TPH1/2dKO, but not in TPH1KO, animals than in their littermates. Gastric emptying in
TPH1/2dKO animals was not significantly different from that in TPH2KO mice. (C)
Small intestinal transit was evaluated as the geometric center of rhodamine dextran in
the small bowel. Geometric centers of 1 to 10 represent slow to fast small intestine
transit. Small intestinal transit was significantly slower in TPH2KO and TPH1/2dKO
but not in TPH1KO animals than in their respective wild-type littermates. Small
intestinal transit in TPH1/2dKO animals was not significantly different from that in
TPH2KO mice. D. Colonic motility was estimated as the time for expulsion of a glass
bead pushed into the rectum a distance of 2 ecm from the anal verge. This time was
significantly greater (slower motility) in TPH2KO and TPH1/2dKO but not in TPH1KO
animals than in their respective wild-type littermates. Expulsion time in TPH1/2dKO
mice was not significantly different from that in TPH2KO mice. (ns = not significant.)
(From Li et al. [3].)
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54), each retard gastric emptying. These observations suggest that
neuronal 5-HT excites gastric inhibitory neurons, which promote ac-
commodation and delay gastric emptying.

The most parsimonious explanations of data from TPH1KO and
TPH2KO mice are that the large amount of 5-HT in EC cells does not
affect constitutive motility of the bowel whereas the small amount of
neuronal 5-HT not only does so but is indispensable (3). It is, of course,
possible, even likely, that situations arise that are not applicable to the
unstressed gut of mice living in Institutional Animal Care and Use
Committee—approved animal quarters, in which 5-HT from EC cells is
mobilized to alter transit and other functions of the bowel. It is also
possible that the very large amount of 5-HT in EC cells serves purposes
that are not related to GI motility. A caveat about the effects of an
absence of neuronal 5-HT is that we have discovered that neuronal
5-HT is a growth factor for neurons of the ENS as well as a neurotrans-
mitter (565). The total numbers of enteric neurons, as well as specific
subsets expressing gamma-aminobutyric acid, NO, and calcitonin
gene-related peptide (CGRP), are significantly reduced in the ENS of
TPH2KO mice; moreover, dopaminergic neurons are virtually absent
in the TPH2KO bowel (Figure 4) (3). 5-HT also promotes development
of dopaminergic neurons when added to cultures of isolated enteric
neural crest-derived precursors. Specific metabolites of dopamine, in-
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Fic. 4. Dopamine is depleted in the intestines but not in the brains of mice lacking
TPH2. Levels are shown for TPH1/2dKO animals and their wild-type littermates;
however, the level of dopamine in the gut of TPH1KO mice is not significantly different
from that of wild-type animals. The levels of dopamine in the bowel of TPH2KO mice are
not significantly different from those of the TPH1/2dKO mice that are shown.
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cluding dihydroxyphenylactic acid (DOPAC) and homovanillic acid
(HVA), furthermore, are increased in SERTKO mice, suggesting that
dopaminergic neurons receive a serotonergic innervation and depend
on it for development and/or survival. The ENS of TPH2KO mice is
therefore deficient in more properties than just its content of 5-HT,
which complicates explanations of the abnormal motility of the
TPH2KO intestine. Slow motility could as easily be due to an inade-
quate number of enteric neurons as to the absence of serotonergic
neurotransmission.

5-HT AND INTESTINAL INFLAMMATION

One purpose, other than triggering peristaltic reflexes, that is served
by mucosal 5-HT appears to be to promote intestinal inflammation.
Experimentally induced colitis is less severe in TPH1KO mice than in
their WT littermates (6). Amplifying the action of 5-HT exerts the
opposite effect and makes colitis more severe than in the respective WT
littermates (56). Amplification of the effects of 5-HT was studied in
SERTKO mice, which lack a high affinity mechanism to take up
extracellular 5-HT. In SERTKO animals, the inactivation of released
5-HT is compromised. Enterocytes express SERT (19, 20), which re-
moves 5-HT from extracellular fluid and thus helps to terminate the
actions of mucosal 5-HT. Serotonergic neurons also express SERT,;
however, neuronal 5-HT is not pro-inflammatory, but anti-inflamma-
tory. The severity of colitis is more severe in TPH2KO mice than in WT
controls. We found, for example, that the mortality in TPH2KO mice
due to dextran sodium sulfate—induced (DSS; 5% in drinking water for
7 days) colitis, was ~ 80%, whereas that in WT littermates was only
~20%; P <0.05; Fisher’s exact test); moreover, the clinical scores, a
quantitative evaluation of the severity of colitis, were approximately
twice as great in TPH2KO mice subjected to DSS-induced colitis than
in WT littermates (P <0.05) and the colonic levels of the pro-inflam-
matory cytokines, interleukin-13, interleukin-6, and tumor necrosis
factor-a were all significantly higher in TPH2KO than WT mice
(P <0.05). Promotion of inflammation by the deletion of neuronal 5-HT
in TPH2KO mice could be related to the slowing of intestinal motility
in those animals; however, because we have found that 5-HT is neu-
roprotective, inflammation-induced neuronal damage (57) may exac-
erbate the effects of inflammation in TPH2KO mice. Inflammation of
the bowel is certainly counterproductive when it occurs abnormally in
individuals with inflammatory bowel disease (IBD) (58); however, it
also might be beneficial in helping to prevent or counter microbial
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invasion (59). Inflammation, even when needed to fight infection, can
be damaging to enteric neurons (57); thus, a means of protecting the
ENS from the destructive force of inflammation would be useful. Neu-
ronal 5-HT may do this.

5-HT AND NEUROGENESIS IN INTESTINES OF ADULT
MICE

The post-natal growth of the ENS from infancy to maturity de-
pends on the addition of new neurons from a retained population of
neural crest-derived stem cells (60). This accretion of neurons does
not occur when 5-HT, receptors are deleted (5-HTKO). Stimulation
of 5-HT, receptors also protects enteric neurons from apoptotic
death, which occurs when enteric neurons are isolated, and inhibits
inflammation-induced axon terminal degeneration and autophagy
(60). 5-HT, stimulation, moreover, mobilizes adult stem cells to form
new neurons that might replace neurons damaged or killed by in-
flammation. One source of such cells is an extraganglionic niche that
contains inactive stem cells. 5-HT, stimulation induces these cells to
proliferate, then withdraw from the cell cycle and ultimately turn
into new neurons that migrate to and become integrated into intes-
tinal ganglia. More recent studies have shown that new enteric
neurons can also arise from glial precursors in the adult ENS, at
least in vitro (61, 62); however, the experiments that suggest that
glia can give rise to neurons have used culture conditions that
include the use of enriched media, which contain 5-HT. It is thus
conceivable that 5-HT stimulates glia, as well as extraganglionic
stem cells, to undergo neurogenesis (63).

CONCLUSIONS

Observations made in TPH1KO, TPH2KO, SERTKO, and 5-HT,KO
mice are consistent with the ideas that 5-HT is both a sword and a
shield of the gut. Mucosal 5-HT wields the sword. EC cells secrete 5-HT
when the bowel is threatened. This release of 5-HT promotes an
inflammatory offensive that protects against invasion but would cause
collateral damage if the ENS were not to be protected. Neuronal 5-HT
wields the shield because it is neuroprotective and it can activate
5-HT, receptors to induce neurogenesis. Thus, the two sources of 5-HT
exert effects that are seemingly antagonistic, but in reality they are
synergistic and allow the gut to have its inflammation and survive it
too.
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DISCUSSION

Zeidel, Boston: Wonderful talk. I want to ask a question in a somewhat related
organ, at least topologically, and that’s the bladder because there we have an epithelium
which is highly specialized. We have a muscle layer underneath and we have lots of
innervation. What’s interesting is that the motility stimuli are coming from here and not
from stretch of the muscle wall from what you are saying and we have recently developed
evidence that if you do an epithelial-specific knockout of an integrin in the urothelium
that you, in fact, disrupt normal accommodation reflexes in the bladder, and so there
seem to be a lot of similarities. It also appears that if you block serotonin activities of the
neurons, you can reduce inflammation. The question I have is: when the bowel wall gets
infected, is the stimulus coming from the wall itself to bring in the inflammatory
mediators because in the bladder the cells get infected and they get full of the E. coli and
then they release various factors? We don’t know which exactly then cause inflammatory
response, so what is the process of that in the bowel? I think we need to do a lot more
analogizing between the two tissues.

Gershon, New York: Well, there is a difference between the nervous system of the
bladder and the enteric nervous system. That is that in the bladder the critical factors
are reflexes that go through the spinal cord, whereas in the enteric nervous system, the
critical reflexes are intrinsic. Also, the way it seems to be affecting our postulate is that
in the gut, particularly the EC cells have toll-like receptor 4 and toll-like receptor 5 on
their surfaces; therefore, the part of the cell that actually projects into the lumen may be
sensitive to bacteria. EC cells may thus be able to sense early threats and serotonin,
which promotes inflammation, probably by activating dendritic cells. So, that’s a muco-
sal effect. Now, there are other effects as well. I mean, if bacteria get beyond the
epithelium, then all bets are off in terms of the sequelae.

Zeidel, Boston: And just how do the EC cells sense pressure or stretch? Do we know?

Gershon, New York: How does it?

Zeidel, Boston: Yeah.

Gershon, New York: We don’t know for sure. It is known that if you put pressure on
the cells, they depolarize, but other than that I don’t know.



