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Abstract

Enterochromaffin cells were the first endocrine cells of the gastrointestinal tract to be chemically
distinguished, almost 150 years ago. It is now known that the chromaffin reaction of these cells
was due to their content of the reactive aromatic amine, 5-hydroxytryptamine (5-HT, also known
as serotonin). They have commonly been thought to be a special class of gut endocrine cells
(enteroendocrine cells) that are distinct from the enteroendocrine cells that contain peptide
hormones. The study by Martin et al in the current issue of this journal reveals that the patterns of
expression of nutrient receptors and transporters differ considerably between chromaffin cells of
the mouse duodenum and colon. However, even within regions chromaffin cells differ; in the
duodenum there are chromaffin cells that contain both secretin and 5-HT, cholecystokinin and 5-
HT, and all three of secretin, cholecystokinin and 5-HT. Moreover, the ratios of these different cell
types differ substantially between species. And, in terms of function, 5-HT has many roles,
including in appetite, maotility, fluid secretion, release of digestive enzymes and bone metabolism.
The paper thus emphasizes the need to define the many different classes of enterochromaffin cells
and relate this to their roles.
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5-HT is at the same time one of the most studied and yet the most mysterious of the gut
hormones. It is synthesized by a subtype of gastrointestinal enteroendocrine cells (EEC) that
are referred to as enterochromaffin (EC) cells, which produce about 95% of the body’s 5-HT
and are the most numerous of the gut endocrine cells.! With endocrine cells in the islets of
the pancreas, EEC form the gastro-entero-pancreatic (GEP) group of embryologically-
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related endocrine cells. EC cells are found throughout the gastrointestinal tract, from the
stomach to the rectum. They were first recognized by the binding of chrome salts by
Heidenhain in 1870 and they were named by Ciaccio et al in 1907.2 They have historically
been considered different from peptide hormone containing EEC, 3-° even though 25 years
ago colocalisation of 5-HT with peptide hormones in EEC was reported.5: 7 The separation
of EC cells from other EEC reached its extreme in a recent review in the authoritative
journal, Cell, in which 5-HT is not even listed as a hormone of gastrointestinal endocrine
cells.8 This is clearly wrong. In fact, 5-HT is contained in EEC, released into the circulation,
has a range of important physiological roles, and may contribute to disease states.> °

HETEROGENEITY OF 5-HT ROLES AND CELL TYPES

Amongst the many roles attributed to 5-HT that is released from EC cells (Table 1) are
initiation and/or enhancement of propulsive events in the small intestine and colon,
enhancement of water and electrolyte secretion, exacerbation of inflammatory reactions,
induction of nausea and vomiting in response to ingested toxins, regulation of obesity,
control of pancreatic enzyme secretion, inhibition of bone formation, modulation of appetite,
inhibition of gastric emptying and control of mucosal growth.>: 2 5-HT release is controlled
by luminal chemicals, mechanical stimulation of the mucosa, neurotransmitters, other gut
hormones and by inflammatory mediators.

In this issue of Neurogastroenterology and Motility, Martin et al.1 reveal remarkable
differences in expression levels for nutrient receptor and transporter genes in highly enriched
isolates of EC cells from mouse duodenum and colon. Examples are mRNA for the glucose
transporter, GLUTZ2, being enriched more than 400 fold in EC of the duodenum compared to
those from colon, and the long chain fatty acid receptor, FFAR4, being enriched 45 fold in
the colon compared to duodenum. The short chain fatty acid receptor, FFAR2, was also
enriched in colonic EC, but FFARs 1 (medium and long chain fatty acid receptor) and 3
(propionate- and butyrate-preferring short chain fatty acid receptor) were expressed at
greater levels in duodenal EC.

5-HT is not exclusive to a class of EEC that is distinct from those EEC that produce peptide
hormones (Fig. 1). Evidence for this conclusion dates back at least to the 1990s when Roth
and Gordon’ reported that 5-HT was present in about 80% of secretin cells in the mouse
duodenum (see Fig. 1). Co-expression of 5-HT in most secretin cells in mouse was
confirmed using a transgenic reporter for secretin.1 In bovine, cat and guinea-pig, all
secretin cells of the duodenum and jejunum contained 5-HT. In human duodenum about
70% of secretin cells were immunoreactive for 5-HT, whereas in pig very few secretin cells
contained 5-HT,® which we have confirmed. Ablation of secretin-expressing cells of the
mouse small intestine significantly reduced the production of 5-HT, CCK, glucagon, PYY,
GIP, and somatostatin, indicating a close developmental relationship between cells that
produce these hormones.12

Colocalisation of 5-HT and CCK has also been found in EEC of the mouse proximal small
intestine3 and more recently, the colocalisation of 5-HT and CCK has been mapped in the
mouse small and large intestine.1* There was colocalisation in the duodenum, jejunum,
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ileum and cecum, but not in the colon. Overlap ranged from about 15% of 5-HT cells
containing CCK in the duodenum, to 50% in the cecum. In addition, 5-HT is co-expressed
with PYY in EEC of the human colon and anal canal®® 16 and with GLP-1 cells in the
human anal canal.’

Although the different roles of 5-HT released from gastrointestinal EEC is consistent with
there being different subtypes of 5-HT producing EEC, the various physiological roles of 5-
HT have not yet been ascribed to EC with different patterns of receptor, transporter or co-
hormone expression and different locations in the gut. To determine the relationships of
expression patterns and physiological roles is an important challenge for the future.

The paper of Martin et al in the current issue reveals free fatty acid receptor (FFAR)
expression by duodenal EEC that contain 5-HT.10 It is feasible that duodenal EC that
express FFAR are the 5-HT/CCK cells discussed above. Infusion of nutrients into the upper
small intestine causes a vagus nerve-dependent increase in pancreatic enzyme release that
has both CCK mediated and 5-HT mediated components.18: 19 In conscious rats,
intraluminal application of rodent chow evoked increases in pancreatic enzyme secretion
that were reduced by 54% when CCK receptors were blocked and 92% when both CCK and
5-HT receptors were blocked.19 Thus, CCK and 5-HT may be released from the same EEC
in response to fats.

5-HT and CCK released by activation of FFARs may also act synergistically to increase
mixing activity during digestion. Mixing activity that was induced by luminal fat was
mimicked by increasing 5-HT availability (by inhibiting 5-HT uptake) and by CCK.20
Moreover, intraluminal decanoic acid induced mixing movements that were reduced by both
5-HT and CCK receptor antagonists. 5-HT and CCK possibly also act together in causing
satiety. CCK is well established as a gastrointestinal hormone that is released by nutrients
and stimulates vagal afferent endings in the gut to induce satiety.?! 5-HT, 5-HT receptor
stimulants and increased availability of 5-HT (caused by inhibiting its metabolism) all
decrease food intake, and antagonists of 5-HT receptors increase feeding.22 23

The 5-HT plus secretin EEC of the upper small intestine may express a different range of
receptors. 5-HT mimics the effect of secretin to release bicarbonate; low doses of 5-HT (20—
200 nmol/kg/h) infused into the vasculature of the rat duodenum?24 or direct application of 5-
HT to the isolated duodenum from mice increases bicarbonate secretion.2® Thus, synergistic
effects of 5-HT and secretin released from the same cells, which presumably express acid
receptors, are predicted.

In the human colon about 25% of 5-HT cells also contain PY'Y,16: 17 although in the mouse
very few colonic 5-HT cells contain PY'Y.26 This points to one of the major puzzles revealed
by in-depth studies of EEC, the differences between species in their distribution patterns.5: 27
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INVOLVEMENT OF EC CELLS IN DISEASE

Celiac Disease (CD)

In CD the number of 5-HT-containing EEC per mm of duodenal tissue is about double or
more than double control values, despite there being villous atrophy.28: 29 In a study of
newly diagnosed CD patients and healthy controls consuming a gluten containing meal (~6-
8 g), 5-HT levels in plasma over the first 3 post-prandial hours were significantly higher in
CD compared to controls.28 Peak plasma 5-HT levels correlated significantly with dyspeptic
symptoms, with levels comparable to that seen in carcinoid syndrome and cisplatin-induced
emesis. Furthermore, in patients with persistently active (refractory) CD, gene expression of
tryptophan hydroxylase-1 ( 7p/1), the rate-limiting enzyme in 5-HT synthesis, is
significantly increased in duodenal samples.2? Infusion of 5-HT causes symptoms similar to
those caused by a gluten challenge: abdominal cramps, nausea and diarrhea. However, it is
not known which subtypes of EC cells in the proximal small intestine respond to gluten
challenge.

Irritable Bowel Syndrome (IBS)

There is substantial evidence to link 5-HT with 1BS. 30 Increased plasma 5-HT levels are
reported in diarrhea-predominant IBS (IBS-D) and reduced levels in constipation-
predominant IBS (IBS-C). Alterations in mucosal levels of 5-HT and decreased expression
and activity of the serotonin uptake transporter (SERT) in IBS has also been reported.® 5-HT
may also increase visceral hypersensitivity in 1BS.31 5-HT3 receptor antagonists and TPH1
inhibitors have been shown to significantly improve symptoms in IBS-D patients.32 33
Again, which subpopulations of EC cells contribute to the symptoms of IBS is unknown.

UNDERSTANDING THE HETEROGENEITY

Gene expression studies and immunohistochemical investigations indicate different aspects
of the heterogeneity of 5-HT containing EEC. In the duodenum, the total population of EC
cells expresses greater levels of GLUT2, FFAR1 and FFAR3 than the colon population. But
in the duodenum there are several EC cell sub-populations, including EC cells that also
contain secretin, EC cells that also contain CCK, and EC cells with both or neither of these
peptide hormones (Fig. 1). These subgroups are likely to have uneven distributions of
GLUT2, FFARL1 and FFAR3. For example, CCK cells are sensitive to FFAs, whereas the
major physiological stimulus for secretin secretion is reduced pH. Thus, to gain a fuller
understanding of the heterogeneity it will be necessary to define and characterise EC both by
region and by subtypes within regions, and relate this characterisation to the functions of the
different types of EC. It will also be necessary to define between-species differences, and
which subtypes of EC contribute to disease processes. Big challenges await us.
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Key Points
. Cells that contain 5-HT (serotonin) are the most common enteroendocrine
cells in the gastrointestinal tract
. They are commonly referred to as enterochromaffin cells and are classified as
a group separate from the enteroendocrine cells that store and secrete peptide
hormones.
. In this Mini-Review, evidence for considerable heterogeneity of 5-HT and

their overlap, through colocalisation, with peptide hormone cells is discussed.
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Figure 1.
Colocalisation of 5-HT with secretin and CCK in enteroendocrine cells of the mouse

duodenum. Examples of 5-HT cells that do not contain either of these peptide hormones
(unlabeled arrows), 5-HT plus secretin (%) and 5-HT plus both CCK and secretin (%) are
illustrated. In the merged image cell nuclei are stained by DAPI (blue). Scale bars: 10 pm.
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Table 1

Roles and effects of 5-HT derived from enteroendocrine cells

Role / actions of 5-HT derived from
enteroendocrine cells

Comments

Supplying 5-HT to platelets

Platelets lack machinery to synthesise 5-HT

Activation of propulsive reflexes in intestine and
colon

Stimulant action discovered in the 1950s, but 5-HT’s role still debated

Slowing of gastric emptying

Effect mediated through a vago-vagal reflex

Enhancement of intestinal inflammation

Increasing 5-HT availability by inhibiting uptake increases inflammation

Increase of ionic movement across the mucosal
epithelium

Measured by increase in short circuit current. Equivalent to movement of anions (CI-,
HCOj3") into the lumen. High levels of 5-HT can cause diarrhea.

Mucosal vasodilation

Activated by mechanical stimulation of the epithelium causing 5-HT release from EC.

Reduction in bone mass

5-HT inhibits osteoblast proliferation

Liver regeneration

Inhibition of TPH1 compromises liver regeneration

Stimulation of pancreatic enzyme secretion

Acts synergistically with CCK

Modulation of visceral pain

Intraluminal 5-HT reduces pain, but depleting EC cells also reduces pain

Appetite

Increases in 5-HT levels and 5-HT mimetics decrease food intake, and antagonists of 5-
HT receptors increase feeding

Nausea and vomiting

Triggered by toxins in the stomach and upper intestine. May require high levels of 5-HT

See also references in text3%9: 9
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