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Key Points

e Cells that contain8IT (serotonin) are the most common enteroendocrine cells in the
gastrointestinaktract

e They are eommonly referred to as enterochromaffin cells and are classified as a group separate
from the enteroendocrine cells that store and secrete peptide hormones.

¢ Inthis Mini-Review, evidence for considerable heterogeneityldif=and their overlap,

through colecalisation, with peptide hormone cells is discussed.

Abstract

Enterochromadiin cells were the first endocrine cells of the gastetimdgé tract to be chenadly
distinguished, almast 150 years ago. Itis now known that the chromafin reacthesertells

was due to thelreontent thfe reactive aromatic amineh¥droxytryptamine (5-HT, also known as
serotonin). They have commonly been thought to beeaiafriass of gut endocrine cells
(enteroendocrine cells) that are distinct from the enteroendocringteglisontain peptide
hormones. The study by Martin et al in the current issue of this journal réwvealse patterns of
expression.ofnutrient receptors and transporters differ considerably betwesmatin cells of

the mouse duodenum and colon. However, even within regions chromafin cells differ; in t
duodenunithere-are chromafin cells that contain both secretin and 5-HT, choleaystokirs-

HT, and all three of secretin, cholecystokinin andB- Moreover, the ratios of these different cell
types differ substantially between species. And, in terms of function, 5-Hndmsroles,

including in appettte, motility, fiuid secretion, release of digestiversegiand bone metabolism.
The paper thusemphasizes the need to define the many different classe®olieomeafin cells

and relate this to their roles.

Keywords serotonin, 5-hydroxytryptamine, enteroendocrine cells, gut hormones

5-HT is at thessame time one of the most studied and yet the most mysterious of the gut
hormones. “ltis synthesized by a subtype of gastrointestinal enteroendocrineE€)ishi@ are
referred to as enterochromaffin (EC) celldhich produce about 95% of the body’$1%-and are
the most numerous of the gut endocrine ceMsith endocrine cells in the islets of the pancreas,
EECform the gastreenterepancreatic (GEPgroup of embryologicallyelated endocrine cellE€C
cells are found throughout the gastrointestinal tract, from the stomach to tiva.réidteywere

first recognized by the binding of chrome salts by Heidenhain in 187thenpadverenamed by
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Ciaccio et al in 1907. They havéhistoricallybeen considered different from peptide hormone
containingEEC, *° even though 25 years agolocalisation of BHT with peptide hormoneis EEC
was reported ’ The separation of EC cells from other EEC reachg@xtreme in a recent review
in the authoritative journal, Cell, in whichHT is not even listed ashrmoneof gastrointestinal
endocrine cell§ This is clearly wrong.n fact, 5-HT is contained in EEC, released into the

circulation hassasrange of important physiological rolrsj maycontribute tadisease sites™ °

HETEROGENEITY OF BHT ROLES AND CELL TYPES

Amongst thesmany roles attributed td¢13-that is released from EC ce([Bable 1)are
initiation and/or enhancement of propulsive events in the small intestin@lamg enhancement of
water and electrolyte secretion, exacerbation of inflammatory reactiolgtion of nausea and
vomiting in response to ingested toxinsgulation of obesity, control of pancreatic enzyme
secretion, inhibitiony of bone formation, modulation of appetite, inhibition of gastytyeng and
control of mucoesal‘growth® 5HT releasds controlled by luminal chemicals)echanical
stimulation of the mucosa, neurotransmitters, other gut hormones and by inflammat@tpraedi

In this isstie of Neurogastroenteroyaand Motility, Martin et af® reveal remarkable
differences in expression levels for nutrient receptor and transporter gdngkly enriched
isolates of EC cells from mouse duodenum and colon. Examples are mRNA for the glucose
transporter, GLUT2, being enriched more than 400 folEGnofthe duodenum comparedttmse
from colong@and.the, long chain fatty acid recepEsfAR4, being enriched 45 fold in the colon
compared to duodenum. The short chain fatty acid receptor, FFAR2, was also enricheddn colon
EC, but FFARs.1 (medium and long chain fatty acid receptor) gpobBionate and butyrate-
preferring shart chain fatty acid receptagre expressed at greater levels in duodenal EC.

5-HT is notexclusive to a class of EEC that is distinct ftbase EEC that produce peptide
hormonegFig. 1). Evidence for this conclusion dates back at least to the W9@deRoth and
Gordor reported that 84T was present in about 80% of secretin cells in the mouse duodeaem
Fig. 1). Co-expression of 5-H in most secretin cells in mouse was confirmed using a transgenic
reporter for secretiff In bovine, cat and guinea-pig, all secretin cells of the duodenum and
jejunum containedtT. In human duodenumabout 70% of secretin cells were immunoreactive
for 5-HT, whereasn pig very few secretin cells containedHd,° which we have confirmed
Ablation of secretirexpressing cells of the mouse small intestine sigaifly reduced the
production of 5-HT, CCK, glucagon, PYY, GIP, and somatostatin, indicating a close develalpment
relationship between celikat produce these hormortés.

Colocalisation of 53HT and CCK has also been found in EEC of the mouse proximal small

intestiné® and nore recentlythe colocalisation of 5-HT and CCK has been mapped in the mouse
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small and large intestif®8 There was colocalisation in the duodenum, jejunum, 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 additiot]bis caexpresseavith PYY in EEC of the human
colonand anal can&t *® andwith GLP-1 cells inthehuman anal canal

Although e different role®f 5-HT released from gastrointestinal EEBXonsistent witthere
being different;subtypes of 5-HT producing EEC, the various physiological roles of 5-HT have not
yet beerascribed to EC with different patterns of recepi@nsporteor cohormone expression
and different locations in the gut. To determine the relationships of expression pattérns
physiologicalrolessis an importacihallenge for the future.

The paper of Martin et al in the current issue reveals free fatty acid receptor (FFAR) expression
by duodenal EEC that contain5F.° It is feasible that duodenal EC that express FFARaré-
HT/CCK cells discussed abovénfusion of nutrients into the upper small intestine causes a vagus
nervedependentincrease in pancreatic enzyme release that has both CCK naedidieid
mediated component§ ™ 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 an¢i3-receptors were blockéd Thus,CCK and 5HT may
bereleased from the same EEC in respondats.

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 wasichkiea by
increasing&4T availability (by inhibiting SHT uptake) andby CCK?° Moreover ntraluminal
decanoic acid inducemixing movementghat werereduced by both 5T and CCK receptor
antagonists5-HT and CCKpossibly also act together in causing satiety. CCK is well established
as a gastrointestinal hormone that is released by nutrients and stimulates vagalesifiengstin
the gut to inducessatiefy. 5-HT, 5-HT receptor stimulants and increased availability-6f15
(caused by inluiting its metabolism) all decrease food intake, and antagonistsl@freceptors
increase feedingf 2

The 5HT plussecretin EEC of the upper small intestine may express a different range of
receptors. ST mimics the effect of secretin to ealse bicarbonategw doses of 34T (20-200
nmol/kg/h) infusedsinto the vasculature of the rat duodéhandirect application of HT to the
isolated duedenum from mice increases bicarbonate sectetitius,synergistic effects of 5T
and secretin released from the same cells, which presumably express acid rerepboeslicted.

In the human colon about 25% ofBF cells also contain PYY> *” although in the mouse very
few colonic 5HT cells contain PYY?® This points to one of the major puzzles revealed by in-depth

studies of EEC, the differences between species in their distribution p&ttérns
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INVOLVEMENT OF EC CELLS IN DISEASE

Celiac Disease (CD). In CD the number of B#T-containing EEC per mm of duodenal tissue is
about double or more than double control values, despite there being villous &¥rdphya stuly

of newly diagnosed CD patients and healthy controls consuming a gluten containing6rig) (
5-HT levekin,plasma ovethe first3 postprandial hours wresignificantly higher inrCD compared
to controls?® Peak.plasma-HIT levels correlated significantly with dyspeptic symptoms, with
levels comparableto that seen in carcinoid syndrome and cisjpldtioed emesis. Furthermore, in
patients with persistently active (refractory) CD, gene expressioppdbphan hydroxylase-1
(Tphl), the ratélimiting enzyme in 8HT synthesis, is significantly increased in duodenal
sample<® Infusion of 5HT causes symptoms similar to those caused by angtiialenge
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 Bowd"Syfdfome (IBS). There is substantial evidence to linki%-with IBS.>* Increased
plasma BHT levels are reported in diarrhpaedominant IBS (IBSD) and reduced levels in
constipatioapredominant IBIBS-C). Alterations in mucosal levels oft3T and decreased
expressdn and activity of the serotonin uptake transporter (SERT) in IBS has also beeed®port
5-HT may also increase visceral hypersensitivity in.f8%-HT3 receptor antagonists angtH1
inhibitors have been shown to significantly improve symptoms inDB&tients™> ** Again,

which subpopulatiens of EC cells contribute to the symptoms of IBS is unknown.

UNDERSTANDING THE HETEROGENHBHY

Gene expression studies and immunohistochemical investigations indicate different aspects of
thehetepgeneity 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. thgt i
duodenum there are several EC sal-populations, including EC cells that also contain secretin,
EC cells that also contain CCK, and EC cells wibith or neither of these peptide hormo(f&s.
1). These subgroups are likely to have uneven distributioB$ 02, FFAR1 and FFAR3 For
example, CCK cells are sensitive to FFAs, whetkasnajor physiological stimulus feecretin
secretion is redueed pHrhus, to gain a fuller understanding of the heterogeneity it will be
necessary tosdefine and characterisebBt® by region and by subtypes within raggpand relate
this characterisation to the functions of the different types of EC. It will also be necessary to define
betweenrspecies differenceand which subtypes of EC cabtite to disease processesig

challenges await us.

Table1l Roles and effects ofBT derived from enteroendocrine cells
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Role/ actions of 5-HT derived from

enteroendocrine cdlls

Comments

Supplying 5HT to platelets

Platelets lack machinery synthesise FHT

Activation of propulsive reflexes in intestine a

colon

Stimulant action discovered in the 1950s, but
HT's role still debated

Slowing of gastriesemptying

Effect mediated through a vagagal reflex

Enhancement.@htestinal inflammation

Increasing 34T availability by inhibiting

uptake increases inflammation

Increase of ionic movement across the mucos

epithelium

Measured by increase in short circuit current.
Equivalent to movement of anions ({GICO;3)
into the lumen High levels of 34T can cause

diarrhea.

Mucosal vasodilation

Activated by mechanical stimulation of the

epithelium causing BT release from EC.

Reduction inlbone mass

5-HT inhibitsosteoblast proliferation

Liver regeneration

Inhibition of TPH1compromises liver

regeneration

Stimulatiomyefspanereatic enzyme secretion

Acts synergistically with CCK

Modulation of visceral pain

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

Appetite

Increass in5-HT levels and 8HT mimetics
decrease food intake, and antagonists EfT5-

receptors increase feeding

Nausea and vomiting

Triggered by toxins in the stomach and upper

intestine. May require high levels oftbF

See alsoeferencesin teXt>®
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Secretin

Figurel Coloecalisation of 34T with secretin and CCK ianteroendocrine cells tfie mouse
duodenum. Examples of 5-HT cells that do not contain either of these peptide hormoredgdinia
arrows), 5HT/plus secretin¥) and 5-HT plus both CCK and secretin)(are illustrated.In the
merged image cell'nuclei are stained by DAPI (bluiale bars: 10 pm.
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