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Abstract
Recent studies reveal substantial species and regional differences in enteroendocrine cell (EEC) populations, including differ-
ences in patterns of hormone coexpression, which limit extrapolation between animal models and human. In this study, jejunal
samples, with no histologically identifiable pathology, from patients undergoing Whipple’s procedure were investigated for the
presence of gastrointestinal hormones using double- and triple-labelling immunohistochemistry and high-resolution confocal
microscopy. Ten hormones (5-HT, CCK, secretin, proglucagon-derived peptides, PYY, GIP, somatostatin, neurotensin, ghrelin
and motilin) were localised in EEC of the human jejunum. If only single staining is considered, the most numerous EEC were
those containing 5-HT, CCK, ghrelin, GIP, motilin, secretin and proglucagon-derived peptides. All hormones had some degree of
colocalisation with other hormones. This included a population of EEC inwhich GIP, CCK and proglucagon-derived peptides are
costored, and four 5-HTcell populations, 5-HT/GIP, 5-HT/ghrelin, 5-HT/PYY, and 5-HT/secretin cell groups, and a high degree
of overlap between motilin and ghrelin. The presence of 5-HT in many secretin cells is consistent across species, whereas lack of
5-HT and CCK colocalisation distinguishes human from mouse. It seems likely that the different subclasses of 5-HT cells
subserve different roles. At a subcellular level, we examined the vesicular localisation of secretin and 5-HT, and found these
to be separately stored. We conclude that hormone-containing cells in the human jejunum do not comply with a one-cell, one-
hormone classification and that colocalisations of hormones are likely to define subtypes of EEC that have different roles.

Keywords Enteroendocrine cells . Gastrointestinal hormones . 5-Hydroxytryptamine . Cholecystokinin . Glucose-dependent
insulinotropic peptide

Introduction

Transcriptional profiling of reporter mice over about the past
7 years has revealed that gene expression for multiple

hormones occurs in most enteroendocrine cells (EECs) in
the small intestine (Egerod et al. 2012, Habib et al. 2012,
Sykaras et al. 2014, Grunddal et al. 2015, Fothergill et al.
2017). Moreover, the hormone products of these genes are
commonly colocalised in EEC (Fothergill et al. 2017), al-
though there are discrepancies between transcript and gene
product localisation. An example of discrepancy comes from
investigation of CCK cells isolated from transgenic mice ex-
pressing enhanced green fluorescent protein (eGFP) under the
control of the CCK promoter (Egerod et al. 2012) in which
ghrelin RNA copy numbers in CCK cells were high (at about
25% the copy number of CCK), whereas minimal or no im-
munohistochemical coexpression of ghrelin with CCK was
observed (Egerod et al. 2012; Sykaras et al. 2014).
Consistent with this immunohistochemical observation,
proghrelin peptides were not detected above the noise level
in LC-MS analysis of FACS-separated CCK-eGFP cells. In
another example, while secretin precursor RNAwas at similar
levels to the CCK RNA copy number, only small amounts of
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prosecretin peptides were detected in the LC-MS analysis of
CCK cells, although secretin was colocalised with CCK pos-
itive cells in mouse small intestine and human tissue samples
(Egerod et al. 2012). Also in mouse, FACS purified
proglucagon and GIP reporter cells expressed both precursor
RNAs and immunoreactive peptides corresponding to CCK,
GIP and secretin (Habib et al. 2012).

Examples of differential distribution of enteroendocrine hor-
mones across species include the pattern of expression and
colocalisation of GLP-1, GIP and PYY in mouse and pig
(Cho et al. 2015). All combinations of GIP, GLP-1 and PYY
were found in EEC, with different gradients of occurrence along
the gastrointestinal tract of the two species. Approximately 50%
of all cells revealed by triple-labelling for GLP-1, GIP and PYY
in the pig duodenum express PYYor PYYplus GLP-1, whereas
no duodenal EEC express PYY in the mouse (Mortensen et al.
2003; Cho et al. 2015).While the absolute numbers of EEC that
could be classified as K cells (GIP containing) or L cells (GLP-1
or PYY containing) per mm2 of mucosa were similar in the
small intestine of the two species, in the pig jejunum, GLP-1
andGIP overlap was observed in only a small subset (< 10%) of
K/L cells, whereas in the mouse small intestine, the hormones
were costored in ~ 25% of GIP and GLP-1 cells (Cho et al.
2015; Fothergill et al. 2019).

Currently, there is little known about combinations of hor-
mones in human EEC and no region of human small intestine
has been studied in detail for hormone colocalisation.

Materials and methods

Tissue sources

Normal human jejunum (n = 3) discarded during Whipple’s
procedures was used (Cho et al. 2014b). Samples were from
a 69 year old male (patient 1, pancreatic adenocarcinoma), a
38-year-old male (patient 2, chronic pancreatitis) and an 86-
year-old female (patient 3, pancreatic tumour). The tissue
samples were obtained from The University of Melbourne
Department of Surgery at the Austin Hospital (Austin
Health). No intestinal tissue pathology was detected by histol-
ogy of tissue adjacent to the samples used in this study (Cho
et al. 2014b). All procedures carried out in this study were
conducted according to the National Health and Medical
Research Council of Australia guidelines and were approved
by the Human Research Ethics Committee (Austin Health).
All tissue samples were obtained in the morning.

Immunohistochemistry

Tissue was fixed in 4% paraformaldehyde and processed as
previously described (Cho et al. 2014b). Processed tissue
pieces were placed in PBS-sucrose azide and OCTcompound

(Tissue Tek, Elkhart, IN, USA) in a ratio of 1:1 for 24 h at 4 °C
before being trimmed and embedded in 100% OCT com-
pound and frozen in isopentane cooled with liquid nitrogen.
Sections of 10 μm thickness were cut, air dried for 1 h on
microscope slides (SuperFrostPlus®; Menzel-Glaser #1.5
from Thermo Fisher, Scoresby, Vic, Australia) and incubated
with 10% normal horse serum for 30 min. Sections were then
incubated with mixtures of primary antibodies (Table 1) for
double or triple staining at 4 °C, overnight. Tissue was washed
three times in PBS and incubated in secondary antibody
(Table 1) for 1 h at room temperature. For staining nuclei,
preparations were washed once with PBS then twice with
distilled water and incubated for 5 min in Hoechst
bisbenzamide 33258 solution (diluted to 10 μg/mL in dH2O)
and then washed 3 times with distilled water before mounting
with fluorescence mounting medium (Dako Corporation,
Carpinteria, CA, USA). The glucagon gene encodes for
preproglucagon, from which the hormones GLP-1, GLP-2
and oxyntomodulin (OXM) are cleaved. GLP-1 and GIP have
substantial correspondence of sequences of amino acids and
for this reason antibodies against one of these hormones can
recognise the other (Musson et al. 2011; Fothergill et al.
2019). This is a particular problem with antibodies to GLP-1
because there is a sequence in GIP that has homology to the
full sequence of GLP-1. Anti-GIP antibodies usually present a
lesser problem because the C-terminal 12 amino acids of GIP
are not shared with GLP-1. We have used a monoclonal anti-
OXM antibody to ensure that cross-reactivity with GIP did not
occur (Fothergill et al. 2019). In that study, all oxyntomodulin
positive cells contained GLP-1.

A slide to estimate background fluorescence was prepared
in the same way as the test slides with antibody diluent in
place of the primary antibodies. Slides containing only one
of the primary antibodies, but all of the secondary antibodies
for all triple antibody combinations were also prepared as
control for inappropriate secondary antibody binding or bleed
through of fluorescence between detection channels. No inap-
propriate secondary binding or bleed through was encoun-
tered. In order to have antibody combinations suited to differ-
ent triple stains, primary antibodies raised in different species
against the same hormone were used (Table 1). Antibodies
raised against the same hormone were tested together in dou-
ble stains to confirm that they revealed the same populations
of EEC, which they did in all cases.

Microscopy

Fluorescence was visualised by high-resolution confocal mi-
croscopy (LSM800 and LSM880, Carl Zeiss, Sydney,
Australia). Images were obtained from tile scans taken at ×
20 magnification in four channels: 350, 488, 568 and 647 nm
on the LSM800. Super resolution Z-stack images were taken
on the LSM880 using the Airyscan mode with a × 63 oil
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objective and deconvolved using the Zen 3D Airyscan pro-
cessing function (Zeiss). TetraSpeck microspheres were im-
aged and deconvolved to determine the relative direction and
magnitude of chromatic aberration for each channel. Super-
resolution images were corrected for chromatic aberration,
and misaligned slices of the Z-stack were removed. To further
reduce errors arising from chromatic aberration in the Z-axis,
images were then maximally projected using Fiji imaging
(Fothergill et al. 2017).

Analysis

Images were exported and analysed offline using ImageJ
(imagej.nih.gov/ij/). Cells were selected manually for each
hormone and were considered positive if the fluorescence
intensity was greater than 2 standard deviations above the
average background intensity of the epithelium. For
quantitation of immunoreactive cells, counts are expressed
as numbers of cells per measured length of epithelium from
which EEC were counted. Large areas of each tissue sample
were examined to reduce selection bias. The average length of
epithelium analysed per tissue sample was 11.8 ± 3.7 cm.

An average of 121 ± 19.5 cells was counted from patient 1
for each of the 14 combinations examined, 200 ± 25.2 cells
from patient 2 and 166 ± 21.9 cells from patient 3. The total
numbers of cells counted were for 3246, 2366 and 2123, re-
spectively. The frequencies of occurrence of EEC types were
calculated as the average of the numbers counted for each
patient sample (n = 3). Where an EEC type was analysed in
more than one immunohistochemical analysis, an average of
the numbers of cells for each immunohistochemical analysis
was determined, then an average from all patient samples was
calculated. Quantification of mono, di- or triple-labelled EEC
cells was analysed using Prism 5.0 (GraphPad Software, San
Diego, CA, USA). Data is presented as mean ± SEM. Images
were imported into CorelDraw (Corel Corporation, Ottawa,
Canada) for final preparation of figures. A general linear mod-
el was applied to data with subsequent Bonferroni compari-
sons to evaluate differences in frequencies of occurrence of
each type of EEC between patient samples.

Results

The frequencies of occurrence of cells containing each of the
known major enteroendocrine hormones were quantified in
the human jejunum, independent of whether they contained
other hormones (Fig. 1). Of all the hormones examined, the
largest population of EEC cells contained 5-HT (17.6 ± 1.8
cells/cm mucosal surface length). CCK containing cells were
the second most abundant EEC (12.0 ± 1.3 cells/cm mucosa),
followed by ghrelin, GIP, motilin, secretin and glucagon-gene
products (revealed by anti-oxyntomodulin and designated

OXM-GLP-1). The smallest populations of EEC cells
contained PYY, neurotensin or somatostatin (3.5 ± 1.0 cells/
cm mucosa for PYY, 3.5 ± 1.0 cells/cm for neurotensin and
3.5 ± 0.1 cells/cm mucosa for somatostatin). No significant
differences were found between patient samples for total num-
bers of cells containing a particular hormone, with the excep-
tion of neurotensin cells. A significant difference (P = 0.03) in
the total number of cells containing neurotensin occurred be-
tween the samples from a patient with adenocarcinoma and
one with acute pancreatitis, more cells occurring in acute pan-
creatitis. The number of neurotensin immunoreactive cells in
all jejunal samples was low (Fig. 1), and variations of about 2
cells/cm resulted in this apparent significant difference.

Patterns of colocalisation of hormones

Colocalisation of hormones was investigated in triple and
double-labelled sections, examined in tile scans.
Immunoreactivity for two hormones, and sometimes three
hormones, in the same EEC was common (Fig. 2). Where
two different cells were adjacent to each other, the separate
cells could be distinguished (Fig. 2a, a”, a”’). By examining
the Z-stacks of various triple hormone stains, we observed that
hormones were sometimes concentrated in different parts of
the same cell (Fig. 2b, b’, b”, b”’). EEC appeared to be more
numerous per cm of epithelium in the crypts than the villi,
except for cells containing secretin or ghrelin, which were
fewer in the crypts (Supplementary Fig. 1).

Extent of colocalisation of hormones in 5-HT cells

In order to investigate colocalisation with 5-HT, triple staining
was conducted for 5-HT plus secretin plus CCK, 5-HT plus

Fig. 1 Frequencies of occurrence of all the immunoreactive EEC types in
the human jejunum, per cm ofmucosal surface length, without taking into
account colocalisation. 5-HT 5-hydroxytryptamine, CCK cholecystoki-
nin, Ghr ghrelin, GIP glucose-dependent insulinotropic peptide, Motil
motilin, Secr secretin, OXM oxyntomodulin, GLP-1 glucagon-like pep-
tide 1, PYY peptide tyrosine tyrosine, NTS neurotensin, SST
somatotstatin. Anti-oxyntomodulin was used to locate cells with gluca-
gon gene products (GLP-1). Data is mean ± SEM, tissue from n = 3
subjects (121 to 200 cells per combination per subject sample)
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NTS plus PYY, 5-HT plus ghrelin plus motilin, and 5-HT plus
ghrelin plus oxyntomodulin, and double staining for 5-HT
plus GIP. Triple-labelling immunohistochemistry revealed
costorage of 5-HT with secretin but very rarely with CCK
(Fig. 2a). Of 5-HT cells, 12.2 ± 1.9% were immunopositive
for secretin (Fig. 3a), and 47.9 ± 0.4 of secretin cells were
immunopositive for 5-HT (Fig. 3b). There was a small degree
of co-localisation of CCK and secretin: 12.4 ± 3.9% of CCK
cells were secretin positive (Fig. 3b). These EEC were 5-HT
negative.

Several hormones were prominently colocated in 5-HT
containing cells: GIP, ghrelin and PYY. Immunoreactivity
for GIP occurred in 46.9 ± 8.3% of 5-HT cells (Fig. 3a).
About half of 5-HT cells (44.7 ± 9.9%) were immunoreactive
for ghre l in . Of ghre l in ce l l s , 57 .7 ± 3 .9% were

immunoreactive for motilin (Fig. 4c); however, fewer than
1% of 5-HTcells were immunoreactive for motilin, indicating
that two separate populations of ghrelin-containing cells exist,
Ghr/5-HT and Ghr/motilin (Fig. 3c). This was confirmed by
ghrelin, motilin plus 5-HT triple staining in which fewer than
1% of immunoreactive cells were triple stained and no cells
contained ghrelin alone. The other significant overlap was
with PYY, which was in 20.2 ± 6.4% of 5-HT cells. This rep-
resents about 75.6 ± 4.6% of PYY cells (Fig. 3h). Thus, mul-
tiple classes of 5-HTcells have been identified, 5-HT/secretin,
5-HT/GIP, 5-HT/ghrelin and 5-HT/PYY. CCK, motilin,
oxyntomodulin and neurotensin were very rarely colocated
with 5-HT (< 2%). The rarity of 5-HT/CCK cells (1.4 ±
0.4% of 5-HT cells) contrasts with the mouse small intestine
where a significant proportion of CCK cells are 5-HT

Fig. 2 Examples of hormone colocalisation. The positions of individual
cells are indicated by arrows or asterisks that are repeated in micrographs
of identical fields in each row. (a, a’, a”, a”’) Localisation of 5-HT, CCK
and secretin. 5-HT was commonly colocalised with secretin, and less
commonly with CCK. (b, b’, b”, b”’) Localisation of ghrelin, 5-HT and
OXM/GLP-1. Ghrelin and 5-HT are colocalised in the cells marked with
asterisks. An arrow indicates a cell that is only immunoreactive for OXM/

GLP-1. Hormones can have different subcellular localisations (cell
indicated by arrowhead). In this cell, ghrelin is basally located and 5-
HT is both basally and apically located. (c, c’, c”, c”’) Localisation of
CCK, OXM/GLP-1 and GIP. Arrows indicate cells that were immunore-
active for only CCK. Double asterisks indicate cells with immunoreac-
tivity for three hormones, single asterisks indicate immunoreactivity for
two hormones, and arrows indicate where only one hormone is revealed

Cell Tissue Res (2020) 379:109–120 113



immunopositive, about 40% of jejunal CCK cells (Fakhry
et al. 2017).

While it is difficult to accurately deduce colocalisation pat-
terns of hormones beyond the specific triple and double stains
tested, this analysis informs the identity of various clusters of
hormones. For example, GIP and 5-HT were frequently
colocalised (50.6 ± 4.7% of GIP cells), as were GIP and
CCK (24.4 ± 1.9% of GIP cells). As 5-HTand CCKwere very
rarely colocalised, this data suggests three populations of GIP
cells: those containing 5-HT, those containing CCK and a
population containing neither 5-HT nor CCK. Similarly, the
rarity of GIP and motilin colocalisation (> 1% of GIP cells
contained motilin) in cells implies that there are at least two

populations of cells containing ghrelin, oxyntomodulin or
CCK.

Colocalisation patterns of CCK,
preproglucagon-derived hormones and GIP

These 3 hormones had significant colocalisation, as illustrated
in Fig. 4, which is derived from analysis of triple staining for
the three hormones. Triple hormone colocalisation was ob-
served more frequently in this combination of hormones than
in any other triple stain tested. All three hormones occurred in
1.5 ± 0.4 cells/cm, accounting for approximately 17.4 ± 3.4%
of oxyntomodulin cells. OXM-containing cells frequently

Fig. 3 Proportions of EEC with
colocalised hormones for the
eight most commonly occurring
jejunal hormones. Proportions of
cells with colocalised hormones
are for the hormones indicated
above each histogram. The left
column of each histogram is
100% for the designated EEC
type. The other columns represent
proportions of EEC containing
this hormone that are
immunoreactive for the hormone
indicted under the column. Data
presented as mean plus SEM

Cell Tissue Res (2020) 379:109–120114



contained either GIP or CCK, with only around 18% ofOXM-
containing cells not containing at least one of the other
hormones.

Other hormones

Ghrelin and motilin are related hormones and both have
prokinetic actions in the gastrointestinal tract, although
through different mechanisms, and both inhibit nausea
(Sanger and Furness 2016). We found that 79.8 ± 7.9% of
motilin cells contained ghrelin (Fig. 3e). In fact, 2 separate
populations, Ghr/5-HT and Ghr/motilin cells accounted for
almost 100% of ghrelin cells (see above). Only around 6%
of the ghrelin population colocalised with neurotensin.
Somatostatin positive cells were the least numerous EEC type
located in the human jejunum with 3.5 ± 0.2 cells/cm mucosa.
Of somatostatin-positive cells, 13.8 ± 4.7% were found to be
immunoreactive for GIP. Somatostatin and PYY were rarely
colocalised in cells, and only 2.6 ± 1.5% of somatostatin cells
were positive for PYY.

Super-resolution microscopy

Super-resolution microscopy studies in samples from labora-
tory animals have revealed that hormones are commonly lo-
cated in separate storage vesicles in EEC that contain peptide
and amine hormones in the same cell (Cho et al. 2014b;
Grunddal et al. 2015; Fothergill et al. 2017). To test whether
hormones are separately stored at a subcellular level in human
EEC, we investigated cells containing GIP and OXM, and a
peptide and amine pair, secretin and 5-HT (Fig. 5). Most ves-
icles that store OXM and GIP, which both modulate blood
glucose levels, were separate, although the hormones ap-
peared to be costored in a minority of vesicles (Fig. 5a, a’,

a”). This apparent colocalisation may be a result of vesicles
containing different peptides that are located in close proxim-
ity in the z-axis not being resolved. By contrast, vesicles im-
munoreactive for 5-HT or secretin were almost completely
separate in cells in which both were found (Fig. 5b, b’, b”).

Discussion

Overview

Colocalisation of multiple gut hormones in individual intesti-
nal EEC has been revealed by recent studies in animal models,
primarily in mouse (Egerod et al. 2012, Habib et al. 2012,
Sykaras et al. 2014, Cho et al. 2015, Grunddal et al. 2015,
Fothergill et al. 2017). The present study reveals a comparably
extensive colocalisation of hormones in EEC of the human
jejunum that was previously unknown. The degree of
colocalisation may even be under-estimated, because the hor-
mones were sometimes in different parts of EEC, as previous-
ly reported (Grunddal et al. 2015), and in the 10 μm sections
that were taken parts of some cells would not be present.
Colocalisations discovered include a population of EEC in
which GIP, CCK and preproglucagon-derived peptides are
costored, and four 5-HT cell populations. Unlike in mouse
(Cho et al. 2014a; Reynaud et al. 2016), in human jejunum
5-HT was rarely colocalised with CCK, although a CCK/
secretin cell group was identified. As recent authors have
pointed out, these common and extensive patterns of
colocalisation require a revision of the way in which EEC
are classified, in particular it means that the single letter code
(one cell-one hormone) adhered to in text books and even by
some recent reviews, must be revised (Helander and Fändriks
2012; Engelstoft et al. 2013; Gribble and Reimann 2016;
Fothergill and Furness 2018). Although the histology and
gross appearance of the samples of jejunum were normal, it
is feasible the pancreatic cancer could affect jejunal endocrine
cell populations. Sah et al. (2013) showed that pancreatic EEC
populations in regions away from the cancer differ from nor-
mal, and it is reasonable to assume that pancreatic cancer
could also affect EEC populations in the jejunum. It should
also be pointed out that the analysis was from jejunum of only
three patients. Nevertheless, the patterns of colocalisation
were consistent.

Illustration of major overlaps

Patterns of major hormone colocalisation determined from
triple-stained sections are depicted in the diagrams of Fig. 6.
This shows that proportions of secretin cells have
colocalisation with 5-HTor CCK, but not with both hormones
(Fig. 6a), that some of the 5-HT/secretin cells are PYY immu-
noreactive (Fig. 6b). There are substantial overlaps between

Fig. 4 Colocalisation of CCK, GIP andOXM-GLP-1. The plain coloured
columns show numbers of cells with only one of the 3 hormones: 9.5 ±
3.3 cells/cm with only GIP, 6.7 ± 2.0 cells/cm with only CCK, and 1.5 ±
0.3 cells/cm with only OXM-GLP-1. GIP and OXM-GLP-1 were
colocalised in 4.5 ± 0.4 cells/cm; 1 ± 0.5 cells/cm were immunoreactive
for both CCK and OXM-GLP-1 and 1.6 ± 0.6 cells/cm were immunore-
active for both CCK and GIP. All three hormones occurred in 1.5 ± 0.4
cells/cm. Data are mean plus SEM
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GIP, OXM and CCK, with some EEC expressing all three
(Fig. 6c). Most ghrelin cells are either motilin or 5-HT posi-
tive, and the majority of motilin cells are ghrelin immunore-
active, but not 5-HT positive (Fig. 6d).

Classes of 5-HT cells

EEC that contain 5-HT (enterochromaffin cells) have previ-
ously been considered separate from EEC that contain peptide
hormones (Gershon 2013; Mawe and Hoffman 2013;
Diwakarla et al. 2017). However, we find multiple classes of
peptide hormone containing 5-HTcells in the human jejunum,
5-HT/secretin (12.2 ± 3.4% of 5-HT cells; Fig. 6a), 5-HT/GIP
(46.9 ± 14.3% of 5-HT cells), 5-HT/ghrelin (44.7 ± 14.3% of
5-HT cells) 5-HT/PYY (20.19 ± of 5-HT cells; Fig. 6b), some
of which overlap, and 5-HT cells containing no (as yet) iden-
tified second hormone. This reflects the diversity of roles of 5-
HT of gastrointestinal origin (Berger et al. 2009; Martin et al.
2017).

The presence of EEC that contains both 5-HT and secretin
has been previously reported. In mouse, the majority of secre-
tin cells contain 5-HT, and all secretin cells in the duodenum
and jejunum of bovine, cat and guinea-pig contain 5-HT (Roth
and Gordon 1990; Lopez et al. 1995). About 70% of secretin
cells of human duodenum are immunoreactive for 5-HT
(Cetin 1990). In the current work, 48% of human jejunal se-
cretin cells contained 5-HT. 5-HTmimics 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 (Säfsten et al.
2006) or direct application of 5-HT to the isolated duodenum
from mice (Tuo and Isenberg 2003) both increase bicarbonate
secretion. Thus, there are synergistic effects of 5-HT and se-
cretin released from the same cells. It can therefore be pro-
posed that 5-HT/secretin cells are well conserved across mam-
malian species and that these are a specific functional subtype
of 5-HT cells. They would be predicted to have receptors for
acidic conditions, for example to express acid-sensitive ion
channels.

Fig. 5 Vesicular locations of
hormones present in the same
EEC. (a, a’, a”) GIP and OXM
immunoreactivities are in some
cases in separate vesicles (2,
OXM only; 3, GIP only), or both
immunoreactivities are seen in the
same vesicle (example indicated
by 1). (b, b’, b”) 5-HT and
secretin are contained in separate
vesicles: 1, example of a vesicle
only immunoreactive for 5-HT; 2,
example of a vesicle only
immunoreactive for secretin

Fig. 6 Diagrammatic representation of patterns of colocalisation of
hormones, based on triple labelling for the groups of hormones that are
represented. Quantitative data and variances of hormone colocalisation is
in Figs. 3 and 4 and in the text. a Relationship of populations of EEC
immunoreactive for 5-HT, CCK and secretin. As in most mammals, there
were cells containing both secretin and 5-HT, but unlike some other

species, 5HT and CCK did not overlap. b Patterns of colocalisation of
5-HT, PYYand secretin. c Colocalisation of hormones affecting appetite
and metabolism, GIP, glucagon-gene products (OXM/GLP-1) and CCK.
There is a complex pattern of colocalisation of the two incretins and CCK.
d: There are two major ghrelin cell populations, one almost entirely co-
incident with motilin and the other a subpopulation of the 5-HT cells
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We found that 20% of 5-HT cells in the human jejunum
contained PYY (Fig. 6b). Colocalisation of 5-HT with PYY
has been previously found in human colon, where approxi-
mately 25% of 5-HT cells also contain PYY (Hörsch et al.
1994; Martins et al. 2017). Both 5-HT and PYY suppress
appetite; thus, the products of these cells may also act in
synergy.

So far, as we are aware, colocalisation of 5-HT and GIP in
human proximal small intestine has not been previously re-
ported. However, in mice, tryptophan hydroxylase-1 express-
ing cells (marking 5-HT producing cells) in the proximal
small intestine of GLU-Venus mice have been reported to
express low levels of Gip (marking GIP producing cells)
(Glass et al. 2017). 5-HT and GIP have different roles, and
why they should be colocalised in some cells is not obvious.
In particular, in contrast to GIP, 5-HTappears to inhibit insulin
secretion, in that increased expression of 5-HT receptors in
pancreatic β-cells has been observed to inhibit insulin secre-
tion (Zhang et al. 2013).

Therefore, it seems likely that the different subclasses of 5-
HT cells subserve different roles and are likely to express
different receptors that control release of their hormonal prod-
ucts. The 5-HT/secretin cells could be anticipated to be acid
sensing, 5-HT/ GIP cells carbohydrate sensing and 5-HT/
PYY cells may detect fats and other nutrients.

CCK, GIP and proglucagon-derived peptide
colocalisation

In the human jejunum we found numerous GIP, but fewer
OXM/ GLP-1 cells. GIP and GLP-1 cells are also common
in human duodenum, with GLP-1 cells being a slightly larger
population (Theodorakis et al. 2006). Theodorakis et al.
(2006) reported that 38% of GIP cells contained GLP-1 in
the duodenum and we found 26% of GIP cell to contain
OXM/ GLP-1 in the jejunum. This contrasts with mouse in
which only approximately 5% of GIP cells express GLP-1 in
the proximal small intestine (Svendsen et al. 2016), whereas in
the porcine mid-jejunum the proportion of GLP-1 and GIP
cells that were immunoreactive for both peptides was around
60% of the cells (Mortensen et al. 2003). As is discussed
below, this is one of several substantial species differences.
Our subcellular analysis suggests that OXM/ GLP-1 and GIP
are sometimes stored in the same vesicles. Thus, in human, it
might be expected that GIP and OXM/ GLP-1 could be re-
leased from the same cells and act synergistically as incretins
on the pancreatic islets.

In our study, a high proportion of the OXM/ GLP-1 cells
also contained CCK (Figs. 4 and 6). By immunohistochemis-
try, it was previously reported that most GIP cells of the hu-
man duodenum were immunoreactive for CCK (Egerod et al.
2012). The presence of CCK in the same cells as GIP and
OXM/GLP-1 is consistent with data from mouse, in which

CCK cells, identified by a CCK reporter, had greater gene
copy numbers for the GIP and GLP-1 genes than gene copy
numbers for CCK (Egerod et al. 2012). CCK and GIP have
been detected by mass spectrometry analysis in
preproglucagon cells purified from mouse proximal small in-
testine (Glass et al. 2017). By immunohistochemistry, a high
proportion of GLP-1 positive cells was positive for CCK, and
CCK/GIP costorage was also observed (Egerod et al. 2012).
Also in mouse, analysis of GLP-1 cells in the proximal small
intestine showed that most contained CCK and some of these
also contained GIP (Habib et al. 2012). In a further study,
analysis of CCK cells in the mouse duodenum showed that
37% expressed GIP and 14% were positive for proglucagon,
the GLP-1 precursor (Sykaras et al. 2014). Thus, in both
mouse and human, it is consistently shown that there is
colocalisation of CCK, GIP and GLP-1. Although the roles
of CCK that are most commonly emphasised are to release
pancreatic enzymes, contract the gall bladder and increase
satiety, it also stimulates insulin secretion (Lo et al. 2011)
which may be partly indirect, through the activation of a vagal
reflex (Cheung et al. 2009). Thus, release of hormones from
EEC that contain CCK, GIP and GLP-1 may increase insulin
levels. Selective stimulation of these cells may thus have anti-
diabetic effects.

PYY

Amongst the EEC containing GIP, GLP-1 and/or PYY in the
proximal intestine, PYY cells are in a high proportion in pig
(about 45% of GIP/GLP-1 cells), are slightly fewer in human
(about 24% of these cells), but are rare in mouse (about 4% of
the cells). The high amount in the proximal small intestine of
the pig is consistent with PYY having been originally discov-
ered and sequenced from this region of this species (Tatemoto
1982). Thus, release of PYY from the upper small intestine in
human (and pig) may have a role in satiety that it does not
have in mouse. There is nevertheless a gradient along the
gastrointestinal tract in human with PYY concentrations of
5–6 pmol/g in the duodenum and jejunum, 84 pmol/g in the
terminal ileum, 196 pmol/g in the sigmoid colon and
480 pmol/g in the rectum (Adrian et al. 1985). In the human
jejunum, 59.5 ± 13.3% of PYY immunoreactive EEC were
also immunoreactive for OXM/GLP-1 and 19.1 ± 4.2% of
OXM/GLP-1 immunoreactive EEC were also immunoreac-
tive for PYY This is in contrast to the human distal colon
where over 95% of GLP-1 immunoreactive EEC were also
immunoreactive for PYY and about 70% of PYY cells
contained GLP-1 immunoreactivity (Martins et al. 2017).

Ghrelin and motilin

We found that 80% of motilin cells also contained ghrelin,
which is consistent with the high degrees of colocalisation of
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these hormones that have been reported in human intestine by
other authors (Wierup et al. 2007; Egerod et al. 2012). Gastric
emptying is enhanced by both ghrelin (Levin et al. 2006) and
motilin (Peeters et al. 1992). Exogenous administration of
motilin initiates premature phase III contractions in the human
stomach (Deloose et al. 2012). Ghrelin, which is considered
the principal hunger hormone, is also able to induce premature
gastric phase III activity upon exogenous administration in
human (Tack et al. 2006; Deloose et al. 2012). However, un-
like motilin, plasma ghrelin levels do not fluctuate in synchro-
ny with phase III contractions in human (Deloose et al. 2015).
Thus, in human, ghrelin and motilin are likely to act together
to increase gastric emptying and propulsive activity in the
upper small intestine and to promote feeding. In mice and rats,
motilin and its receptor are only present as pseudogenes (He
et al. 2010).

Differential subcellular storage

The recent advent of high-resolution confocal and super-
resolution microscopy has allowed separate storage of peptide
hormones in EEC to be resolved. Colocalisation studies using
antibodies to GLP-1 and PYY showed that these hormones to
be primarily located in separate vesicles in mouse, rat, human
and pig EEC (Cho et al. 2014b; Grunddal et al. 2015).
Separate vesicular stores of ghrelin and nefstatin-1 were found
in gastric EEC (Stengel et al. 2009). In the human and mouse
small intestine, separation of vesicular stores for GLP-1 and
neurotensin and for PYY and neurotensin was discovered
(Grunddal et al. 2015). This contrasted with GLP-1 and
PYY, which were sometimes colocalised. As we found in
the present study, the degree of vesicular colocalisation or
separation differs between hormone pairs. In the present study,
vesicular stores for 5-HT and secretin were separate, whereas
OXM/GLP-1 and GIP were occasionally in the same storage
organelles. The significance of separate and common subcel-
lular storage of hormones has yet to be determined, but it is
feasible that separately stored vesicles might be independently
secreted, whereas this seems unlikely for hormones in the
same storage vesicles, such as vesicles containing both
OXM and GIP in the human jejunum.

In conclusion, enteric hormones are commonly colocalised
at a cellular level in the human jejunum, the patterns of
colocalisation defining more cell types than would occur if
hormones were all stored in separate cells. It is probable that
the same hormone, released from separate cell populations in
company with different hormones, can subserve a range of
distinct physiological roles.
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