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Analysis of enteroendocrine cell populations in the human colon
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Abstract Recent studies have shown that patterns of
colocalisation of hormones in enteroendocrine cells are more
complex than previously appreciated and that the patterns differ
substantially between species. In this study, the human sigmoid
colon is investigated by immunohistochemistry for the presence
of gastrointestinal hormones and their colocalisation. The seg-
ments of colon were distant from the pathology that led to
colectomy and appeared structurally normal. Only four hor-
mones, 5-hydroxytryptamine (5-HT), glucagon-like peptide 1
(GLP-1), peptide YY (PYY) and somatostatin, were common
in enteroendocrine cells of the human colon. Cholecystokinin,
present in the colon of some species, was absent, as were
glucose-dependent insulinotropic peptide, ghrelin and motilin.
Neurotensin cells were extremely rare. The most numerous
cells were 5-HT cells, some of which also contained PYY or
somatostatin and very rarely GLP-1. Almost all GLP-1 cells
contained PYY. It is concluded that enteroendocrine cells of
the human colon, like those of other regions and species, exhibit
overlapping patterns of hormone colocalisation and that the

hormones and their patterns of expression differ between hu-
man and other species.
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Introduction

Recent re-evaluations of enteroendocrine cell (EEC) popula-
tions in experimental animals have shown that the one hor-
mone, one cell dogma, which has tended to dominate descrip-
tions of EEC, is not correct and that there are in fact extensive
and in some cases quite complex, patterns of colocalisation of
gut hormones in EEC (Helander and Fändriks 2012; Gribble
and Reimann 2015). For example, when cells expressing a
reporter transgene under CCK promotor control in mice are
isolated and molecularly analysed, it is found that CCK gene
transcripts are co-expressed with secretin, GIP, GLP-1, PYY
and neurotensin transcripts and that co-expression of the pep-
tide hormones is confirmed by mass spectrometry and immu-
nohistochemistry (Egerod et al. 2012). Isolation of GIP-
expressing and GLP-expressing EEC and correlated immuno-
histochemical analysis, also in mice, confirms overlaps in ex-
pression of GIP, GLP-1, CCK, PYY and secretin (Habib et al.
2012). Quantitative immunohistochemical analysis of
colocalisation of the K cell marker, GIP and the L cell markers,
GLP-1 and PYY in the mouse and pig gastrointestinal tract,
shows that all possible combinations of these three hormones
occur in EEC and that there are considerable regional differ-
ences between these species (Cho et al. 2015). An example of
regional difference is that about 50 % of K/L cells in the pig
duodenum express PYYor PYYplus GLP-1, whereas no duo-
denal EEC express PYY in the mouse (Mortensen et al. 2003;
Cho et al. 2015).
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In human colon, there are reports of somatostatin-
containing EEC (Alumets et al. 1977), PYY-containing
EEC, which were also immunoreactive for GLP, identified
as glicentin in these early papers (Böttcher et al. 1984,
1986) and 5-HT-containing EEC (Buffa et al. 1978).
Neurotensin-containing EEC are rare (Helmstaedter et al.
1977; Sundler et al. 1977; Buffa et al. 1978) and secretin
immunoreactive cells appear to be absent (Buffa et al. 1978).
Cholecystokinin is found in numerous cells of the human
duodenum and jejunum (Rehfeld 1978) but only rarely in
the human colon (Polak et al. 1975). Interestingly, CCK cells
appear to be common in the mouse colon (Egerod et al. 2012).
Furthermore, microarray analysis has shown that a proportion
of GLP-expressing cells in the mouse colon also express the
gene for CCK (Habib et al. 2012).

In order to determine the patterns of hormone coexpression
in human colon, we investigate colocalisation of the
major human colonic EEC hormones, GLP, PYY, 5-HT and
somatostatin and also investigate hormones that have
been reported in small populations of human colonic EEC,
neurotensin and CCK. GIP was investigated because of its
frequent colocalisation with GLP (Mortensen et al. 2003)
and its presence in a small proportion of colonic EEC in pig
and mouse (Cho et al. 2015). Ghrelin and motilin were also
investigated, as mRNA for ghrelin was detected by qPCR in
the left and right human colon (Gnanapavan et al. 2002) and
motilin receptor expression is detected in human colonic
smooth muscle and mucosa by immunohistochemistry and
PCR (Ter Beek et al. 2008). Low levels of ghrelin were pre-
viously detected by radioimmunoassay and sparse ghrelin
immunopositive cells were reported in rat large intestine
(Date et al. 2000).

Materials and methods

Sources and preparation of tissues

All resected tissue was obtained from surgical procedures at
the Medical School of the Federal University of Goiás, Brazil.
The study was approved by the Ethics and Research
Committee of the Federal University of Minas Gerais, num-
ber: 04939212.9.0000.5149. Informed consent was obtained
from the patients before tissue procurement. The samples were
collected/ fixed in Goiás and sent to Melbourne University.

Samples were obtained from normal sigmoid colon that
was removed from 4 patients in whom an adjacent region of
colon was removed because of trauma or cancer. The seg-
ments were cleaned of contents, opened along the mesenteric
attachment and pinned, mucosa up without stretching, to balsa
wood sheets in ice-cold phosphate-buffered saline (PBS;
0.15 M NaCl in 0.01 M sodium phosphate buffer, pH 7.2).
The tissue was then placed in fixative (2 % formaldehyde plus

0.2 % picric acid in 0.1 M sodium phosphate buffer, pH 7.2)
overnight at 4 °C. The following day, tissues were cleared 3
times (10 min) in dimethyl sulfoxide (DMSO) and then
washed 3 times (10 min) in PBS. Tissue was transferred to
PBS-sucrose-azide (PBS containing 0.1 % sodium azide and
30% sucrose as a cryoprotectant). It was stored in this solution
for up to a month. Human jejunum was obtained from the
Department of Surgery at Austin Hospital with informed
consent (Cho et al. 2014b).

Immunohistochemistry

Tissue samples were placed in PBS-sucrose azide and OCT
compound (Tissue Tek, Elkhart, IN, USA) in a ratio of 1:1 for
a further 24 h before being trimmed and embedded in 100 %
OCT and frozen in isopentane cooled with liquid nitrogen.
Sections of 12 μm thickness were cut, air-dried for 1 h on mi-
croscope slides (SuperFrostPlus®; Menzel-Glaser #1.5; Thermo
Fisher, Scoresby,Vic, Australia) and incubatedwith 10%normal
horse serum for 30 min. Sections were then incubated with mix-
tures 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 2) for 1 h at room tem-
perature. For staining nuclei, preparations were washed once
with PBS then twice with distilled water and incubated for
5 min in Hoechst 33258 solution (Bisbenzimide–Blue, diluted
to 10 μg/mL in distilled water) and then washed 3 times with
distilled water before mounting with fluorescent mounting me-
dium (Dako, Carpinteria, CA, USA).

Detection of CCK gene expression

Total RNAwas extracted from the mucosa of fixed human colon
and duodenum samples using the RNeasy FFPE kit (Qiagen,
Melbourne, Australia) and 1 μg total RNA was reverse tran-
scribed into cDNA using iScript (BioRad, Gladesville, NSW,
Australia). Human CCK mRNA was amplified by polymerase
chain reaction (PCR) using 5PRIME MasterMix (5PRIME,
Hamburg, Germany) with intron-spanning primers. The forward
primer for human CCK (accession no. NM 000794.8) was
TATCGCAGAGAACGGATG and the reverse primer was
AGGTTCTTAACGATGGACAT to produce a 111-bp product
(van der Wielen et al. 2014). The primers for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), which were used as a pos-
itive control, were forward CCTGCACCACCAACTGCTTA
GC and the reverse GTGTCGCTGTTGAAGTCAGAGG pro-
ducing a band of 418 bp. PCR amplification of CCK was per-
formed with an initial step of 95 °C for 5 min, followed by
15 cycles of 95 °C for 40 s, annealing temperatures of 51 °C
for 30 s and 72 °C for 30 s for extension. This step was followed
by a final extension at 72 °C for 10 min. Reactions were also
conducted without reverse transcriptase, which confirmed the
absence of genomic DNA.
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Image analysis

Slides were examined using an AxioImager microscope
(Zeiss, Sydney, Australia) and high-resolution confocal mi-
croscopy (Zeiss Meta510 laser scanning confocal microscope
and Zeiss LSM800 Airyscan). For quantitative analysis, im-
ages were captured using a V-Slide fluorescent slide scanner
(Zeiss). Images were exported and analysed off-line using
ImageJ (imagej.nih.gov/ij/). For quantitation of immunoreac-
tive cells, counts were made from 3 sections from each sample
and expressed as numbers of cells per 100 crypts. This anal-
ysis was repeated in samples from 3 patients. Images were
imported into CorelDraw (Corel, Ottowa, Canada) for final
preparation of figures.

Statistical analysis

Data were analysed using GraphPad Prism 5.0 (Graph-Pad
Software, San Diego, CA, USA) and presented as mean
± SEM. Differences were evaluated with 2-tailed Students’ t
tests.

Results and discussion

The most numerous EEC in the human colon were those im-
munoreactive for GLP-1, 5-HT, PYY and/or somatostatin
(Fig. 1). Relative numbers were: GLP-1, 23 cells/100 crypts;
5-HT, 56 cells/100 crypts; PYY 29 cells/100 crypts; and

Table 2 Secondary antibodies,
their respective fluorochromes,
nuclear stain and dilutions used

Antibody or stain Fluorochrome
associated

Dilution Source

Donkey anti-sheep Alexa Fluor® 594 1:1000 Invitrogen, Carlsbad, CA, USA

Donkey anti-sheep Alexa Fluor® 488 1:500 Molecular Probes, Mulgrave, VIC, Australia

Donkey anti-mouse Alexa Fluor® 488 1:500 Molecular Probes

Donkey anti-chicken Alexa Fluor® 488 1:500 Jackson Immuno Research Laboratories Inc., West
Grove, PA, USA

Donkey anti-rabbit Alexa Fluor® 594 1:1000 Molecular Probes

Donkey anti-mouse Alexa Fluor® 594 1:1000 Molecular Probes

Hoechst
bisbenzimide
33258

Bisbenzimide 10 μg/mL Sigma

Table 1 Primary antibodies and
their respective dilutions used in
the study

Target Host species Dilution Antibody code, source and/or reference

5-HT Goat 1:10,000 #20079; Incstar, Hudson, WI, USA
(Cho et al. 2014a)

5-HT Mouse 1:100 #M758; DAKO, Copenhagen

CCK, sulphated Rabbit 1:1000 to 1:5000 #92128 (Rehfeld 1998)

CCK, non-sulphated Rabbit 1:1000 to 1:3000 # 94179 (Agersnap and Rehfeld 2014),

CCK-gastrin Mouse 1:2000 28.2 (Kovacs et al. 1989)

CCK- gastrin Rabbit 1:3000 to 1:1000 #8007 (Rehfeld 1998)

Ghrelin Chicken 1:800 ab15861; Abcam, Cambridge, UK

Ghrelin Rabbit 1:2000 G01 (Patterson et al. 2005)

GIP Rabbit 1:1000 Ab22624; Abcam

GIP Goat 1:500 #SC23554; Santa Cruz, Santa Cruz,
CA, USA

GLP-1 Goat 1:100 #SC7782; Santa Cruz

Motilin Rabbit 1:1000 # R-1104, (Yanaihara et al. 1980)

Neurotensin Rabbit 1:200 #7852 (Shulkes et al. 1983)

PYY Chicken 1:1000 #GW22771 (Cho et al. 2015)

Somatostatin Rabbit 1:2000 IL11 (Costa and Furness 1984)
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somatostatin, 5 cells/100 crypts (Fig. 1). Neurotensin immu-
noreactive cells were strongly fluorescent when they were
found but were very rare, fewer than 1 neurotensin cell per
100 crypts (Fig 2). In view of EEC with CCK-like immuno-
reactivity having been reported in the human colon (Polak
et al. 1975) and CCK-expressing EEC being common in the
mouse colon (Egerod et al. 2012), we used 4 different anti-
bodies to investigate CCK presence in the human sigmoid
colon. Each of these antibodies revealed EEC in the human
jejunum but none revealed EEC in any of the samples of
colon (Fig. 2). To further investigate CCK expression, we
extracted RNA from colon mucosa and the mucosa of the
human jejunum. PCR failed to amplify any cck transcripts in
colon samples from 3 individuals. GAPDH was used as a
positive control in these samples and cck expression was

detected in fixed human jejunum samples (data not shown).
GIP, ghrelin and motilin positive cells were not detected in the
human distal colon, although they were present in the human
jejunum.

Double staining for GLP-1 and PYY showed that over
95 % of GLP-1 immunoreactive EEC were also immunoreac-
tive for PYY (Fig. 3). About 75 % of PYY cells contained
GLP-1 immunoreactivity (21.7 ± 4.0 cells/100 glands, n = 4).
About 14 % of 5-HT cells were immunreactive for PYY (7.5
± 1.5 cells/100 glands, n = 4), whereas there was very rare
colocalisation of 5-HT and GLP-1; fewer than 1 % of 5-HT
cells were immunoreactive for GLP-1 and GLP-1 immunore-
activity in these cells was weak (Fig. 3c). From this, it can be
deduced that there are two populations of EEC containing
PYY: GLP-1/PYY and 5-HT/PYY cells. The population of
somatostatin cells was smaller than the other cell types and
about one-third of these were 5-HT immunoreactive (Figs. 3d,
4c). Somatostatin immunoreactive cells were not immunore-
active for either GLP-1 or PYY.

The results indicate that more enteroendocrine cells in the
human colon are immunoreactive for 5-HT than for any other
enteric hormone; these were about 56 cells/100 crypts. About
14 % of 5-HT cells were PYY but not GLP-1 immunoreactive
and a small number was immunoreactive for somatostatin.
About 75 % of PYY cells were GLP-1 positive but not 5-
HT immunoreactive and almost all GLP-1 positive EEC were
also PYY positive. From these data, the percentages of EEC

Fig. 1 The relative total numbers of enteroendocrine cells containing the
4 major hormones that were observed in sections of the human sigmoid
colon. Data are mean ± SEM, from 3 sections from each of 4 colon
samples

Fig. 2 Examples of single labeling of enteroendocrine cells in the human
jejunum (JEJ) and colon (COL). Neurotensin (NT) immunoreactive EEC
cells (a, a′) were rare and cholecystokinin immunoreactive cells could
not be found in the human sigmoid colon. Both cell types were common
in the human jejunum, which served as a positive control. Antibodies

against the non-sulphated form of CCK (NS CCK; b, b′) and the
biologically active, sulphated form (CCK; c, c′) failed to reveal cells in
the colon. Two other anti-CCK antibodies, which also reveal gastrin, also
failed to reveal EEC in the colon (see text). Scale bars 20 μm
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represented by the largest populations were 5-HT only, 57 %;
GLP-1/PYY, 27 %; 5-HT/PYY, 9 % and SOM± 5-HT, 6 %.

There are some interesting differences between species, for
example CCK cells are found in mouse colon (Egerod et al.
2012) and GIP is found in small numbers of colonic EEC in

both mice and pigs (Cho et al. 2015). Neither was found in
enteroendocrine cells in the human sigmoid colon. Moreover,
the proportional overlaps of GLP-1 and PYYare quite differ-
ent in the colon across the three species: in mouse around
15 % of distal colon EEC contain GLP-1 alone and ∼5 %

Fig. 3 Double labeling of enteroendocrine cells in the human colon.
Cells that were labeled for only one hormone are indicated by arrows
and those immunoreactive for both by arrows with asterisks. Most GLP-1
immunoreactive cells (a) showed colocalisation with PYY, although there
was a significant population of cells that were immunoreactive for PYY
(a′) without GLP-1. The merged image is shown in a″. 5-HT (b) with

PYY (b′) and merged in (b″). In almost all cases, 5-HT was not
colocalised with GLP-1; in rare cases (arrows with asterisks) a 5-HT
cell was faintly GLP-1 immunoreactive (c, c′, c″). 5-HT positive cells
were more numerous than somatostatin (SOM) cells and about half of the
somatostatin cells were 5-HT immunoreactive (d, d′, d″). Scale bars
20 μm
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PYY alone, in pig colon 40 % contain GLP-1 alone and 7 %
PYY alone (Cho et al. 2015), whereas in this study in the
human distal colon we found that fewer than 1 % of EECwith
GLP-1 and/or PYY contain GLP-1 alone and 25 % contain
PYY without GLP-1.

5-HT, the hormone in the greatest number of cells, was
found in three chemically distinct populations; those also con-
taining PYY, those with somatostatin and those in which nei-
ther PYY nor somatostatin occurred. It is feasible that the
subtypes of 5-HT cells have different functions. 5-HT differs
from other enteroendocrine cell hormones in that it is a bio-
genic amine, not a peptide. In endocrine cells, its synthesis is
regulated by tryptophan hydroxylase 1 (Tph1) whereas neu-
ronal 5-HT synthesis requires Tph2 (Walther et al. 2003).
Tph1 knock-out mice lacking EEC-derived 5-HT have signif-
icantly less weight gain, lower adiposity and lower expression
of markers of adipose tissue inflammation when challenged
with a high fat diet compared to wild-type mice (Crane et al.
2015). 5-HT stimulates movements of the colon and can ini-
tiate propulsion (Heredia et al. 2013). Moreover, in the tph-1
knock-out mouse, mucosal stimuli failed to elicit propulsive
reflexes, although propulsive contractions could be elicited by
distending the colon (Heredia et al. 2013). Thus, 5-HT re-
leased from EEC has a role in controlling motility and drugs
acting on 5-HT receptors have been used to treat motility
disorders (Andresen et al. 2008; Shin et al. 2014). 5-HT also
activates nerve pathways that increase water and electrolyte
secretion (Cooke et al. 1997). By contrast, PYY is an inhibitor
of water and electrolyte secretion, both in human and mouse
(Cox and Tough 2002; Hyland et al. 2003). Thus, it might be
speculated that 5-HT/PYY EEC are involved in controlling
functions other than secretion, for example motility, in which
case effects of 5-HTon secretionmay be neutralised by the co-
release of PYY.

5-HT may also have other roles in the intestine, for exam-
ple amplifying inflammation and stimulating growth and pro-
liferation of enteric neurons (Liu et al. 2009; Margolis et al.
2014; Crane et al. 2015). In contrast to 5-HT, somatostatin is a
potent anti-inflammatory agent (Helyes et al. 2001; Pintér
et al. 2006). Thus, like the 5-HT/PYY cells, the 5-HT/somato-
statin cells contain hormones with opposing actions at one of

their possible sites of action. Therefore it might be suggested
that activation of EEC containing 5-HT without somatostatin
may be pro-inflammatory, whereas when 5-HT/somatostatin
cells are activated the pro-inflammatory effect of 5-HT might
be curtailed and other effects may be accentuated.
Interestingly, somatostatin inhibited 5-HT secretion from hu-
man EC carcinoid cell lines in vitro (Kidd et al. 2008), which,
if this effect occurs in the normal intestine, might also curtail
the pro-inflammatory effect of 5-HT.

It is notable that the α-subunit of the taste-specific G pro-
tein, gustducin (Gαgust), is expressed by enteroendocrine cells
that contain PYYor GLP-1 but not serotonin in human colon
(Rozengurt et al. 2006), suggesting that nutrient-derived stim-
uli contribute to release of PYY or GLP-1 via nutrient recep-
tors, whereas 5-HT is released by a range of mechanical stim-
uli (Grider et al. 1996; Bertrand 2006) and perhaps by
inflammation.

Several studies suggest that there is a major developmental
lineage for enteroendocrine differentiation in the mouse that
leads to cells that express GLP-1 and 2, PYY, GIP, CCK,
secretin and neurotensin and that other lineages exist, includ-
ing one leading to EEC that express serotonin and substance P
(Roth et al. 1992; Egerod et al. 2012; Habib et al. 2012).
Based on their own studies and the literature, Egerod et al.
(2012) proposed that there are 4 EEC lineages, one leading to
the production of CCK, GLP-1, GIP, PYY, neurotensin and
secretin, one leading to somatostatin-containing EEC, one to
5-HT and substance P EEC and one to ghrelin/motilin cells.
Consistent with Egerod et al. (2012), Habib et al. (2012) also
reported that GLP-1, GIP, CCK and secretin were in the same
EEC cell lineage. They also reported that some cells of the
CCK, GIP, GLP-1, PYY lineage express somatostatin. Our
study found overlap of somatostatin and 5-HT but not
somatostatin and CCK, GLP-1 or PYY in human colon. We
also observed co-storage of 5-HTand PYY. Thus, there appear
to be subtle differences between mouse and human in EEC
lineages.

In conclusion, while the human sigmoid colon shows some
similarities with other species in regard to the hormones pro-
duced and their co-storage, differences also occur. 5-HT rep-
resents the largest EEC population and colocalises with PYY

Fig. 4 Quantitative assessment of colocalisation of hormones in
enteroendocrine cell populations in human colon. a GLP-1 and PYY:
95 % of GLP-1 cells were PYY immunoreactive and about 75 % of
PYY cells contained GLP-1. b PYY and 5-HT: 14 % of 5-HT cells
were immunoreact ive for PYY, 30 % of PYY cells were

immunoreactive for 5-HT. c Of somatostatin cells, 62 % contained
somatostatin alone and 38 % contained somatostatin and 5-HT. Data are
from analysis of 3 sections in tissue samples from each of 4 individuals. /-
indicates EEC that were immunoreactive for the indicated hormone
without any of the other hormones investigated
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and somatostatin but not with GLP-1. CCK is absent from
EEC in the human colon in contrast to its presence in EEC
of the mouse colon. The noticeable overlap seen between the
two main hormones PYY and 5-HT in the colon raises ques-
tions regarding the role they play in health and possibly in
pathology.
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