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CCK, Secretin, GIP, GLP-1, PYY, and Neurotensin but
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Enteroendocrine cells such as duodenal cholecystokinin (CCK cells) are generally thought to be con-

fined to certain segments of the gastrointestinal (GI) tract and to store and release peptides derived

from only a single peptide precursor. In the current study, however, transgenic mice expressing en-

hanced green fluorescent protein (eGFP) under the control of the CCK promoter demonstrated a

distribution pattern of CCK-eGFP positive cells that extended throughout the intestine. Quantitative

PCRand liquidchromatography-mass spectrometryproteomicanalysesof isolated,FACS-purifiedCCK-

eGFP-positive cells demonstrated expression of not only CCK but also glucagon-like peptide 1 (GLP-1),

gastric inhibitory peptide (GIP), peptide YY (PYY), neurotensin, and secretin, but not somatostatin.

Immunohistochemistry confirmed this expression pattern. The broad coexpression phenomenon was

observed both in crypts and villi as demonstrated by immunohistochemistry and FACS analysis of

separated cell populations. Single-cell quantitative PCR indicated that approximately half of the du-

odenal CCK-eGFP cells express one peptide precursor in addition to CCK, whereas an additional smaller

fraction expresses two peptide precursors in addition to CCK. The coexpression pattern was further

confirmed through a cell ablation study based on expression of the human diphtheria toxin receptor

under the control of the proglucagon promoter, in which activation of the receptor resulted in a

marked reduction not only in GLP-1 cells, but also PYY, neurotensin, GIP, CCK, and secretin cells,

whereas somatostatin cells were spared. Key elements of the coexpression pattern were confirmed by

immunohistochemicaldoublestaininginhumansmall intestine. It isconcludedthatalineageofmature

enteroendocrine cells have the ability to coexpress members of a group of functionally related pep-

tides:CCK, secretin,GIP,GLP-1,PYY,andneurotensin, suggestingapotential therapeutic target for the

treatment and prevention of diabetes and obesity. (Endocrinology 153: 5782–5795, 2012)
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Hormone-producing enteroendocrine cells are scat-

tered throughout the gastrointestinal (GI) tract from

the esophagus to the rectum, collectively constituting the

largest and most diverse endocrine organ of the body (1–

4). Enteroendocrine cells are generally flask shaped with

an apical, microvillus-decorated sensory extension reach-

ing the gut lumen and with dense core secretory granules

at the base from which the gut hormones are released (5–

7). About 15 different types of enteroendocrine cell types

have been identified, and a similar, large number of pep-

tidehormoneshavebeenassigned toeachdistinct cell type.

Enteroendocrine cells were originally defined on the basis

of distinct electron microscopic characteristics of their se-

cretory granules (8). However, immunohistochemistry

soon revealed that different enteroendocrine cell types

could be distinguished by expression of distinct peptide

hormones. For example, the so-called I-cells and S-cells of

the duodenum were found to store cholecystokinin (CCK)

and secretin, respectively (6, 9, 10), whereas enterogluca-

gon and later glucagon-like peptide 1 (GLP-1) were found

in the L-cells of the ileum (11). At present, it is still gen-

erally assumed that each enteroendocrine cell type stores

and releases peptide hormones derived from only a single

peptide hormone precursor. Well-established exceptions

to this concept are few and include L-cells, which costore

and corelease GLP-1 and GLP-2 (both derived from post-

translational processing of proglucagon) and peptide YY

(PYY) (12, 13).

Enteroendocrine cells differ from other peptide hor-

mone- and neuropeptide-producing endocrine and neu-

ronal cells in the body in that they continuously are re-

newed, with a generation time of only 5–7 d (14, 15).

Importantly, all the enteroendocrine cell types, as well as

all other cell types of the GI tract epithelium, are derived

from single pluripotent stem cells residing in the mucosal

crypts. These stem cells divide to give rise to a pool of

rapidly dividing transit-amplifying cells, which enter ei-

ther an absorptive or a secretory lineage as they reach the

upper crypt region (16–18). The enteroendocrine cells are

derived fromasecretory lineage that is dependentupon the

expression of ngn3 (19). During maturation, most en-

teroendocrine cells, as well as goblet cells and absorptive

enterocytes, migrate upward in the crypt, whereas Paneth

cells migrate to the bottom of the crypt and have a longer

generation time (1). Before leaving the crypts, enteroen-

docrine cells are believed to become terminally differen-

tiated, such that each mature subtype produces only pep-

tides derived from a single peptide hormone precursor. It

was noted early on, however, that a subpopulation of en-

teroendocrine cells migrate downward in the crypts to re-

side close to the LGR5-positive progenitor and Paneth

cells (20–22). These enteroendocrine cells located deep in

the crypts are known to coexpress a broad selection of gut

hormones: CCK, secretin, gastric inhibitor peptide (GIP),

and neurotensin as well as stem cell markers (20). In con-

trast, the enteroendocrine cells, which migrate up into the

villi, comply with the current one cell-one hormone dogma

for enteroendocrine cells (1, 14, 15, 20).

The present study was undertaken to better character-

ize CCK cells, which previously had been thought to be

limited to the duodenum. Using primarily material from

transgenic reporter mice expressing enhanced green fluo-

rescent protein (eGFP) under the control of the CCK pro-

moter, we demonstrate both a more widely distributed

expression pattern of CCK cells throughout the GI tract

and coexpression of functionally related gut hormones

(i.e. GLP-1, PYY, GIP, secretin, and neurotensin) with

CCK. The coexpression was not limited to enteroendo-

crine cells in the crypts but was also found in presumably

mature enteroendocrine cells of the villi. We did not detect

coexpression of CCK with the functionally distinct pep-

tide somatostatin. Expression of peptides derived from

more than one preprohormone in the same enteroendo-

crine cells was further verified through a cell ablation

study using transgenic mice in which the human diphthe-

ria toxin receptor is expressed under the control of the

glucagon promoter. Key elements of the coexpression

were demonstrated also in the human small intestine by

double staining immunohistochemistry.

Materials and Methods

Transgenic mice
Cck-eGFP transgenic mice were developed by the Gensat

project (www.gensat.org) and obtained from the Mutant Mouse

Regional Resource Center.

Humanized Renilla green fluorescent protein (Ghrelin-

hrGFP) (line hrGFP10) mice were generated as previously de-

scribed (23).

Gcg-hDTR mice were generated using a bacterial artificial

chromosome (BAC) clone (RP23-343C17) in which the se-

quence coding for the human diphtheria toxin receptor was in-

serted at the start codon for Gcg. The mice were generated at

DAGMAR (Danish Genetically Modified Animal Resource).

All animal studies were carried out in accordance with the

Institutional Animal Care and Use Committees at the Universi-

ties of Copenhagen and Texas Southwestern Medical Center.

Cell isolation and FACS purification

Intestinal CCK cell isolation and purification
Cck-eGFP transgenic mice were euthanized and duodenal,

jejunal, and ileal segments were inverted, inflated, and digested

for 20 min with 0.13 Wünsch units of Liberase (Roche, India-

napolis, IN) in DMEM 1885 while being slowly shaken at 37 C.

Every fifth minute the tissue was shaken vigorously for 5 sec. This
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procedure was repeated three times. Before sorting, the cells were
slowly shaken for a second period of 20 min at 37 C, passed
through a 70-�m pore diameter cell strainer, pelleted at 1500
rpm for 5 min, and resuspended in DMEM 1885 with 10% fetal
bovine serum.

Fractionation of crypt vs. villus cells
Similar to the method developed by Stegmann et al. (24), we

fractionated cells using the procedure described above; impor-
tantly, during the first 20-min period the vigorous shaking every
fifth minute was replaced by a gentle inverting of the tube 10
times. Cells liberated during this first enzyme digestion were used
as the villus fraction. Over the next 35 min the tissue was shaken
vigorously every fifth minute and cells liberated were discarded.
A final incubation for 20 min with fresh enzyme solution yielded
the crypt fraction. The crypt and villus fractions were verified by
QPCR for markers for the villus (Alpi and Apoa4) and crypt
(Lyz1 and Defa5). Primers are listed in Supplemental Table 1,
published on The Endocrine Society’s Journals Online web site
at http://end.endo.journals.org.

Cells were sorted as eGFP positive or eGFP negative using
either a BD FACSAria II (BD Biosciences, Palo Alto, CA) or a
MoFlo XDP (Beckman Coulter, Brea, CA). Cells were sorted on
dry ice or into lysis buffer for RNA extraction or into 6M acetic
acid for peptide analysis.

Gastric ghrelin cell isolation and FACS purification
hrGFP-positive and negative cells were isolated and FACS

purified from ghrelin-hrGFP mice as previously described (23).

RNA extraction and quantitative RT-PCR analysis
Total RNA was extracted from 5000–30,000 cells using

NucleoSpin RNA XS kit (Macherey-Nagel, Duren, Germany),
and RT-PCR was performed using SuperScript III Reverse Tran-
scriptase (Invitrogen, Carlsbad, CA). Custom-designed StellAR-
ray qPCR arrays (Lonza Group, Basel, Switzerland) were as-
sayed according to the manufacturer’s instructions with SYBR
Premix Ex Taq (TaKaRa, Otsu, Shiga, Japan) using a Mx3000P
(Stratagene, La Jolla, CA) or a LightCycler480 (Roche). Target
regions are listed in Supplemental Table 1.

To enable direct comparison of RNA levels from different
genes, a genomic DNA sample containing all assayed transcripts
was used as calibrator, and the data were further normalized
using Ywhaz as reference gene as previously described (25).

Single-cell quantitative RT-PCR analysis
Single cells from duodenum were sorted directly into 10 �l

2 � RT buffer (100 mM Tris, 150 mM KCl, 6 mM MgCl2, 10 mM

dithiothreitol) in 96-well plates using a BD FACS Aria II and
stored at �80 C. cDNA was transcribed as follows: 5 �l H2O
containing random primers (0.008 A260 U, Roche) were added
to each well, heated to 70 C for 3 min, and cooled to 4 C before
adding 10 �l H2O containing 0.05 mM deoxynucleotide triphos-
phates, 0.6 U RNaseOUT, 1 U SuperScript III (Invitrogen). Sub-
sequently the samples were heated to 25 C for 5 min, 50 C for 60
min, and 70 C for 15 min. The cDNA was diluted five times in
a final reaction volume of 12.5 �l and assayed on a LightCy-
cler480 (Roche) using SYBR Premix Ex Taq (TaKaRa). Four
genes were assayed from each cell. Ct values were calculated
using the second derivative method. Ct values less than 40 were

counted as positive, and non-RT samples were included to val-
idate the specificity of the assay. To correlate expression of Cck
with Sct, the Ct values were transformed to relative expression
levels using the standard delta ct method (26) setting the average
expression for each gene to 1.

A nonparametric Spearman correlation of the relative expres-
sion of Cck vs. Sct at single cell level was performed (GraphPad
Software, San Diego, CA). Primers are listed in Supplemental
Table 1.

Liquid chromatography-mass spectrometry (LC-MS)
Seventy-thousand cells obtained from FACS sorting of the

small intestine were analyzed for natural occurring small peptide
fragments without enzymatic treatment using LC-MS as previ-
ously described (27).

Immunohistochemistry

Intestinal tissue from Cck-eGFP transgenic mice
Tissue was fixed in freshly prepared 4% paraformaldehyde

(24 h at 4 C), followed by 2 d cryoprotection (20% sucrose at 4
C). The tissues were embedded in Tissue-Tek (Sakura Finetek,
Torrance, CA), snap frozen in isopentane and stored at �20 C.
(8 �m) Sections were cut with a cryostat (cm3050 S, LEICA) and
placed on glass slides to air dry for 1 h at room temperature,
washed three times for 5 min. in PBS. Sections were preblocked
using 2% BSA in PBS for 1 h and incubated overnight at 4 C with
the primary antibodies (Supplemental Table 2). The primary
antibodies were washed off (three times for 5 min, PBS) and
replaced by secondary antibodies (Supplemental Table 2) and
incubated 1 h at room temperature. Secondary antibodies were
washed off, and PBS containing Hoechst stain (Thermo Scien-
tific, Rockford, IL) was added for 5 min. The sections were
washed (three times for 5 min) in PBS and coverslipped in mount-
ing medium (S3023; DAKO Corp., Carpenteria, CA). Using a
fluorescence microscope (Olympus IX70, Olympus Corp., Lake
Success, NY), pictures were captured with a CMOS camera (Pro-
gRes CT3 USB, Jenoptik).

Ablation study and immunohistochemistry on

Gcg-hDTR transgenic mice
Transgenic Gcg-hDTR and WT mice (20 wk of age) received

ip injections of diphtheria toxin (100 ng/g bodyweight) (Sigma
Aldrich, St. Louis, MO). Mice were killed at time zero or 24 h
after diphtheria toxin administration. Twenty cross-sections of
distal ileum tissue were collected for each peptide and mice an-
alyzed (five cross-sections from four interspaced positions). All
cells staining positive for a given peptide were counted and finally
normalized as counts per cross-section. The tissue was excised
and submerged into freshly prepared 4% paraformaldehyde for
48 h at 4 C, stored in 70% alcohol, and paraffin embedded using
a Shandon Excelsior (Thermo Fisher). Sections (4–6 �m) were
cut and dried (60 C, 1 h) and stored at 4 C. Sections were depar-
affinized, rehydrated, submerged, and boiled for 15 min in 0.01
mol/liter citrate buffer (pH 6.0). Tissue sections were permeabil-
ized with PBST [PBS-Ca-Mg (pH 7.4) � 0.1% triton] three times
for 2 min. Sections were preblocked using 2% BSA (15 min room
temperature) and incubated overnight at 4 C with the primary
antibodies (Supplemental Table 2), washed in PBS (three times 2
min), and incubated for 1 h with biotinylated secondary anti-
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bodies (Supplemental Table 2). Endogenous tissue peroxidase
was blocked using 3% H2O2 in PBS for 8 min followed by 30-
min incubation in vectastain reagents (Vector Laboritories, Bur-
lingame, CA) and 15-min incubation with freshly made 3,3 di-
aminobenzidine solution (Kementec Diagnostics, Copenhagen,
Denmark). Aqueous solution of CuSO4 in TNT buffer (0.1 M

Tris-HCl, 0.15 M NaCl, and 0.05% Tween 20) was applied for
1 min to enhance coloration. Slides were counterstained with
Mayer’s hematoxylin (Ampliqon, Odense, Denmark), dehy-
drated in alcohol, and coverslipped with Pertex (catalog no.
00801; Histolab, Gothenburg, Sweden).

Immunohistochemistry of human small intestinal

tissue
Untraceable historical archival samples of normal human in-

testinal tissues that were originally collected during surgery of
the GI tract were used. Immunohistochemistry in these paraffin-
embedded tissues were performed in a manner similar to that
described above for mice tissues.

Results

Immunohistochemical analysis of eGFP expression

in CCK-eGFP mice

CCK has previously been identified as mainly a duo-

denal hormone. Accordingly, eGFP expression was found

in classical enteroendocrine-like cells scattered in the du-

odenal mucosa from CCK-eGFP trans-

genic mice. These CCK-eGFP-positive

cells were located both in the crypts and

villi (Fig. 1A). As in previous reports,

the majority of these duodenal eGFP-

positive cells contained CCK immuno-

reactive material (28–30). A relatively

large population of CCK-eGFP-positive

enteroendocrinecellswasobserved in the

jejunum, and surprisingly, also in the il-

eumandcolon,where classicalCCKcells

were not expected to be found in great

numbers (Fig. 1, B–D). A small fraction

of the CCK-eGFP-positive enteroendo-

crine cells did not contain CCK immu-

noreactivity (Fig. 1, E–G); these were

characterized further by single-cell

QPCR analysis (see below).

QPCR analysis of isolated FACS-

purified CCK-eGFP positive cells

To characterize the CCK-eGFP-pos-

itive cells in more detail, single cell

preparations were generated through

enzymatic digestion of mucosa from

different segments of the small intes-

tine, followed by FACS (Fig. 2A). The

CCK-eGFP-positive cells constituted on average 0.2% of

cells released from the duodenal mucosa by enzymatic di-

gest. After FACS sorting, the CCK-eGFP-positive cells

were more than 90% pure as judged by microscopy.

QPCR analysis revealed that the CCK-eGFP-positive cells

purified from duodenum expressed RNA coding for the

CCK precursor (Cck), as expected (Fig. 2B). The expres-

sion of Cck was enriched 250-fold in the CCK-eGFP-pos-

itive cells compared with the eGFP-negative cells (Fig. 2B).

Unexpectedly, the CCK-eGFP-positive cells expressed

equal amounts of RNA encoding the secretin precursor

(Sct) as that encoding Cck. They also expressed relatively

large amounts of Gip and ghrelin (Ghrl) RNA, i.e. about

half and one fourth of Cck RNA, respectively (Fig. 2B).

RNA encoding the proglucagon/GLP-1 precursor (Gcg),

the neurotensin (Nts) precursor, and the Pyy precursor

were also detected in the CCK-eGFP-positive cells from

duodenum albeit at relatively low copy numbers com-

pared with Cck (Fig. 2B). In contrast, RNA encoding so-

matostatin and substance P precursors were barely detect-

able (Tac1 in Fig. 2B).

A similar QPCR analysis was performed on FACS-pu-

rified CCK-eGFP positive cells from jejunum and ileum.

As shown in Fig. 2D, the relative copy number of Cck was

much lower in jejunum and ileum compared with duode-

A B C D

E F G

Duodenum Jejunum Ileum Colon

CCK-eGFP CCK-Ab Merge

FIG. 1. Distribution of eGFP-positive enteroendocrine cells in the GI tract of CCK-eGFP

transgenic mice. Panels A–D demonstrate localization of CCK promoter-driven eGFP

fluorescence (green) within duodenal (A), jejunal (B), ileal (C), and colonic (D) mucosa along

its full glandular extent from the crypts (bottom) to the villus tips. General architecture of the

mucosa is visualized by counterstaining with Hoechst nuclei staining (blue). Panels E–G

demonstrate localization of CCK promoter-driven eGFP fluorescence (E) with CCK

immunoreactivity (F) and merged (G) in jejunum. Bar, 50 �m. Ab, Antibody.
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num, in accordance with the expected overall expression

pattern for the CCK hormone. Similarly, the expression of

Ghrl was much lower in cells from the jejunum compared

with the duodenum and basically was not present in cells

from the ileum (Fig. 2D). Gip RNA expression in the

eGFP-positive cells was similar in jejunum as is duode-

num, but much lower in the ileum. In contrast, secretin

was expressed at almost the same level in the CCK-eGFP-

positive cells from both jejunum, ileum, and duodenum.

The expression of Gcg, Nts, and Pyy increased in jejunum

and ileum compared with duodenum (Fig. 2E) (3). It

should be noted that the expression profiles shown in Fig.

2, D and E, correspond to the expression of the RNA

coding for these peptide precursors in the CCK-eGFP-pos-

itive cells, not their general expression profile in the mu-

cosa as such.

Thus, although CCK is the most highly expressed pep-

tide hormone at the RNA level in the CCK-eGFP-positive

cells in the duodenum, a number of other peptides includ-

ing secretin are expressed to a similar level within these

cells. Unexpectedly, purified CCK-eGFP-positive cells

from the jejunum and ileum express nearly the same

amount or more of Sct, Nts, Gcg, and Pyy than Cck itself.

QPCR analysis of ghrelin-hrGFP positive cells from

the stomach

To probe whether the relatively broad expression pat-

tern of gut hormones is a phenomenon related to the BAC

GFP reporter approach as such, we applied the QPCR

array for peptide hormones to FACS-purified ghrelin cells

isolated from the gastric mucosa of transgenic ghrelin-

hrGFP mice prepared as previously reported (23). Similar

to the CCK-eGFP line on which the current manuscript is

focused, the ghrelin-hrGFP line also was generated by

placing a GFP reporter construct under the control of

ghrelin transcriptional control elements present in a BAC.

As shown in Fig. 2C, a very different, clean expression

profile was obtained in gastric ghrelin-hrGFP cells. More
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FIG. 2. QPCR analysis of RNAs encoding peptide precursors in isolated, FACS-purified CCK-eGFP positive cells. Panel A, A representative FACS

diagram showing the gate (black line surrounding green cells ) used for sorting of the CCK-eGFP-positive cells from duodenum based on the green

(529 nm) vs. yellow (575 nm) emission after excitation at 488 nm. Panels B and C show relative expression of Cck, Sct, Gip, Ghrl, Gcg, Nts, Pyy,

Sst, and Tac. In CCK-eGFP-positive cells from duodenum (B) and ghrelin-hrGFP-positive cells isolated from stomach (C). Panel D shows the

expression of the abundant peptide precursor RNAs Cck, Sct, Gip, and Ghrl in CCK-eGFP-positive cells from the duodenum (D) jejunum (J), and
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specifically, the expression of Ghrl was several orders of

magnitude higher than the expression of any of the other

genes encoding gut hormone precursors. The second most

highly expressed gene was Sst with a copy number of 5.4,

which is 0.1% of that of Ghrl (4200 copies).

It is concluded that the BAC GFP reporter gene approach,

whenapplied to the rapidly renewedenteroendocrine cellsof

theGI tract,doesnot inherently lead topromiscuous labeling

of multiple types of enteroendocrine cells.

Single-cell QPCR analysis of FACS-sorted CCK-eGFP

cells

Single CCK-eGFP-positive cells isolated from the duo-

denum of transgenic mice were sorted individually into

96-well plates and subjected to QPCR analysis for Cck,

Sct, Ghrl, and Gip gene expression without preamplifica-

tion. We examined 135 FACS-separated cells in the eGFP-

enriched pools (Fig. 3). Of these, 123 cells (or rather, 91%)

were identified as expressing Cck RNA. Of those cells,

44% confirmed as being positive for Cck were shown to

express RNA encoding one of the three other peptide hor-

mones: i.e. 37% also expressed Sct (46 of 123), 13% also

expressed Ghrl (16 of 123), and 5% also expressed Gip (6

of 123). Of the Cck-positive cells, 11% expressed RNA for

three hormones: 8% coexpressed Cck, Sct, and Ghrl, and

3% coexpressed Cck, Sct, and Gip (Fig. 3A). None of the

tested CCK-positive cells coexpressed all three of the other

hormones. A positive correlation was found between the

expression level for Cck and Sct (Fig. 3B).

Thus, confirming the QPCR analysis of

pooled populations of FACS-separated CCK-

eGFP cells, single-cell QPCR of individual cells

from those CCK cell-enriched pools demon-

strates that a relatively large fraction of duo-

denal CCK-eGFP-positive cells express more

than one hormone gene, of which Sct is dom-

inant. However, only a relatively small fraction

of the cells express more than two hormone

genes.

Villus vs. crypt analysis of CCK-eGFP-

positive cells

One explanation for the relatively broad

repertoire of peptide hormones being ex-

pressed in the CCK-eGFP cells could be that

this was mainly a phenomenon occurring in

immature cells of the crypts. To assess this,

populations of cells derived from duodenal villi

or crypts were generated based on the fact that

cells from the villi are detached before cells

from the crypts during the enzymatic treatment

of the mucosa (24). The separation of crypt vs.

villus cells was validated by QPCR analysis for control

marker enzymes of which lysozyme and Defa5 (both Pan-

eth cell markers), as expected, were highly enriched in the

CCK-eGFP-negative cells from the crypts, whereas alka-

line phosphatase and ApoA4 (both enterocyte markers),

also as expected, were enriched in the CCK-eGFP-negative

cells from the villi (Fig. 4A).

Among the peptide hormones, not only Cck but also

Sct, Pyy, and Nts were all enriched in the villus compared

with the crypt fraction of CCK-eGFP-positive cells, in con-

trast to Gip, Ghrl, and Gcg, which were relatively evenly

expressed in the villus and crypt fractions of CCK-eGFP-

positive cells from duodenum (Fig. 4A).

Single-cell QPCR performed on cells isolated either

from the villus (Fig. 4B) or the crypt (Fig. 4C) of duodenum

supported the notion that the coexpression of multiple

peptide hormones in the CCK-eGFP-positive cells is a gen-

eral phenomenon, which is not limited to cells residing in

the crypts.

Immunohistochemical localization of peptides in

CCK-eGFP cells

The hormonal expression within CCK-eGFP cells at the

peptide level was further illuminated by means of per-

forming immunohistochemistry with antibodies selective

for each of the discussed peptide hormones.

As shown in Fig. 5, CCK-eGFP-positive cells in the du-

odenum costained with antibodies against secretin, GIP,

GLP-1, neurotensin, and PYY. Approximately 60% of the
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FIG. 3. Single-cell QPCR of the four most abundant peptide precursor RNAs (see

Fig. 2) Cck, Sct, Gip, and Ghrl in FACS-sorted single CCK-eGFP-positive cells from

duodenum. Panel A, In the unamplified QPCR analysis a Ct value less than 40 is

considered to be positive for expression of the peptide precursor RNA (see Materials

and Methods). The expression pattern for the 123 of the 135 CCK-eGFP-positive

cells (far left column) which express Cck itself are shown in the green columns. Of

the remaining 12 cells in which Cck expression could not be detected, five expressed

Sct, four Ghrl, two Gip, and one both Sct and Ghrl. Panel B, Correlation of the

relative expression of Cck and Sct in individual single cells, R � 0.57 (P � 0.0001),

using nonparametric Spearman correlation analysis.
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secretin-positive cells were CCK-eGFP positive and, in-

terestingly, these cells occasionally were found clustered

within the same crypt-villus segment (Fig. 5 and see Fig. 7).

A relatively large fraction of the rather scarce PYY- and

GLP-1-positive cells were also positive for CCK-eGFP.

CCK-eGFP-positive cells costaining with antibodies for

the various non-CCK peptide hormones were not only

found in the crypts but frequently also along the length of

the villi (Fig. 5). We did not detect any costaining of CCK-

eGFP with antibodies directed against somatostatin,

which is in agreement with the QPCR data. Also, no

costaining of CCK-eGFP with ghrelin was observed,

which, however, was surprising because the QPCR anal-

ysis indicated expression of Ghrl

mRNA in FACS-separated CCK-eGFP-

positive cells (Fig. 2, B and 2D).

It is concluded that subpopulations

of the CCK-eGFP-positive cells costore

secretin, GLP-1, PYY, GIP, and neuro-

tensin peptides, but apparently not so-

matostatin- and ghrelin-immunoreac-

tive material.

LC-MS analysis of peptides from

FACS-purified CCK-eGFP cells

To study the occurrence of the pep-

tides in the CCK-eGFP-positive cells

more directly, acetic acid extracts of

FACS-purified CCK-eGFP cells from

the whole small intestine were sub-

jected to LC-MS analysis using an LC

protocol for small to medium peptides.

The purity of the preparation was sub-

stantiated by the fact that the top nine

scoring proteins, based on the sum of

the single peptides recorded in the

LC-MS analysis, all were derived from

either gut hormone precursors or pro-

granins. Among the granins, peptides

from secretogranin-1 (chromogranin-

B), secretogranin-2, and chromogran-

in-A were detected in the CCK-eGFP-

positive cells in numbers and with a

total intensity corresponding to the

peptide precursors (Table 1).

With respect to peptides derived

from hormone precursors, the pro-

CCK peptides were dominating both in

terms of number and total peptide MS

intensity; 68 pro-CCK-derived pep-

tides with a total peptide intensity sig-

nal of 4.1 � 108 were observed (Table

1). Additionally, 34 peptides from pro-

glucagon/GLP-1 were detected in the extracts of the CCK-

eGFP-positive cells giving a total intensity of 2.4 � 108.

Similarly, a large number of peptides derived from pro-

neurotensin, pro-PYY, and pro-GIP gave total intensities

in the same order of magnitude as pro-CCK and proglu-

cagon/GLP-1 (Table 1). However, in view of the domi-

nating position of Sct RNA in the QPCR analysis, only

relatively small amounts of peptides derived from prose-

cretin were detected, i.e. 0.2 � 108, which is just above the

intensity of the first contaminating proteins, keratin (Ta-

ble 1). Proghrelin (two peptides with an intensity of 1.1 �

106) and prosomatostatin peptides were only found in
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FIG. 4. Relative expression of RNAs encoding peptide precursors in FACS-sorted populations

of CCK-eGFP-positive cells isolated from villus (V) vs. crypt (C) fractions from duodenum of

CCK-eGFP transgenic mice. Populations of cells derived from villus vs. crypts were obtained by

collecting cells early vs. late, respectively, during the enzymatic release of cells from the

duodenal mucosa (see Material and Methods for details) Panel A (to the left ), The relative

expression of markers for intestinal villus (Alpi and Apoa4 from enterocytes) and crypt (Lyz1

and Defa5 from Paneth cells) in the CCK-eGFP-negative cells derived from villus (V, gray

columns) vs. crypt (C, white columns). Panel A (to the right), The relative expression for the

gut hormones: Nts, Pyy, Sct, Cck, Ghrl, Gip, and glucagon/GLP-1 (Gcg) in CCK-eGFP-positive

cells derived from villus (V, dark green) vs. crypt (C, light green). The gene expression is

indicated as percentage of total, i.e. crypt plus villus. It should be noted that although the

actual total expression in the CCK-eGFP-positive cells is relatively high for Cck, Sct, Gip, and

Ghrl it is relatively low for Gcg, Pyy, and Nts (see Fig. 2B) the total is here indicated as 100%.

Panel B and C, Single-cell QPCR (see legend to Fig. 3) of cells derived from the villus and

crypt, respectively. The numbers of cells positive for Cck, Sct, Gip, and ghrelin are given, in

this unamplified QPCR analysis a Ct value �40 is considered to be positive for expression of

the peptide precursor RNA (see Materials and Methods).
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what was considered to be noise level, in accordance with

the immunohistochemical data (Fig. 5).

At the proteomics level, it is concluded that the CCK-

eGFP-positive cells contain not only pro-CCK-derived

peptides, but also relatively large amounts of peptides de-

rived from especially proglucagon, pro-GIP, pro-PYY,

proneurotensin, and to a lesser degree prosecretin.

Cell ablation based on proglucagon promoter-

driven diphtheria toxin receptor expression

In mice expressing the human diphtheria toxin receptor

under the control of the proglucagon promoter, treatment

with diphtheria toxin eliminated nearly all GLP-1 cells in

the mucosa of the ileum within 24 h (Fig. 6A). As expected

based on the previously well-characterized coexpression

of GLP-1 with PYY, PYY-containing cells were ablated to

an almost similar extent. Based on the above immunohis-

tochemistry, QPCR, and LC-MS studies, it was not sur-

prising that treatment with diphtheria toxin also resulted

in a marked reduction in CCK cells (Fig. 6B). It was not

expected that reductions in neurotensin cells, GIP cells,

and secretin cells would also be observed (Fig. 6, A–C).

Numbers of somatostatin cells and substance P cells were

unaffected (Fig. 6 and Supplemental Fig. 1). These changes

seemingly were not due to a generalized diphtheria toxin-

induced gut mucosal injury because no obvious histolog-

ical changes to the mucosal appearance were observed

(Supplemental Fig. 1).

These experiments indicate that the proglucagon pro-

moter is active not only in GLP-1-producing cells, but also

in the majority of PYY, neurotensin, and GIP cells and a

major fraction of the CCK and secretin cells, but not in the

somatostatin and substance P cells.

Costaining of peptide hormones in human

enteroendocrine cells

The above data relate to murine tissues and are based

on cells genetically tagged by GFP or diphtheria toxin re-
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FIG. 5. Immuohistochemical colocalization of selected hormones with CCK-eGFP in duodenum of transgenic CCK-eGFP mice. Vertical panel I,

Cck-eGFP-expressing cells (green). Vertical panel II, Immunohistochemical localization of hormones (red) using primary antibodies against secretin

(horizontal lane A), ghrelin (lane B), neurotensin (lane C), somatostatin (lane D), gastric inhibitory polypeptide (GIP) (lane E), GLP-1 (lane F), and

peptide YY (PYY) (lane G). Vertical panel III, Merged pictures showing colocalization (yellow). Arrows point to colocalization (or, in the case of

ghrelin and somatostatin, lack of colocalization) shown in higher magnification in the insets at the top right corner of each panel. Cells storing

GLP-1, PYY, and neurotensin show a high degree of colocalization with CCK-eGFP. Secretin- and GIP-producing cells display an approximately 50–

60% colocalization with CCK-eGFP. In contrast, somatostatin and ghrelin do not colocalize with CCK-eGFP. Nuclei are visualized with Hoechst

counter staining (blue). Bar, 50 �m. Ab, Antibody.
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ceptor. To probe for similar coexpression patterns within

human tissues, we used classical double-staining immu-

nohistochemical analysis employing combinations of rab-

bit and goat antisera raised against the gut peptide hor-

mones. Inclusion criteria for commercial goat-derived

antibodies were that they should show identical staining

patterns of enteroendocrine cells as our prevalidated rab-

bit antibodies (Supplemental Fig. 2).

Here we focused on costaining experiments based on

CCK and secretin, respectively. In the human duodenum,

CCK immunoreactivity was found in almost all GIP-pos-

itive cells, which mainly were located in the crypts (Fig. 7).

Nevertheless, most CCK-positive cells did not store GIP.

In contrast, CCK immunoreactivity was found in at least

50% of the human duodenal secretin cells, mainly in the

villi, and in nearly all duodenal PYY cells, which were few

in number. In the jejunum, CCK also was found in many

neurotensin-positive cells and in the majority of the GLP-

1-positive cells.

The other major duodenal hormone, secretin, was co-

stored with GIP in the majority of human duodenal GIP-

positive cells, again mainly in the crypts. In the human

jejunum, secretin immunoreactivity was found to be cos-

tored with neurotensin, mainly in the villi. In the ileum,

secretin was found in the majority of GLP-1-positive cells,

mainly in the crypts but also in the villi (Fig. 7).

In contrast, somatostatin cells were observed through-

out the human gut, and we did not observe costaining of

somatostatin with any of the other hormones tested. This

lack of costaining of somatostatin with other gut hor-

mones is shown for CCK in the duodenum in Supplemen-

tal Fig. 1. With respect to ghrelin, we observed an almost

obligatory costaining with motilin in the small intestine

(31), as shown for duodenum in Supplemental Fig. 3; how-

ever, costaining of ghrelin with other tested gut hormones

was not observed. The motilin gene is not found in the

mouse and rat, where ghrelin alone is thought to control,

for example, gut motility, which in many other animals

conceivably is taken care of by the two peptides jointly.

Although not comprehensive, this immunohistochem-

ical analysis demonstrates coexpression and costorage of

CCK, secretin, GIP, GLP-1, PYY, and neurotensin in sub-

sets of enteroendocrine cells of the human small intestine,

not only in the crypts but also on the villi. In contrast, but

in agreement with the mouse data, no indication of coex-

pression of somatostatin or ghrelin with this larger group

of gut hormones was observed.

Discussion

According to textbooks, CCK is a peptide hormone ex-

pressed and released from I-cells of the duodenum and, to

some extent, the jejunum (4, 6, 32–35). CCK cells are not

generally believed to be found throughout the GI tract, nor

are they expected to store and release other biologically

active peptides other than CCK, such as GLP-1. It was

TABLE 1. The 11 most abundant proteins identified by
LC-MS analysis of peptide fragments occurring in acetic
acid extract of FACS-sorted CCK-eGFP-positive cells from
the entire small intestine

Peptide precursor
Total peptide

intensity
No. of different

peptides

Procholecystokinin 4.1 � 108 68
Proglucagon 2.4 � 108 34
Prosecretogranin-1 2.3 � 108 49
Proneurotensin 1.6 � 108 18
Pro-PYY 1.2 � 108 26
Pro-GIP 0.9 � 108 34
Prosecretogranin-2 0.7 � 108 42
Prochromogranin-A 0.7 � 108 22
Prosecretin 0.2 � 108 18
Keratin, type II

cytoskeletal 8
1.6 � 107 38

Protachykinin � 0.1 � 107 8

The number of peptide fragments from each of the peptide precursors
and the total intensity of these peptides are indicated.

FIG. 6. Diphtheria toxin-mediated ablation of enteroendocrine cells in

the ileum of transgenic mice expressing the human diphtheria toxin

receptor under the control of the proglucagon promoter.

Enteroendocrine cells were stained with antibodies selective for GPL-1,

PYY, neurotensin, GIP, CCK, secretin, substance P, and somatostatin

and counted as described in Materials and Methods in control animals

(n � 2, open bars) and 24 h after treatment with low doses of

diphtheria toxin (n � 3, closed bars).
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therefore surprising to find substantial numbers of CCK-

eGFP-positive cells in regions of the small and large intes-

tines other than the duodenum and jejunum, as we report

here. Furthermore, it was surprising to

find that CCK cells express not only rel-

atively high levels of RNA encoding

peptide precursors in addition to CCK,

but also that they store peptides derived

from these precursors. Similarly,

GLP-1 is generally believed to be ex-

pressed mainly in a limited population

of enteroendocrine cells of the lower

small intestine and the colon (35).

However, as observed in the CCK-

eGFP reporter mice, we found through

diphtheria toxin-mediated cell ablation

that the proglucagon promoter is active

not only in GLP-1 and PYY cells, but

also in neurotensin and GIP cells as well

as CCK and secretin cells of the ileum.

Importantly, a similar broad peptide

coexpression phenomenon could be

demonstrated by classical immunohis-

tochemical costaining in the human

small intestine, totally independent of

any transgenic methodology.

A series of reports on transgenic re-

porter mice expressing variants of GFP

under the control of promoters for dif-

ferent gut peptide precursors have been

published over the last couple of years

without mention of coexpression of

nonexpected peptide hormones (23,

28, 36, 37). However, very recently,

Habib et al. (38) reported that FACS-

purified GLU-Venus (proglucagon-Ve-

nus) and GIP-Venus cells also express

both RNA and immunoreactive pep-

tides corresponding to the precursors

for CCK, GIP, and secretin. This broad

peptide hormone expression pattern

corresponds rather closely to what we

find in the present study for CCK-eGFP

cells and proglucagon-hDTR cells.

Is the apparent coexpression a

phenomenon related to the

transgenic BAC-based labeling

technology?

Such a genetic tagging artifact pos-

sibly could explain the observed broad

peptide coexpression pattern described

in the present study and that of Habib et

al. (38). The expression of CCK-eGFP in cells apparently

not expressing CCK itself could indicate such an artifact,
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which according to the single-cell QPCR analysis is ob-

served in 9–12% of the enteroendocrine cells (Figs. 3 and

4). In principle, this could be a result of ectopic expression

of the CCK-eGFP in non-CCK cells. However, it could

also reflect that the QPCR reaction for CCK has failed in

9–12% of the wells, although CCK mRNA was present

(the QPCR is performed in an unamplified manner on very

little RNA material). Or, another likely possibility could

be that the highly stable eGFP molecule is still present in

mature enteroendocrine cells that no longer express CCK

but did express CCK, and CCK-eGFP, earlier in their life

cycle, i.e. in the crypts (39). Moreover, gastric ghrelin cells

derived from a line of ghrelin-hrGFP transgenic mice,

which was made by a similar transgenic approach, showed

no sign of expression of enteroendocrine peptide hor-

mones other than ghrelin (Fig. 2). Importantly however,

ectopic expression of the eGFP reporter in cells other than

CCK cells or the occurrence of stable eGFP in mature cells

that no longer express Cck would not explain the single-

cell QPCR data in which 44% of the individual cells con-

taining Cck RNA, which happen to have been isolated

from CCK-eGFP mice based on their eGFP signature, were

found also to contain Sct RNA, Gip RNA, ghrelin RNA,

or combinations of those (Fig. 3). Furthermore, key com-

ponents of the coexpression phenomenon were confirmed

in human tissue samples using classical immunohisto-

chemical double-labeling technique, which is totally inde-

pendent of the GFP labeling technology (Fig. 7).

Does the QPCR coexpression reflect an RNA

phenomenon not carried over to the protein level?

This is clearly not the case for the majority of the pep-

tides studied as demonstrated by the immunohistochem-

ical and LC-MS proteomic studies. However, in the case of

ghrelin and secretin, the coexpression phenomenon is ex-

clusively or to a large extent observed at the RNA level

compared with the protein level. Thus, although coex-

pression of ghrelin RNA with Cck mRNA was observed in

the CCK-eGFP-enriched intestinal enteroendocrine cell

pools as well as in individual CCK-eGFP cells (Figs. 2 and

3), we observed only minimal, if any, immunohistochem-

ical coexpression of ghrelin with the other peptides. These

immunohistochemical observations agree well with the

finding that proghrelin peptides were not detected above

the noise level in the LC-MS analysis of FACS-separated

CCK-eGFP cells (Table 1). Similarly, very few and only

small amounts of prosecretin peptides were detected in the

LC-MS analysis, which contrasted with the high levels of

secretin RNA observed in the CCK-eGFP-positive cells

even in the jejunum and ileum, where the secretin peptide

is not normally believed to be expressed (Fig. 2). Never-

theless, and in contrast to ghrelin, secretin could by im-

munohistochemistry be detected in CCK-eGFP-positive

cells, and colocalization of CCK and secretin was detected

by costaining experiments in the human tissue samples

(Fig. 6). The LC-MS data, however, do indicate that the

secretin expression must be rather low at the protein level,

e.g. in the distal small intestine.

Is the coexpression only a crypt phenomenon?

It has long been known that a subpopulation of en-

teroendocrine cells in the crypts can express multiple pep-

tide hormones (40). This phenomenon was recently de-

scribed in relation to CCK-eGFP cells (20), as was the

observation of expression of only a single hormone within

enteroendocrine cells localized within the villi, presum-

ably after their migration out of the crypts during the mat-

uration process. In the present study, however, using both

immunohistochemistry and QPCR analysis of FACS-sep-

arated enriched pools of CCK-eGFP cells or of individual

FACS-separated CCK-eGFP cells, isolated from either villi

or crypts, demonstrated that the coexpression phenome-

non clearly is not restricted to the crypts, but is found in the

presumed mature cells that populate the villi, as well. Con-

cerning the FACS analysis, we did not exclude the possi-

bility that expression of CCK-eGFP in the enteroendo-

crine cells potentially could have affected the expression of

the marker enzymes in the enterocytes and Paneth cells.

Cell ablation studies also demonstrate extensive

coexpression of more than one peptide hormone

within enteroendocrine cells

Our cell ablation study based on the proglucagon pro-

moter-driven expression of human diphtheria toxin re-

ceptor supports the phenomenom of a broader existence

of enteroendocrine cells with coexpression of gene prod-

ucts from more than one peptide hormone precursor. Not

only did this system support the above studies

demonstrating coexpression of CCK with GLP-1, but it

also demonstrated the existence of cells in which proglu-

cagon-derived peptide hormones were coexpressed with

several other peptide hormones.

Previously, Rindi et al. (41) performed a similar cell

ablation study aimed at secretin-producing enteroendo-

crine cells using transgenic expression of the thymidine

kinase from herpes simplex virus under the control of the

secretin promoter. Similar to our study, they observed

markedly reduced numbers of not only secretin cells, but

also CCK, GLP-1, and PYY cells and also, to some degree,

GIP cells during ganciclovir treatment. However, because

Rindi et al. treated with the toxic prodrug for 5 d, their

study could only indicate that the secretin gene is ex-

pressed in a progenitor cell, which is common to a number

of enteroendocrine cell types (41).
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Broad coexpression of gut hormones has been

reported previously

Although the one cell-one hormone concept has been

the prevailing dogma in enteroendocrinology, there are, in

fact, strong reports in the literature describing a broad

coexpression of peptide hormones similar to what we find

in the present study (22, 40, 43). As early as 20 years ago,

pioneering transgenic work of Roth et al. (40), combined

with classical immunohistochemical techniques, demon-

strated that colonic enteroendocrine cells not only share a

cellular origin, but also coexpress several gut hormones,

even as mature cells. Based on pair-wise comparison of

coexpression, they suggested that the colonic enteroendo-

crine lineage has two branches: one branch produces sub-

stance P cells and another branch produces CCK, GLP-1,

PYY, and neurotensin cells (40). The latter enteroendo-

crine lineage or branch very likely corresponds to the lin-

eage identified in the present study in the small intestine,

which we find expresses also GIP and secretin, but not

somatostatin, and, at the protein level, not ghrelin. Anti-

bodies against the latter four hormones were not em-

ployed in the cited study (40).

Proposed model of small intestinal

enteroendocrine cell lineage

In the context of the results of the present study, which

takes a broad spectrum of peptides into account, it would

appear that there are two main lineages of enteroendo-

crine cells in the small intestine: one lineage yielding cells

expressing the universally inhibitory peptide hormone so-

matostatin, and a second lineage that includes cells that

have the potential of coexpressing CCK, GLP-1, GIP,

PYY, neurotensin, and secretin (Fig. 8). In a broad sense,

the peptides produced by the second lineage could all be

considered to have similar physiological function: to vary-

ing degrees, they act as suppressors of appetite, inhibitors

of gastric emptying, and stimulators of insulin secretion

(incretins) (3). As shown in Fig. 8, it is suggested that two

additional branches split off from this lineage: one leads to

cells producing ghrelin and motilin and another leads to

the enterochromaffin cells producing substance P, as orig-

inally suggested by Roth et al. (40) in the colon. In respect

to function, ghrelin, and to some extent motilin, both have

orexigenic effects, and both peptides have very similar,

stimulatory effects on gut motility (44). These functions

can be considered opposite to those of CCK, GLP-1, and

PYY from the other branch, and thus it is reasonable that

the expression of these two different groups of peptide

hormones would occur in cells from different branches.

Recently, Beucher et al. (45) demonstrated through an

elegant study based on the homeodomain-containing

transcription factors Arx and Pax4 that somatostatin cells

clearly constitute a separate lineage of enteroendocrine

cells, as we also conclude from the present study using

entirely different methodology.

Pluripotent
stem cell

Satiety,
slow gastric emptying,

incretin effect, etc.

GI motility
modulation

etc.

Stop
secretion

etc.

Hunger,
Increase

motility, etc.

-1

LGR5+

Somatostatin
Secretin

GIP

GLP-1 /-2CCK

Neurotensin

Substance P
Ghrelin /
MotilinPYY

FIG. 8. Schematic overview of proposed main enteroendocrine cell lineages of the small intestine. Based on the results of the present study as

well as studies by Roth et al. (40), it is suggested that cells expressing the universally inhibitory peptide somatostatin constitute a separate cell

lineage distinct from the cell lineage generating cells expressing the rest of the GI-tract peptide hormones. From the latter lineage are apparently

generated enterochromafin cells that express substance P (and 5HT) (40), and cells coexpressing ghrelin and motilin (31) plus a major lineage of

enteroendocrine cells that have the potential of expressing the functionally related peptides: CCK, secretin, GIP, GLP-1/-2, PYY, and neurotensin.

Some of the major functions of the peptide products are indicated above each cell lineage.
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Major parts of the old gut hormone physiology

remain valid

The results of the present study, as well as, for example,

the studies by Roth et al. (40) and Habib et al. (38), do not

change the basic physiological concept that CCK is mainly

a duodenal hormone, whereas GLP-1, neurotensin, and

PYY are mainly hormones of the jejunum and ileum. Such

is clearly observed, for example, at the RNA level in CCK-

eGFP cells isolated from the different parts of the small

intestine (Fig. 2). It is nevertheless apparent from these

studies that enteroendocrine cells have a much broader

potential for expression of multiple peptide precursors

than is generally believed. Our single-cell QPCR data of

CCK-eGFP-labeled cells indicates that in a given cell this

potential is, however, only exploited to a limited degree

because coexpression of more than one hormone was ob-

served in only half of the cells and expression of more than

two hormone genes only rarely was observed (Fig. 3).

More studies using other types of approaches and tech-

niques are needed to address the issue of whether a given

enteroendocrine cell population in a given location stores

and releases peptides from more than one peptide precur-

sor at physiologically meaningful levels.

The enteroendocrine system may be rather

adaptive

The apparent, quite broad potential for coexpression of

multiple peptide precursors indicates that the enteroen-

docrine system could be more adaptive than previously

believed. The fact that peptide hormones such as CCK,

secretin, GIP, GLP-1 and -2, PYY, and neurotensin, to

various degrees, are coexpressed in enteroendocrine cells

throughout the intestine suggests that the expression pat-

tern potentially could be modulated by environmental fac-

tors. This might occur, for example, after bariatric sur-

gery. In principle, such a potential plasticity of the

enteroendocrine system could be exploited therapeutically

by developing methods to control not only the secretion of

the peptide hormones, but also methods to control the

number and types of enteroendocrine cells or the ability of

a certain enteroendocrine cell type to express a different,

given repertoire of peptides, which they already are

equipped to express. This will require insight into the fac-

tors and receptors that may control the peptide precursor

expression pattern and the precursor processing pattern of

the enteroendocrine cells.
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