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Monitoring the luminal content in the stomach is of vital importance for adjusting the
gastric activities, including the release of gastric hormones such as gastrin. Our previ-
ous studies have shown that in mice the gastrin-secreting G-cells express receptor types
which are responsive to amino acids. Since the pig is considered as more suitable model
for studying gastro-physiological aspects relevant for men, in this study we have analyzed
the distribution of G-cells and D-cells in the gastric antrum of men, swine, and mouse and
the expression of receptor types which may render these cells responsiveness to protein
breakdown products.The results indicate that the number of G-cells per antral invagination
was significantly higher in swine and human compared to mice and also the distribution
pattern of G-cells differed between the species. The molecular phenotyping revealed that
the receptors GPRC6A and CaSR were also expressed in G-cells and in a subpopulation of
D-cells from swine and men. As an additional receptor type, the peptone-receptor GPR92,
was found to be expressed in G-cells and a subpopulation of D-cells; this receptor type
may be particular suitable for sensing protein breakdown products and thus be a key ele-
ment to adjust the activity of G-cells and D-cells according to the progress of the digestive
processes in the stomach. In search for elements of an intracellular signaling cascade it
was found that G-cells express the G-protein subunit Gαq as well as the phospholipase
C subtype PLCβ3; in contrast, D-cells expressed the subtype PLCβ2 and neither Gαq.
These results indicate that there are significant species differences concerning the num-
ber and distribution pattern, but not concerning the molecular phenotype of the gastric
endocrine cells. However, G-cells and D-cells significantly differ from each other regarding
the repertoire of receptors and signaling elements.
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INTRODUCTION
Physiological processes in the gastrointestinal tract, such as motil-
ity, acid secretion, and the release of hormones must permanently
be adjusted according to the composition of ingested food. There-
fore, it is essential to continuously monitor the luminal content by
appropriate sensory systems. In the stomach, sensing of protein
breakdown products is of particular significance as they acti-
vate antral G-cells which release gastrin, the central hormone for
controlling gastric activities (Zeng et al., 1995; Dockray et al.,
2001, 2005). The activity of G-cells is negatively controlled by
somatostatin which is released from antral D-cells. Thus, it is
essential for both cell types to fine-tune their activities accord-
ing to the amount of proteins and their breakdown products
in the luminal content of the stomach. The mechanisms which
regulate the activities of G- and D-cells according to luminal
nutrients are still elusive. Previous studies have demonstrated
that in mice the endocrine G-cells and D-cells express receptor
types which are responsive to amino acids (Feng et al., 2010;

Abbreviations: CaSR, extracellular calcium sensing receptor; DAPI, 4′,6-diamidino-
2-phenylindole; GPCR, G-protein coupled receptor; GPR92, G-protein coupled
receptor 92; GPRC6A, G-protein coupled receptor class C member 6A.

Haid et al., 2011). However, the mice gastrointestinal physiol-
ogy differs considerably from that of human which is much
more similar to that of swine (Pond and Houpt, 1978; Tum-
bleson and Schook, 1996; Kuzmuk and Schook, 2011). In view
of pathological disorders such as antral G-cell hyperfunction
(AGCH; Delle Fave et al., 1990; Kwan and Tytgat, 1995) it is
important to evaluate the most appropriate model organism for
studying human gastro-physiological processes. Therefore, com-
parative studies were performed to elucidate the distribution
and molecular phenotype of G-cells and D-cells in the antral
mucosa of men, swine, and mouse. Expression of amino acid
responsive receptors has led to the concept that these recep-
tors may provide the capacity for sensing amino acids in the
luminal content. However, it is unclear whether these receptor
types are sufficient to determine the receptive requirements of
G-cells to accommodate the release of gastrin according to gen-
eral breakdown products of protein digestion. In this context
it is interesting to note that a recent deorphanization revealed
that the receptor type GPR92 (also named GPR93; LPAR5) was
activated by protein-hydrolysates (Choi et al., 2007a,b) which
may render this receptor type as a candidate which may con-
tribute to the responsiveness of G-cells to protein digests. The
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FIGURE 1 | Different structures of the antral mucosa from mouse, swine,

and men. Quantitative evaluation of cell nuclei per field (96 mm2). Cell nuclei
were visualized with a DAPI-staining (blue). (A) Exemplary view onto a
horizontal section through the antral mucosa of mouse reveals the
characteristic, densely arranged annuli. (B) Horizontal tissue section through
the porcine antral mucosa clearly indicates that the annuli in the antral
mucosa of swine are bigger in size and are arranged in a lower density when
compared with the murine antrum (B). (C) The antral mucosa of men
comprises loosely arranged annuli which are comparatively large in diameter

compared to murine and porcine antral mucosa. (D) DAPI-stained cell nuclei
were counted in a field of 96 mm2 on three consecutive horizontal sections
through the gastric antral mucosa of each species. Whereas the average
number of cell nuclei per field in the antrum of mouse is determined as
933.34 ± 26.03 the average numbers for swine (694 ± 8.61) and human
(538.34 ± 38.36) are significantly lower. Data are expressed as mean
numbers ± SEM. Statistically significant results determined by the unpaired
t -test are indicated by **P < 0.001 to 0.01; ***P < 0.001. Scale bars:
(A–C) = 50 μm.

notion that signaling via the GPCRs may affect the release of
hormones implies that the distinct signaling elements compatible
with the receptor types, such as the Gαq-proteins (Buchan et al.,
2001; Hofer and Brown, 2003) or the Gαi-proteins (Brown and
MacLeod, 2001; Ward, 2004; Pi et al., 2005) are expressed in G- and
D-cells.

MATERIALS AND METHODS
MURINE TISSUE
Analyses were performed with wild type mouse strains C57/BL6J
from Charles River (Sulzfeld, Germany). Animals were fed
with standard laboratory chow ad libitum and had free
access to water. All experiments comply with the Principles
of animal care, publication no. 85–23, revised 1985, of the
National Institutes of Health and with the current laws of
Germany.

PORCINE TISSUE
Porcine stomach tissue (Sus scrofa) was obtained from a slaugh-
terhouse. Immediately after slaughter, tissue was washed with 1×
PBS (0.85% NaCl, 1.4 mM KH2PO4, 8 mM Na2HPO4, pH 7.4)
and immediately transferred into freezer bags, frozen on dry ice
and stored at −70˚C until use.

HUMAN TISSUE
Human gastric tissue samples were taken during endoscopic gas-
tric biopsies for routine diagnostic purposes in the department for
general, visceral, and transplant surgery in the University Hospital
in Tübingen and in the Clinic of surgery Munich-Bogenhausen.
Macroscopically normal tissue specimens were obtained from the
antral mucosa of the greater curvature of patients in whom peptic
ulcer, gastritis, instable body weight, type 2 diabetes or infection
with Helicobacter pylori were excluded. After sampling of mucosal
tissue, material was immediately transferred into a collection tube,
frozen on dry ice, and stored at −70ºC until use. Sample collection
and experiments were performed in accordance to the approval
of the Ethics Commission Board of the University Hospital in
Tübingen and written informed consent was obtained from all
patients.

RNA ISOLATION AND cDNA SYNTHESIS
Total RNA was isolated from dissected tissue preparations of the
gastric antrum with a NucleoSpin RNA kit (Macherey-Nagel,
Düren, Germany) according to the manufacturer’s protocol. To
ensure the complete removal of DNA, a DNase digestion (DNase
I, Life Technologies, Carlsbad, CA, USA) step was included.
Subsequently, 1.0 μg total RNA was reversely transcribed using
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FIGURE 2 | Localization of G-cells in the antral mucosa of mouse,

swine, and human. Distribution pattern of G-cells was assessed on
longitudinal tissue sections immunostained for gastrin (red). (A)

Longitudinally truncated mucosal invaginations of the murine antrum.
Gastrin-positive cells are mainly located at the base of antral glands. (B)

Exemplary view onto a longitudinal section through the porcine antral
mucosa demonstrates that G-cells are primarily located in the middle third
of the gland. (C) In the human antrum mucosa gastrin-positive cells are
distributed over the lower – and middle third of antral glands. (D)

Evaluation of the distribution of gastrin-positive cells on longitudinal
sections through the antral mucosa of mouse, swine, and men. For cell

counting antral glands were divided into three equal areas: lower third,
middle third, and upper third. Gastrin-positive cells were counted per
invagination and area on seven to eight antral invaginations per species.
Analyses revealed the same scenario as depicted in (A–C); in the mouse
G-cells are mainly located in the lower third of antral glands (lower third:
2.5 ± 0.87 G-cells; middle and upper third: 0 gastrin-positive cells),
whereas in the porcine and human antrum, G-cells are primarily located in
the lower – and middle third of antral glands (swine: lower third: 2 ± 1.7;
middle third: 5.27 ± 1.28; human: lower third: 6.86 ± 2.36; middle third:
2.43 ± 1.5 G-cells). Data are expressed as mean numbers ± SEM. Sections
are counterstained with DAPI (blue). Scale bars: (A–C) = 20 μm.

FIGURE 3 | Reverse transcriptase polymerase chain reaction

analysis for GPRC6A, CaSR, and ribosomal protein l8 (Rpl8)

mRNA from human (A) and porcine (B) antrum, respectively.

Reverse transcription polymerase chain reaction (RT-PCR)
experiments were performed with primer pairs specific for hGPRC6A

(388 bp), hCaSR (251 bp), and hRpl8 (292 bp), as well as for sGPRC6A
(287 bp), sCaSR (330 bp), and sRpl8, respectively. With cDNA from
human or porcine antrum tissue distinct bands of the expected
molecular size could be amplified. No bands were observed in water
controls lacking template.
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FIGURE 4 | Visualization of GPRC6A in G-cells of mouse, swine, and

human. Double-immunolabeling of horizontal tissue sections through the
antral mucosa of mouse, swine, and human for GPRC6A (green) and gastrin
(red). (A,D,G) GPRC6A-positive cells in antral annuli of mouse (A), swine (D),

and men (G). (B,E,H) In the same annuli numerous gastrin-positive cells can
be visualized. (C,F,I) The overlay of accordant images clearly reveals that the
vast majority of G-cells is immunoreactive for GPRC6A in the three species.
Sections are counterstained with DAPI (blue). Scale bars: (A–I) = 20 μm.

oligo(dT) primers and SuperScript III Reverse Transcriptase (RT;
Invitrogen, Carlsbad, CA, USA). RNA integrity of each sample was
controlled by the amplification of the housekeeping gene for the
ribosomal protein L8 (RpL8) with intron spanning primers for
each species to verify the DNA removal.

REVERSE TRANSCRIPTASE POLYMERASE CHAIN REACTION
Reverse transcriptase polymerase chain reaction (RT-PCR) ampli-
fication was conducted by using normalized cDNA from accordant
tissues as described above. PCR amplifications were performed
with the following primer combinations:

Mouse
mPLCβ1 forward, 5′-CCA CAA GAA AAC CAC GGA GC-
3′; mPLCβ1 reverse, 5′-CTG CTG GCG GAT CTC ATT G-3′;
mPLCβ2 forward, 5′-TGG AGG CTG AAG TAA AGG AGT CGG-
3′; mPLCβ2 reverse, 5′-CCT GAG TGT CTG CCT TGC TCA
CAA-3′; mPLCβ3 forward, 5′-TGG AGC ATC TAC GAC AGG
C-3′; mPLCβ3 reverse, 5′-GTT CTC CTC CTG GCT CTC CGA
G-3′; mPLCβ4 forward, 5′-GCC AGG AAG CCA AGA AAG GT-
3′; mPLCβ4 reverse, 5′-TGC TGG GTC TGC TGC TCA T-3′;
degenerate primers for mGαq based on sequence motifs of the
corresponding Gαq family members (Gα11, Gα14, Gαq): mGαq
forward, 5′-GAG AAC CGC ATG GAG GAG AG-3′; mGαq reverse,

5′-GCR AAS ACR AAG CGG ATR TT-3′; mGαi2 forward, 5′-GCC
ATC ATC TTC TGT GTC GC-3′; mGαi2 reverse, 5′-CTG CAC
GTT CTT GGT GTC G-3′; mRpL8 forward, 5′-GTG CCT ACC
ACA AGT ACA AGG C-3′; mRpL8 reverse, 5′-CAG TTT TGG
TTC CAC GCA GCC G-3′.

Swine
sGPRC6A forward, 5′-CAC RRG CTT YTT YRT TGG AGA A-
3; sGPRC6A reverse, 5′-GGA TRA TGA CTC TRG GCA AGG
A-3′; sCaSR forward, 5′-TGC CCA GAT GAC TTC TGG TCC
A-3′; sCaSR reverse, 5′-GCA CGA GAT GCA GAG CAC GAA GC-
3′; degenerate primers for sGPR92 (matching conserved sequence
motifs of human, simian, bovine, and murine genes): sGPR92 for-
ward, 5′-TTC CTG CTG TGC TTC GTG CC-3′; sGPR92 reverse,
5′-GCC AGC AGC ACC ATB AYC ATC A-3′; sRpL8 forward,
5′-GTG TGG TGG CTG GAG GTG GCC GC-3’s; RpL8 reverse,
5′-CTT GGT TCC TCG GAG ACG CCC TG-3′.

Human
hGPRC6A forward, 5′-TCC TTG CCC AGA GTC ATC ATC C-
3′; hGPRC6A reverse, 5′-TGC TGC TCA CAC TAT GGG AAG
A-3′; hCaSR forward, 5′-CGC ACC AGA ACT CCC TGG AGG
C-3′; hCaSR reverse, 5′-CAC TAC GTT TTC TGT AAC AGT G-3′;
hGPR92 forward, 5′-CTC CTG CTG GCT AAC CTC GTC A-3′;
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FIGURE 5 | Visualization of CaSR in murine, porcine, and human G-cells.

Double-immunolabeling of horizontal tissue sections through the antral
mucosa of mouse, swine and men for CaSR (green), and gastrin (red). (A,D,G)

The CaSR antibody labels numerous cells in the antrum mucosa of mouse (A),

pig (D), and men (G). (B,E,H) Gastrin-positive cells are located in the same
antral regions. (C,F,I) Overlay of accordant images; murine (C), porcine (F),
and human (I) CaSR-positive cells are also immunoreactive for gastrin.
Sections are counterstained with DAPI (blue). Scale bars: (A–I) = 20 μm.

hGPR92 reverse, 5′-GAC GGC GGA CCT TCC GGA TT-3′; hRpL8
forward, 5′-CAA GAA GAC CCG TGT GAA GC-3′; hRpL8 reverse,
5′-GGC AGC AAT GAG ACC CAC TTT-3′.

Reverse transcriptase polymerase chain reaction was car-
ried out using High Fidelity PCR Enzyme Mix (Fermentas, St.
Leon-Rot, Germany) and a Peltier PTC-200 thermo cycler (MJ
Research). For amplification the following PCR cycling profile
was used with annealing temperatures adjusted to the used primer
combinations and optimized numbers of amplification cycles. One
cycle: 3 min at 94˚C; 20 cycles: 30 s at 94˚C, 40 s at 65˚C with
−0.5˚C per cycle, 40 s at 72˚C; 20–31 cycles: 30 s at 94˚C, 20 s at
55˚C, 40 s at 72˚C; and one cycle: 1 min at 72˚C. PCR products
were run on a 1.5% agarose gel containing EtdBr. Amplification
of the housekeeping gene for the RpL8 with intron spanning
primers for each species was used as control to confirm equal
quality and quantity of the cDNA preparations. PCR products
were subsequently cloned into pGem-T vector (Promega, Madi-
son, WI, USA) and subjected to sequence analysis in an ABI
PRISM 310 Genetic Analyzer (Applied Biosystems, Foster City,
CA, USA).

TISSUE PREPARATION
Murine Tissue
For immunohistochemistry removed stomachs were rinsed in 1×
PBS and immersed in 4% ice-cold paraformaldehyde (in 150 mM

phosphate buffer, pH 7.4) for 4 h or in 4% formalin solution (Roti-
Histofix, Roth, Karlsruhe, Germany) for 1 h. After fixation the
tissue was cryoprotected by incubation in 25% sucrose overnight at
4˚C. Finally, the tissue was embedded in Tissue Freezing Medium
(Leica Microsystems, Bensheim, Germany) and quickly frozen on
dry ice or liquid nitrogen. Cryosections (4 μm) were generated
using a CM3050S cryostat (Leica Microsystems) and adhered to
Superfrost Plus microscope slides (Menzel Gläser, Braunschweig,
Germany).

For immunoreactivity to GPRC6A and PLCβ3 mice were gassed
with CO2 and perfused via the left heart ventricle with 1× PBS
(0.85% NaCl, 1.4 mM KH2PO4, 8 mM Na2HPO4, pH 7.4) fol-
lowed by 4% ice-cold paraformaldehyde with (PLCβ3) or without
(GPRC6A) 0.1% glutardialdehyde (in 150 mM phosphate buffer,
pH 7.4). The stomach was removed and rinsed with 1× PBS. After
fixation in the same fixative for 10 min to 26 h, the tissue was cry-
oprotected by incubation in 25% sucrose overnight at 4˚C. Finally,
the tissue was embedded in Tissue Freezing Medium and quickly
frozen on dry ice or liquid nitrogen. Cryosections (4 μm) were
generated using a CM3050S cryostat (Leica Microsystems) and
adhered to Superfrost Plus microscope slides (Menzel Gläser).

Porcine Tissue
Frozen tissue was thawed in 1× PBS (0.85% NaCl, 1.4 mM
KH2PO4, 8 mM Na2HPO4, pH 7.4) and fixed in 4% formalin
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FIGURE 6 | A small subpopulation of GPRC6A-positive cells

contains somatostatin (Sst). Double-label immunohistochemistry
employing antibodies for GPRC6A (green) and Sst (red) on horizontal
tissue sections through the murine, porcine, and human antrum,
respectively. (A,D,G) GPRC6A-positive cells in the antrum mucosa of

mouse (A), pig (D), and men (G). (B,E,H) Sst-immunoreactive cells in
the same antral regions. (C,F,I) The overlay of accordant images reveals
the coexpression of Sst in a small subset of GPRC6A-positive cells in
the three species. Sections are counterstained with DAPI (blue). Scale
bars: (A–I) = 20 μm.

solution (Roti-Histofix, Roth, Karlsruhe, Germany) for 30 min to
24 h. After fixation the tissue was cryoprotected by incubation in
25% sucrose overnight at 4˚C. Finally, the tissue was embedded in
Tissue Freezing Medium and quickly frozen on dry ice or liquid
nitrogen. Cryosections (4 μm) were generated using a CM3050S
cryostat (Leica Microsystems) and adhered to Superfrost Plus
microscope slides (Menzel Gläser).

Human Tissue
Frozen tissue was thawed in 1× PBS (0.85% NaCl, 1.4 mM
KH2PO4,8 mM Na2HPO4,pH 7.4) and fixed in 4% formalin solu-
tion (Roti-Histofix, Roth, Karlsruhe, Germany) for 20 min to 26 h.
After fixation the tissue was cryoprotected by incubation in 25%
sucrose overnight at 4˚C. Finally, the tissue was embedded in Tissue
Freezing Medium and quickly frozen on dry ice or liquid nitrogen.
Cryosections (4 μm) were generated using a CM3050S cryostat
(Leica Microsystems) and adhered to Superfrost Plus microscope
slides (Menzel Gläser).

IMMUNOHISTOCHEMISTRY
Cryosections (4 μm) were air-dried, rinsed in 1× PBS for
10 min at room temperature and blocked in 0.3% Triton X-
100 in 1× PBS containing either 10% normal goat serum
(NGS; Dianova, Hamburg, Germany) or 10% normal donkey

serum (NDS; Dianova, Hamburg, Germany) for 30 min at room
temperature.

For immunoreactivity to CaSR cryosections underwent citrate-
antigen-retrieval. Therefore, frozen sections were incubated in
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20,
pH 6.0) for 45 min at 4˚C. Afterward sections were immersed in
the same sodium citrate buffer for 3 min to 10 min at 100˚C. After
three rinses for 5 min in 1× PBS, cryosections were blocked in
0.3% Triton X-100 in 1× PBS containing either 10% NGS or 10%
NDS for 30 min at room temperature.

For single- and double-labeling experiments, primary anti-
bodies were diluted in 0.3% Triton X-100 in 1× PBS contain-
ing either 10% NGS or 10% NDS. Antibodies were used in the
following dilutions: rabbit anti-GPRC6A (SP4276P, Acris Anti-
bodies, Herford, Germany) 1:50; guinea pig anti-gastrin (BP5046,
Acris Antibodies, Herford, Germany) 1:300–1:2500; goat anti-
somatostatin (sc-7819, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) 1:500–1:2500; mouse anti-calcium sensing receptor
(MA1-934, ABR Affinity BioReagents, Golden, USA) 1:100–1:150;
rabbit anti-PLCβ2 (sc-206, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) 1:50–1:100; rabbi anti-PLCβ3 (sc-13958, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) 1:50; rabbit anti-GPR92
(sc-135237, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
1:50; rabbit anti-Gαq (sc-393, Santa Cruz Biotechnology, Santa
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FIGURE 7 | A small subpopulation of CaSR-positive cells contains

somatostatin (Sst). Double-label immunohistochemistry employing
antibodies for CaSR (green) and Sst (red) on horizontal tissue sections
through the antrum of mouse, pig, and men. (A,D,G) The CaSR antibody
labels numerous cells in the antrum mucosa of mouse (A), pig (D), and

men (G). (B,E,H) In the same annuli numerous Sst-positive cells can be
visualized. (C,F,I) Overlay of accordant images; subpopulations of murine
(C), porcine (F), and human (I) CaSR-positive cells show immunoreactivity
for somatostatin. Sections are counterstained with DAPI (blue). Scale bars:
(A–I) = 20 μm.

Cruz, CA, USA) 1:50; rabbit anti-Gαq (raised against a c-terminal
peptide: LQLNLKEYNLV) 1:100 and rabbit anti-Gαi2 (raised
against a c-terminal peptide: NLREDGEKAAREV) 1:50, which
were a kind gift from Prof. G. Schultz, Institute of Pharmacol-
ogy, Freie Universität Berlin. Blocked sections were incubated with
the diluted primary antibodies overnight at 4˚C. After washing
in 1× PBS, the bound primary antibodies were visualized using
appropriate secondary antibodies conjugated to Alexa 488, Alexa
568, or Cy3 (Invitrogen, Karlsruhe, Germany, 1:500) diluted in
1× PBS with 0.3% Triton X-100 containing either 10% NGS
or 10% NDS for 2 h at room temperature. After three rinses
for 5 min in 1× PBS the sections were counterstained with
4,6-diamidino-2-phenylindole (DAPI; 1 μg/mL, Sigma Aldrich,
Schnelldorf, Germany) for 3 min at room temperature, rinsed
with bidest, and finally mounted in MOWIOL (10% polyviny-
lalcohol 4-88 (Sigma), 20% glycerol in 1× PBS). No immunore-
activity could be observed when the primary antibodies were
omitted.

MICROSCOPY AND PHOTOGRAPHY
Immunohistochemical staining was documented by using a Zeiss
Axiophot microscope (Carl Zeiss MicroImaging, Jena, Germany).
Images were captured using a Zeiss Axiocam for transmitted light
and a “Sensi-Cam” CCD-camera (PCOimaging, Kelheim, Ger-
many) for fluorescent images. Images were adjusted for contrast in
AxioVision LE Rel. 4.3 (Carl Zeiss MicroImaging, Jena, Germany)
and arranged in PowerPoint (Microsoft).

CELL QUANTIFICATION
Cell nuclei were counted manually on consecutive horizontal
sections from antral glandular regions of each species that were
stained with DAPI to visualize cell nuclei. For quantification the
total numbers of cell nuclei on three 4 μm horizontal sections per
species were counted on an area of 96 mm2 and the average cell
count of DAPI-positive cell nuclei was determined.

For the evaluation of the relative distribution of G-cells in
antral glands gastrin-positive cells were counted manually on lon-
gitudinal sections through the antral mucosa of each species that
were stained with the anti-gastrin antibody and DAPI to visual-
ize cell nuclei. Antral invaginations were divided into three equal
areas: lower third (basal), middle third, and upper third (api-
cal). G-cells were counted manually per antral gland and area on
seven to eight invaginations per species. The average cell count of
immunopositive cells per invagination was determined.

STATISTICAL ANALYSIS
For cell quantification, values are given as mean ± SEM for the
quantification of three consecutive sections per species. Sig-
nificant differences between the groups were analyzed by the
unpaired t -test with GraphPad Prism (Graphpad Software, www.
graphpad.com). Statistical significance was set at P < 0.05.

RESULTS
In order to establish a solid basis for comparing number and dis-
tribution of distinct gastric cell types in the stomach of mouse,
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FIGURE 8 | Reverse transcriptase polymerase chain reaction analysis

for the peptone-receptor GPR92 in the antrum of mouse, swine, and

men. RT-PCR experiments performed with primer pairs specific for
mGPR92 (492 bp) and hGPR92 (309 bp). Since the sequence for the porcine
GPR92 is unknown we used degenerate oligonucleotides for the
amplification of sGPR92 (131 bp). PCR products of the expected sizes were
amplified from murine, porcine, and human antrum tissue, respectively. No
bands were observed in water controls lacking template.

swine, and human we initially set out to investigate some struc-
tural features of the antral mucosa. Experiments using DAPI
to visualize cell nuclei were performed to determine the struc-
tural set-up of the antral mucosa of human, swine, and mouse.
Tissue sections from the pyloric antral region of each species
are depicted in Figures 1A–C indicating that the antral mucosa
from mouse consists of very densely arranged annuli (Figure 1A;
annulus diameter: 23 ± 3 μm), whereas in swine (Figure 1B) and
human (Figure 1C) the antral annuli were arranged more loosely
and are much larger in size (annulus diameter pig: 34 ± 4 μm;
human: 41 ± 3 μm). To roughly quantify the visible differences
we have counted the number of cell nuclei per field (96 mm2) on
consecutive sections through the antral mucosa of each species.
The results are summarized in Figure 1D. In the murine antrum
the average number of cell nuclei per field was determined as
933.34 ± 26.03, whereas in the porcine antrum the number of cell
nuclei was significantly lower (694 ± 8.61 per field; p < 0.001),
and even lower in the human antrum (538.34 ± 38.36) compared
to mice (p < 0.001). To explore the localization and distribution
of G-cells within the antral mucosa we performed immunohis-
tochemical experiments with longitudinal sections through the
antrum mucosa. It turned out that in the murine antral mucosa

the G-cells were almost exclusively located at the base of antral
invaginations (Figure 2A), whereas in swine and human gastrin-
positive cells were distributed over the lower and middle third of
antral glands (Figures 2B,C). To evaluate these findings and fur-
ther specify the relative distribution of G-cells within antral glands
of each species we have counted gastrin-positive cells. For that pur-
pose the antral invagination was divided into three equal areas:
lower third (basal), middle third, and upper third (apical). G-cells
were counted per antral gland and area on seven to eight invagi-
nations. The results revealed two obvious differences between the
three species; firstly, the number of G-cells per antral invagination
was significantly higher in swine and human compared to mouse;
secondly, the distribution pattern of the cells was different. In
mice, the G-cells were indeed located only in the lower third of the
antral glands; the number of gastrin-positive cells was determined
as 2.5 ± 0.87 (Figure 2D). In pig and human the gastrin-positive
cells mainly reside in the lower and middle part of the antral invagi-
nations (swine: lower part: 2.0 ± 1.7; middle part: 5.27 ± 1.28;
human: lower part: 6.86 ± 2.36; middle part: 2.43 ± 1.5 G-cells;
Figure 2D). These findings indicate some clear differences regard-
ing the structural set-up of the antrum mucosa and the distribu-
tion of G-cells. Moreover, it turned out that the structural features
are more similar in human and swine than in human and mouse. In
a next step attempts were made to identify candidate receptors for
nutrients, especially protein breakdown products in human and
porcine G- and D-cells. In a previous study we have shown that in
mice the receptors GPRC6A and CaSR are expressed in G-cells and
in a subpopulation of D-cells (Haid et al., 2011). In order to assess
if these candidate receptors are also expressed in the antral mucosa
of human and swine RT-PCR experiments were performed using
species specific primers. The results are depicted for human cDNA
in Figure 3A and for porcine cDNA in Figure 3B. Amplicons of the
expected molecular size were obtained for all primer pairs. Sub-
sequent cloning and sequencing of the amplicons revealed that
they indeed encoded hGPRC6A, hCaSR, sGPRC6A, and sCaSR,
respectively. To compare if these receptors are expressed in the
endocrine cells double-immunohistochemical analyses were con-
ducted on horizontal sections of the murine, porcine, and human
antrum. As depicted in Figure 4, in tissue sections from all three
species the vast majority of GPRC6A-positive cells also displayed
strong gastrin immunoreactivity; the results for murine samples
are shown in Figures 4A–C, for swine in Figures 4D–F, and
for men in Figures 4G–I. Interestingly, in human specimen the
GPRC6A immunoreactivity was most intense at the apical part
of cells contacting the central lumen, whereas gastrin immunore-
activity was predominantly found at the base of cells. Compara-
tive immunohistochemical analyses of the murine, porcine, and
human gastric antrum using antibodies for CaSR and gastrin
revealed that in all three species also the CaSR-positive cells dis-
played strong immunoreactivity for gastrin (Figure 5). Yet, a small
number of GPRC6A- and CaSR-immunoreactive cells showed no
labeling with the gastrin antibody in all investigated species. This
observation suggested that they may represent somatostatin pro-
ducing D-cells as previously shown for mice (Haid et al., 2011).
To compare whether in all three species D-cells express recep-
tors responsive to protein breakdown products, tissue sections
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were immunostained with specific antibodies for somatostatin
and GPRC6A or CaSR, respectively. The results demonstrated
that individual somatostatin-positive cells express GPRC6A in
mice, pig, and also in men; the results for murine samples are
shown in Figures 6A–C, for swine in Figures 6D–F and for men
in Figures 6G–I. Additionally, a small number of D-cells in the
three species were found to be also positive for CaSR (Figure 7).
Although amino acids might contribute to the activation of gas-
tric endocrine cells in the antrum, generally breakdown products
of protein digestion are considered as major stimuli for G-cells
to release gastrin. Peptone, a mixture of enzymatically derived
peptide fragments, appears to mimic dietary proteins digest in the
luminal chyme (Cuber et al., 1990; Choi et al., 2007a), and has been
shown to stimulate gastrin secretion (Walsh, 1988; Schubert et al.,
1992; Varga et al., 1993). In search for a receptor type that could
render the responsiveness of G-cells to protein digests, the recently
described family A receptor GPR92 (also named GPR93; LPAR5)
which is activated by protein-hydrolysates (Choi et al., 2007a,b)
was considered as a putative candidate. RT-PCR analyses using

specific primers for mGPR92 and hGPR92, respectively, resulted
in amplification products of the expected size (Figure 8). The
identity of the encoded mGPR92 and hGPR92 was confirmed by
sequencing the amplicons. Since the sequence for the pig GPR92
is unknown, degenerate oligonucleotides had to be used. The
primer combination resulted in an amplification product of the
expected size for GPR92 (Figure 8). Sequence analysis revealed
that the partial swine GPR92 sequence shared an 84% identity
with the human GPR92 nucleotide sequence (NM_001142961.1).
The partial nucleotide sequence of GPR92 from pig is deposited
in the EMBL Data Bank. To visualize and identify the cells which
express GPR92 double-immunohistochemical analyses were con-
ducted using antibodies for GPR92 and gastrin. A result of this
approach is exemplarily shown in Figure 9 for mouse and pig.
A large population of GPR92-positive cells was visible in the
antrum mucosa (Figures 9A,D). Furthermore, double-labeling
with gastrin antibodies revealed, that the vast majority of GPR92-
positive cells in mouse and pig were also immunoreactive for
gastrin (Figures 9C,F). In addition, it was found that also D-cells

FIGURE 9 | GPR92 is expressed in G-cells and D-cells of mouse and pig.

Double-label immunostaining with antibodies for GPR92 and gastrin on
horizontal tissue sections through the antrum of mouse (A–C) and swine
(D–I), respectively. (A) The GPR92 antibody labels numerous cells in the
murine antrum mucosa. (B) Murine G-cells are located in the same antrum
area. (C) The overlay of (A,B) clearly shows the coexpression of GPR92 and
gastrin in the antrum of mouse. (D) GPR92-positive cells in the antrum of

swine. (E) The gastrin antibody immunostained numerous cells in this porcine
antrum region. (F) The overlay of (D,E) reveals that the majority of porcine
GPR92-positive cells is also gastrin-positive. (G) GPR92-immunoreactive cells
in the porcine antrum mucosa. (H) Sst-positive cells are located in the same
antral annuli. (I) Overlay of (G,H); a subpopulation of Sst-positive cells is
immunoreactive for the peptone-receptor GPR92. Sections are
counterstained with DAPI (blue). Scale bars: (A–I) = 20 μm.
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FIGURE 10 | Reverse transcriptase polymerase chain reaction analysis

for Gαq family members and Gαi2 in the murine antrum. RT-PCR
experiments were conducted with primer pairs specific for Gαi2 (342 bp).
On using cDNA from murine antrum tissue an amplicon of the expected
size was obtained. For the amplification of Gαq family members (293 bp)
we employed a degenerate primer pair based on sequence motifs of the
corresponding Gαq family members (Gα11, Gα14, Gαq). Sequence analysis
revealed that the partial sequence displayed a 100% identity to the murine
nucleotide sequence for Gα11 (NM_010301.3). No bands were observed in
water controls lacking template.

express the peptone-receptor GPR92, which is exemplarily shown
for swine in Figures 9G–I. The finding that in addition to
CaSR and GPRC6A also GPR92 is expressed in gastrin-cells and
somatostatin-cells indicates that apparently these endocrine cells
have an enormous capability to sense luminal protein breakdown
products. The identification of several amino acid-/peptone-
responsive receptors in G-cells and in subpopulations of D-
cells of all three species suggests that an ensemble of different
receptor types may represent the molecular basis underlying the
responsiveness of gastrin-cells and somatostatin-cells to luminal
constituents.

To address the question how the activation of the GPCRs is
linked to an intracellular signaling cascade leading to a release
of gastrin, we set out to identify putative downstream signaling
elements. Heterologous expression studies have proposed that
GPRC6A, as well as CaSR and GPR92 may couple to a Gαq-
mediated pathway involving the effector enzyme phospholipase
Cβ (PLCβ; Buchan et al., 2001; Hofer and Brown, 2003; Kuang
et al., 2005; Pi et al., 2005; Choi et al., 2007a; Christiansen et al.,
2007; Wellendorph et al., 2007). However, some studies suggested
that GPRC6A and CaSR may also couple to Gαi (Brown and
MacLeod, 2001; Ward, 2004; Pi et al., 2005). To explore whether

members of the Gαq family and Gαi are expressed in the gastric
antrum of mouse RT-PCR experiments were performed. Using
degenerate oligonucleotides based on conserved sequence motifs
of the Gαq family members Gαq, Gα11, and Gα14 resulted in
an amplification product which displayed the expected size of
293 bp (Figure 10). Sequence analysis revealed that the partial
sequence displayed a 100% identity to the murine nucleotide
sequence for Gαq11 (NM_010301.3). RT-PCR experiments with
primer pairs specific for Gαi2 yielded an amplification product
of the expected molecular size (Figure 10) and the identity of
the encoded mGαi2 was confirmed by sequencing of the ampli-
con. Subsequently we tried to visualize and identify Gαq-positive
and Gαi2-positive cells in the antrum mucosa. Immunohisto-
chemical experiments with antibodies for Gαqq/11/14 and gastrin
revealed that the vast majority of murine and human G-cells
indeed express the G protein subunit Gαq (Figures 11A–C and
G–I). Moreover, double-labeling experiments employing antibod-
ies for Gαi2 and gastrin demonstrate that murine G-cells also
coexpress the G-protein subunit Gαi2 (Figures 11D–F). How-
ever, neither Gαq nor Gαi2 immunoreactivity was visible in D-
cells (data not shown). In addition, no evidence was found that
D-cells might express the G-protein subunits gustducin or Gαs
(data not shown); so the G-protein subtypes in D-cells remain
elusive.

Four PLCβ isoforms are known (β1–β4), which are activated
by interaction with the α-subunit of a heterotrimeric G-protein
of the Gαq family which include Gαq, Gα11, Gα14, and Gα15/16
(Exton, 1996; Rebecchi and Pentyala, 2000; Rhee, 2001). In order
to investigate whether any of these PLCβ isoforms might be
expressed in G-cells and D-cells we performed RT-PCR studies
using primers for PLCβ1, PLCβ2, PLCβ3, and PLCβ4, and nor-
malized cDNA from the murine antrum. Amplification products
of the expected size were obtained for PLCβ2, PLCβ3, and PLCβ4
(Figure 12). For PLCβ1 a negligible weak band was obtained with
cDNA from the antrum, whereas cDNA from brain yielded an
adequate amplification product (data not shown). The identity of
PLCβ2, PLCβ3, and PLCβ4 was confirmed by sequencing of the
amplicons.

Based on the crucial role of PLCβ2 for taste transduction
(Rössler et al., 1998; Zhang et al., 2003) and the observa-
tion, that PLCβ2 is expressed in ghrelin cells of the murine
stomach (Hass et al., 2007) double-labeling experiments for
PLCβ2 and gastrin were performed. Numerous PLCβ2-positive
cells were visualized in the antrum mucosa of mouse and
men (Figures 13A,D). Although many gastrin-positive cells
were present (Figures 13B,E), no co-labeling was visible
(Figures 13C,F). Similarly double-labeling experiments were con-
ducted with specific antibodies for PLCβ3 and gastrin on hor-
izontal antrum sections of mouse and men. A typical result
is shown in Figure 14. Numerous PLCβ3-positive cells are
visible (Figures 14A,D) and almost all of them were also
immunoreactive for gastrin (Figures 14C,F). In contrast, dou-
ble staining with specific antibodies for PLCβ2 and somato-
statin resulted in an overlap of staining which indicates an
expression of PLCβ2 in D-cells (Figure 15); in the investi-
gated species nearly all somatostatin-positive cells express the
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FIGURE 11 | Visualization of the G-protein subunit Gαq and Gαi2 in

G-cells. Double-labeling experiments employing antibodies for either Gαq
(green) and gastrin [red (A–C) and (G–I)] or Gαi2 (green) and gastrin [red
(D–F)] on horizontal tissue sections through the antrum of mouse or the
human antrum. (A,G) Gαq-positive cells in the gastric antrum of mouse and
men. (B,H) In the same area numerous G-cells can be visualized with the

gastrin antibody. (C,I) The overlay of accordant images reveals the
coexpression of the G-protein subunit Gαq and gastrin in murine (C) and
human G-cells (I). (D) Numerous Gαi2-positive cells in the murine antrum
mucosa. (E) Gastrin-positive cells are located in the same antral region. (F)

Overlay of (D,E); murine G-cells coexpress the G-protein subunit Gαi2.
Sections are counterstained with DAPI (blue). Scale bars: (A–I) = 20 μm.

effector enzyme PLCβ2 (Figures 15C,F). These results indicated
that D- and G-cells express different elements for a down-
stream signaling cascade and these differences seem to exist in
all three species, suggesting some relevant physiological implica-
tions.

The main findings of this study are summarized in Table 1.
The structural features of the antrum mucosa from mouse,
swine, and human differ significantly concerning annulus diam-
eter and cell density as well as the number and distribution
of G-cells. The results indicate a closer similarity between pig
and human than between mouse and human. The enteroen-
docrine G-cells and D-cells of all species comprise a similar
repertoire of receptors and signaling elements. However, the two
cell types differ significantly from each other concerning the
expression of Gα proteins and PLCβ subtypes. Moreover, the
receptors GPRC6A, CaSR, and GPR92 appear to be expressed
in all G-cells, but they were only found in a subpopulation of
D-cells.

DISCUSSION
The gastric antrum represents a stomach compartment of para-
mount importance as it initiates and regulates fundamental gas-
tric activities including the release of gastrin and somatostatin,
which subsequently regulate the secretion of pepsinogen and

hydrochloric acid; key steps for digestive processes in the stom-
ach. Given that rodents are not the most appropriate model
organism for studying gastro-physiological processes relevant for
men (Houpt et al., 1979; Rowan et al., 1994; Kararli, 1995) it is
indispensable to unravel the differences between species regard-
ing the morphology and physiology of the antrum mucosa. The
notion that the gastrointestinal system of swine may be more
related to human (Pond and Houpt, 1978; Tumbleson and Schook,
1996; Kuzmuk and Schook, 2011) was supported by comparing
some structural features of the antrum mucosa from human,
swine, and mouse, indicating significant differences concerning
the structural set-up of the antral mucosa (Figure 1; Table 1A)
and the distribution of G-cells within antral glands (Figure 2;
Table 1A), and can be added to the list of differences between gas-
trointestinal systems of rodents and men (Kararli, 1995; DeSesso
and Jacobson, 2001). The finding that the number of G-cells
per antral invagination in swine and men is significantly higher
compared to mouse (Figure 2; Table 1A) is in line with the
observation that the acidification of the luminal content is much
stronger in swine and human (pH 1.6–1.8) when compared to
mouse (pH 3.1; Kararli, 1995). Despite of the structural differ-
ences, no immediate differences between the species were observed
concerning the molecular set-up of G-cells, such as the expres-
sion of receptor types and transduction elements (Table 1B).
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FIGURE 12 | Reverse transcriptase polymerase chain reaction analysis

for the effector enzymes PLCβ2, PLCβ3, PLCβ4 in the murine antrum.

RT-PCR experiments were conducted with primer pairs specific for PLCβ2
(144 bp), PLCβ3 (521bp), and PLCβ4 (431 bp). On using cDNA from murine
antrum tissue amplicons of the expected size were obtained for all primer
combinations. No bands were observed in water controls lacking template.

The similarities across species may reflect a particular relevance
of the molecular elements for the function of the specialized
endocrine cells. Based on the limitation of the experimental
approaches it can not be excluded that the number of receptors
per cell and thereby the chemosensory sensitivity of the cells may
vary considerably. Functional analyses of single cells combined
with quantitative real-time PCR experiments may provide some
insight concerning the expression level of the different receptor
types.

A major finding of this study is the expression of the recently
discovered family A receptor GPR92 (also named GPR93; LPAR5)
in G-cells. In heterologous expression studies it has been demon-
strated that GPR92 is activated by dietary protein hydrolysate and
appears to be coupled to Gαq and to a pertussis-toxin sensitive

G-protein (Choi et al., 2007a). Moreover, indirect evidence was
provided that this receptor may contribute to the secretion of CCK
from intestinal cells after application of protein hydrolysate (Choi
et al., 2007b). However, for the first time, we were able to visu-
alize cells in the gastrointestinal tract, which express the peptone
responsive receptor GPR92. In view of these results, the presence
of GPR92 in G-cells may be particular relevant for the responsive-
ness of these cells since an activation of G-cells elicits a cascade of
reactions which unleashes the protein digestion machinery of the
stomach. Thus, one would expect protein fragments rather than
free amino acids as more relevant activators for G-cells. In this
context, it is conceivable that the receptor GPR92 may play a cen-
tral role in triggering gastrin secretion from G-cells in response to
protein digest in the chyme, whereas free amino acids may have a
more weak effect, or even an inhibitory effect on gastrin secretion.
The observation by DelValle and Yamada (1990), that amino acids
can elicit a release of gastrin, could be due to rather high amino
acid concentrations.

The unexpected finding that G-cells and the antagonistic act-
ing D-cells have the same receptor repertoire is plausible as the
primary function of both cell types is based on the amount of pro-
tein breakdown products and the progress of digestive processes
in the luminal content of the stomach. However, the activation
of the same receptor repertoire by protein breakdown products
has to elicit different effects in these endocrine cell populations.
Under conditions when G-cells secrete gastrin, which in turn
activates chief cells to release pepsinogen and parietal cells to
secrete hydrochloric acid, one would expect that D-cells prevent
the release of somatostatin. In fact, previous studies have shown
that peptone, a mixture of enzymatically derived protein frag-
ments, increased the secretion of gastrin and inhibited the release
of somatostatin (Saffouri et al., 1984). Consequently, it seems con-
ceivable that the receptor types elicit different responses in each cell
type. One could hypothesize, that large protein fragments activate
G-cells and inhibit D-cells via receptors such as GPR92, thus accel-
erating the digestion of proteins in the stomach. In view of this
concept it is possible that proceeding proteolysis yields breakdown
products, which activate amino acid responsive receptors such as
GPRC6A and CaSR leading to an attenuation of G-cells and stimu-
lation of D-cells. This hypothesis would imply that in each cell type
the receptor couples to different downstream signaling pathways.
In fact, the presence of the same GPCRs and Gα protein subtypes in
functional quite different cell types does not imply that the cellular
responses upon receptor activation are identical; firstly, receptor
types can promiscuously couple to different G-protein subtypes
and secondly, the transduction cascades can be modulated, e.g.,
by “regulators of G-protein signaling” (RGS) proteins which nega-
tively affect G-protein mediated signaling processes (Bansal et al.,
2007). The findings of this study that G- and D-cells express differ-
ent G-protein subunits and effector enzymes (Table 1B) is in line
with this view. While G-cells express the G-protein subunits Gαq
and Gαi2 together with the PLCβ subtype PLCβ3, D-cells express
PLCβ2, and neither Gαq nor Gαi2. It is interesting to note that
Gαq and Gα11 are good activators of PLCβ3, whereas PLCβ2 is
poorly activated by both (Singer et al., 1997; Rhee, 2001). Several
studies revealed that PLCβ3 can be activated by Gq via its Gαq
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FIGURE 13 | G-cells do not express the effector enzyme PLCβ2.

Double-label immunohistochemistry combining antibodies for PLCβ2 (green)
and gastrin (red) on horizontal tissue sections through the antrum of mouse
(A–C) or the human antrum (D–F). (A,D) PLCβ2-positive cells in the antrum of

mouse (A) and men (D). (B,E) G-cells are located in the same antral regions.
(C,F) The overlay of accordant images clearly demonstrates that neither
murine (C) nor human (F) G-cells coexpress PLCβ2. Sections are
counterstained with DAPI (blue). Scale bars: (A–F) = 20 μm.

FIGURE 14 | Immunohistochemical analyses of G-cells for the

coexpression of the taste effector enzyme PLCß3. Double-label
immunohistochemistry combining antibodies for PLCβ3 (green) and gastrin
(red) on horizontal tissue sections through the antrum of mouse and the
human antrum, respectively. (A,D) The PLCβ3 antibody labels numerous cells

in the antral annuli of mouse (A) and men (D). (B,E) In the same annuli
numerous G-cells can be visualized with the gastrin antibody. (C,F) The
overlay of accordant images clearly demonstrates the coexpression of the
taste effector enzyme PLCβ3 in murine G-cells as well as in human G-cells.
Sections are counterstained with DAPI (blue). Scale bars: (A–F) = 20 μm.

subunit and also by Gi acting via its Gβγ subunit (Park et al., 1993;
Rebecchi and Pentyala, 2000; Philip et al., 2010). The coexistence of
both Gαq and Gαi2 in G-cells offers the possibility for a synergis-
tic activation of PLCβ3 as observed, e.g., in macrophages (Roach

et al., 2008). In contrast, the Gαi subunit may exert inhibitory
effects on gastrin secretion by attenuating the production of cAMP
as it is proposed for the inhibition of parietal cells by somato-
statin (Park et al., 1987). Exploring the transduction machinery
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FIGURE 15 | Sst-positive D-cells express the effector enzyme

PLCβ2. Double-label immunohistochemistry combining antibodies
for PLCβ2 (green) and Sst (red) on horizontal tissue sections through
the antrum of mouse and men, respectively. (A,D) The PLCβ2
antibody labels numerous cells in the antrum mucosa of mouse (A)

and men (D). (B,E) Sst-positive cells in the corresponding antrum
regions. (C,F) The overlay of accordant images clearly reveals that
murine (C) as well as human (F) D-cells are also positive for PLCβ2.
Sections are counterstained with DAPI (blue). Scale bars:
(A–F) = 20 μm.

Table 1 | Features of the antral mucosa: comparison of mouse, pig, and human.

Mouse Pig Human

A. STRUCTURAL FEATURES

Annulus diameter (μm) 23 ± 3 34 ± 4 41 ± 3

Cell density per 96 mm2 934 ± 27 694 ± 9 539 ± 39

Distribution and number of G-cells Upper part 0 0.2 ± 0.4 0.2 ± 0.4

Middle part 0 5.3 ± 1.3 2.4 ± 1.5

Lower part 2.5 ± 0.9 2.0 ± 1.7 6.9 ± 2.4

B. MOLECULAR FEATURES

Receptors GPRC6A GPRC6A GPRC6A

CaSR CaSR CaSR

G-cells GPR92 GPR92 *

Gα protein Gq Gq Gq

PLCβ subtype PLCβ3 PLCβ3 PLCβ3

Receptors** GPRC6A GPRC6A GPRC6A

CaSR CaSR CaSR

D-cells GPR92 GPR92 *

Gα protein not Gq not Gq not Gq

PLCβ subtype PLCβ2 PLCβ2 PLCβ2

*The antibody did not allow to visualize GPR92 in human specimen.

**GPRC6A, CaSR, and GPR92 were expressed only in subpopulations of D-cells.

downstream of the receptors for protein breakdown products in
the two cell types will elucidate mechanisms underlying the oppos-
ing responsiveness of G-cells and D-cells to stimuli from the gastric
lumen.
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