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Abstract 

Therapies based on glucagon-like peptide-1 receptor (GLP-1R) agonism are highly ef-
fective in treating type 2 diabetes and obesity, but the localization of GLP-1Rs mediating 
the antidiabetic and other possible actions of GLP-1 is still debated. The purpose with this 
study was to identify sites of GLP-1R mRNA and protein expression in the mouse gastro-
intestinal system by means of GLP-1R antibody immunohistochemistry, Glp1r mRNA 
fluorescence in situ hybridization, and 125I-exendin (9-39) autoradiography. As expected, 
GLP-1R staining was observed in almost all β-cells in the pancreatic islets, but more 
rarely in α- and δ-cells. In the stomach, GLP-1R staining was found exclusively in the 
gastric corpus mucous neck cells, known to protect the stomach mucosa. The Brunner 
glands were strongly stained for GLP-1R, and pretreatment with GLP-1 agonist exendin-4 
caused internalization of the receptor and mucin secretion, while pretreatment with 
phosphate-buffered saline or antagonist exendin (9-39) did not. In the intestinal mucosa, 
GLP-1R staining was observed in intraepithelial lymphocytes, lamina propria lympho-
cytes, and enteroendocrine cells containing secretin, peptide YY, and somatostatin, but 
not cholecystokinin. GLP-1R staining was seen in nerve fibers within the choline acetyl 
transferase– and nitric oxide–positive myenteric plexuses from the gastric corpus to the 
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distal large intestine being strongest in the mid- and hindgut area. Finally, intraperitoneal 
administration of radiolabeled exendin (9-39) strongly labeled myenteric fibers. In con-
clusion, this study expands our knowledge of GLP-1R localization and suggests that 
GLP-1 may serve an important role in modulating gastrointestinal health and mucosal 
protection.

Key Words: glucagon-like peptide-1, glucagon-like peptide-1 receptor, autoradiography, enteric nervous system, 
Brunner glands

Glucagon-like peptide-1 (GLP-1) is an incretin hormone 
released by enteroendocrine L-cells and potentially also 
human pancreatic α-cells (1) in response to food intake. 
GLP-1 enhances postprandial insulin release from the pan-
creas glucose-dependently, and long-acting analogues of 
GLP-1 are successfully used as a treatment for type 2 dia-
betes (2). However, mounting evidence suggests that GLP-1 
also affects numerous other organs and tissues, including 
those of the gastrointestinal (GI) tract (3). GLP-1 works 
exclusively through activation of the GLP-1 receptor 
(GLP-1R), a G protein–coupled receptor belonging to 
the glucagon receptor family (4). Like most other family 
members, the GLP-1R is a recycling receptor, internalized 
rapidly upon activation (5, 6). Although GLP-1Rs have pre-
viously been described in the GI tract in different species, 
including man, using different techniques, the exact local-
ization of these remains a point of discussion and linking 
the reported localizations to the known effects of GLP-1 
has proven difficult (7-13).

In the pancreas, GLP-1Rs are consistently found on 
the β cells, whereas the occurrence of receptors on δ and 
α-cells is still a matter of discussion (8, 9, 14-18). Several 
studies agree on the occurrence of GLP-1Rs in the entire 
enteric nervous system (8, 9, 13, 18-21), although details 
of localization are often missing, and few studies describe 
GLP-1Rs elsewhere in the GI tract. In rodents, GLP-1Rs 
were first described on parietal cells in the stomach (8, 
12, 14, 18, 20). In the small intestinal epithelium, GLP-
1Rs have been described on enterocytes, Paneth cells, and 
intraepithelial lymphocytes (IELs) (10, 12, 18, 22), whereas 
others have found no receptors at all (9). In the duodenum 
several studies in rodents support the occurrence of GLP-
1Rs in the Brunner glands (7, 8, 12, 16, 18, 23).

Some of the discrepancies concerning GLP-1R localiza-
tion in the GI tract are probably due to the varying quality 
of the GLP-1R antibodies used for immunohistochemical 
studies with respect to both specificity and sensitivity (24, 
25). However, apparently specific antibodies for the human 
and the murine GLP-1R have now been developed (8, 
16, 26). In this study, we used a combination of 3 tech-
niques to map the occurrence of GLP-1Rs in the mouse GI 
tract: (1) autoradiography by which receptors are targeted 

in vivo with 125I labelled GLP-1R-targeting ligands, (2) 
immunohistochemistry (IHC) using a well-validated anti-
body against the mouse GLP-1R antibody (7F282A (26)), 
and (3) in situ hybridization, by which expression of the 
receptor is demonstrated using specific probes for GLP-1R. 
For further characterization of cells expressing GLP-1R, 
double-stainings for relevant hormones and other chemical 
staining methods were employed.

Materials and Methods

The GLP-1R knockout mouse strain (kindly provided by 
Dr. Daniel J.  Drucker, Lunenfeld-Tanenbaum Research 
Institute, Mount Sinai Hospital, Toronto (27)) was kept on 
a C57BL background and custom bred by Novo Nordisk 
A/S at Taconic. This strain is not commercially available. 
All mice were housed in groups of 6 to 8 mice in individu-
ally ventilated cages under a light cycle of 12 hours (lights 
on from 6 am to 6 pm) with ad libitum access to standard 
laboratory chow (Altromin Spezialfutter GmbH & Co, 
Lage, Germany) and water. All animal experiments were 
approved by the Danish National Committee for Animal 
Studies, Ministry of Justice in Denmark.

Competition Binding

To validate the receptor binding of 125I-labelled exendin 
4, GLP-1, and exendin (9-39), we performed competition 
binding in COS-7 cells transfected with murine and human 
GLP-1R. COS-7 cells were grown at 10% CO2 at 37°C 
in Dulbecco’s modified Eagle’s medium with GlutaMAX 
(Invitrogen, Denmark) with 10% fetal bovine serum, 
180  units/mL penicillin and 45  mg/mL penicillin/strepto-
mycin. COS-7 cells were transfected using the calcium 
phosphate precipitation method and the cells were seeded 
into 24-well plates at 7000 to 35 000 cells/well 1 day after 
transfection. The number of cells/well was adjusted to ob-
tain a maximum of 10% of the added radioligand. Two 
days later, cells were assayed at 4°C by competition binding 
using 5000 to10 000 cpm/well of 125I-exendin (9-39) and 
increasing concentrations of unlabeled exendin (9-39) in 
0.1 mL of binding buffer (50 mM HEPES buffer, pH 7.4, 
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supplemented with 1 mM CaCl2, 5 mM MgCl2, and 0.5% 
w/v bovine serum albumin). After 3 hours of incubation, 
cells were washed 2 times in 4°C binding buffer and lysed 
by addition of 0.5 mL of carbamide solution (18% acetic 
acid, 8 M urea, 2% v/v P-40). Radioactivity was counted in 
a Wallac Wizard Gamma Counter. IC50, Ki, and Bmax were 
calculated using the GraphPad prism program.

Autoradiography

Female CD1 mice, n = 27, weighing 26.9 to 31.4 g from 
Charles River, Sulzfeld, Germany, arrived at our animal 
facility at least 1 week before experimental procedures 
were performed. Mice were anesthetized using keta-
mine (Ketaminol®, Intervet, Merck & CO., New Jersey, 
USA, 100 mg/kg) and xylazine (Rompun®vet, Bayer AG, 
Leverkusen, Germany, 10 mg/kg) in isotonic saline. Three 
different labelled peptides were used: 125I-labelled GLP-1 
(generous gift from Novo Nordisk, Måløv, Denmark), 
125I-labelled exendin-4, a GLP-1R agonist initially iden-
tified in the saliva of the gila monster (Heloderma 
suspectum) (Phoenix Pharmaceuticals), and 125I-labelled 
exendin (9-39) (28), a well-characterized GLP-1R antag-
onist (Perkin Elmer, Belgium). The abdominal cavity of an-
aesthetized mice was opened with a midline incision. Six 
mice in each group received 3 000 000 cpm of either 125I-
GLP-1, 125I-exendin-4, or 125I-exendin (9-39) dissolved in 
0.04 M phosphate buffer with 1% human serum albumin 
(HSA) (pH 7.5) in a volume of 100  µL injected into the 
inferior caval vein or into the peritoneal space (n  =  3). 
Three mice in each group got the same amount of labeled 
GLP-1, exendin-4, or exendin (9-39) mixed with a 1000-
fold excess of the corresponding unlabeled ligand (GLP-1 
[Polypeptides, France], exendin-4 [Polypeptides, France], or 
exendin (9-39) [Bachem, Switzerland]). The molar amount 
of the labeled peptide administered was calculated from the 
specific radioactivity of the tracers. All mice were sacrificed 
20 minutes after peptide administration. The thorax was 
opened, a small tube connected to a pump was inserted 
into the left ventricle of the heart, and the vascular system 
was perfused first with 0.9% saline until all blood was re-
moved and thereafter with ice-cold 4% paraformaldehyde 
for 5 minutes.

Following fixation, specimens of the stomach, small 
intestine, cecum, colon, and pancreas were removed and 
stored in 4% paraformaldehyde until further processing. 
Tissues were embedded in paraffin and histological sections 
of 4 µm were cut with a microtome. In a dark room, sections 
were coated with 43 to 45°C Kodak NTB emulsion (VWR, 
Herlev, Denmark) diluted 1:1 with 43 to 45°C water, dried 
and stored in light proof boxes at 5°C. After 12 weeks, 
sections were developed using Kodak D-19 developer 

(VWR, Herlev, Denmark) for 5 minutes, followed by brief 
immersion in 0.5% acetic acid and fixation in 30% sodium 
thiosulfate for 10 minutes. Finally, sections were washed in 
water and 70% ethanol. Sections were counterstained with 
hematoxylin and examined with a light microscope. Images 
were taken with a camera (Zeiss Axioscope 2 plus, Brock 
& Michelsen, Birkerød, Denmark) connected to the light 
microscope (Leitz Orthoplan).

Immunohistochemical Staining for the GLP-1R

Female C57Bl6 mice, n = 24, weighing 18.6 to 23.1 g were 
purchased from Janvier Labs, France at least 1 week be-
fore experimental procedures were performed. The mice 
received injections of either phosphate buffered saline 
(PBS) (125 µL) (n = 8), exendin-4 (5 nmol/125 µL PBS with 
1% HSA) (Polypeptide, France) (n = 8), or exendin (9-39) 
(5 nmol/125 µL PBS with 1% HSA) (Bachem, Switzerland) 
(n = 8) into the inferior caval vein. After 30 minutes the 
mice were anesthetized and perfusion fixated as described 
above. Following fixation, stomach, small intestine, cecum, 
colon, and pancreatic tissue were removed and stored in 
4% paraformaldehyde until embedding in paraffin. The 
immunohistochemical stainings for the GLP-1R anti-
body were performed as described by Jensen et  al. (26). 
Sections were dewaxed, pretreated with 0.1% pronase K 
for 10 minutes at 37°C, and incubated overnight with the 
biotinylated, monoclonal mGLP-1R antibody (7F38A2, 
1:200, rabbit, generous gift from Novo Nordisk, Bagsværd, 
Denmark (29)). On day 2, sections were incubated with 
Vectastain ABC complex (Vector Laboratories, Burlingame, 
CA, USA) and diaminobenzidine (DAB). Similar stainings 
were performed on GI and pancreatic tissue from GLP-
1R-deficient mice (generous gift from Novo Nordisk, 
n = 2, (27)). Sections were scanned in a Nanozoomer slide 
scanner (Hamamatsu), digital scannings were analyzed and 
images were taken from representative areas of all sections.

Immunohistochemical Double Stainings for the 
GLP-1R and Endocrine Cells

For double immunostainings, tissue from 3 PBS-treated 
mice were examined. Sections of pancreas and small in-
testine were first stained for the GLP-1R as above, exam-
ined in Axioscope 2 microscope, and images taken using 
a CoolSNAP camera. Coverslips were then removed. The 
pancreatic sections were incubated overnight with either 
insulin antibody (2006-4, 1:10000, guinea pig, in-house 
(30)), glucagon antibody (4304, 1:2000, rabbit, in-house 
(31)), or somatostatin (SST) antibody (1759/6, 1:4000, 
rabbit, in-house (32)). Duodenal and jejunal sections were 
incubated with secretin (SCT) antibody (5585-3, 1:2000, 
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rabbit, generous gift from Professor Jan Fahrenkrug, 
Bispebjerg Hospital, Denmark), SST antibody as above, 
peptide (PYY) antibody (EUD5201, 1:2500, guinea pig, 
Acris Antibodies, Germany (33)) or cholecystokinin 
(CCK) antibody (8007/4, 1:4000, rabbit, generous gift 
from Professor Jens Rehfeld, University of Copenhagen, 
Denmark (34)). The next day, sections were incubated 
with Alexa 568 antirabbit IgG (175693, 1:200, donkey, 
Abcam, Cambridge, UK, (35)), Alexa 568 antiguinea pig 
IgG (175714, 1:200, goat, Abcam, Cambridge, UK, (36)), 
or Alexa 488 antirabbit (150081, 1:200, goat, Abcam, 
Cambridge, UK (37)). The slides were mounted with DAKO 
fluorescence mounting medium, coverslipped, examined 
using an Axioscope 2 microscope, and images were taken 
with a CoolSNAP camera.

Effect of GLP-1R Ligands on GLP-1R Localization 
and Mucin Content in Brunner’s Glands

GLP-1R IHC was performed as above on sections of 
stomach and duodenum from the PBS, exendin-4, and 
exendin (9-39) pretreated mice (n = 24), and neighboring 
sections were dewaxed and treated with periodic acid for 
5 minutes (VWR, Herlev, Denmark), and then incubated 
with Schiff’s reagent for 30 minutes to demonstrate mucins 
(VWR, Herlev, Denmark), counterstained with hema-
toxylin for 5 minutes, dehydrated, and mounted.

In situ Hybridization

In situ hybridization was performed using a manual 
RNAscope duplex fluorescent assay (Advanced Cell 
Diagnostics, CA, USA) on paraffin sections from PBS-
treated CD-1 mice on stomach, small intestinal, and pan-
creatic tissue for GLP-1R in combination with SCT, PYY, 
glucagon, insulin, and SST, respectively. The procedure 
was performed according to the manufacturer’s instruc-
tion with tyramide signal amplification (Perkin Elmer, MA, 
USA). Tissue sections were baked at 60°C for 1 hour, de-
waxed and air dried. Sections were treated with “pretreat-
ment 1” for 10 minutes, washed in distilled H2O, boiled 
in “pretreatment 2” for 10 minutes, washed in distilled 
H2O, washed in 100% ethanol, and air dried. Hereafter, 
sections were treated with “pretreatment 3” for 10 minutes 
in a manual hybridization system (HybEZ Oven, Advanced 
Cell Diagnostics, CA, USA) at 40°C and washed in dH2O. 
Sections were incubated with RNA-specific probes, namely 
Glp1r mRNA–specific probe on all slides combined with 
different endocrine cell RNA-specific probes on different 
slides (SCT, PYY, insulin, glucagon, and SST, respectively, 
cat. nos. 415896, 449996, 420686, 414666, 400606, 
404636, Advanced cell diagnostics, CA, USA) for 2 hours 

in a HybEZ oven at 40°C. Sections were then washed in 
wash buffer. The signal was amplified in 6 steps with 6 dif-
ferent amplification solutions: steps 1 to 4 in the HybEZ 
oven at 40°C, and steps 5 and 6 at room temperature. 
Between each amplification step, sections were washed in 
wash buffer. Thereafter, sections were incubated with RED 
detection for 30 minutes, washed in wash buffer, incubated 
with TSA fluorescein for 25 minutes, and washed in dH2O. 
Finally sections were counterstained with DAPI for 7 min-
utes, washed in dH2O, and mounted.

Results

Competition Binding

The radiolabeled agonists (125I-GLP-1 (7-36) and 
125I-exendin-4) as well as the antagonist (125I-exendin (9-39)) 
bound with high and similar affinities to the mouse GLP-1R 
(Log Kd of –8.68 ± 0.12 [n = 6], –8.45 ± 0.27 [n = 4], and 
–8.51 ± 0.12 [n = 4], respectively) (Fig. S1A (38)). The max-
imum binding capacity varied between the 3 radioligands, 
with 3-fold higher Bmax for 125I-exendin (9-39) compared 
with 125I-GLP-1 (7-36), while the receptor targeting of 
125I-exendin-4 displayed the lowest Bmax, 4.4-fold lower than 
125I-GLP-1 (7-36) (Fig. S1B (38)). The higher Bmax for the an-
tagonist is in accordance with a generally higher number of 
antagonist binding receptor conformations among G protein-
coupled receptors (GPCRs) (39),while the lower binding of 
125I-exendin-4 suggests that this agonist has access to fewer 
receptor conformations/binding sites than 125I-GLP-1 (7-36).

Pancreas

Mouse pancreas served as positive control tissue for valid-
ation of the demonstration of GLP-1R via IHC and auto-
radiography, as GLP-1R expression is well documented in 
the islets of Langerhans. As seen in Fig. 1A, GLP-1R IHC 
displayed strong membrane staining of cells in the islets 
of Langerhans. These islets were stained with insulin anti-
bodies, identifying almost all of the GLP-1R-positive cells 
to be insulin-containing β-cells (Fig. 1A). Staining with glu-
cagon antibodies and subsequent quantification of overlap 
with GLP-1R staining revealed that while the majority did 
not stain positive for GLP-1R about 8.3% displayed a faint 
overlap (20 GLP-1R-positive α-cells out of 240 α-cells, 
counted from 14 pancreatic islets from 5 mice) as shown in 
Fig. 1B. Likewise, SST staining showed that only 6.5% dis-
played a faint overlap with GLP-1R (11 GLP-1R-positive 
δ-cells out of 169 δ-cells, counted from 20 pancreatic islets 
from 5 mice) as seen in Fig. 1C. As expected, we observed 
no GLP-1R immunostaining in pancreatic islets derived 
from GLP-1R knockout mice (Fig. 1D).
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We have previously reported autoradiography for 
GLP-1R using 125I-labeled GLP-1 (7-36), 125I-labeled 
exendin-4, and 125I-labeled exendin (9-39), among which 
the latter displayed the strongest pancreatic islet staining 
(40). Similarly, in the present study, 125I-exendin (9-39) 
autoradiography yielded an intense labelling (seen as black 
grains) in the islets of Langerhans (Fig. 1E), far superior to 
125I-GLP-1– and 125I-exendin 4–mediated GLP-1R labelling 
(Fig. S2A (41)). This is consistent with the higher binding of 
125I-exendin (9-39) to the mouse GLP-1R (Fig. S1A (38)). 
Notably, 125I-exendin (9-39) autoradiography also showed 
subtle labeling of the surrounding acinar cell compartment 
of the exocrine tissue. Radiolabeling of the pancreatic islets 
and acini was greatly diminished in mice treated with same 
dose of 125I-exendin (9-39) plus a 1000-fold excess amount 
of unlabeled (cold) exendin (9-39) (Fig. 1F).

To further validate the GLP-1R-positive cells of pan-
creas, we applied fluorescence in situ hybridization (FISH) 
using probes targeting Glp1r, insulin, glucagon, and SST 
mRNA. FISH control studies can be seen in Fig. S3 (42). 
FISH-labeled Glp1r mRNA was primarily observed in the 
islets of Langerhans (Fig. 1G-1I), but notably labeled tran-
scripts were also seen scattered throughout the surrounding 
exocrine tissue. As seen in Fig. 1G, almost all β-cells, rich 
in insulin-mRNA, also displayed a strong costaining for 
Glp1r transcripts, confirming observations in Fig. 1A. 
While the majority of glucagon-expressing α-cells were de-
void of Glp1r mRNA (Fig. 1H), a small subset of α-cells 
did appear to possess a few Glp1r transcripts, supporting 
observations in Fig. 1B. Lastly, most SST-expressing δ-cells 
(Fig. 1I) appeared to contain Glp1r mRNA; however, in 
modest amounts (a few visible transcripts per cell), sup-
porting the results seen in Fig. 1C.

Gastric Mucosa and Duodenal Brunner’s Glands

Next, we investigated for GLP-1R localization in the 
stomach. IHC revealed that the mucosa of the stomach was 
strongly staining for GLP-1R at the lateral membrane of 
gastric corpus mucous neck cells (Fig. 2A and 2B). These 
observations were supported by 125I-exendin (9-39) auto-
radiography, which also displayed strong accumulation of 
signal around gastric corpus mucous neck cells (Fig. 2C).

In the submucosal layer of the proximal duodenum, we 
observed strong GLP-1R expression in the glandular cells 
of the duodenal Brunner glands by means of IHC (Fig. 
2D) as shown previously (26), as well as FISH (Fig. 2E) 
and autoradiography (Fig. 2F). To study the functional ef-
fects of GLP-1R agonism and antagonism on the Brunner 
glands in vivo, we subjected mice to intravenous adminis-
tration of PBS (control), exendin-4, or exendin (9-39) prior 
to sacrifice and stained the Brunner gland sections with 
the GLP-1R antibody (Fig. 2G-2I) or periodic acid–Schiff 

(Fig. 2J-2L). Brunner’s glands derived from the PBS-treated 
mice displayed glandular cells with GLP-1R staining at the 
basolateral cell membrane (Fig. 2G) and retained apical 
mucin granules (Fig. 2J). In contrast, exendin-4-treated 
glandular cells showed weaker basolateral GLP-1R 
staining but increased intracellular staining, indicating in-
ternalization of the receptor (Fig. 2H), combined with a 
decreased apical mucin staining, and appearance of mucus 
in the lumen (Fig. 2K). Upon exendin (9-39) treatment, 
GLP-1R staining appeared stronger on the basolateral 
portion of the glandular cells compared with the other 
2 conditions (Fig. 2I), and, similar to PBS treatment, 
with retained apical mucin granules. Histological studies 
on the pancreas from animals also subjected to in vivo 
GLP-1R agonism and antagonism revealed a similar en-
hanced GLP-1R immunostaining pattern of the islets of 
Langerhans in the exendin (9-39)-treated mice, compared 
with exendin-4- and PBS-treated mice (Fig. S2B (38)). All 
subsequent GLP-1R IHC-based localization studies where 
therefore performed in exendin (9-39)-treated mice to 
achieve an enhanced immunohistochemical signal.

Intestinal Mucosa

To localize GLP-1R-positive cells in the intestinal mu-
cosa, we subjected small and large intestinal sections 
derived from exendin (9-39)-treated mice to GLP-1R 
immunohistochemical analysis. In the duodenum, the 
GLP-1R antibody strongly stained few and scattered lamina 
propria lymphocytes (LPLs) and numerous enteroendocrine 
cells (EECs) (Fig. 3A). Interestingly, the intensity of GLP-1R 
antibody staining in the EECs increased along the crypt–
villus axis, being most pronounced at the tip of the villi 
(Fig. 3AII-V). The number of GLP-1R-positive EECs grad-
ually declined anally and in the distal ileum few EECs were 
weakly stained with GLP-1R, while the frequency of la-
beled LPLs remained the same (Fig. 3B). While the cecum 
mucosa was devoid of any visible staining (Fig 3C), the 
proximal large intestine showed a GLP-1R staining pat-
tern similar to that of the duodenum, with frequent EECs 
situated primarily at the surface epithelium and few and 
scattered LPLs (Fig. 3D). Anally, the mucosa of distal large 
intestine appeared devoid of GLP-1R staining (Fig. 3E).

To substantiate these observations, we again turned 
to 125I-exendin (9-39) autoradiography and examined the 
small and large intestine mucosa for GLP-1R labelling. 
The duodenum displayed heavy grain accumulation on 
EECs and LPLs, and also around IELs (Fig. 3F). Likewise 
in the distal ileum, labelling could be observed around 
LPLs, EECs, and IELs (Fig. 3G), while the cecum mucosa 
was largely devoid of labelling, save for around a few scat-
tered EECs (Fig. 3H). The proximal large intestine con-
tained 125I-exendin (9-39) LPLs, EECs, and IELs (Fig. 3I); 
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Figure 1. GLP-1R localization in mouse pancreas. Representative microscopy images of mouse pancreatic islets sections stained with antibodies spe-
cific for GLP-1R (A,B,C) (brown DAB stain, n = 5) and insulin (INS, red) (A), glucagon (GCG, green) (B), or somatostatin (SST, red) (C) showing variable 
degree of overlap. Inserts show cells with overlapping staining at higher magnification. GLP-1R immunohistochemistry control study on GLP-1R KO 
islet devoid of DAB staining (D) (n = 2). 125I-exendin (9-39) amide receptor autoradiography showing dense labeling (E) (black grains, n = 5) of islet cells. 
Pancreatic islet treated with 125I-exendin (9-39) amide combined with 1000-fold unlabeled (cold) exendin (9-39) (F) (n = 5). Multiplex in situ hybridization 
using probes specific for Glp1r mRNA (red) and in combination with probes targeting (green) insulin (Ins1) (G), glucagon (Gcg) (H), or somatostatin (Sst) 
(I) with merged images. Inserts show islet cells at higher magnification (n = 3). Ab, antibody, Pr, probe. Counterstaining with hematoxylin. Bars = 60 µm.
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however, toward the anal channel, in the distal large intes-
tine, the mucosa was again devoid of any specific receptor 
labeling (Fig. 3J).

The localization of GLP-1R antibody staining on flask-
shaped EECs was primarily situated on the basolateral cell 
membranes, evenly distributed from base to apex (Fig. 4A). 

Figure 2. GLP-1R localization in mouse stomach and duodenal Brunner glands. Representative microscopy images of gastric corpus mucous neck 
cells stained with GLP-1R antibody (A,B) (brown DAB stain, n = 5) and 125I-exendin (9-39) amide receptor autoradiography (C) (black grains, n = 5). 
Duodenal Brunner glands labeled with GLP-1R antibody (D) (brown, n = 5), Glp1r mRNA–specific in situ hybridization probes (E) (red, n = 3). and 
125I-exendin (9-39) amide receptor autoradiography (F) black grains, n = 5). Brunner glands–derived from mice stimulated in vivo (20 minutes) with 
PBS (G,J), GLP-1R agonist, exendin-4 (H,K), or GLP-1R antagonist, exendin (9-39) (I,L) before sacrifice stained with GLP-1R antibody (G,H,I) (brown 
DAB stain) or periodic acid–Schiff (J,K,L) (purple stain) to detect mucin release (n = 5). Ab, antibody; Pr, probe. Counterstaining with hematoxylin.
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To identify the GLP-1R-positive EEC subtypes, duodenal 
sections were first stained for GLP-1R by means of IHC 
and subsequently stained for the gut hormones PYY, SCT, 
CCK, and SST by means of immunofluorescence. While 
CCK antibody staining did not colocalize with GLP-1R-
labeled EECs (data not shown), the identified PYY- (Fig. 
4B), SCT- (Fig. 4C), and SST-containing cells (Fig. 4D) were 
also labeled for GLP-1R. To support these observations, 
we applied FISH on sections of duodenum from untreated 

mice using probes targeting Glp1r, Sct, Pyy, and Sst mRNA 
transcripts. Glp1r mRNA staining was found to colocalize 
with Sct (Fig. 4E), Pyy (Fig. 4F), and Sst (Fig. 4G) mRNA 
staining.

Enteric Nervous System

To investigate the location and relative expression levels 
of the GLP-1R in the enteric nervous system throughout 

Figure 3. GLP-1R localization in mouse intestinal mucosa. Representative microscopy images of small and large intestine labeled with GLP-1R-
antibody (A,B,C,D,E) (brown DAB stain, n = 5) and 125I-exendin (9-39) amide receptor autoradiography (F,G,H,I,J) (black grains, n = 5). Inserts show 
cells at higher magnification. GLP-1R antibody stained lamina propria lymphocytes (LPLs) and enteroendocrine cells (EECs) in duodenum (A), distal 
ileum (B), and proximal large intestine (D), while cecum (C) and distal large intestine (E) were devoid of staining. EEC staining intensity increased 
along the crypt to villus axis (A, II-V). 125I-exendin (9-39) amide receptor autoradiography–labeled LPLs, EECs, and intraepithelial lymphocytes (IELs) 
in duodenum (F), distal ileum (G), and proximal large intestine (I), while cecum (H) and distal large intestine (J) were devoid of staining. LI, large 
intestine. All mice were stimulated in vivo with exendin (9-39) 20 minutes prior to sacrifice. Counterstaining with hematoxylin. Bars = 100 µm. Insert 
bars = 10 µm.
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different segments of the GI tract, we assessed the my-
enteric and submucosal plexuses for Glp1r mRNA using 
FISH, GLP-1R antibody staining intensity in exendin 
(9-39)-treated mice, and for grain accumulation using 
125I-exendin (9-39) autoradiography. Interestingly, while 
we did not observe any Glp1r mRNA transcripts in any 
of the myenteric and submucosal plexuses of the GI tract 
(data not shown) using FISH, the GLP-1R antibody and 
125I-exendin (9-39) showed consistent relative staining in-
tensities in the enteric fibers throughout the GI tract. As seen 
in Fig. 5A, the greatest accumulation of 125I-exendin (9-39) 
grains and GLP-1R antibody staining was observed in and 
around myenteric plexuses residing in the distal intestine, 
namely in the distal ileum, and the proximal and distal 

large intestine. Myenteric fibers of the duodenum, jejunum, 
and gastric pylorus were also labeled for GLP-1R, while 
the fibers in the gastric corpus and cecum were very weakly 
stained. With regard to submucosal plexuses (Fig. 5B), the 
strongest GLP-1R staining was seen in the proximal large 
intestine, distal ileum, and cecum, with weak staining in the 
jejunum. The submucosal plexuses of the gastric corpus, 
pylorus, duodenum, and distal large intestine displayed 
no staining. Importantly, the GLP-1R antibody primarily 
stained nerve fibers around the somas of the myenteric 
(Fig. 5C) and submucosal (Fig. 5B) neurons, rather than 
the actual cell bodies of the enteric neurons. Interestingly, 
intraperitoneal administration of 125I-exendin (9-39) re-
sulted in strong grain accumulation around the myenteric 

Figure 4. GLP-1R characterization in duodenal enteroendocrine cells. GLP-1R antibody (brown) staining was strongest at the lateral membranes of 
the enteroendocrine cells in mice stimulated in vivo with exendin (9-39) 20 minutes prior to sacrifice (A). Duodenal sections stained with antibodies 
specific for GLP-1R (brown) show overlap (arrows) with the gut hormones (red): peptide YY (PYY) (B), secretin (SCT) (C), or somatostatin (SST) 
(D). Multiplex in situ hybridization staining using GLP-1R mRNA (red)–specific probes in combination with probes targeting Sct (E) (green), Pyy (F) 
(green), and Sst (G) (green) mRNA with merged images showing overlap (n = 3).
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plexuses of the distal small intestine (Fig. 5D).The majority 
of the myenteric neurons of the mouse small and large in-
testine contains either choline acetyl transferase (ChAT) 
or neuronal nitric oxide synthase (nNOS) accounting for 
95% of myenteric neuron population (43, 44). ChAT is the 
synthesizing enzyme for the excitatory neurotransmitter 

acetylcholine, while nNOS is the synthesizing enzyme for 
nitric oxide (NO), a primary transmitter of inhibitory 
muscle motor neurons (45). To identify the subtype of the 
myenteric neurons adjacent to the GLP-1R-positive nerve 
fibers, we stained parallel sections by immunofluorescence 
using ChAT- and nNOS-specific antibodies and looked for 

Figure 5. GLP-1R localization in enteric plexuses. GLP-1R antibody (brown, n = 5) staining and 125I-exendin (9-39) receptor autoradiography labeling 
(black grains, n = 5) in myenteric (A) and submucosal (B) ganglia throughout the GI tract. (C) Nerve fibers in the myenteric plexus of the proximal 
large intestine (LI) stained with GLP-1R antibody. (D) Myenteric ganglia labeled with intraperitoneal administered 125I-exendin (9-39) (n = 3). All mice 
were stimulated in vivo with exendin (9-39) 20 minutes prior to sacrifice. Dashed line surrounds GLP-1R-positive myenteric and submucosal plex-
uses. Counterstaining with hematoxylin. I.P., intraperitoneal. Bars = 40 µm.

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/163/1/bqab216/6400340 by D

anish R
egions user on 02 M

arch 2022



Endocrinology, 2022, Vol. 163, No. 1 11

colocalization. While the majority of myenteric neurons 
close to GLP-1R-positive nerve fibers stained for ChAT 
antibody (Fig. 6B) only a subset of myenteric neurons ap-
peared to be nNOS positive (Fig. 6B) in the pylorus, duo-
denum, distal ileum, and proximal and distal large intestine. 
Likewise, the majority of submucosal neurons connected 
to GLP-1R-positive nerve fibers appeared to associate/
colocalize with ChAT antibody staining (Fig. 6C).

Discussion

GLP-1 is generally considered an incretin hormone stimu-
lating postprandial insulin release from the pancreas. 
Long-acting GLP-1 analogs are successfully used as a 
treatment for type 2 diabetes and obesity. It is becoming 
increasingly evident that GLP-1 exerts a range of effects 
on extrapancreatic tissues; however, the exact locations of 
the sole cognate receptor, GLP-1R, remains a subject of 

debate due to inconsistent reports. To understand the mode 
of action of GLP-1 and GLP-1 analogs, it is crucial to map 
the exact locations of GLP-1R expression. The purpose of 
this study was to provide a thorough clarification of the lo-
cation of GLP-1R in the adult mouse GI tract and pancreas 
using 3 different histological techniques targeting GLP-1R 
protein and mRNA, using antagonist 125I-exendin (9-39) 
autoradiography, monoclonal GLP-1R antibody IHC, and 
GLP-1R mRNA FISH, and to possibly visualize the effects 
of in vivo stimulation of GLP-1R by agonist or antagon-
ists. These 3 histological techniques each have their dis-
tinct strengths and weaknesses with regards to sensitivity, 
precision, and specificity. FISH is a sensitive and precise 
tool to show Glp1r mRNA in cells but is not a guarantee 
for expression of the actual GLP-1R protein. Likewise, 
autoradiography is an accurate tool for the demonstra-
tion of functional GLP-1R protein, albeit laborious, time-
consuming, and with limited precision at the cellular level. 

Figure 6. Characterization of GLP-1R-positive enteric plexuses. Parallel sections of myenteric plexuses stained with antibodies specific for GLP-1R 
(brown DAB stain) and ChAT (A) or nNOS (B) throughout the GI tract. Parallel sections of submucosal plexuses stained with GLP-1R and ChAT anti-
bodies (C). All mice were stimulated in vivo with exendin (9-39) 20 minutes prior to sacrifice. Counterstaining with hematoxylin (n = 5). Bars = 20 µm.
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Lastly, IHC is a precise tool for localization of GLP-1R, 
provided that the antibody is specific, but attention should 
be given to applying ultrasensitive IHC protocols for 
detecting low-level GLP-1R expression. Unlike autoradiog-
raphy, both FISH and IHC are easily combined with other 
histological techniques to identify cellular marker proteins. 
Thus, these 3 histological techniques complement each 
other’s strengths and weaknesses. Importantly, the localiza-
tion studies of GLP-1R were carried out in mouse tissues, 
which may deviate from the human counterpart.

Pancreas

In both human and murine the pancreatic islets, the con-
sensus in the field is that GLP-1R is expressed in almost 
all β- and δ-cells (7-9, 15, 17, 46-48). Here, we report that 
all insulin-producing β-cells contained both GLP-1R pro-
tein and mRNA. Furthermore, while the majority of SST-
producing δ-cells contained a few transcripts of Glp1r 
mRNA using in situ hybridization, only 6.5% of the δ-cells 
appeared to contain actual GLP-1R protein using IHC. 
This latter result is in accordance with previous observa-
tions using the Glp1r.tdTomato reporter mouse, indicating 
Glp1r expression in all δ-cells, while GLP-1R protein ex-
pression was not examined (18)

Importantly, the majority of GLP-1R-positive δ-cells 
were often faintly stained, suggesting that they express just 
enough GLP-1R to reach the threshold of visible staining; 
however, a lesser amount of GLP-1R may be adequate to 
serve a functional role in the unstained δ-cells.

The occurrence of GLP-1R in glucagon-producing α-cells 
remains more debated (49). Some studies report human- and 
murine α-cells devoid of GLP-1R (8, 14, 17, 47, 50), while 
other studies have claimed that GLP-1R is expressed on any-
thing from 1% to 20% of the α-cells (9, 51, 52). Here, we 
report that 8.3% of the α-cells appear to contain GLP-1R 
protein, which is in agreement not only with our in situ hy-
bridization results indicating that a small subset of α-cells 
possess a few Glp1r transcripts, but also our previous inves-
tigation based on the Glp1r.tdTomato reporter mouse, which 
showed around 9.5% Glp1r-positive glucagon cells in the 
pancreatic islet (18). Thus, this study falls in the latter cat-
egory, supporting the claim of GLP-1R expression albeit in a 
limited fraction of the α-cell population. Of note, GLP-1 has 
been shown to inhibit glucagon secretion and stimulate SST 
secretion in various pancreas models but, in some studies, 
the glucagon-lowering effect of GLP-1 was dependent on the 
paracrine effect of SST as demonstrated with the use of SST 
receptor antagonists (53, 54).

We also observed subtle GLP-1R expression in the acini 
of the surrounding exocrine pancreas by means of receptor 
autoradiography and mRNA FISH, while we found no 

staining by receptor IHC. The inconsistency may reflect a 
sensitivity issue in which GLP-1R expression levels were too 
low to result in a visually detectable immunohistochemical 
stain. Indeed, using the sensitive transgenic Glp1r.tdTomato 
reporter mouse, we recently showed Glp1r expression 
in both the exocrine and the endocrine pancreas (18). 
Furthermore, GLP-1R expression has also previously been 
reported in pancreatic acinar cells of mice (46), rats (15), 
monkeys, and humans (7, 8, 17). While acute stimulation 
with GLP-1R agonists did not induce pancreatic amylase or 
lipase release in either rodents or humans, prolonged treat-
ment promoted pancreatic acinar proliferation and con-
comitant enzyme release in mice (55). Similarly, prolonged 
treatment in humans with GLP-1 analogs increases plasma 
amylase and lipase activity in a dose-dependent manner 
(56). Thus, these functional studies are consistent with our 
findings and other previous reports of GLP-1R expression 
in pancreatic acinar cells.

Stomach Mucosa

In the mucosa of the stomach, we found GLP-1Rs exclu-
sively on the cell membranes of mucous neck cells of the 
corpus glands. GLP-1Rs have previously, based mainly on 
immunohistochemical studies, been described on human 
and murine parietal cells (8, 11, 57, 58), and, recently, 
using a transgenic Glp1r reporter mouse, we showed ex-
pression of GLP-1R in mucous neck cells and chief and 
parietal cells of the stomach (18). While we were not able 
to confirm GLP-1R protein expression in chief or parietal 
cells for reasons discussed above, the finding that GLP-1R 
is expressed in mucus neck cells is a relatively new concept. 
Functionally, GLP-1 has been shown to inhibit gastric acid 
secretion in man, although this effect has been shown to be 
dependent on an intact vagal innervation, and thus prob-
ably is due to a central effect of GLP-1 (59-61). Mucous 
neck cells produce different types of mucins (MUC6 and 
MUC1 (62, 63)), peptides such as trefoil factor 1 and 2, 
and epidermal growth factor (63, 64), and are believed to 
protect the neighboring progenitor cells from the acid se-
creted by parietal cells, as they express the same peptides 
and mucin types as other cells in the so-called “reparative 
lineages” in the gut (63). Thus GLP-1 may have an effect 
on mucosal protection in the stomach. Interestingly, Chen 
et al. recently reported that the GLP-1 agonist exendin-4 
accelerated healing of stomach ulcers in diabetic rats (65).

Brunner’s Glands

In the present study, we found high expression levels of 
GLP-1R on the vast majority of glandular cells of the 
Brunner glands of proximal duodenal submucosa using 
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the 3 different types of histological GLP-1R imaging tech-
niques. GLP-1Rs have previously been described in human 
Brunner glands by IHC (8, 66, 67) and by expression 
analysis in mouse Brunner glands (18, 23). The Brunner 
glands secrete glycoproteins, bicarbonate, epidermal 
growth factor, and mucus which drains into the intestinal 
lumen forming for the underlying mucosa, a protective 
barrier against the acidic and pepsin-rich chyme from the 
stomach (68). In addition, while binding of the GLP-1 an-
tagonist, exendin (9-39), did not cause internalization of 
the receptor, we found that in vivo treatment of mice with 
exendin-4, a GLP-1 agonist, led to intracellular transloca-
tion of GLP-1Rs in glandular cells of the Brunner glands as 
shown by subsequent receptor IHC. Furthermore, judged 
by histochemical staining for mucins, this stimulation was 
accompanied by mucin emptying from the apical secretory 
granules. It has previously been shown in vitro that human, 
rat, and mouse GLP-1Rs are internalized upon agonist 
binding (5, 6, 69, 70), but not upon antagonist binding (5, 
6). Consistently, upon injection of mice with the fluores-
cent antagonist exendin 9-39-VT750, no internalization 
of GLP-1R was observed. Instead, fluorescence labeling 
was confined exclusively to the plasma membrane, sug-
gesting that, in the presence of an antagonist, GLP-1Rs are 
retained on the cell surface. While all of glucagon, vaso-
active intestinal peptide (VIP), SCT, and CKK have been 
suggested to stimulate mucus and bicarbonate secretion 
(68), this is to our knowledge the first time a GLP-1 agonist 
has been demonstrated histologically to cause mucin se-
cretion and intracellular translocation of the GLP-1R in 
the Brunner glands. A  similar effect on mucin and bicar-
bonate emptying of the Brunner glands has previously been 
shown in isolated mouse duodenum using the neuropep-
tide VIP (71). Furthermore, Bang-Bertelsen et al. (23) found 
that GLP-1R agonism led to transcriptional upregulation 
of interleukin-33, chemokine ligand 20, and mucin 5b in 
the mouse Brunner glands. Thus, GLP-1 may not only in-
duce mucin secretion, but also other factors as suggested 
by Bang-Bertelsen et al., that may serve a vital role in the 
protection and healing of the duodenal mucosal surface.

Interestingly, upon in vivo treatment with the GLP-1 
antagonist, exendin (9-39), we also observed a reten-
tion of GLP-1R to plasma membrane of the glandular 
cell as well as retention of the apical secretory mucin 
granula. This exendin (9-39)-mediated accumulation of 
GLP-1R on the membrane was associated with enhanced 
immunohistochemical staining of the receptor at the cell 
surface of both the Brunner glands and the pancreas. Thus, 
we decided to base all subsequent GLP-1R IHC studies on 
tissue derived from exendin (9-39)-pretreated mice to allow 
for enhanced visual detection of cells with a low expression 
of the GLP-1R.

Gastrointestinal Distribution of 
GLP-1R-positive EECs

GLP-1R IHC and 125I-exendin (9-39) autoradiography con-
sistently showed high abundance of strongly stained GLP-
1R-positive EECs in the duodenum, a trend that decreased 
toward the distal ileum both with regard to population size 
and staining intensity. Moderately stained GLP-1R-positive 
EECs re-emerged in the proximal colon near the surface 
epithelium but were neither observed in the cecum nor in 
the distal large intestine. These observations are in apparent 
contrast to what was reported, on one hand by Kedees 
et  al. (22), who reported GLP-1R expression throughout 
the epithelium of the mouse jejunum, ileum, and colon, 
and, on the other hand, by Richards et al. (9), who found 
no GLP-1R expression in the epithelial layer of the mouse 
intestines. In contrast to these reports, we cross-validated 
our results using 3 independent visualization techniques 
which all indicated that GLP-1R is indeed expressed in cer-
tain small and large intestinal EECs, but not by the other 
epithelial cells: enterocytes, goblet cells, or paneth cells.

GLP-1R Position on the EECs

GLP-1R IHC on exendin (9-39)-pretreated mouse duo-
denum revealed that GLP-1Rs primarily were situated on 
the lateral plasma membrane of the enteroendocrine cells, 
uniformly from base to apex, but with limited occurrence 
on the base, facing the basal lamina. Thus, these data in-
dicate the likely plasma membrane position of GLP-1R on 
the EECs, which has not been previously reported. Thus 
GLP-1 and possibly other signaling molecules secreted 
from host cells may bind as far up as the tight junction 
of the EEC.

In the duodenum, using immunofluorescence and FISH, 
we identified the subset of GLP-1R-positive EECs pro-
ducing PYY, SCT, and SST, which is consistent with our 
previous findings using a Glp1r.tdTomato reporter mouse 
(18). While GLP-1 has been shown to stimulate SST re-
lease from perfused mouse intestine and this effect could 
be blocked using GLP-1R antagonist exendin (9-39) (72), 
the functional implications of GLP-1R on the intestinal 
PYY and SCT cells remain to be determined. SCT inhibits 
gastric emptying (73) and stimulates the exocrine pan-
creas to secrete bicarbonate and water into the intestinal 
lumen, thus reducing and neutralizing the acidic chyme 
coming from the stomach after a meal (74). Given that 
GLP-1 acts as a secretagogue for SCT and combined with 
the stimulatory effects on the Brunner glands, we specu-
late that GLP-1 may play an underappreciated role in con-
trolling and fine tuning the postprandial intraluminal pH 
of the small intestine.
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Position of the GLP-1R-positive EECs along the 
Crypt–Villus Axis

We have previously reported GLP-1R expression to 
colocalize with duodenal EECs containing PYY secretory 
granula, but not the other L-cell product: GLP-1 (18). This 
observation is consistent with in vivo experiments in hu-
mans, showing that GLP-1R antagonism leads to increase 
in PYY secretion. Thus, GLP-1 may act as auto-inhibitory 
feedback on PYY-expressing cells (72, 75). This observation 
also fits neatly together with the notion that intestinal EECs 
have the capacity to express multiple hormones within the 
same cell (76-79) but, importantly, that this expression 
pattern changes as they move up the crypt–villus/surface 
epithelium axis (78, 80). Small intestinal GLP-1 cells are 
generated in crypts and have been shown to become in-
creasingly multihormonal, in other words, coexpressing 
PYY and neurotensin as they migrate up the villus axis 
(80). Thus, an EEC situated on the villus containing PYY 
may be functionally distinct from the EEC in the crypts 
containing GLP-1. Just as the secretory apparatus of EECs 
may be subject to change as they mature, so may the ex-
pression pattern of the sensory G-protein–coupled recep-
tors, including GLP-1R. Indeed, Glass et al. (77) performed 
expression analysis on FACS-purified preproglucagon cells 
(producing GLP-1) from the upper small intestine which 
revealed that these cells could be subdivided into 3 different 
hormonal expressing clusters with different GPCR expres-
sion profile and crypt–villus location. Our data support the 
notion that some EECs increase their GLP-1R expression 
as they migrate up the crypt–villus axis. Thus, secretion 
from multihormonal EECs on the villus may be modulated 
by GLP-1.

Intestinal Intraepithelial Lymphocytes 

In the intestinal mucosa, autoradiography identified 
GLP-1R on IELs of the duodenum, distal ileum, and colon, 
but not the cecum and distal large intestine. While IHC did 
not confirm this expression pattern, the discrepancy be-
tween results may again represent a sensitivity issue, with 
autoradiography being more sensitive. Consistently, a re-
cent study by our group also showed Glp1r expression in 
IELs, but not GLP-1R protein (18). Furthermore, Yusta 
et al. (10) also found Glp1r mRNA on isolated murine IELs 
by qPCR, and in vitro studies led the group to conclude 
that GLP-1 in the gut may play a role in host microbial 
responses and mucosal integrity to the control of innate 
immunity. A high-resolution, quantitative mass spectrom-
etry analysis of IEL populations in the mouse gut recently 
confirmed the presence of GLP-1R protein in a subset of 
IELs (81). Of note, GLP-1R-positive IELs appeared scarce 

or nonexistent in the cecum, and proximal or distal large 
intestine despite being the primary area where the gut 
microbiota resides.

Enteric Nervous System

In the present study, we observed GLP-1R on nerve fibers, 
but importantly not on somas, in the submucous plexus 
and the myenteric plexus throughout the GI tract (from 
gastric corpus to the distal large intestine) by means of IHC 
and autoradiography. The staining intensity was generally 
consistent between IHC and autoradiography and varied 
across the different GI segments giving a semi-quantitative 
indication of local myenteric and submucosal GLP-1R 
expression that could be roughly divided in 3 categories: 
low, moderate, and high expression. Low GLP-1R expres-
sion levels were observed in the myenteric plexuses of the 
gastric corpus: pylorus, duodenum, and cecum. Moderate 
GLP-1R expression was observed in the jejunum and distal 
large intestine, and high GLP-1R expression was observed 
in the myenteric plexuses of the distal ileum and proximal 
large intestine in striking parallelism with the occurrence 
of GLP-1-producing cells. We were, however, unable to 
find any GLP-1R-positive projections in the lamina propria 
throughout the GI tract, in accordance with previous ob-
servations (82). This is interesting in the view of theories of 
GLP-1-producing cells affecting local afferent nerves fibers 
in the submucosa.

The mechanisms by which GLP-1 affects GI motility are 
not fully elucidated but seem to involve neuronal activa-
tion. Migrating motor complex is a regular cycle pattern 
of electrical activity in the GI tract during fasting, trig-
gering periodic peristaltic waves. GLP-1 has been shown 
to inhibit migrating motor complex and thereby peristalsis 
throughout the GI tract (83-85). GLP-1 has also been 
shown to inhibit gastric emptying, and this effect is lost 
when subjects undergo truncal vagotomy (86). In addition, 
GLP-1 does not inhibit contractions of isolated smooth 
muscle derived from rat gastric fundus, corpus, or duo-
denum stimulated with electric field or muscarinic agonists 
(84), suggesting that the effect of GLP-1 on GI motility is 
centrally mediated. So the question remains, what is the 
role of local GLP-1R-positive nerve fibers?

GLP-1R on Extrinsic Afferent Nerve Endings

Since we did not observe any Glp1r mRNA transcript in 
the myenteric plexuses throughout the GI tract and the vast 
majority of GLP-1R staining we observed was situated on 
nerve fibers within the myenteric plexuses, and import-
antly not the somas of the nerve cells, this strongly suggests 
that these GLP-1R-positive fibers are extrinsic afferent 
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or efferent nerve endings. Vagal and rectal afferent nerve 
endings/terminals, known as intraganglionic laminar end-
ings (IGLEs), are complex branching nerve endings giving 
rise to flattened expansions within the myenteric ganglia 
and have been demonstrated throughout the GI tract (45). 
Williams et al. (82) showed that a cohort of vagal GLP-1R 
neurons residing in the nodose ganglia formed IGLEs in 
the stomach and proximal duodenum and specifically re-
sponded to saline-induced GI distension. Consistently, 
GLP-1R appears to be synthesized in the nodose ganglion 
neurons and transported to the periphery (the IGLEs) by 
axonal transport as suggested by Bucinskaite et  al. (87). 
In accordance, complete subdiaphragmatic vagal deaffer-
entation on rats attenuated the suppressive effects of 
intraperitoneal injections of GLP-1 on food intake and 
blood glucose levels (88), indicating that these systemic 
effects are mediated in part through GLP-1R activation 
on the vagal afferent nerve terminals. However, when the 
long-acting GLP-1RA liraglutide was dosed in a subchronic 
setting, no difference in weight loss was observed with va-
gotomy (89). In support of this paracrine-like signaling, it 
may not be a coincidence that we observed high expression 
levels of GLP-1R in the GI myenteric ganglia specifically in 
the distal intestine, an area which is well known to harbor 
a high frequency of mucosal L cells. Notably, we also 
found that intraperitoneal administration of 125I-exendin 
(9-39) allowed labelling of myenteric ganglia in the distal 
ileum, thereby supporting the interpretation of experiments 
involving intraperitoneal administration of GLP-1 to reflect 
interaction with nerve fibers in the myenteric plexus (88).

GLP-1R on Myenteric Neurons

In our studies, we were unable to find GLP-1R expression 
on cell bodies of myenteric neurons, but other studies indi-
cated that GLP-1R is expressed in a subset of enteric neurons 
of the myenteric ganglia in the small and large intestine pri-
marily colocalizing with nNOS antibody staining, a marker 
restricted to inhibitory motor neurons, with only a subset 
colocalizing with ChAT, a marker for excitatory motor 
neurons (9, 85). Patch clamp studies on GLP-1R fluores-
cent myenteric neuron primary cultures derived from the 
mouse small intestine revealed that they were electrically 
active, and that GLP-1 increased their action potential fre-
quency (9). GLP-1 also concentration dependently reduced 
electrically evoked cholinergic contraction of circular, but 
not longitudinal, smooth muscle in both duodenum and 
colon, an effect that appeared to be modulated through NO 
(85). As circular muscle is dominant in peristalsis, this has 
also been suggested to be the mode of action through which 
GLP-1 exerts its inhibitory effect on peristalsis (85). The 
majority of ChAT- and nNOS-stained myenteric neurons 

in our study appeared to be in close contact with GLP-1R 
nerve fibers. As our IHC was performed on parallel sections 
we were not able to either confirm or disconfirm the pres-
ence of nNOS- and GLP-1R-positive myenteric neurons as 
otherwise reported by Amato et al. (85).

Conclusion and Perspectives

In conclusion, using 3 different complementary histological 
techniques, we detected GLP-1Rs in both known cell types 
and at unexpected sites in the mouse GI system. In accord-
ance with previous reports, we found GLP-1R in pancre-
atic endocrine and, to a lesser degree, in the exocrine tissue, 
IELs, and nerve fibers of the myenteric and submucosal 
plexuses and in the Brunner glands. In addition, we provide 
new evidence that in vivo treatment with GLP-1 analogues 
promotes secretion of mucin and leads to internalization 
of GLP-1R in the glandular cells of the Brunner glands. 
We also observed GLP-1R in mucous neck cells of the 
stomach and in small intestinal enteroendocrine cells con-
taining PYY, SST, and SCT. Collectively, these observations 
suggests that GLP-1 may play an underappreciated role in 
controlling and fine tuning the postprandial intraluminal 
pH of the small intestine, modulation of innate immunity 
to control host microbial responses, and GI mucosal integ-
rity and motility, which warrants further investigation.
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