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ABSTRACT 
The incretin hormone glucagon-like peptide-l (GLP-1) is an im- 

portant regulator of postprandial insulin secretion. In addition to its 
insulinotropic actions on pancreatic p-cells, GLP-1 enhances glucose 
disposal by insulin-independent mechanisms, suggesting that GLP-1 
receptors are located on extrapancreatic tissues. In this study, we 
examined the tissue distribution of GLP-1 receptor (GLP-1R) mes- 
senger RNA (mRNA) in rat by RNAse protection, RT-PCR, and in situ 
hybridization. We identified GLP-1R mRNA in the lung, pancreatic 
islets, stomach, and kidney by the RNAse protection assay. RT-PCR 
analysis also detected GLP-1R mRNAin the hypothalamus and heart. 
In situ hybridization experiments identified receptor mRNA in the 

gastric pits of the stomach, large nucleated cells in the lung, crypts 
of the duodenum, and pancreatic islets. No localized specific grains 
were found in kidney, skeletal muscle, heart, liver, or adipocytes. 
These results indicate that sequences corresponding to the cloned rat 
islet GLP-1 receptor are expressed in the pancreatic islets, lung, 
hypothalamus, stomach, heart, and kidney but not in adipose, liver, 
and skeletal muscle. Further, the GLP-1 receptor expressed in the 
kidney and heart may be structural variants of the known receptor. 
Therefore, the observed extrapancreatic actions of GLP-1 may not be 
strictly confined to interactions with the defined GLP-1 receptor. 
(Endocrinology 137: 2968-2978, 1996) 

T HE INCRETIN hormone glucagon-like peptide-l 
(GLP-1) is a major regulator in the entero-insular axis 

that is critical for controlling postprandial insulin secretion 
(1,2). GLP-1(7-36) amide, a posttranslational cleavage prod- 
uct of proglucagon, is secreted by the intestinal L-cells after 
oral ingestion of glucose or fat (3). GLP-1 acts through a G 
protein-coupled cell surface receptor (GLP-1R) and modu- 
lates insulin release from pancreatic P-cell in a glucose-de- 
pendent manner (4, 5). GLP-1 also markedly increases the 
biosynthetic levels of insulin in p-cells and thus is a potent 
insulinotropic hormone (6). GLP-1 stimulates insulin secre- 
tion and lowers postprandial hyperglycemia in diabetic sub- 
jects and therefore is a promising therapeutic agent for the 
treatment of noninsulin-dependent diabetes (7-9). 

Evidence suggests that GLP-1 acting outside of the pan- 
creas may be important for regulating glucose metabolism. 
Clinical studies have shown that GLP-1 (7-36) amide signif- 
icantly reduces isoglycemic insulin requirements in both di- 
abetic and normal humans (8). GLP-1 also has been shown 
to stimulate glucose disposal via an insulin-independent 
mechanism (10, 11). These results indicate that GLP-1 has 
important extrapancreatic effects on glucose utilization and 
may also be an effective therapeutic agent for insulin-de- 
pendent diabetes mellitus (8). Radioligand binding studies 
have localized GLP-1 receptors to a number of extrapancre- 
atic tissues including brain (12-14), lung (14, 15), and gastric 
glands of the stomach (16). Interestingly, GLP-1 was shown 
to have physiological effects on glycogenesis in the liver (17), 
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even though specific receptors could not be identified on 
isolated hepatocytes by radioligand binding (18). One po- 
tentially important site of GLP-1 action is the adipose tissue. 
GLP-1 has been shown to bind with high affinity to isolated 
rat adipocytes, activate CAMP production (19), and stimulate 
lipogenesis (20) or lypolysis (21). GLP-1 acting on receptors 
located within the skeletal muscle is another potentially im- 
portant site for the regulation of glucose utilization because 
it is the predominant tissue for insulin resistance in diabetes 
mellitus (22, 23). GLP-1 has been shown to stimulate glyco- 
gen synthesis, glucose oxidation, and lactate formation in rat 
skeletal muscle (24). High affinity receptors were detected on 
skeletal muscle by the binding of radiolabeled GLP-1 (25). 
These experiments suggest that GLP-1 binding to its cognate 
receptor in extrapancreatic tissues, particularly adipose and 
skeletal muscle, may act as an important regulator of glucose 
metabolism. 

The recent cloning of the rat and human GLP-1 (7-36) 
amide receptor cDNAs has greatly increased our knowledge 
of the mechanisms of action of GLP-1R (26, 27). The GLP-1 
receptor cDNA encodes a 463-amino acid protein with a 
predicted mol wt of approximately 63K, consistent with the 
size determined by chemical cross-linking studies (28). It is 
a member of the seven transmembrane family of G protein- 
linked receptors, which includes the receptors for glucagon, 
secretin, calcitonin, vasoactive intestinal polypeptide (VIP), 
PTH, and pituitary adenylate cyclase activating peptide 
(PACAP) (29, 30). Recently, there have been numerous in- 
triguing but conflicting reports describing the tissue-specific 
expression of the GLP-1R gene. GLP-IR messenger RNA 
(mRNA) was shown to be expressed in lung, stomach, and 
pancreatic islet cells; however, depending on reports, 
GLP-1R mRNA was also found in the brain, liver, skeletal 
muscle, adipose, and kidney (27, 31-33). Despite all of the 
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detailed information known about the GLP-1R and the effect 
of GLP-1 on various cell lines, the actual tissue specific lo- 
calization of the GLP-1R has yet to be analyzed fully. 

The radioligand binding studies and the physiological ef- 
fects of GLP-1 on adipose and skeletal muscle suggest that 
GLP-1 acts by binding to its cognate receptor, the cloned 
pancreatic GLP-lR, to elicit its effect. However, two other 
possibilities could occur to account for these reported effects: 
binding to an isotype of GLP-1 receptor, or cross-reactivity 
with a related receptor. Therefore, the purpose of this study 
is to determine the tissue distribution of the defined GLP-1R 
mRNA in rat by utilizing the sensitive and highly specific 
detection methods, RNAse protection, RT-PCR, and in situ 
hybridization. The search was focused to the tissues that 
would most likely be involved in GLP-1 regulated glucose 
utilization, i.e. liver, adipose, and muscle. Distribution of the 
GLP-1 receptor can provide information about the possible 
extrapancreatic role of GLP-1 on glucose metabolism and the 
physiological consequences of the use of GLP-1 as a thera- 
peutic agent. 

Materials and Methods 

Preparation of RNA 

Tissues were isolated from adult Spraque-Dawley rats (200-350 g), 
rinsed in PBS and frozen immediately in liquid nitrogen. Adipocytes and 

pancreatic islets were isolated from collagenase digested rat epididymal 
fat pads or cannulated rat pancreases, respectively (34, 35). The hypo- 

thalamus was dissected away from the whole brain by gently removing 
the hypothalamic wedge ventral to the optic nerves as described (36). 

Total RNA was isolated by the Li/ Urea extraction method as previously 
described (37). Control cRNA was synthesized from the GLP-1R plasmid 
by transcribing with 9’6 RNA polymerase after XbaI digestion as de- 
scribed below. RNA concentrations were determined by spectrophoto- 
metric analysis at OD 260/280 nm. RNA integrity was assessed by 
running 1 pg on a formaldehyde gel and staining with either ethidium 
bromide or Sybr Green II (Molecular Probes, Eugene, OR). The 18 and 
285 ribosomal bands were visualized on the FluorImager 575 (Molecular 
Dynamics, Sunnyvale, CA). 

RNAse protection assay 

Tissue-specific RNA was hybridized with 32P-labeled antisense 
GLP-1R riboprobes (200,000 cpm) overnight at 42 C in 30 ~1 hybridiza- 
tion buffer: 80% formamide, 40 mM piperazine-N,N’-bis[Z-ethanesul- 
fonic acid], pH 6.7, 0.4 M NaCl, 1 mM EDTA. Hybridized RNA was 

digested with nuclease I’1 (20 pg/ml) and RNAse Tl (2 pg/ml) for 1 h 
at 25 C in 300 c;l digestion buffer:10 mM Tris-HCL, pH 7.5,5 mM EDTA, 

0.3 M NaCl as previously described (37). Digestions were terminated by 
addition of 20 ~1 of 10% SDS and 50 pg proteinase K for 15 min at 37 

C. After phenol/ chloroform extraction and ethanol precipitation, the 
protected fragments were resolved on 8% sequencing gels and visual- 
ized by autoradiography. The autoradiograms were scanned with a 
computing densitometer and quantitated by the ImageQuant analysis 
program (Molecular Dynamics). The fragment sizes were determined 
from the known 32P-labeled markers by linear regression analysis. 

The 3’ specific GLP-IR riboprobe (Fig. 1) was produced by subcloning 
a XbaI-B&HI fragment of the GLP-IR-cDNA (27) into the-XbaI-Bat& 
sites of DGEM 72 fl’romeea, Madison, WI). Transcriution bv T7 RNA 
polymerase after linearizazon by NciI resulted in a p;obe of 616 nucle- 
otides (nt) and protected a 555 nt fragment. Three other riboprobes 
spanning the GLP-IR mRNA were produced by PCR using the above 
GLP-1R cDNA as a template and standard techniques (see below). The 
El probe was produced using F32E (TCCTGAATTCCCCGCCATGGC- 
CGTCACCCCCAG) and R150 (TCCGTGAGGAAACGTTGGCAC) as 
primers. After digestion with EcoRI, the PCR fragment was cloned into 

A 
GLP-1 receptor cDNA 

Probe (616 nt) 

Protected Fragment (555 nt) 

3’ 

T7 

B 5 
s 
cn Lu M A Is B H Sp K Lv T K* 

? F Es 
ZAnPyD J I CaCoYcRNA 

(D 
-616 

r-555 
w-500 

- 379 
$, 
+ 

.,. .(.. y’. . . 
_\ .,, 

0 
: .‘\ 

: _, ,.\..‘X,\.. ‘. .:., 
,.I.. ” . . .,_ 
.;,\s ,’ :: i(\ ,, .’ ,’ 
j :. 

FIG. 1. Tissue distribution of GLP-1R mRNA as determined by 
RNAse protection. A, Schematic of the GLP-1R cDNA and 3’ ri- 
boprobe. The GLP-1R cDNA is shown with the regions that code for 
functional domains emphasized. Filled boxes, Extracellular do- 
mains. Shaded boxes, Intracellular domains. Open boxes, Trans- 

membrane regions labeled in order from the 5’ (amino terminus) 
to the 3’ (carboxy terminus) ends. The 3’ riboprobe was synthesized 

by transcribing with T7 RNA polymerase to generate a 616-nt 
probe. The predicted protected fragment after hybridization and 

digestion would be 555 nt. B, Autoradiogram of a RNAse protection 
experiment in which 5 and 20 pg of total RNA, left and right lanes, 
respectively, from various rat tissues were hybridized with the 3’ 
GLP-1R riboprobe. Lu, Lung; M, skeletal muscle; A, adipose; Is, 
pancreatic islet; B, brain; H, heart; Sp, spleen; K, kidney; Lv, liver; 
and T, testes. The radiolabeled RNA markers shown are 518 and 
277 nt. Autoradiograms were exposed for 10 days. The longer 
exposure (30 days) of the kidney lanes are shown as K*. C, Auto- 
radiogram of a similar RNAse protection of various rat gastroin- 
testinal tissues. Five and 20 pg of total RNA were tested for each 
tissue, left and right lanes, respectively, as described in Fig. 1B. 
An, Antrum of the stomach; Py, pylorus of the stomach; D, duo- 
denum; J, jejunum; I, ileum, Ca, caecum; Co, colon; and Y, yeast, 
as control RNA. The control cRNA lanes contain 1000, 100, 10, 1, 
and 0.1 pg of GLP-1R cRNA (left to right). Undigested probe of 616 
nt is indicated. 
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the EcoRI-Sn1a1 sites of pGEM 72. Transcription by SP6 RNA polymerase 
after linearization by XbaI resulted in a probe of 241 nt and protected a 

fragment of 162 nt. The T2 probe was produced using two primers, 
F679E (GCGAATTCCTCTCTGGGCTGCCGACTG) and R972B (GCG- 
GATCCACCCCGATTGCAAAGAGAA), whereas the T12 orobe was 
produced using F1130E (GCGAATTCC’GAGCACGCCCGAGGAACC) 
and R1330B (CCGGATCCACTGCTGACGCTGCTGGTG) as primers. 
After digestion with EcoRI and BanlHI, both the T2 and T12 fragments 
were cloned into the EcoRI-BarriHI sites of pGEM 72. Transcription by 
SP6 RNA polymerase after linearization by XhnI resulted in probes of 348 
and 279 nt and protected 291 and 222 nt fragments for T2 and T12, 
respectively. 

RT-PCR 

To produce cDNA for PCR analysis, 1 Fg RNA was annealed in a 20 

~1 reaction containing 50 rnM Tris-HCl, pH 8.3, 75 mM KCI, and 3 mM 
MgCI, with either 0.16 II random hexamers (Boehringer Mannheim, 

Indianapolis, IN) or 2 wg oligo(deoxythymidine),, primers at 95 C for 
5 min and slow cooled to 37 C over 30 min. Five hundred Units of 

Superscript II RT (GIBCO BRL, Gaithersburg, MD) were added and 
incubated at 46 C for 60 min. The reaction contents were treated with 10 
pg RNase A for 15 min at 37 C, phenol/cholorform extracted, ethanol 
precipitated and brought up to a final volume of 25 ~1 with distilled H,O. 

PCR was performed in a 50 ~1 volume containing 1~1 of tissue specific 
cDNA, 10 rnM Tris-HCI, pH 8.3, 50 mM KCl, 2.5 rnM MgCl,, 2 rnM 
deoxynucleotide triphosphates, 20 pmol of primers, 10% glycerol and 2.5 
U AmpliTaq DNA polymerase (Perkin Elmer, Foster City, CA). The PCR 
conditions were: 95 C 5 min followed by 30 to 60 cycles of 94 C 1 min, 
55 C 2 min, and 72 C for 3 min. Five microliters of PCR products were 
analyzed on 1.5% agarose gels and stained with Sybr Green I dye 
(Molecular Probes). All manipulations were performed in a Perkin and 

Elmer 9600 Thermocycler. The PCR products were transferred to Magna 
NT nylon membranes (Micron Separations Inc., Westboro, MA) and 
urobed with three GLP-1R a2P labeled olieonucleotides. either R1220 
~CCTCATTGTTGACAAAGCAGT), Ri330u~ (CCGGATCCACTGCT- 
GACGCTGCTGGTG), or R1412X (GGACCATCTAGAAGCGCAG- 
CACTG) by the technique of Southern (38). 

Reverse transcribed GLP-1R mRNA was analyzed by using F1218 
(GCTTTATGGTGGCTGTCTTGTACT) as the 3’ primers and R1728 (TT- 

GCAGCTTTAACAGGAAGAAGC) as the 5’ primer resulting in a prod- 
uct of 553 bp. Control CREB mRNA was detected in the same cDNA 

samples by using F496 (GCTTTATGGTGGCTGTCTTGTACT) as the 3’ 
primer and R1118 (CGCGGATCCCAAATTAATCTGATT) as the 5’ 

primer, which produces a product of 627 bp. The PCR parameters were 
determined by the Oligo 4.0 analysis program (National Biosciences, 
Inc., Plymouth, MN). 

In situ hybridization 

Tissues were harvested from adult Spraque-Dawley rats and fixed at 
4 C in 4% paraformaldehyde in 0.1 M PBS for 18 h or in Optiprobe tissue 
fixative (Oncor, Gaithersburg, MD) for 72 h. Tissues were rinsed in PBS 
and placed in 30% sucrose in PBS at 4 C for 2 h before OCT embedding 
(Miles Scientific, Naperville, IL) and freezing. Five to seven micron 
sections were cut on a cytostat, mounted on silanized glass slides, and 

stored at -80 C until use. 
Adipocytes were isolated from epididymal fat pads from male 

Spraque-Dawley rats as described above and attached to microscope 
slides by using a slide centrifuge. Cells were immediately fixed in 4% 

paraformaldehyde for 30 min at room temperature, rinsed in diethylpy- 
rocarbonate (DEPC)-treated PBS and DEPC-treated water, air dried, and 
stored at -80 C until use. 

In situ hybridizations were performed as previously described (39). 
Briefly, slides were postfixed for 5 min in 4% paraformaldehyde on ice, 
rinsed in 0.1 M triethanolamine for 10 min followed by quick rinses in 
0.25% acetic anhydride and 1 X PBS, dehydrated through 70, 90, and 
100% ethanol series, and air dried. Slides were prehybridized by layering 
the slides with 100 ~1 of hybridization solution (50% formamide, 10% 
dextran sulfate, 0.3 M NaCl, 10 mM Tris-HCI pH 8.0, 1 mM EDTA, 0.2% 
BSA, 0.2% Ficoll, 0.2% polyvinylpyrrolidone, 0.5 mgiml, and 10 mM 
DTT) and incubated for 3 h at 56 C, followed by 3 rinses in 2 X standard 

sodium citrate (SSC) and an alcohol dehydration series. One hundred 
microliters of hybridization solution were then added that contained 5 
pmol of ?‘-riboprobes and then hybridized for 18-24 h at 56 C. After 
hybridization the slides were rinsed in 2 X SSC, 1 X SSC, 0.1 X SSC and 
0.1 X SSC at 65 C for 1 h, ethanol dehydrated, air dried, and coated with 
photographic emulsion (Kodak NKB2, Eastman-Kodak, Rochester, NY). 
After exposing for l-3 weeks the photographic emulsion was developed 
for 2 min in Kodak D-19 developer, rinsed in distilled water, and fixed 
for 5 min. 

The GLP-1R antisense riboprobe used for iii situ hybridization was the 
3’ specific riboprobe described above. The sense GLP-1R riboprobe was 
produced by transcribing the same plasmid with SP6 RNA polymerase 
after digestion with XbnI. The GLUT-4 antisense riboprobe was synthe- 
sized by transcribing the mG4 plasmid (40) with T7 RNA polymerase 

after BanrHI digestion. Transcription of the rat insulin cDNA plasmid 
(41) with SP6 RNA polymerase after digestion with XbaI produced an 

antisense riboprobe specific for the rat insulin mRNA. 

Graphical presentation 

The images from Sybr green I stained agarose gels and scanned auto- 
radiographs were processed using ImageQuant software (Molecular Dy- 
namics) and converted to tagged image file format (TIFF). The images of 
the irk sittl hybridization experiments were directly accessed with an 
Optronics TEC-470 CCD camera (Optronics Engineering, Goleta, CA) at- 
tached to a Zeis Epifluorescence microscope (Carl Zeis, Inc., Oberkochen, 
Germany). After capturing the images using the II’ Lab Spectrum analvsis 
program (Signal Analytic;Corp., Vienna, VA), the images were converted 
from color to 8 bit arav-scale and transferred as TIFF files. The TIFF images 
were further enhaiced using the Aldus Photostyler 2.0 (Aldus Corp., &- 
attle, WA) and transferred to Lotus Freelance Graphics 2.0 for final docu- 
mentation (Lotus Development Corp., Cambridge, MA). All the original 
images are available upon request. 

Results 

GLP-1R mRNA is detected in lung, islet, and stomach by 
RNAse protection 

To examine the tissue distribution of GLP-1R mRNA, 5 and 

20 pg of total RNA from a variety of rat tissues were analyzed 
by RNAse protection. A riboprobe was designed to hybridize 

specifically to the 3’ end of the receptor mRNA giving a 555-bp 

protected fragment (Fig. 1A). As shown in Fig. 1, B and C, the 
correct size protected fragment was found in lung, pancreatic 

islets, the antrum and pylorus of the stomach, and with a longer 

exposure also in the kidney (see Fig. lB, inset). However, full 

length products were not found in any of the other tissues 
examined even after prolonged exposures. Because the detec- 

tion limit of this assay is linear to 1 pg (see cRNA controls), 

GLP-1R mRNA would be expressed at extremely low levels in 
tissues lacking a signal (see Discussion). Interestingly, smaller 

fragments of 500,379, and 192 nt were seen in skeletal muscle, 

heart, adipose, duodenum, jejunum, and colon. These extra 

fragments could be derived from alternatively spliced GLP-1R 
mRNA, a related yet unidentified gene product, or may be an 

artifact of the assay. 

No alternative slice products of GLP-1R mRNA are detected 
by RNAse protection 

To examine whether these smaller fragments represent 

true alternative splice forms, three additional riboprobes 
were designed (Fig. 2A) that span the extracellular domain 

(El), transmembrane regions II-V (T2), and the transmem- 

brane region VI to within the intracellular domain (T12). We 
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FIG. 2. Assessment of GLP-1R and alternative spliced mRNA by 
RNAse protection using three different riboprobes. A, Schematic of 

the GLP-1R cDNA and riboprobes. The GLP-1R cDNA is shown with 
the regions that code for functional domains emphasized (as described 
as in Fig. 1A). The El riboprobe, which encompasses sequences en- 
coding the extracellular domain, was 241 nt in length and protects a 
162-nt fragment. Similarly, the T2 riboprobe was 348 nt in length and 
protects a 291-nt fragment encompassing a region from transmem- 
brane loop II to V. The T12 riboprobe was 279 nucleotides in length, 
and it protects sequences of 222 nucleotides encompassing the trans- 
membrane region VI to the intracellular domain. B, Autoradiograms 
of a RNAse protection experiment of total RNA from rat lung (L), 
isolated adipocytes (A), skeletal muscle (Ml, and kidney (K). Five 
micrograms of total RNA were tested for each tissue, along with 2 pg 
of RIN-B2 cell RNA (B2) as a positive control and 10 pg of yeast RNA 
(Y) as a negative control. The radiolabeled RNA markers shown are 
518, 277, and 172 nt. This autoradiogram was exposed for 10 days. 
The predicted full length fragments in the lung lanes are indicated 
with an *. A protected product corresponding to the correct size (162 
nt) was detected in lung RNA with the El probe after a 30-day 
exposure (data not shown). 

reasoned that it was not likely that multiple alternative splic- 
ing events would occur simultaneously, therefore riboprobes 
spanning other regions of the GLP-1 receptor should produce 
the predicted protected fragments. As shown in Fig. 2B, the 
correct size protected fragments were only detected in lung 
and the somatostatin-secreting RIN-B2 cell line, and not in 
muscle, isolated adipocytes (epididymal), and skeletal mus- 
cle. On a longer exposure (30 days), the lung specific frag- 
ment is detected using the El probe. With the lung and 
RIN-B2 RNAs, all the riboprobes protected multiple full 
length products, which most likely represents incomplete 
digestion products. We concluded that there are no abundant 
alternative spliced forms of the GLP-1R transcript within any 

tissue that we examined and that the smaller fragments of 
500,379, and 192 nt initially described are either homologous 
sequences from a yet unidentified gene product or artifacts 
of the RNAse protection assay. 

RT-PCR and Southern analysis identifies expression in 

multiple tissues 

RT-PCR was performed on various rat tissues as a more 
sensitive assay for GLP-1R mRNA. After cDNA synthesis, 
the following primers were used in PCR (Fig. 3A): F1218, 
which lies within the coding region, and R1728, which lies 
within the 3’ untranslated region but not contained within 
the original GLP-1R cDNA clone (27). This strategy was 
chosen to ensure that products arising from the RT-PCR 
experiments were authentic and not due to contamination by 
plasmids existing within the laboratory. These primer pairs 
also would assess whether the alternative splice products, 
detected within the 3’ region of GLP-1R mRNA by the initial 
RNAse protection experiments, are found in those tissues. 
After the PCR reaction, the products were resolved on an 
agarose gel, stained with the fluorescent DNA stain Sybr 
Green I, and scanned on the Molecular Dynamics Fluoro- 
Imager. The fluorescent stain gives a lo-fold increase in sen- 
sitivity over ethidium bromide stained gels (data not shown). 
Figure 3B shows that the correct 553 bp PCR product is 
detected in hypothalamus, lung, pancreatic islets, and stom- 
ach. Other bands were also observed in heart, kidney, and 
skeletal muscle by Sybr Green, some of which had slightly 
lower molecular weight. In all cases, PCR products were not 
detected in the reverse transcription negative controls. CREB 
mRNA, a ubiquitously expressed transcription factor, was 
specifically amplified in all RT positive samples verifying the 
quality of the RNA and the validity of RT-PCR analysis (Fig. 
3F). To confirm that these were GLP-1R specific PCR prod- 
ucts, Southern blot analysis was performed using three dif- 
ferent 32P-labeled oligonucleotides spanning sequences of 
the GLP-1R cDNA containing the third extracellular loop, the 
seventh transmembrane region, and the carboxyl-terminal 
intracellular domain, R1220 (Fig. 3C), R1330B (Fig. 3D), or 
R1412X (Fig. 3E), respectively. The results of the Southern 
blot analysis revealed that only the hypothalamus, heart, 
islet, kidney, lung, and stomach cDNA expressed GLP-IR 
mRNA. Interestingly, only a single product of the predicted 
size of 553 bp was detected in the RNA from these tissues by 
Southern blot hybridization (despite the size variability 
shown by the Sybr Green gel) demonstrating that abundant 
alternative splice products are not produced within this re- 
gion. GLP-1R specific products were not detected from adi- 
pocytes (epididymal), liver or skeletal muscle (gastrocnemi- 
us) total RNA (Fig. 3B), even in experiments in which the 
cDNA was amplified to up to 60 cycles (data not shown). We 
also did not detect GLP-1R specific transcripts by RT-PCR in 
brown fat, peritoneal fat, or 16-day-old white fat RNA (data 
not shown), indicating that the GLP-1R either does not exist 
in these subsets of adipose tissue or is below the level of 
detection of the assay. Densitometric scanning of the auto- 
radiograms showed that the RT-PCR experiment is approx- 
imately lo-fold more sensitive in detecting GLP-1R mRNA 
levels than the RNAse protection assay (using the kidney 
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FIG. 3. Detection of GLP-1R mRNA in rat tissues by RT-PCR anal- 
ysis. A, Schematic of the 3’ end of the GLP-1R cDNA from intron V 
to the polyadenylation site. The 5’ primer (F1218) and 3’ primer 
(R1728) used in the PCR reaction are shown along with the predicted 
product of 553 bp. The two oligonucleotides (R1330B and R1412X) 
used to probe the Southern blots are also shown. B, Picture of GLP-1R 
specific PCR products resolved on a 1.5% agarose gel and stained with 
Sybr Green I. PCR was performed on various rat tissue total RNA 
samples that were either incubated with (+) or without (-1 RT. Hy, 
Hypothalamus; B, whole brain; A, adipose; D, duodenum; H, heart; I, 
pancreatic islet (I); K, kidney (K); Lv, liver (Lv); Lu, lung; M, skeletal 
muscle; and S, stomach. GLP-1R specific markers (right side) were 
produced by restriction digestion of the GLP-1R plasmid and are 
indicated by size (nt). The stained gels were scanned on the Fluo- 
rImager 575 (Molecular Dynamics) with a 530 DF30 cutoff filter. C, 
Autoradiogram of a Southern blot of the above gel probed with 32P- 
labeled R1220B oliaonucleotide. The GLP-1R sneciflc markers that 
hybridize to this przbe are shown. The film was exposed for 24 h and 
scanned on a computing densitometer (Molecular Dynamics). D, Au- 
toradiogram of the reprobe of the Southern blot shown in Fig. 3C with 
the 32P-labeled R1330 oligonucleotide. E, Autoradiogram of the re- 
probe of the Southern blot shown in Fig. 3C with the 32P-labeled 
k1412X oligonucleotide. F, Picture of a Sybr green I stained agarose 
gel of CREB control RT-PCR products from the identical cDNA sam- 
ples as in Fig. 3B. The expected product size (627 nt) after PCR with 
CREB specific primers is indicated. The stained gels were scanned on 
the FluorImager 575 as described above. Note, brain RNA was loaded 
on three different bolts were probed with the GLP-1R specific probes. 

band as the lower limit for the RNAse protection assay and 
the heart band as the lower limit for the RT-PCR). Therefore, 
we feel that the levels of GLP-1R mRNA, if they existed in 
tissues that showed negative results in the RT-PCR would be 
extremely low, assuming that the expression of the GLP-1R 
is not localized to discrete subsets of cells. 

GLP-1R is localized to specific cell types by in situ 

hybridization 

To identify which cells within specific tissues express 
GLP-1R mRNA, in situ hybridization was performed using 
antisense 33P-labeled riboprobes, as well as sense riboprobes 
acting as negative controls and antisense riboprobes for in- 
sulin, and the glucose transporter 4 (GLUT 4). These exper- 
iments were aimed at determining whether GLP-1R mRNA 
is localized to a small population of cells within liver, skeletal 
muscle, and adipose tissues, which could account for the lack 
of signal in the RNAse protection and RT-PCR experiments. 
Figure 4, A and C, shows the results of hybridization of 
antisense GLP-1R riboprobes to pancreatic islet cells. The 
accumulation of specific grains, compared with sense con- 
trols (Fig. 4B), had a pattern very similar to those probed with 
the insulin-specific riboprobe (Fig. 4D), confirming the lo- 
calization of GLP-1R mRNA to the endocrine cells of the 
pancreas. GLP-1R mRNA was also found in large nucleated 
cells present in the alveoli of the lung with a morphology 
suggestive of surfactant-secreting type II pneumocytes (Fig. 
5, A and B). Similarly, the gastric pits of the stomach showed 
an increase in GLP-1R specific grains as compared with the 
sense probe (Fig. 5, C and D), probably representative of 
parietal cells, which have previously been shown to express 
the GLP-1 receptor (16). GLP-1R expressing cells were also 
diffusely scattered throughout the stomach. Even though we 
cannot positively identify these cells, GLP-1R expressing 
cells within the stomach may play an important role in glu- 
cose uptake within the stomach. These in situ hybridization 
results are in agreement with those obtained from the RNAse 
protection and RT-PCR experiments. However, we were un- 
able to detect GLP-1R mRNA expression in skeletal muscle 
from rat gastrocnemius (Fig. 6, A and C) or isolated adipo- 
cytes (Fig. 6, B and D) even though GLUT-4 mRNA was 
readily detected in both tissues (Fig. 6, E and F). GLP-1R 
specific mRNA was also not detected in liver by in sifu 

hybridization (data not shown). These results support the 
findings, by RNAse protection and RT-PCR, that the defined 
GLP-1 receptor is not expressed in the liver, adipose tissue, 
and skeletal muscle. Although a large number of sections 
were analyzed, we cannot rule out the possibility that some 
small region of cells within these tissues express the GLP-1R 
and was missed in our in situ hybridization screen. A specific 
pattern of GLP-1R riboprobe hybridization was not detected 
in the heart or kidney (Fig. 7, A and B, respectively) or in the 
darkfield images (data not shown), even though mRNA was 
detected by RT-PCR, indicating that GLP-1R expressing cells 
are not localized within isolated subsets of cells throughout 
the heart and kidney. Interestingly, specific GLP-1R mRNA 
containing cells were detected within the crypts of the du- 
odenum (Fig. 7C), even though the samples were negative in 
the total RNA analysis (Figs. 1 and 3). This suggests that a 
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FIG. 4. GLP-1R mRNA expression in rat pancreas as examined by in situ hybridization. A, Sections of rat pancreas were hybridized with an 
antisense 33P-GLP-1R riboprobe as described in Materials and Methods. The darkfield image is shown. B, A similar section was hybridized with 
a sense 33P-GLP-1R riboprobe as a negative control. The darkfield image is shown. C, Brightfield image of panel A. D, A similar section was 
hybridized with an antisense 33P-proinsulin riboprobe. The brightfield image is shown. Pancreatic islets are indicated (I). Magnification is 160X. 

very small population of GLP-1 responsive cells reside in the 
small intestine; however, their function is not clear. These in 
situ hybridization experiments have demonstrated that the 
GLP-1R resides within cells of the pancreatic islets, alveoli of 
the lung, gastric pits of the stomach, and crypts of the du- 
odenum, whereas GLP-1R containing cells were not found in 
the liver, adipose tissues, or skeletal muscle. 

Discussion 

The actions of the insulinotropic incretin hormone GLP-1 
on pancreatic p-cells to stimulate insulin secretion is an im- 
portant mediator of postprandial glucose levels (1, 2). Clin- 
ical evidence has shown that in addition to its pancreatic 
effects, GLP-1 modulates circulating glucose levels via ex- 
trapancreatic actions as well (10, 11). Therefore, GLP-1 may 
prove to be useful as a therapeutic agent in controlling glu- 
cose levels in patients with both insulin-dependent and non- 
insulin-dependent diabetes mellitus. To determine which 
extrapancreatic tissues respond to GLP-1, we undertook ex- 
periments to detect mRNA encoding the characterized pan- 
creatic GLP-1 receptor (27) in rat tissues by using sensitive 
and selective assays: RNAse protection, RT-PCR and in situ 
hybridization. We found that the tissues which express the 

highest level of GLP-1R mRNA are the pancreatic islets, lung, 
hypothalamus, and stomach. Lower levels of expression 
were detected in heart, kidney, and duodenum. Surprisingly, 
GLP-1R gene expression was not detected in the liver, adi- 
pocytes, or skeletal muscle, major sites involved in glucose 
metabolism. Because high affinity binding sites for and phys- 
iological responses to GLP-1 have been reported for liver, 
adipose, and skeletal muscle, we conclude that GLP-1 must 
not be acting via the pancreatic receptor in these tissues but 
is cross-reacting with related receptors. 

The in situ hybridization analysis of the mRNAs in the rat 
pancreas showed a colocalization of cells expressing GLP-1R 
and the proinsulin gene. This indicates that GLP-1R receptors 
are produced in the pancreatic islets in agreement with the 
previously reported ligand-binding studies (42). However, 
our experiments could not determine which of the islet cell 
types expressed the GLP-1 receptor. Physiological studies 
have shown that GLP-1 not only has profound insulinotropic 
effects on pancreatic p-cells but also potently stimulates so- 
matostatin release from the pancreatic &cells (43). GLP-1 also 
inhibits the secretion of glucagon, although whether this is 
due to a direct effect on pancreatic a-cells or the indirect 
paracrine actions of somatostatin and insulin has not been 
determined (3,44). Studies using insulinoma cell-lines have 
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FIG. 5. In situ hybridization of GLP-1R mRNA in rat lung and stomach. A, Brightfield images of sections of rat lung hybridized with an antisense 
33P-GLP-1R riboprobe as described in Materials and Methods. B, Brightfield images of sections of rat lung hybridized with sense control. A, 
Alveoli; PN, type II pneumocytes. C, Brightfield images of sections of rat stomach hybridized with an antisense 32P-GLP-1R riboprobe. D, 
Brightfield images of sections of rat stomach hybridized with a sense 32P-GLP-1R riboprobe control. GP, Gastric pits; PR, parietal cells. 
Ma-&fication for both sets of tissues is 400x. ” 

demonstrated that the GLP-1R is found on p and 6 cells but 
not on (Y- cells (45). However, ligand binding studies on 
whole pancreas and isolated islets indicate that GLP-1 can 
bind to all three cell types (42, 46). 

GLP-1R mRNA was also detected at high levels in the rat 
lung. Richter and colleagues (47) have shown that GLP-1 binds 
to receptors on the submucosal glands of the trachea and the 
smooth muscle of the pulmonary arteries, causing a significant 
increase in mucous secretion and pulmonary smooth muscle 
relaxation. Our in situ hybridization experiments, using the 
GLP-IR specific riboprobe, have identified GLP-1R n-RNA 
within large nucleated cells within the alveoli of the lung. The 
morphology of these cells is reminiscent of the type II pneu- 
mocytes, the major surfactant secreting cells of the lung which 
is consistent with the known effect of GLP-1 on mucous secre- 
tion. The potential effect of GLP-1 on the regulation of surfac- 
tant secretion may provide new insight into the physiology of 
the lung. High levels of GLP-1R mRNA are also detected in total 
stomach RNA. The majority of GLP-1R mRNA containing cells 
detected by in situ hybridization are diffusely localized within 

the gastric pits of the stomach, reinforcing previous studies 
demonstrating an effect of GLP-1 on acid secretion from parietal 
cells (16,48). These studies also showed that GLP-1R mRNA is 
highly concentrated to specific cells scattered throughout the 
stomach, which may represent somatostatin-secreting cells (49). 
Finally, GLP-1R mRNA was detected the hypothalamus and 
agrees with other reports (14, 50). These results are intriguing 
considering the reported effect of GLP-1 on appetite control 
(51). The lack of signal in the whole brain is most likely due to 
the dilution of GLP-1R specific mRNA to undetectable levels in 
the total RNA preparation. Further experiments are required to 
specifically localize GLP-1R mRNA within the brain. 

Lower levels of GLP-1R gene expression were detected in 
kidney, heart, and duodenum. GLP-1R mRNA was barely 
detectable in the heart by RT-PCR; thus, the GLP-1 receptor 
seems to be synthesized at low levels in cardiac tissue. Even 
though the presence of the GLP-1R mRNA within the heart 
is supported by findings reported earlier (31), we failed to 
detect any specific signals in the heart by in situ hybridiza- 
tion, indicating that GLP-1R is not localized to a specific 
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FIG. 6. In situ hybridization of GLP-1R mRNA in rat skeletal muscle and isolated adipocytes. A, Brightfield image of sections of skeletal muscle 
from the rat gastrocnemius hybridized with an antisense 33P-GLP-1R riboprobe as described in Materials and Methods. B, Darkfield image of 
panel A. C, Similar section of rat gastrocnemius hybridized to 33P-GLUT-4 riboprobe. MF, Muscle fibers. D, Brightfield image of isolated 
adipocytes from the rat epididymal fat pads hybridized with an antisense 
adipocytes hybridized to 

33P-GLP-1R riboprobe. E, Darkfield image of panel D. F, Similar 
33P-GLUT-4 riboprobe. AD, Isolated adipocytes. Magnification for both sets of tissues is 160x. 

subset of cells within the heart. The low levels of expression 
of the GLP-1R in the heart suggest that GLP-1 signaling 
through the pancreatic GLP-1R may not be physiologically 
significant and that the reported actions of GLP-1 on changes 
in arterial blood pressure and heart rate (52) may be due to 
alternative mechanisms. Detection of GLP-1R specific 
mRNA in rat kidney by RT-PCR and RNAse protection in- 
dicates that the GLP-1R gene in the kidney is also expressed 
at low levels. GLP-1R specific signals were not detected in 
kidney slices by in situ hybridization, suggesting that, similar 

to the heart, these receptors may be diffusely localized 
throughout the kidney. Even though glucagon has been 
shown to have effects on the kidney (53), there has been no 
report of any responses to GLP-1. Interestingly, Campos and 
colleagues (32) have shown that expression of the GLP-1R 
gene in mouse kidney is greatest shortly after birth (week 2) 
and diminishes to low levels by week 12. This suggests that 
GLP-1 plays an important role during the development of the 
kidney, whereas any physiological effect in adult kidneys 
remains unknown. Surprisingly, GLP-1R specific signals 
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FIG. 7. In situ hybridization of GLP-1R mRNA in rat heart, kidney, 
and small intestine. Panel A, Brightfield images of sections of rat 
ventricle hybridized with an antisense 32P-GLP-1R riboprobe as de- 
scribed in Materials and Methods. CMF, Cardiac muscle fibers. Panel 
B, Brightfield images of sections of rat kidney hybridized with an 
antisense 32P-GLP-1R riboprobe. BC, Bowman’s capsule; RT, renal 
tubules; G, glomerulus. Panel C, Brightfield images of sections of rat 
duodenum hybridized with an antisense 32P-GLP-1R riboprobe. C, 
Crypts; MM, muscularis mucosae. Magnification for heart is 160X 
and for kidney and small intestine is 400X. 

were detected in the crypts of the duodenum by in situ 
hybridization, even though GLP-1R mRNA was not detected 
by either RNAse protection or RT-PCR. Further analysis of 
the effects of GLP-1 within the gastrointestinal tract may 

provide valuable information about the regulation of glu- 
cose-dependent peptide hormone secretion and its overall 
effect on the postprandial insulin response. 

The response to GLP-1 in liver, skeletal muscle, and adi- 
pose tissue, the major extrapancreatic sites for the regulation 
of glucose metabolism, has been of interest because of its 
insulin-independent actions on glucose metabolism (8). 
However, the effects of GLP-1 on the physiological responses 
in liver, muscle, and adipose tissues are contradictory. In 
isolated rat hepatocytes, it was shown that GLP-1 induced an 
increase in glycogen synthesis and a decrease in CAMP for- 
mation (17), although in other reports GLP-1 did not have 
any effect on CAMP, Ca++ levels, or carbohydrate metabo- 
lism in isolated hepatocytes or glycogenolysis / ketogenesis 
in perfused rat liver (18, 54, 55). Even though a GLP-1R 
specific fragment was detected by RT-PCR analysis in total 
mouse liver RNA (32), GLP-1 specific receptors could not be 
detected in rat liver membranes by ligand binding experi- 
ment (54). Because in our studies GLP-1 specific mRNA was 
not detected in rat liver by either RNAse protection, RT-PCR 
or in situ hybridization, we conclude that GLP-1 is not acting 
on the liver through the pancreatic receptor. 

GLP-1 increases both lipolysis and cAMI’ formation in iso- 
lated rat adipocytes and had a similar effect on fatty acid syn- 
thesis in explants of rat adipose tissue (20,21). Both high and 
low affinity GLP-1 receptors have been described on solubilized 
rat adipocytes membranes, although these results have not been 
confirmed by others (19). In another report, a GLP-1R specific 
PCR fragment was detected after 30 cycles of rat fat pad cDNA, 
although the levels seem to be extremely low (33). Interestingly, 
GLP-1 enhances insulin-stimulated glucose metabolism in the 
3T3-Ll adipocyte cell line, which also produced a specific RT- 
PCR product supporting the idea that GLP-1 interacts with the 
characterized pancreatic receptor on adipocytes (33). However, 
we failed to detect any GLP-1R mRNA in adipocytes isolated 
from rat epididimyl fat pads even though the GLUT-4 control 
was readily detected. We also did not detect any GLP-1R in 
abdominal fat, brown intrascapular fat, or X-day white fat 
indicating that GLP-1 does not act via the characterized pan- 
creatic GLP-1R in adipose tissue. 

Two conflicting reports have addressed the effect of GLP-1 
on glycogenesis in skeletal muscle, one showing a potent 
effect (24), whereas in the other, no effect was demonstrated 
(56). GLP-1 binding sites were also detected on skeletal mus- 
cle, even though there seems to be a lack of specificity (25). 
PCR analysis of reverse transcribed mRNA from rat skeletal 
muscle also indicates that GLP-1 receptors are localized to 
the rat skeletal muscle (33). However, as in the case for the 
liver and adipose tissue, we did not detect any GLP-1R 
mRNA in skeletal muscle from rat gastrocnemius. Therefore, 
we feel that the observed physiological responses to GLP-1 
on skeletal muscle may not occur through an interaction with 
the pancreatic GLP-1 receptor. Our findings suggest that the 
peripheral effects of GLP-1 in liver, skeletal muscle, and 
adipose tissues are due either to binding to yet unidentified 
GLP-1 related receptors or through other hormone receptors 
such as VIP or PACAP. 

The absence of specific fragments from the RNAse pro- 
tection and RT-PCR analysis of total rat tissue RNA strongly 
suggests that the GLP-1R gene is not expressed in the liver, 
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skeletal muscle, or adipose tissue. However, it is possible that 
significant levels of GLP-1R mRNA are localized to a distinct 

subset of cells within these tissues that were not detected by 

the irl situ experiments and is diluted to below detectable 

levels in preparation of total tissue RNA. It is also possible 
that these assays are not sensitive enough to detect physio- 

logically significant levels of GLP-1R mRNA in a total RNA 

population. However, the RNAse protection assay can detect 
GLP-IR specific mRNA down to 1 pg, equivalent to one copy 

of mRNA per cell. This calculation is based on two assump- 

tions; mRNA comprises approximately 3% of total RNA (57), 

which would equate to 0.6 pg out of the 20 pg of the RNA 
which was assayed, and there are at the high end, approx- 

imately 500,000 molecules of mRNA per cell (58). Therefore, 

one copy per cell of a specific mRNA species would produce 
1.2 pg of specific mRNA from the 20 pgs of assayed. Because 

we demonstrated in Fig. 3 that the RT-PCR analysis is at least 

10 times more sensitive than the RNAse protection assay, any 

tissue expressing the GLP-1R gene should be detected by this 
assay. One final possibility is that GLP-1R mRNA is unusu- 

ally stable in these tissues, in which case very low levels of 

mRNA might be sufficient to synthesize significant levels of 

receptor. Although a detailed study of the stability of GLP-1R 

mRNA in rat tissues has not been done, it has been reported 
that the half-life of the GLP-IR mRNA in RINm5f cells is 

between 3 and 6 h, not particularly stable considering that the 

average turnover rate for all mRNAs within a cell is approx- 
imately 6 h (57, 59). Therefore, we conclude by using these 

sensitive RNA detection methods that the characterized pan- 

creatic GLP-IR gene is not expressed in rat liver, skeletal 

muscle, and adipose tissues. 
The physiological studies show that GLP-1 has effects in 

liver, adipose tissues, and muscle even though we have de- 

termined that the cloned pancreatic GLP-1 receptor is not 
synthesized in these tissues. One likely explanation for this 

is that GLP-1 binds to different but related receptors:.; either 

isotypes of the pancreatic receptor or homologous receptors 

coded by different genes. The most interesting possibility for 
generation of different isotypes of the GLP-1 receptor would 

involve alternative splicing of the GLP-1R gene product. 

Analysis of the PTH and glucagon receptor genes indicates 
that the genomic structure is complex within the members of 

this receptor family. Thus, the likelihood for alternative splic- 

ing is high; for instance, the glucagon gene contains eleven 

introns (60). As an example, alternative splicing of the 
PACAP receptor mRNA generates receptors that either con- 

tain or lack specific amino acids within the third transmem- 

brane loop (61). Even though each of these variants can bind 

PACAP with equal affinity, they differ greatly in their ability 

to activate either adenylate cyclase or phospholipase C. Al- 
ternative splice variants have also been described for the 

calcitonin and glucagon receptor (60, 62). In light of this, we 

were surprised that after an extensive search using both 
RNAse protection and RT-PCR assays, alternative spliced 

variants of the GLP-1 receptor were not detected. It is also 

possible that unidentified GLP-1 receptor is coded from a 
different gene. This is the case for the intronless somatostatin 

receptor, for which five different isotypes are each expressed 

from five different genes (63). Experiments are in progress to 
determine whether another GLP-1R exists in the peripheral 

tissues. The other alternative is that GLP-1 is interacting with 
related receptors to elicit the observed physiological re- 

sponses. In preliminary RT-PCR experiments, we have iden- 

tified glucagon, VIP, and PACAP receptor mRNA within the 

rat skeletal muscle and adipose tissues. Binding of GLP-1 to 
one or more of these related receptors in liver, adipose tis- 

sues, and skeletal muscle could conceivably explain the ob- 

served physiological responses of GLP-1 on these tissues. 
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