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RECEPTOR EXPRESSION IN RAT ISLET CELLS

responsiveness to glucose (15). Our data indicate that in
(3-cells, the three G-protein-coupled receptors are expressed
both at the mRNA level and at the level of receptor activity,
suggesting that both local release of glucagon and distal
release of incretins contribute to the complex regulation of
cellular cAMP levels.

RESEARCH DESIGN AND METHODS
Chemicals. Synthetic glucagon, GLP-I, GIP, and somatostatin were all
purchased from Sigma (St. Louis, MO), and 3-isobutyl-l-methylxanthine
(IBMX) was from Aldrich (Janssen Chimica, Beerse, Belgium). All other
chemicals were analytical grade and purchased at Merck (Darmstadt,
Germany) or Sigma.
Purification and culture of islet cells. Islet cells were prepared from
male adult Wistar rats using previously published methods (16). Islet
non-(3-cells (<10% p-cells), pure a-cells (>80% a-cells, <5% (B-cells),
and pure 0-cells (>90% purity) were cultured for 16 h in Ham's F10
(Gibco BRL, Gaithersburg, MD), supplemented with 2 mmol/1 L-glu-
tamine, 1% bovine serum albumin (BSA; fraction V, radioimmunoassay
grade), 0.075 mg/ml penicillin (Sigma), 0.1 mg/ml streptomycin (Sigma),
and 10 mmol/1 glucose (P-cells) or 6 mmol/1 glucose (a-cells). Before
culturing, the cells were briefly reaggregated using basal medium
(a-cells) or medium supplemented with 50 (xmol/1 IBMX and 2 mmol/1
Ca2+ ((3-cells). In some experiments, the total (3-cell preparation was
further separated via flow sorting into cells with basal NADPH fluores-
cence (low cells) and cells with elevated NADPH autofluorescence (high
cells) after 15-min incubation at 7.5 mmol/1 glucose (15).
Analysis of receptor mRNA. Total RNA was isolated via guanidinium
isothyocyanate-cesium chloride and separated according to size on
1.5% agarose gels (10 |xg per lane). Blots were UV-cross-linked and
hybridized with 32P-labeled cDNA probes recognizing mRNA encoding
receptors for glucagon (11), GLP-I (12), and GIP (13; S.G., B.T.,
unpublished observations), requiring autoradiographic exposure times
of 14, 8, and 7 days, respectively. The final stringent washing step was 30
min at 60°C in 2.5% SDS and 0.2x (glucagon receptor) or 0.5X sodium
chloride-sodium citrate (GLP-I receptor and GIP receptor).

For reverse transcription-polymerase chain reaction (RT-PCR), total
RNA (0.4 |xg) from pancreatic (3- and non-P-cells and control tissues
(insulinoma, brain, liver, lung, stomach, and intestine) was reverse
transcribed and amplified according to an adapted protocol of the
GeneAmp RNA-PCR kit (Perkin-Elmer/Cetus, Emeryville, CA). Specific
primers were designed to anneal with codon 126-132/201-206 for the
GLP-I receptor, codon 80-85/257-263 for the GIP receptor, codon
85-91/167-173 for the glucagon receptor, and codon 249-255/338-344
for (3-actin, yielding PCR products of 243, 550, 265, and 288 bp,
respectively. The cycling profile for GLP-I, GIP, and (J-actin was 2.5 min
at 95°C, followed by 1 min at 94°C, 1.5 min at 55°C, and 1.5 min at 72°C
for the first 10 cycles and 0.5 min at 94°C, 1 min at 50°C, and 1.5 min at
72°C for 25 cycles. The cycling profile for the glucagon receptor was the
same except for the annealing temperature, which was 68°C. PCR
products were controlled for their length on a 2% agarose gel and
sequenced using dideoxy nucleotides and 35S-labeling.
Protein analysis. Western blotting for the analysis of GLP-I receptor
expression was performed using a standard protocol (17). An affinity-
purified polyclonal antibody prepared against a fusion protein consisting
of the glutathione S-transferase and the C-tail of the rat GLP-I receptor
and prepared as described (18) was used at a final concentration of 5
|xg/ml. Bound primary antibody was detected with a goat anti-rabbit
immunoglobulin antibody coupled to horseradish peroxidase and the
enhanced chemiluminescence detection system of Amersham.
Analysis of cAMP production in a- and p-cells. Receptor-induced
cAMP accumulation in intact cells was assessed as described previously
(3). Islet cells were incubated for 15 min at 37°C in Earle's HEPES
medium supplemented with 0.5% BSA, 250 |xmol/l IBMX, and the peptide
hormones as indicated. In addition, incubation medium for p-cells
contained 20 mmol/1 glucose, while that for a-cells was supplemented
with 2.8 mmol/1 glucose; 2 mmol/1 each of alanine, arginine, and
glutamine; and 1 mmol/1 ascorbic acid. cAMP content of acetylated
samples was measured using a commercially available 125I cAMP
radioimmunoassay kit (Amersham, Little Chalfont, U.K.). When [3H]-
cAMP was added to the samples before extraction, >90% of the label
was recovered at the end of this procedure.
Statistical analysis. Statistical significance was assessed using the
unpaired two-tailed Student's t test.
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FIG. 1. Glucagon, GLP-I, and GIP receptor mRNA abundance in rat
pancreatic islets and islet cells. Total RNA (10 jig) from rat control
tissues (lung, stomach, intestine, liver, and brain) as well as from
insulinoma, glucagonoma, islets, purified non-P-cells (>80% a-cells), and
purified p-cells was blotted and hybridized with receptor-specific cDNA
probes. P-actin transcript was taken as an internal control. Exposure
times to obtain autoradiographic signals were 14 days (glucagon
receptor), 8 days (GLP-I receptor), 7 days (GIP receptor), and 6 h
(P-actin). The blots shown here are representative of three different
experiments.

RESULTS
mRNA analysis. The GLP-I receptor cDNA probe hybridized
with at least two abundant transcripts present in total RNA
from lung, islets, and (3-cells (Fig. 1). Signal ratio in non-(3-
cells was one order of magnitude lower than in 3-cells. GLP-I
receptor mRNA signal was also abundant in total RNA
extracted from MSL-G2-IN, a transplantable insulinoma (19),
but not from MSL-GAN (19), a glucagonoma. On the con-
trary, GIP receptor mRNA was at least 10-fold more abun-
dant in glucagonoma than in insulinoma. Compatible with
this observation, the GIP receptor appears to be present in
islets and in purified (3- and non-(3-cells. Total RNA from
liver, islets, and (3-cells hybridized with the glucagon recep-
tor cDNA probe, while the other control tissues remained
negative after 14 days of exposure (Fig. 1). Transcript length
was comparable in liver and (3-cells. The signal ratio of
glucagon receptor mRNA over (3-actin mRNA was again at
least one order of magnitude lower in islet non-(3-cells (80%
a-cells) than in purified (3-cells, which is compatible with the
contamination of <10% (3-cells in this preparation (16). In
addition to Northern blot analysis, expression of glucagon,
GLP-I, and GIP receptor mRNA in islets and (3- and non-(3-
cells was assessed via RT-PCR analysis and sequencing of
the amplified cDNA fragments. Using these techniques, PCR
fragments encoding the GLP-I, GIP, and glucagon receptors
of the right lengths and nucleotide sequences were reproduc-
ibly obtained from p-cells (data not shown). Furthermore,
the abundance of the GIP and GLP-I receptor fragments was
similar in (3-cell subsets with high and low responsiveness to
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FIG. 2. GLP-1 receptor protein in rat islets and purified
a- and p-cells. Total protein homogenates from purified
P-cells, purified a-cells, and islets were examined for the
presence of immunoreactive GLP-I receptor. Numbers of
islet cells or islets loaded on the gel are indicated.
Arrows show fully glycosylated (~67-kDa) and immature
(~43-kDa) forms of the receptor protein.

glucose. Amplification of the same cDNA fragments obtained
in P-cells was also positive from most conditions using islet
non-p-cells that contained up to 10% p-cells.
GLP-I receptor protein. The functional integrity of the
GLP-I receptor mRNA was examined via Western blots of
total protein from islets and purified a- and p-cells. The
polyclonal antibody recognized in P-cell extracts both the
mature glycosylated protein (molecular weight —67 kDa)
and an immature ~43-kDa GLP-I receptor precursor (arrows
in Fig. 2). Bands migrating with higher and lower mobility
represent nonspecific cross-reacting proteins (18). The weak
immunoreactivity detected in islet non-p-cells (data not
shown) could be ascribed to p-cell contamination, since a
parallel experiment with pure a-cells gave no detectable
signal (Fig. 2). Immunoblotting of protein from low and high
P-cells, which differ in their acute responsiveness to 7.5
mmol/1 glucose (15), exhibited the same GLP-I receptor
protein abundance (data not shown).
Hormone-regulated cAMP content in purified a- and
P-cells. Exposure of purified islet a-cells to 1 nmol/1 GLP-I
had no effect on cAMP content (basal 3 ± 1 vs. GLP-I 2 ± 1
fmol/103 cells; means ± SD; n = 4), while glucagon could not
be tested in these cells. Incubating the cells with 1 nmol/1 GIP
induced a fourfold rise in cAMP (13 ± 3 fmol/103 cells; n =
4; P < 0.01 vs. basal). This effect could be prevented for 80%
by simultaneous exposure to 1 nmol/1 somatostatin-14 (5.3 ±
0.3 fmol/103 cells; n = 4), a potent inhibitor of adenylate
cyclase in these cells (20). GIP-stimulated cAMP production
was dose dependent between 10 pmol/1 and 10 nmol/1.

kDa

— 94

— 67

— 43

— 30

However, when the peptide was used at concentrations >10
nmol/1, a marked decline in cAMP content of a-cells was
observed (Fig. 3A). Glucagon, GLP-I, and GIP increased
cAMP levels in purified p-cells in a dose-dependent manner
(Fig. 3B). Minimal concentrations required for significant
effects were 1 nmol/1 (glucagon), 10 pmol/1 (GLP-I), and 50
pmol/1 (GIP). The higher sensitivity of P-cells to the incretin
hormones versus glucagon is also reflected in the respective
EC50 values that were observed (0.2 nmol/1 for GLP-I and GIP
versus 9 nmol/1 for glucagon). Maximal effects at the level of
cAMP accumulation were comparable for the three peptides.
Such effects were observed with 10 nmol/1 GIP, 1 (xmol/1
GLP-I, and 1 |xmol/l glucagon. At 1 |xmol/l GIP, cAMP content
decreased nonsignificantly as compared with that in cells
exposed to 10 nmol/1 of the peptide.

DISCUSSION
The present study contributes to our understanding of the
complex physiological regulation of cAMP levels in the
endocrine pancreas, a process that is of major importance
for the fuel sensor function of islet a- and p-cells. Our data
demonstrate directly that G-protein-coupled receptor mRNA is
present in flow-sorted rat islet cells. They indicate that cAMP
levels in the insulin-producing p-cell population are regu-
lated by at least three receptors from the secretin-glucagon
family, since mRNA encoding receptors for glucagon, GLP-I,
and GIP was detected in purified p-cells. This search for
members of the secretin-glucagon receptor family was not

FIG. 3. Regulation of cAMP content in purified a- (A )
and P-cells (B ). Data represent means ± SE of five
(a-cells) or three (p-cells) independent experiments.
Cellular incubations were for 15 min at 37°C in the
presence of 250 |jimol/l IBMX.
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exhaustive. Recent in vivo experiments with transgenic
vasoactive intestinal peptide (VIP) mice (21) and in vitro
effects using pituitary adenylate cyclase-activating polypep-
tide (22) indicate that additional receptor types modulate
insulin release via the stimulation of (3-cell adenylate cyclase.
It is not known what part of this plethora is essential for
(3-cell physiology. One question to be answered is whether all
different receptor types are expressed on the same p-cells or
on (3-cell subsets. Since rat (3-cells behave functionally as a
heterogenous population of cells (15,23), it is conceivable
that (3-cell subsets differ in their cell-surface G-protein-
coupled receptor expression. Such heterogeneity may be a
result of the anatomic organization of the islets of Langer-
hans, juxtaposing centrally located islet (3-cells without
paracrine exposure to glucagon and somatostatin and (3-cells
in the islet mantle. Likewise, it is possible that individual 3-cells
differ in their capacity to detect incretin hormones, explain-
ing the heterogenous response of isolated cells to GLP-I (14).
In line with this idea, we have compared GLP-I receptor
mRNA and protein abundance in flow-sorted (3-cell subsets
(15) and have observed no major differences in GLP-I recep-
tor expression levels in two cell preparations. We have not
excluded that postreceptor defects exist in some (3-cells. It is
also possible that sensitivity or resistance to GLP-I can be
related to other factors, since glucose competence depends
not only on variables related to cAMP-generating signal
transduction but also on the expression of enzymes critical
to glucose metabolism (24). It is, for instance, possible that
flow sorting of low and high P-cells (15) does not distinguish
between p-cell populations with variable GLP-I receptor
numbers per cell, in the case that these existed.

The demonstration of direct effects of glucagon, GLP-I,
and GIP on rat (3-cells may alter the interpretation of some
previous experiments. First, experiments with the GLP-I
receptor antagonist exendin(9-39)amide, which blocks at
least 60% of the incretin response to glucose in rats (25),
suggested that GLP-I mediates most of the incretin effect of
glucose. In parallel, it was proposed that the incretin effect of
GIP occurs via stimulation of intestinal GLP-I release, which
acts on (B-cells (26). Our data demonstrating GIP receptor
expression on fJ-cells and functional responsiveness to GIP
levels as low as 50 pmol/1 indicate that direct effects of GIP
on p-cells can also explain the insulinotropic properties of
this peptide. In fact, the present results support data re-
ported after immunoneutralization of GIP in the rat (27) and
the observed additive effect of GLP-I and GIP on glucose-
induced insulin release (28). Second, the idea that glucagon
stimulates glucose-induced insulin release via its binding to
GLP-I receptors on p-cells (9) is not compatible with our
present demonstration of glucagon receptor mRNA in pure
p-cells. Our data complement the earlier demonstration of
high-affinity glucagon binding sites present on p-cells (8) and
the recent description of glucagon receptor mRNA in iso-
lated rat islets (10). As such, they may explain the fact that
exendin(9-39)amide blocks GLP-I-induced rather than glu-
cagon-induced insulin secretion from the perfused rat pan-
creas (6). Third, the mechanism via which GLP-I can inhibit
glucagon release in vivo (29) seems to involve indirect effects
on the a-cells, since GLP-I receptor protein could not be
demonstrated in purified a-cells and 1 nmol/1 GLP-I did not
affect cAMP levels in these cells. It is conceivable that the
GLP-I inhibition of glucagon release, an effect that is of
therapeutical value in NIDDM, is mediated via the paracrine

effects of GLP-I-stimulated insulin release. Alternatively,
since GLP-I receptors are present on a somatostatin-secret-
ing cell line (30), paracrine effects including somatostatin-
inhibited glucagon release (20) can be involved. Fourth, the
reported in vivo stimulation of glucagon release by GIP
observed in the perfused pancreas in the presence of low
glucose concentrations (31,32) seems attributable to direct
interactions of this peptide with pancreatic a-cells. In the
picomolar to low nanomolar concentration range, the pep-
tide markedly increased cAMP content in a-cells to levels
that are required for nutrient-induced glucagon release (33).
The physiological relevance of this stimulation is not clear.
The peptide may act as a paracrine amplifier, since the
released glucagon may act in concert with GIP itself on the
P-cells. Alternatively, GIP could act on a-cells in concert
with (nor)adrenergic stimulation (34) during episodes of
stress. Remarkably, the effects of GIP on cAMP production
were severely and reproducibly blunted at supraphysiologi-
cal concentrations, for which we have no explanation. Rapid
homologous desensitization of the receptor at a high ligand
concentration is one possible mechanism, but this does not
explain why the process was much more important in a-cells
than in p-cells.

In conclusion, these data show that stimulation of gluca-
gon, GLP-I, and GIP receptors in rat (3-cells causes cAMP
production required for insulin release, while adenylate
cyclase in a-cells is positively regulated by GIP. It remains to
be investigated to what extent molecular defects in this
complex regulation can cause cAMP-deficient (3-cells with
defective insulin secretion to glucose, such as are frequently
observed in subjects with NIDDM.
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