PAC1 receptor-deficient mice display impaired
insulinotropic response to glucose

and reduced glucose tolerance
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Pituitary adenylate cyclase-activating polypeptide (PACAP) is a ubiquitous neuropeptide of the
vasoactive intestinal peptide (VIP) family that potentiates glucose-stimulated insulin secretion. Pan-
creatic 3 cells express two PACAP receptor subtypes, a PACAP-preferring (PAC1) and a VIP-shared
(VPAC2) receptor. We have applied a gene targeting approach to create a mouse lacking the PAC1
receptor (PAC17-). These mice were viable and normoglycemic, but exhibited a slight feeding hyper-
insulinemia. In vitro, in the isolated perfused pancreas, the insulin secretory response to PACAP was
reduced by 50% in PACI~7~ mice, whereas the response to VIP was unaffected. In vivo, the insulinotrop-
ic action of PACAP was also acutely reduced, and the peptide induced impairment of glucose toler-
ance after an intravenous glucose injection. This demonstrates that PAC1 receptor is involved in the
insulinotropic action of the peptide. Moreover, PACI7~ mice exhibited reduced glucose-stimulated
insulin secretion in vitro and in vivo, showing that the PAC1 receptor is required to maintain normal
insulin secretory responsiveness to glucose. The defective insulinotropic action of glucose was asso-
ciated with marked glucose intolerance after both intravenous and gastric glucose administration.
Thus, these results are consistent with a physiological role for the PAC1 receptor in glucose home-

ostasis, notably during food intake.

J. Clin. Invest.105:1307-1315 (2000).

Introduction

The physiological function of pancreatic 3 cells is to
adapt the rate of insulin secretion to glycemia variations.
Insulin release is finely tuned by a complex interplay
between blood glucose (the major initiator) and incom-
ing potentiators such as other nutrients, hormones, and
neurotransmitters from the autonomic innervation (1).
Peptides such as the vasoactive intestinal peptide (VIP),
glucagon, and glucagon-like peptide-1 (GLP-1), belong-
ing to the same family, participate in the physiological
regulation of insulin secretion (2-4). More recently, pitu-
itary adenylate cyclase-activating polypeptide (PACAP),
a member of this family (5), has been demonstrated to
potentiate the insulinotropic action of glucose in vitro
both in isolated perfused rat pancreas (6-8) and in rat
and mouse islets (9, 10), as well as in vivo in mice (11) and
humans (12). PACAP exists mostly as a 38-residue pep-
tide (PACAP38), but also as PACAP27, which consists of
the 27 NH,-terminal residues of PACAP38 (13). Both
forms of PACAP potently stimulate insulin secretion with
similar efficiency in mouse and rat islets (14). The peptide
is ubiquitously distributed in central and peripheral
nerve cells. PACAP-containing nerve fibers have been

localized throughout the exocrine parenchyma and have
been shown to innervate the intrapancreatic ganglia as
well as the islets of Langerhans in mouse pancreas (15).
Three types of high-affinity receptors for PACAP have
been cloned: the PACAP-preferring type 1 (PAC1) and two
VIP-shared type 2 (VPAC1 and VPAC2) receptors. PAC1
receptor has a much higher affinity for PACAP27 and
PACAP38 than for VIP, whereas type 2 receptors recog-
nize all peptides with equal high affinity. Both receptor
subtypes are coupled to cAMP production (16-18).
PACAP and VIP have been reported to be equipotent on
insulin secretion in perfused rat pancreas, mouse islets,
and insulinoma cells, suggesting the involvement of
VPAC receptors (8, 14, 19). However, Yada et al. (9) have
reported that PACAP was more potent than was VIP in
stimulating insulin release from rat islets, suggesting that
PACAP-selective receptors are expressed in islet 3 cells.
Expression of mRNA encoding PAC1 and VPAC2 recep-
tors has been detected in mouse and rat islets by in situ
hybridization (14), and immunoreactivity for the PAC1
receptor has also been observed in rat islet cells (20).
Together, these data indicate that PAC1 and VPAC2
receptors are expressed in insulin-producing cells. How-
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ever, the relative contribution of these PACAP receptor
subtypes to endocrine function remains to be established.
In mice, PACAP clearly stimulates insulin secretion, but
also inhibits insulin sensitivity, as demonstrated by unal-
tered glucose disposal during an intravenous glucose tol-
erance test (11).

The aim of this study was to investigate the role of
PACI1 receptors in insulin secretion and glucose dis-
posal. A mouse strain deficient in PACI receptor
(PACI7") was generated by homologous recombination
in embryonic stem cells. PACI7~ mice were compared
with wild-type counterparts for the effects of glucose
and PACAP on insulin secretion and glucose tolerance.
This work was performed both in vitro in isolated per-
fused pancreas, and in vivo.

Methods

PACI gene targeting. The intron-exon structure of the
gene encoding the PAC1 receptor has already been elu-
cidated (21). The gene was disrupted by deletion of a
2.3-kb Neol fragment containing exons 8-11, which was
replaced by a pPolll-neomycin selection cassette in the
reverse transcription orientation (22). The targeting
vector contained 4.2 kb and 2.8 kb of homologous
sequences up- and downstream from the pPolll-
neomycin sequence, respectively. An MC1-TK counter
selection marker flanked the 3" homology (23). The lin-
earized vector was electroporated into mouse embry-
onic stem cells (129/Sv-derived H1 embryonic stem
cells from A. Dierich and P. Chambon, patent LGME-
ul84, Strasbourg, France). Targeted clones were
screened for 2 weeks with 180 plg/mL geneticin (G418;
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Life Technologies Inc., Gaithersburg, Maryland, USA)
and 2 UM ganciclovir (Cymevan; Syntex, Puteaux,
France). DNA extracted from resistant clones was ana-
lyzed by Southern blotting with 5" and 3’ flanking
probes for homologous targeting events; five positive
clones were confirmed by PCR analysis using primers
p7 (5"TGGGTTTGATGACTATGAGC-3'), p8 (5'-
TGAGGGTGACGAGGGAGG TG-3'), and pNeo (5'-
GCCTTCTATCGCCTTCTTGA-3"). Clones were inject-
ed into blastocysts to produce germline chimeras. An
F1 crossbred mouse strain (129/Sv x C57BL6/J) het-
erozygous for loss of PAC1 was bred to yield wild-type
mice and mutants heterozygous and homozygous for
loss of the PAC1 receptor (PACI*~ and PACI7~ mice).
Binding experiments. Brain membranes were prepared as
described previously (24). PACAP27 (Neosystem, Stras-
bourg, France) was iodinated by the iodogen method
(21). Competitive binding was performed by incubating
50 pg of total brain membrane proteins with 50 pM 123[-
PACAP27 and increasing amounts of cold PACAP27 for
60 minutes at 25°C. Experiments were done in triplicate
using at least two distinct membrane preparations. Bind-
ing data were analyzed using EBDA-Ligand software
(Elsevier Biosoft, Cambridge, United Kingdom).
Measurement of cAMP levels in cerebellar granule cells and
pancreatic islets. Mice cerebellar granule neurons were pre-
pared from 7- to 8-day-old pups by mechanical dissocia-
tion (25). Cells were plated at 3 x 10° cells per cm? on
poly-L-ornithine; assays for cAMP production were done
with 7-day cultures. Cells were incubated with [2-*H]ade-
nine for 2 hours in serum-free medium, then with 100
MM Ro-20-1724 (Biochem, Meudon, France) for 10 min-
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Figure 1

Genetic inactivation of the PACT gene. (a) Genomic organization of the mouse PACT receptor gene. Exons are represented by boxes, with
open boxes for untranslated sequences and filled boxes for translated sequences. The numbers beneath indicate exon numbering. (b) Genom-
ic structure of wild-type and targeted PACT alleles and the targeting vector. Primers (p7, p8, and pNeo) used for PCR analysis, 5" probe used
for Southern blot analysis, and expected Ncol restricted fragment sizes of the wild-type and mutated alleles are indicated. (c) PCR analysis
of DNA from tail biopsies of wild-type mice, PAC7*/~ mice, and PACT~/~ mice. wt, wild-type; mut, mutant. (d) Southern blot analysis of the
Neol-digested DNA from tail biopsies of wild-type (PAC7*/*) mice, PACT"/~ mice, and PACT~/~ mice.
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Figure 2

Absence of a functional PAC1 receptor. (a) Scatchard representation
of 125I-PACAP27 binding on brain membranes from wild-type, PACT*/~,
and PAC7~/~ adult mice. (b) measurement of cAMP production in 7-
day cultures of cerebellar granule cells from 8-day-old pups after stim-
ulation with PACAP27, PACAP38, or VIP. Data are expressed as the
percentage of cAMP production induced by 100 nM forskolin, and are
the mean = SEM of at least three independent experiments performed
in triplicate. (c) Measurement of cAMP production in freshly isolated
pancreatic islets from adult mice after 16.7 mM glucose alone (con-
trol), with PACAP38 or VIP stimulation. Data are expressed as a per-
centage of cAAMP formation induced by glucose alone. Values are mean
+ SEM from at least five independent experiments. B, bound; F, free;
Kd, dissociation constant.

utes at 37°C followed by 15 minutes with PACAP27,
PACAP38, or VIP (Neosystem). The islets were isolated
by collagenase digestion of pancreas dissected from fed
30- to 32-week-old female mice. After loading with [2-3H]
adenine for 90 minutes in a medium containing 10 mM
glucose, they were incubated for 30 minutes in batches
of 13-15 with 16.7 mM glucose alone, and then for 15
minutes with PACAP38 or VIP in the presence of 250 UM
isobutyl methylxanthine. In both experiments, the reac-
tion was stopped by 5% trichloracetic at 4°C. After cen-
trifugation, [2-*H]cAMP was separated from [2-H]ATP
and measured as described previously (26).

Plasma glucose and hormone measurements. Blood sam-
ples of conscious mice were drawn from the retrobul-
bar, intraorbital capillary plexus into heparinized

chilled tubes, and were immediately centrifuged at 4°C.
Plasma was separated and then stored at -20°C for
subsequent determination of glucose, insulin, and
glucagon levels. Plasma glucose levels were determined
by the glucose oxidase method (Peridochrom Glucose;
Roche Diagnostic Systems Inc., Indianapolis, Indiana,
USA). Insulin and glucagon concentrations were deter-
mined by radioimmunoassay using charcoal separation
as described previously (8).

Pancreatic insulin and glucagon content measurements.
Whole pancreata were removed from the mice, and
insulin and glucagon were extracted by mechanical
homogenization in iced acid ethanol (0.7 mol/L HCI-
ethanol; 25:75). After 48 hours at 4°C, hormone con-
centrations were determined by radioimmunoassay (8).

In vitro isolated perfused pancreas studies. Experiments were
performed with female mice 21-30 weeks of age, fed ad
libitum. After anesthesia with sodium pentobarbital (70
mg/kg), the pancreas was totally isolated from all neigh-
boring tissues according to the surgical procedure for the
rat pancreas described previously (27). The pancreas was
then perfused through its own arterial system with Krebs-
Ringer bicarbonate buffer. The preparation was main-
tained at 37.5°C. Each organ was perfused at a constant
flow rate of 1 mL/min during a 30-minucte stabilization
period. The flow rate was measured during 1 minute for
each sample, which was immediately frozen for insulin
determination. After each perfusion experiment, the pan-
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Figure 3

Insulin response to glucose in vitro. Effect of a glucose increase on
insulin secretion from the isolated perfused pancreas of PAC7~/~ and
wild-type mice. Inset shows the increment of insulin output over the
first 5 minutes of glucose stimulation. Values are expressed as mean
+SEM, n=8.4P<0.001.
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Figure 4

Insulin responses to PACAP and VIP in vitro. Effects of PACAP38 (a) or VIP (b) on 16.7 mmol/L glucose-induced insulin secretion from the
isolated perfused pancreas of PAC7~/~ and wild-type mice. Insets show the increment of insulin output over the 20 minutes of peptide infu-
sion. Values are expressed as mean + SEM (n = 4-6). AP < 0.05.
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creas insulin content was measured (8). For the kinetics
of insulin output, results are expressed as changes in rela-
tion to the measured pancreatic insulin content.

Intravenous glucose tolerance test. Female mice fed ad
libitum were anesthetized as described previously
(11). p-glucose (1g/kg) was injected rapidly into a tail
vein, either alone or together with PACAP27 or VIP.
Both peptides were administered at 1.3 nmol/kg, a
dose that was shown to maximally activate insulin
secretion when given intravenously in normal mice
(11). In one series of experiments, L-arginine (0.25
g/kg) was injected. The volume load was 10 pL/g body
wt. Blood samples were drawn into chilled
heparinized tubes after 1, 5, 20, and 50 minutes from
the retrobulbar, intraorbital capillary plexus. Plasma
determinations of glucose and insulin were per-
formed as described previously (11).

Gastric glucose tolerance test. Mice fasted for 2 hours were
anesthetized as above. A blood sample was taken, and D-
glucose (150 mg/mouse in 0.5 mL) was administered
through a gavage tube placed in the stomach. Blood
samples were thereafter taken at 10, 30, 60, and 120 min-
utes for plasma glucose and insulin determinations.

Data presentation and statistical analysis. Data are pre-
sented as mean * SEM. Statistical significance was
assessed by Student’s ¢ test for in vitro studies and by the
nonparametric Mann-Whitney U test for in vivo studies.
Areas under the insulin and glucose curves (AUCinsulin
and AUCgycose) were calculated by the trapezoid rule.

Results

PACI1 receptor—deficient (PACI~/~) mice. An 18-exon gene
(Figure la) encodes the mouse PAC1 receptor (21). To
produce a null allele, we exchanged sequences in the
targeting vector encoding exons 8-11 with a neomycin
selection cassette (Figure 1b). After homologous

recombination, analysis of genomic DNA was per-
formed using Southern blot, PCR, or both (Figure 1, ¢
and d) to distinguish the targeted allele from the wild
type allele. The targeted allele harbors the neomycin
cassette in an intronic region between exons 7 and 12,
which is spliced out to generate a truncated mRNA
that is detectable by RT-PCR analysis (data not
shown). Moreover, this deletion leads to a frame shift
with a translation stop codon in exon 12. Therefore,
the mutated allele was expected to encode a null recep-
tor. This was demonstrated by several things, includ-
ing the loss of 90% of the !2SI-PACAP27 binding to
PACI7~ mouse brain (Figure 2a), a tissue that in the rat
contains 10-fold more PACAP binding sites than VIP
binding sites (28); and the absence of stimulation by
PACAP and VIP of cAMP production in PACI~/~ cere-
bellar granule cells (Figure 2b, right panel). The wild-
type counterparts displayed the pharmacological pro-
file of the PAC1 receptor mediating cAMP production
(Figure 2b, left panel). Additionally, there was a dra-
matic reduction of PACAP38-induced cAMP produc-
tion in PACI7/~ pancreatic islets (Figure 2c), whereas
the weak stimulating effect of VIP was not changed.
A mendelian distribution of pup genotypes from
heterozygous mating was observed at birth. However,
at weaning, a loss of PACI17~ mice became very notice-
able, with a genotype distribution of 9%, 59%, and 32%
for PAC17/~, PACI*/~, and wild-type mice, respectively
(data not shown). This result indicated a 60% loss of
PACI~~ pups (X? test, P < 0.005) during the 4 weeks
after birth. This mortality remains to be explained. No
significant death rate was observed thereafter.
Characteristics of PACI~/~ mice. This study was con-
ducted on adult female mice 21-30 weeks of age. Table
1 shows various measurements from wild-type and
PACI17~ mice. The latter exhibit a weak but significant
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decrease ([110%) in body weight. Whereas no significant
difference was observed in either plasma glucose or
plasma glucagon levels, a mild degree of hyperinsu-
linemia was recorded in conscious, fed PACI7~ mice (P
< 0.05). This effect was not observed in fasting condi-
tions. Pancreatic insulin and glucagon were at compa-
rable levels in PACI~/~ pancreas and wild-type pancreas.
Thus, the PAC1 receptor did not appear to be essential
for either proinsulin or glucagon biosynthesis.

In vitro experiments

Insulin response to glucose. To investigate the glucose sensi-
tivity of 3 cells in PACI7~ mice, we measured the effect of
increasing the glucose concentration from 4.2 mmol/L to
16.7 mmol/L, on the insulin secretion from isolated pet-
fused pancreas (Figure 3). The glucose stimulation
induced an immediate and transient first phase of insulin
release, followed by a constant second phase. PACI/~ mice
displayed a defective insulin response to glucose, particu-
larly during the first phase, when the increment of insulin
output over the first S minutes was reduced by 55%
(P <0.001) compared with wild-type mice (Figure 3, inset).

Effects of PACAP and VIP on glucose-induced insulin release.
PACAP38 and VIP insulinotropic effects were evaluated
from isolated pancreas perfused for 20 minutes with high
glucose (Figure 4). In the presence of 16.7 mmol/L glu-
cose, 1 nM PACAP38 potentiated insulin secretion, but
this effect was about twofold lower in PACI~~ mice than
in wild-type controls. The increment of insulin output

Table 1
Baseline value characteristics of conscious wild-type and PACT~/~
mice, fed ad libitum or fasted for 24 hours

Genotype +/+ -/-

Body weight (g) 30.94 £ 0.89 28.66 +0.68
(n=15) (n=17)A

Plasma concentration n=16 n=14

Glucose (mmol/L)

Fasted 3.77+0.22 3.33+0.22

Fed 7.94+0.28 8.11+0.28
Insulin (pmol/L)

Fasted 63.7 £ 8.4 553+ 151

Fed 125.6 +£20.1 211.1 £35.24
Glucagon (pmol/L)

Fasted 62.9+4.38 72.5+6.7

Fed 61.2+4.7 66.8+6.9
Pancreatic contents n=15 n=17
Protein (mg/pancreas) 18.16 £ 1.29 15.68 +1.58

Insulin (Hg/mg protein) 1.740 £ 0.169 1.632+0.124

Glucagon (Mg/mg protein) 0.0437 +0.003 0.0493 £ 0.004

Assays were performed with 20- to 30-week-old mice. ~Significantly different
from wild-type (+/+) mice, P < 0.05. Values are mean + SEM; n, number of mice.

over 20 minutes of peptide infusion was 1.887 + 0.264%
and 3.655 + 0.646%o (P < 0.05) of total pancreatic content
in PACI7~ and wild-type mice, respectively (Figure 4a,
inset). In contrast, 1 nM VIP elicited a comparable
increase in insulin secretion in PACI~~ and control pan-
creas (3.322 + 0.808%o and 3.716 + 0.740%o of content;
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Effects of intravenous PACAP and VIP on glucose-induced insulin secretion and glucose disappearance. Plasma insulin and glucose levels
immediately before and after an intravenous injection of 1 g/kg glucose alone (n =9-11inaand n = 5-7 in b), glucose with 1.3 nmol/kg
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Figure 4b, inset). We and others (8, 29) have previously
reported that PACAP and VIP exert a vasodilator effect in
the rat whole pancreas by activating VPAC receptors.
Both PACAP and VIP elicited a progressive and sustained
increase in pancreatic flow rate in a similar manner in
PACI7~ and wild-type pancreas (data not shown), sup-
porting that VPAC receptors are intact in PACI7/~ mice.

In vivo experiments

Intravenous glucose tolerance test. In anesthetized PACI7/~
mice, after an intravenous injection of glucose (1 g/kg),
glucose tolerance and insulin response were significant-
ly impaired (Figure 5, left panel). Within 1 minute, the
plasma insulin response to glucose was not significant-
ly different among the groups of mice, but the 20-
minute (P < 0.05) and 50-minute (P < 0.01) insulin levels,
as well as the 50-minute AUCi,uiin (P < 0.05) were signif-
icantly lower in PACI7~ mice than in wild-type mice.
Simultaneously, the glucose elimination rate was
decreased in PACI~~ mice. Thus, the 20- (P < 0.05) and
50-minute (P < 0.01) glucose levels and the 50-minute
AUCglcose (P < 0.01) were significantly higher in PACI/~
mice than in wild-type mice (Figure S, left panel, inset).
The impaired insulin response to glucose was also evi-
dent when comparing the insulin and glucose data at
different timepoints, because the insulinogenic index
(the insulin level divided by the glucose level) was lower
in PACI7/~ mice than in wild-type mice both at 20 min-
utes (7.6 + 0.3 pmol/mmol vs. 17.7 + 1.2 pmol/mmol, P
<0.01) and 50 minutes (8.8 + 0.6 pmol/mmol vs. 26.4 +
1.9 pmol/mmol, P < 0.001).

In contrast to the impaired insulin response to glu-
cose, the increase in plasma insulin after intravenous

administration of arginine was not significantly dif-
ferent between wild-type and PACI7~ mice (Figure 3,
right panel). However, the plasma glucose levels at 20
(P <0.05) and 50 (P < 0.01) minutes and 5S0-minute
AUCglucose (P < 0.01) were significantly higher in
PACI~7~ mice than in wild-type mice.

Insulin and glucose responses to intravenous PACAP and
VIP during an intravenous glucose tolerance test. When
PACAP27 (1.3 nmol/kg) was administered intra-
venously together with glucose, a marked increase of
plasma insulin was observed in wild-type mice without
any discernible effect on the glucose elimination rate
(Figure 6a, left panel). In PACI7/~ mice, however,
PACAP27 not only potentiated glucose-induced
insulin secretion just slightly, but also clearly
decreased the glucose elimination rate (Figure 6a, right
panel). Thus, the 50-minute AUCgjycose With PACAP27
stimulation was 0.29 + 0.04 pmol/L in wild-type mice
vs. 0.72 £ 0.05 pmol/L in PACI7/~ mice (P < 0.001). In
contrast, VIP at the same dose (1.3 nmol/kg) exerted a
similar stimulatory effect on insulin secretion in
PACI7/- and wild-type mice (Figure 6b). However,
whereas VIP slightly raised the glucose elimination
rate in wild-type mice (the 20-minute glucose value
was 17.3 + 1.2 mmol/L in controls vs. 13.5 + 1.5
mmol/L after administration of VIP, P < 0.05), it did
not improve the impaired glucose elimination in
PACI~~ mice.

Gastric glucose tolerance test. Administration of glucose
(150 mg/mouse) through a gastric tube raised insulin
and glucose plasma levels in both wild-type and
PACI7~ mice (Figure 7). Peak insulin levels were
observed at 30 minutes after glucose administration.
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This glucose-induced insulin increase was markedly
reduced in PACI~~ mice, both at 10 minutes (P < 0.05)
and 30 minutes (P < 0.01). The 120-minute AUCiysulin
was 44% lower in PAC17~ mice than in wild-type mice
(P <0.001). Furthermore, PACI7/~ mice were markedly
glucose intolerant compared with wild-type mice, as
judged from elevated 60-minute (P < 0.001) and 120-
minute (P < 0.01) glucose levels, and a 55% higher 120-
minute AUCglycose (P < 0.01).

Discussion

In this study, we explored a role for the PACAP-pre-
ferring receptor, PAC1, in the regulation of insulin
secretion and glucose homeostasis using mice lacking
this receptor. PAC1 receptor deletion resulted in a
decrease of PACAP-induced insulin secretion, clearly
demonstrating the functional involvement of this
receptor in the insulinotropic action of the peptide.
More interestingly, these mice exhibited an impair-
ment of glucose-induced insulin secretion and a
reduction in glucose tolerance. This suggests that the
presence of the PAC1 receptor is required to maintain
normal insulin secretory responsiveness to glucose
and glucose homeostasis.

Both PAC1 and VPAC2 receptors are expressed in
mouse islets (14). These two receptor subtypes show
equal affinity for PACAP, but VIP activates only the
VPAC2 receptor (17). Therefore, our previous findings
that PACAP27, PACAP38, and VIP were equipotent in
stimulating insulin secretion (8, 14) suggested that the
VPAC2 receptor had the most functional importance for
the PACAP insulin secretory effect. However, in the iso-
lated perfused pancreas of PACI7~ mice, the insulin
secretory response to PACAP was reduced by about
twofold. This decrease in responsiveness of PACAP in
PACI7~ mice is probably not related to a change in pan-
creatic blood flow, because similar vasodilatory respons-
es to PACAP were recorded in PACI7~ and wild-type
mice. Moreover, this decrease was not associated with a
reduction in pancreatic insulin content. In contrast, in
PACI7/~ mice and wild-type mice, VIP potentiated glu-
cose-induced insulin secretion to the same extent. There-
fore, these results suggest that PAC1 receptors are quite
important for PACAP-induced insulin secretion, and
that the remaining insulinotropic action of PACAP
observed in vitro in PACI7/~ pancreas is caused by activa-
tion of VPAC2 receptors, which are intact in these mice.

In the isolated perfused pancreas and in vivo, PACI~~
mice exhibited a defect in glucose-stimulated insulin
release. Two recent studies have reported the inhibition
of glucose-stimulated insulin secretion by
immunoneutralization of PACAP in freshly isolated rat
and mouse islets (10, 20), suggesting that endogenous
PACAP contributes to the insulin secretory response to
glucose. Therefore, our data support and extend these
previous reports by providing evidence for the involve-
ment of PAC1 receptors in the insulinotropic action of
glucose. Moreover, in contrast to glucose, the insulin
response to arginine was not impaired in PACI7~ mice,

showing that the dependence of insulin secretion on
the PAC1 receptor is restricted to glucose stimulation
and is not a general phenomenon. Although the mech-
anisms explaining this dependence remain to be stud-
ied, one possible explanation could be the fact that
cAMP is required for the action of glucose (30). It is
indeed known that PACAP, like the intestinal hormone
GLP-1, augments the formation of cAMP (19, 31) and
increases the glucose competence of pancreatic 3 cells
(32). The strong reduction of islet cAMP production by
PACAP in PACI7~ mice might be a factor in impaired
glucose sensing.

The defect in glucose-induced insulin secretion was
associated with impaired glucose tolerance in PACI7~
mice, consistent with a role for PAC1 in the control of
glucose homeostasis. However, these mice exhibit nor-
mal glycemia in both the fasted and fed states. Glucose
homeostasis results from a balance between insulin
secretion and peripheral tissue sensitivity to insulin,
although insulin-independent mechanisms also con-
tribute. Because the fed conscious PACI7~ mice had
higher insulin levels than wild-type mice, it seems possi-
ble that, in addition to the defect in insulin secretion,
insulin resistance may also participate in the glucose
intolerance. In this context, it has been reported that
PACI receptors are expressed in adipose tissues (33, 34),
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Gastric glucose tolerance test. Plasma insulin (a) and glucose (b)
immediately before and at 10, 30, 60, and 120 minutes after gastric
administration of glucose (150 mg/mouse) in 2-hour fasted anes-
thetized wild-type mice (n = 12) and PACT~/~ mice (n = 12). Insets are
120-minute AUGCinsuin and AUCgucose (areas under the 120-minute
insulin and glucose curves, respectively), in wild-type mice (open
bars) and in PACT~/~ mice (filled bars). Data are presented as mean

+SEM. AP <0.05; P <0.01; P < 0.001.
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and that PACAP potentiates insulin-stimulated glucose
uptake in 3T3 L1 adipocytes (34). On the other hand, a
previous study in normal mice showed that during an
intravenous glucose tolerance test, PACAP, despite its
potent insulinotropic action, did not increase glucose
elimination (11). Although the mechanism of this action
remains to be elucidated, the inhibition of insulin sensi-
tivity by PACAP was thought to be mediated by adrena-
line, which is released by PACAP from the adrenal medul-
la and is known to inhibit insulin action. In our study,
the absence of any effect of PACAP on glucose disposal
was also observed in wild-type mice, and the peptide was
found to induce glucose intolerance in PACI7~ mice.
This suggests that under in vivo conditions, PACAP
counteracts the action of insulin on glucose elimination.
The induction of glucose intolerance by PACAP in
PACI7~ mice may therefore result not only from the
defect of the insulinotropic action of the peptide, but
also from VPAC receptor activation stimulating
glucagon release from pancreatic A cells (8) and hepatic
glycogenolysis (35, 36), actions that counteract those of
insulin. This is supported by the fact that VIP did not
improve glucose tolerance despite its insulinotropic
action, preserved in PACI7~ mice. However, it must be
noted that PACAP was unable to increase plasma
glucagon in the presence of high glucose levels during a
glucose tolerance test (11). Taken together, these data
support the view that PACAP, by activating either PAC1
or VPAC receptors, in addition to its insulinotropic
action, could also regulate glucose homeostasis in a com-
plex manner that remains to be fully elucidated.

The impaired insulin secretion and glucose tolerance in
PACI7~ mice that was recorded after gastric administra-
tion of glucose emphasize the physiological importance
of the PACI receptor for insulin secretion and glycemia
control, and suggest its involvement during food intake.
This supports a recent demonstration that the PACAP
receptor antagonist, PACAP(6-27), inhibits the insulin
response to gastric glucose in mice (37), and further sug-
gests that this action is in part mediated by PAC1 recep-
tors. It is known that during the cephalic and intestinal
phases of food intake, the parasympathetic nerves sup-
plying pancreatic islets participate in prandial insulin
secretion (38). Because PACAP is known to be localized
in the islet parasympathetic nerves (15) and released dur-
ing vagus stimulation (39), our findings suggest that this
neuropeptide, through PAC1 receptor activation, could
be involved in the parasympathetic control of insulin
secretion during food intake.

In conclusion, our data demonstrate, under physiolog-
ical conditions, that PAC1 receptors are (a) responsible
for the insulinotropic action of PACAP in addition to
VPAC receptors; (b) involved in the glucose competence
of pancreatic 3 cells; and (c) participate in the control of
glucose homeostasis, notably during food intake. PACI~~
mice should therefore represent an animal model that
may be used to precisely determine the pharmacological
role of this family of PACAP/VIP receptors in the regula-
tion of insulin secretion and glucose homeostasis. Fur-

thermore, this may be particularly useful for predicting
specific drug actions. Because PACAP is present in pan-
creas and stimulates insulin secretion in humans (12), it
is tempting to speculate that a dysfunction of the PAC1
receptor, associated with a defect of glucose-stimulated
insulin secretion and glucose intolerance, may be relevant
to the development of the pathogenesis in human non-
insulin-dependent diabetes mellitus.

Acknowledgments

The authors would like to thank A. Dierich and P.
Chambon for providing the embryonic stem cells. We
are grateful to L. Journot for his help in the project, A.
Cohen-Solal, P. Minary, A. Delalbre, G. Fauconnier, L.
Kvist, L. Bengtsson, and U. Gustavsson for expert tech-
nical assistance, and A. Turner-Madeuf and L. Charvet
for manuscript preparation. The study was supported
by the Centre National de la Recherche Scientifique,
the Institut National de la Santé et la Recherche Médi-
cale, the European Commission (BIO-98-0517), the
Swedish Medical Research Council (14X-6834), E.
Lundstrom, A. Pdhlsson, the Crafoord Foundation,
Novo Nordisk Foundation, the Swedish Diabetes
Association, Malmo University Hospital, and the Fac-
ulty of Medicine, Lund University.

1. Henquin, J.C. 1994. Cell biology of insulin secretion. In Joslin’s diabetes
mellitus. 13th edition. C.R. Kahn, and G.C. Weir, editors. Lea & Febiger.
Philadelphia, Pennsylvania, USA. 56-80.

2.Schebalin, M., Said, S.I,, and Makhlouf, G.M. 1977. Stimulation of
insulin and glucagon secretion by vasoactive intestinal peptide. Am. J.
Physiol. 232:E197-E200.

3. Pipeleers, D, in’t Veld, P.I,, Maes, E., and Van De Winkel, M. 1982. Glu-
cose-induced insulin release depends on functional cooperation between
islet cells. Proc. Natl. Acad. Sci. USA. 79:7322-7325.

4.Ahren, B. 1998. Glucagon-like peptide-1 (GLP-1): a gut hormone of
potential interest in the treatment of diabetes. Bioessays. 20:642-651.

5.Miyata, A., et al. 1989. Isolation of a novel 38 residue-hypothalamic
polypeptide which stimulates adenylate cyclase in pituitary cells.
Biochem. Biophys. Res. Commun. 164:567-574.

6.Kawali, K., et al. 1992. Pituitary adenylate cyclase activating polypeptide
stimulates insulin release from the isolated perfused rat pancreas. Life
Sci. 50:257-261.

7.Yokota, C., et al. 1993. Stimulatory effects of pituitary adenylate cyclase-
activating polypeptide (PACAP) on insulin and glucagon release from the
isolated perfused rat pancreas. Acta Endocrinol. (Copenh.)129:473-479.

8.Bertrand, G., Puech, R., Maisonnasse, Y., Bockaert, J., and Loubatieres-
Mariani, M.M. 1996. Comparative effects of PACAP and VIP on pancre-
atic endocrine secretions and vascular resistance in rat. Br. J. Pharmacol.
117:764-770.

9.Yada, T., et al. 1994. Pituitary adenylate cyclase activating polypeptide is
an extraordinarily potent intra-pancreatic regulator of insulin secretion
from islet beta-cells. J. Biol. Chem. 269:1290-1293.

10. Filipsson, K., Sundler, F., and Ahren, B. 1999. PACAP is an islet neu-
ropeptide which contributes to glucose-stimulated insulin secretion.
Biochem. Biophys. Res. Commun. 256:664-667.

11. Filipsson, K., Pacini, G., Scheurink, AJ., and Ahren, B. 1998. PACAP stim-
ulates insulin secretion but inhibits insulin sensitivity in mice. Am. J.
Physiol. 274:E834-E842.

12. Filipsson, K., Tornoe, K., Holst, J., and Ahren, B. 1997. Pituitary adeny-
late cyclase-activating polypeptide stimulates insulin and glucagon
secretion in humans. J. Clin. Endocrinol. Metab. 82:3093-3098.

13. Miyata, A., et al. 1990. Isolation of a neuropeptide corresponding to the
N-terminal 27 residues of the pituitary adenylate cyclase activating
polypeptide with 38 residues (PACAP38). Biochem. Biophys. Res. Commun.
170:643-648.

14. Filipsson, K., Sundler, F., Hannibal, J., and Ahren, B. 1998. PACAP and
PACAP receptors in insulin producing tissues: localization and effects.
Regul. Pept. 74:167-175.

15. Fridolf, T., Sundler, F., and Ahren, B. 1992. Pituitary adenylate cyclase-
activating polypeptide (PACAP): occurrence in rodent pancreas and

The Journal of Clinical Investigation |

May 2000 |

Volume 105 | Number9



effects on insulin and glucagon secretion in the mouse. Cell Tissue Res.
269:275-279.

16. Spengler, D., et al. 1993. Differential signal transduction by five splice
variants of the PACAP receptor. Nature. 365:170-175.

17. Arimura, A, and Shioda, S. 1995. Pituitary adenylate cyclase activating
polypeptide (PACAP) and its receptors: neuroendocrine and endocrine
interaction. Front. Neuroendocrinol. 16:53-88.

18. Harmar, A ], et al. 1998. International Union of Pharmacology. XVIII.
Nomenclature of receptors for vasoactive intestinal peptide and pitu-
itary adenylate cyclase-activating polypeptide. Pharmacol. Rev.
50:265-270.

19. Straub, S.G., and Sharp, G.W. 1996. A wortmannin-sensitive signal trans-
duction pathway is involved in the stimulation of insulin release by
vasoactive intestinal polypeptide and pituitary adenylate cyclase-acti-
vating polypeptide. J. Biol. Chem. 271:1660-1668.

20.Yada, T., et al. 1997. Pituitary adenylate cyclase-activating polypeptide
(PACAP) is an islet substance serving as an intra-islet amplifier of glu-
cose-induced insulin secretion in rats. J. Physiol. (Lond.) 505:319-328.

21. Pantaloni, C., et al. 1996. Alternative splicing in the N-terminal extra-
cellular domain of the pituitary adenylate cyclase-activating polypeptide
(PACAP) receptor modulates receptor selectivity and relative potencies
of PACAP-27 and PACAP-38 in phospholipase C activation. J. Biol. Chem.
271:22146-22151.

22.Soriano, P., Montgomery, C., Geske, R, and Bradley, A. 1991. Targeted
disruption of the c-src proto-oncogene leads to osteopetrosis in mice.
Cell. 64:693-702.

23.Mansour, S.L., Thomas, K.R., and Capecchi, M.R. 1988. Disruption of
the proto-oncogene int-2 in mouse embryo-derived stem cells: a general
strategy for targeting mutations to non-selectable genes. Nature.
336:348-352.

24. Shivers, B.D., Gores, T.J., Gottschall, P.E., and Arimura, A. 1991. Two
high affinity binding sites for pituitary adenylate cyclase-activating
polypeptide have different tissue distributions. Endocrinology.
128:3055-3065.

25. Lafon-Cazal, M., et al. 1999. mGluR7-like metabotropic glutamate recep-
tors inhibit NMDA-mediated excitotoxicity in cultured mouse cerebel-
lar granule neurons. Eur. J. Neurosci. 11:663-672.

26.Salomon, Y., Londos, C., and Rodbell, M. 1974. A highly sensitive adeny-
late cyclase assay. Anal. Biochem. 58:541-548.

27.Bertrand, G., Chapal, J., and Loubatieres-Mariani, M.M. 1986. Potenti-

ating synergism between adenosine diphosphate or triphosphate and
acetylcholine on insulin secretion. Am. J. Physiol. 251:E416-E421.
28.Masuo, Y., Ohtaki, T., Masuda, Y., Tsuda, M., and Fujino, M. 1992. Bind-
ing sites for pituitary adenylate cyclase activating polypeptide (PACAP):
comparison with vasoactive intestinal polypeptide (VIP) binding site
localization in rat brain sections. Brain Res. §75:113-123.
. Carlsson, P.O., Ostenson, C.G., Efendic, S., Langel, U., and Jansson, L.
1996. Pituitary adenylate cyclase activating polypeptide (PACAP) redis-
tributes the blood within the pancreas of anesthetized rats. Regul. Pept.
63:123-128.
30. Schuit, F.C. 1996. Factors determining the glucose sensitivity and glu-
cose responsiveness of pancreatic beta cells. Horm. Res. 46:99-106.

31.Klinteberg, KA., Karlsson, S., and Ahren, B. 1996. Signaling mechanisms
underlying the insulinotropic effect of pituitary adenylate cyclase-acti-
vating polypeptide in HIT-T15 cells. Endocrinology. 137:2791-2798.

32.Davalli, A M., et al. 1999. Insulin and intracellular calcium responsive-
ness to glucagon-like peptide-1 and pituitary adenylate cyclase-activat-
ing peptide by dispersed adult porcine islet cells. Transplantation.
67:174-176.

33.Wei, Y., and Mojsov, S. 1996. Tissue specific expression of different
human receptor types for pituitary adenylate cyclase activating polypep-
tide and vasoactive intestinal polypeptide: implications for their role in
human physiology. J. Neuroendocrinol. 8:811-817.

34.Nakata, M., Shioda, S., Oka, Y., Maruyama, 1., and Yada, T. 1999.
Insulinotropin PACAP potentiates insulin-stimulated glucose uptake in
3T3 L1 cells. Peptides. 20:943-948.

35.Sekiguchi, Y., Kasai, K., Hasegawa, K., Suzuki, Y., and Shimoda, S. 1994.
Glycogenolytic activity of pituitary adenylate cyclase activating polypep-
tide (PACAP) in vivo and in vitro. Life Sci. 55:1219-1228.

36. Yokota, C., Kawai, K., Ohashi, S., Watanabe, Y., and Yamashita, K. 1995.
PACAP stimulates glucose output from the perfused rat liver. Peptides.
16:55-60.

37.Filipsson, K., Holst, J.J., and Ahrén, B. 1999. PACAP contributes to
insulin secretion induced by gastric glucose gavage in mice. Diabetologia.
42(Suppl. 1):A40. (Abstr.)

38. Ahren, B. 1999. Regulation of insulin secretion by nerves and neu-
ropeptides. Ann. Acad. Med. Singapore. 28:99-104.

39.Tornoe, K., Hannibal, J., Fahrenkrug, J., and Holst, J.J. 1997. PACAP-(1-
38) as neurotransmitter in pig pancreas: receptor activation revealed by
the antagonist PACAP-(6-38). Am. J. Physiol. 273:G436-G446.

2

o

The Journal of Clinical Investigation |

May 2000 |

Volume 105 | Number9

1315



