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The effect of Ex-4 on gastric emptying is absent in Pdx1-hGLP1R:GIp1r/- mice. After a 6-hour fast, male mice were injected with either vehicle
(PBS) or Ex-4, 30 minutes prior to an oral gavage of glucose (1.5 g/kg) and acetaminophen (0.1 g/kg). The appearance of acetaminophen in
plasma samples was used as a measure of gastric emptying in (A) WT, (B) Pdx1-hGLP1R, (C) Glp7r7-, and (D) Pdx1-hGLP1R:Glp1r’- mice.
Differences in acetaminophen absorption were quantified by comparing the total AUC for plasma acetaminophen from 0 to 60 minutes (insets).

n=>5-12. *P < 0.05 versus PBS.

involve multiple tissues beyond the f§ cell. Moreover, a combination
of gain- and loss-of-function studies support the importance of
peripheral GLP-1-regulated neural circuits as mediators of glucose
homeostasis. For example, activation of GLP-1R signaling in the
portal vein leads to enhanced glucose clearance without changes in
levels of plasma insulin (21, 46, 47). Conversely, selective interrup-
tion of portal GLP-1R signaling using antagonists impairs glucose
clearance (21, 29). Hence, the available evidence invokes a role for
peripheral GLP-1R-dependent control of glucose homeostasis,
independent of changes in islet hormones (48).

The observations that the proglucagon gene is expressed in
the CNS (24, 49) and that proglucagon-derived peptides, includ-
ing GLP-1, are widely distributed to multiple CNS neurons that
also express the GLP-1R (25, 50) raised the possibility that central
GLP-1R signaling controls pathways important for metabolic
homeostasis. Activation of central GLP-1Rs regulates food intake
(16), interoceptive stress (51), blood pressure (38), and adipocyte
lipid storage (52). Moreover, CNS GLP-1Rs also control periph-
eral insulin sensitivity and muscle glycogen synthesis (7, 53), and
central GLP-1R blockade increased glycemic excursion after i.p.
glucose challenge in rats (27).

The potential glucoregulatory signals arising from GLP-1Rs in
multiple tissues bring into question the relative importance of the
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pancreatic GLP-1R for control of glucose homeostasis. As tissue-
specific disruption of the Glp1r gene in key tissues has not yet been
described, we used a transgenic strategy for selective restoration of
GLP-1R expression in ductal and islet cells in the pancreas of GlpIr7~
mice. The observations that food intake and gastric emptying were
insensitive to exogenous GLP-1R activation provide important evi-
dence for disruption of classical GLP-1R-dependent CNS pathways
in Pdx1-hGLP1R:GlpIr7~ mice. Furthermore, the failure of periph-
eral Ex-4 to activate c-fos expression, coupled with the inability of
i.c.v. Ex-9 to cause deterioration in glucose tolerance, further sup-
ports the functional disruption of CNS GLP-1R circuits in Pdx1-
hGLP1R:GlpIr/- mice. Hence, the available evidence supports the
use of Pdx1-hGLP1R:GlpIr~~ mice as a suitable model for analysis of
the importance of both endogenous and pharmacological pancre-
atic GLP-1R activation for control of glucose homeostasis.
Nevertheless, it is important to acknowledge certain caveats in
the interpretation of data obtained using Pdx1-hGLP1R:GlpIr~/~
mice. First, it is impossible to rule out a small contribution to
regulation of glucose homeostasis from one or more extrapan-
creatic sites, despite lack of evidence supporting the existence of
functional CNS GLP-1Rs. Theoretically, GlpIr7/~ mice may have
evolved compensatory mechanisms leading to selective downreg-
ulation of extrapancreatic glucoregulatory mechanisms, making
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The effect of Ex-4 on food intake is absent in Pdx1-hGLP1R:Glp7r- mice. Food intake in male mice, after an overnight fast, was assessed
after injection of either vehicle (PBS) or Ex-4. Cumulative food intake upon refeeding was recorded at 2, 4, 8, and 24 hours in (A) WT, (B) Pdx1-
hGLP1R, (C) Glp1r’-, and (D) Pdx1-hGLP1R:Glp7r’- mice. n = 7—11. *P < 0.05 versus PBS.

these actions more difficult to detect. We did not detect significant
differences in islet expression of important GLP-1R-sensitive glu-
coregulatory genes, such as Pdx1, Glut2, Gek, Kir6.2, Gipr, or Ins2,
in Pdx1-hGLP1R:Glp1r/~ mice (Supplemental Figure 1), and the
islet response to exogenous Ex-4 was comparable to that in Pdx1-
hGLP1R:Glp1r7~ mice (Figures 2 and 3). Nevertheless, we cannot
completely eliminate the possibility that transgenic islets might
exhibit enhanced coupling to downstream signaling pathways,
leading to increased GLP-1R-dependent glucoregulatory activity
arising from islet transgene expression.

Given the considerable evidence supporting a role for pharma-
cological levels of GLP-1 in the activation of insulin secretion and
glucose homeostasis (54), it is perhaps not unexpected that restora-
tion of islet GLP-1R expression was sufficient for restoring a robust
glucoregulatory and insulinotropic response to exogenous Ex-4 in
Pdx1-hGLP1R:GlpIr/~ mice. Similarly, GLP-1R activation leads to
B cell proliferation in rodents in vivo (55) and in islet cells ex vivo
(56); hence, it seems reasonable that restoration of islet GLP-
1R expression restores GLP-1R-dependent stimulation of {3 cell
proliferation and expansion of f§ cell mass. In contrast, Ex-4 was
unable to increase the mass of the pancreas or small bowel in Pdx1-
hGLP1R:GlpIr/~ mice, demonstrating that the trophic actions of
GLP-1R agonists on these tissues require input from extrapancreatic
GLP-1Rs. Unexpectedly, despite restoration of islet GLP-1R expres-
sion, the antagonist Ex-9 did not impair glucose homeostasis after
i.p. glucose homeostasis in Pdx1-hGLP1R:Glp1r/~ mice. More sur-
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prisingly, restoration of basal levels of GLP-1R expression in GlpIr7~
islets was sufficient to normalize glucose tolerance in GlpIr~~ mice.
The preferential improvement in i.p. tolerance compared with oral
glucose tolerance in Pdx1-hGLP1R:GIpIr/~ mice is consistent with
failure to restore the GLP-1R-dependent control of gastric emptying
and in agreement with our original findings of increased fasting glu-
cose and abnormal i.p. glucose tolerance in GlpIr~7~ mice (33). These
latter findings strongly suggest that the low basal levels of endoge-
nous GLP-1, continuously secreted in the absence of nutrient inges-
tion, convey a physiologically important endocrine signal to islet
GLP-1Rs. Taken together, the findings in Pdx1-hGLP1R:GlpIr/~
mice provide further support for an important role for islet GLP-1R
signaling in the integrated GLP-1R-dependent control of glucose
homeostasis (20). It seems likely that ongoing genetic studies elucidat-
ing the importance of enhanced versus disrupted GLP-1R signaling in
the central and peripheral nervous system and pancreas will further
refine our understanding of the complexity of incretin action.

Methods

Animal experiments. Transgenic mice were generated by pronuclear injection
of a DNA construct containing the 5" promoter sequence (4.6 kb) of the
mouse Pdx1 gene (30), the human GLP-1R cDNA (2.4 kb), and a poly-A
signal (0.6 kb) into fertilized eggs. Mice that contained the Pdx1-hGLP1R
transgene were backcrossed to the C57BL/6 inbred strain. Pdx1-hGLP1R
transgenic mice were then crossed to GlpIr/~ mice (33) in the C57BL/6
background. To generate Pdx1-hGLP1R:GlpIr/- mice and the littermate

http://www.jci.org
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Hindbrain c-fos activation in response to peripheral Ex-4 is severely blunted in Pdx1-hGLP1R:G/p7r”- mice. c-fos mRNA transcript levels after
i.p. injection of Ex-4 (4 nmol/kg) or vehicle (PBS) in (A) the AP and (B) the NTS regions of the hindbrain in WT, Pdx1-hGLP1R, Glp71r/-, and
Pdx1-hGLP1R:Glp1r’- mice were determined by quantitative real-time PCR analysis. rel., relative. n = 5-8. *P < 0.05 versus PBS. The number
of neurons in (C) the AP and (D) the NTS that expressed c-Fos protein after i.p. injection of Ex-4 (10 nmol/kg) or PBS was determined via IHC
analysis. n = 4-8. *P < 0.05 versus PBS. (E) Representative images of the AP and the NTS stained for c-Fos. Dashed lines define the areas

of the AP and the NTS. Original magnification, x20.

controls used for all experiments, hemizygous transgenic mice (Pdx1-
hGLP1R:GIpIr*~ mice) were crossed to GlpIr*~ mice. Mice of the different
genotypes were born in the expected Mendelian ratios, with approximately
1 out of every 8 mice exhibiting the Pdx1-hGLP1R:GlpIr7/~ genotype. Mice
were genotyped using 2 separate PCRs: one specifically detected the human
GLP-1R transgene (5'-TCAAGGTCAACGGCTTATTAG-3' and 5'-TAAC-
GTGTCCCTAGATGAACC-3' generating a 481-bp fragment), and the other
detected the presence of either the endogenous Glplr WT allele (5'-TACA-
CAATGGGGAGCCCCTA-3" and 5'-AAGTCATGGGATGTGTCTGGA-3'
generating a 437-bp fragment) or the neo-containing GlpIr knockout allele
(5'-CTTGGGTGGAGAGGCTATTC-3" and 5'-AGGTGAGATGACAGGA-
GATC-3' generating a 280-bp fragment). All mice were housed under spe-
cific pathogen-free conditions in microisolator cages and maintained on
a 12-hour-light cycle, with free access to food and water.

The Journal of Clinical Investigation

To assess the effects of chronic GLP-1R activation, older chow-fed male
mice (approximately 6 months old) or young male mice (8 to 12 weeks
old) fed a high-fat diet for 4 weeks (45% kcal from fat; Research Diets)
were injected twice daily with 1 ug Ex-4 (California Peptide Research) for
10 days. To assess the number of proliferating f cells, 5-bromo-2'-deoxy-
uridine (BrdU; Sigma-Aldrich) was administered daily (50 mg/kg) over the
course of the treatment period. At the end of the treatment period, mice
were euthanized by CO, inhalation, tissues were excised, and the weights of
the pancreata and small intestines were recorded. Immunohistochemical
(IHC) analysis of formalin-fixed pancreas sections was carried out as pre-
viously described (57). The primary antibodies used for IHC were a rab-
bit anti-human GLP-1R (Lifespan, LS-A1205), a guinea pig anti-insulin
(Invitrogen, 18-0067), and a rat mAb to BrdU (Abcam, ab6326). The insu-
lin- and BrdU antibody-stained sections were scanned using the Scanscope

htep://www.jci.org 9
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The effect of i.c.v Ex-9 on glucose tolerance is absent in Pdx1-hGLP1R:Glp7r/- mice. The response to an i.p. glucose challenge (IPGTT;
1.5 g/kg of body weight) in fasted male mice was assessed 20 minutes after an i.c.v. injection of either vehicle (PBS) or Ex-9 (5 ug). Blood
glucose levels in (A) WT, (B) Pdx1-hGLP1R, (C) GIp71r’-, and (D) Pdx1-hGLP1R:Glp7r’- mice were monitored throughout the experiment.
Differences in the blood glucose excursion in response to PBS compared with that for Ex-9 were quantified by comparing the total AUC (bot-
tom insets) for glucose from 0 to 120 minutes. Plasma insulin levels (top insets) were measured in samples collected 10 minutes after glucose

administration. n = 4-7. *P < 0.05 versus PBS.

CS system (Aperio Technologies) at x20 magnification. The digital images
were analyzed with the Scanscope software (Aperio Technologies) using a
preset positive pixel count algorithm to quantify the insulin-positive and
insulin-negative areas. The number of BrdU* cells in islets was counted in
serial sections. The (3 cell mass for each animal was calculated as the prod-
uct of the total cross-sectional area of B cells divided by total pancreas area
and the weight of the pancreas before fixation.

RNA preparation and quantitative real-time PCR. Total RNA was extracted
from tissue samples using Tri Reagent (Sigma-Aldrich). For isolated islets
and small brain samples, the RNeasy Mini Kit (Qiagen) was used. First-
strand cDNA was synthesized from total RNA using the SuperScript III
Synthesis System (Invitrogen) and random hexamers. Real-time quantita-
tive PCR analysis was performed using TagMan Gene Expression Assays and
TagMan Universal PCR Master Mix (Applied Biosystems) with the ABI Prism
7900 Sequence Detection System, according to the protocols provided by the
manufacturer (Applied Biosystems). To determine the levels of expression
of mouse and human GlplIr transcripts (Taqman assays Hs01006332_m1
and Mm01351008_m1) in various tissues, a standard curve quantification
method was used (58), for which standard curves were generated with known
amounts of cDNA for each gene assessed. For each tissue sample, the level of

10 The Journal of Clinical Investigation

Gapdh (Taqman assay Mm03302249_g1) was used as an internal control. The
relative levels of mRNA transcripts (Pdx1, Ins2, Gipr, Glut2, Gck, Kir6.2, Aktl,
Irs2, Egfr, Pap, and Reg3a) in isolated islets or pancreas samples were quanti-
fied by the comparative Ct (2-24¢) method (59), using either Ppia or lapp as
the internal control gene, as described previously (41, 60).

Islet experiments. After euthanasia via CO; inhalation, the pancreas was
inflated via the pancreatic duct with collagenase type V (0.7 mg/ml) in
HBSS, excised, and digested at 37°C for 10 to 15 minutes. The resulting
digest was washed twice with cold HBSS (containing 0.25% w/v BSA), and
islets were separated using a Histopaque density gradient (Sigma-Aldrich).
The interface containing islets was removed and washed with HBSS con-
taining BSA, and the islets were resuspended in RPMI containing 2 mM
L-glutamine, 10 mM glucose, 1% BSA, 100 U/ml penicillin, and 100 ug/
ml streptomycin. Islets were initially incubated at 37°C for 4 hours and
were then handpicked into fresh RPMI with 5.6 mM glucose for overnight
recovery (37°C, 5% CO,). Prior to signaling experiments (cCAMP measure-
ment and Western blotting), islets were incubated in Krebs-Ringer bicar-
bonate buffer (KRB) containing 0.1% BSA, 10 mM HEPES (pH 7.4),and 2.8
mM glucose for 1 hour. Islets were then transferred into KRB containing
16.7 mM glucose with or without Ex-4 (10 nM). Batches of 40 islets were

http://www.jci.org
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The effect of peripheral Ex-9 on glucose tolerance is absent in Pdx1-hGLP1R:Glp7r7- mice. The response to an i.p. glucose challenge (IPGTT;
1.5 g/kg of body weight) in fasted male mice was assessed 30 minutes after an i.p. injection of either vehicle (PBS) or Ex-9 (5 ug). Blood glucose
levels in (A) WT, (B) Pdx1-hGLP1R, (C) Glp7r’-, and (D) Pdx1-hGLP1R:Glp1r”- mice were monitored throughout the experiment. Differences
in the blood glucose excursion in response to PBS compared with that for Ex-9 were quantified by comparing the total AUC (bottom insets) for
glucose from 0 to 120 minutes. Plasma insulin levels (top insets) were measured in samples collected 10 minutes after glucose administration.

n=12-20. *P < 0.05 versus PBS.

used for analysis of cAMP production. KRB was supplemented with 100
uM IBMX, and the experiment was terminated after 15 minutes by the
addition of cold ethanol (at a final concentration of 65%). After sonication,
total cAMP levels were measured using a cAMP RIA Kit (Biomedical Tech-
nologies). Batches of 80 islets were used to generate samples for assessing
the levels of pAkt by Western blot. After 30 minutes of stimulation with
glucose (16.7 mM) or glucose and Ex-4 (10 nM), islets were washed with
cold PBS and resuspended in SDS sample buffer containing f-mercapto-
ethanol, boiled for 5 minutes, and stored at ~20°C pending analysis.

For determination of glucose-stimulated insulin secretion, batches of
50 islets were placed in a perifusion chamber (capacity 1.3 ml) at 37°C and
perifused at a flow rate of 1 ml/min, as described previously (61). Islets
were first equilibrated for 30 minutes in KRB with 2.8 mM glucose. This
was followed by perifusion with KRB containing 16.7 mM glucose for
30 minutes and followed by the addition of 10 mM GLP-1 (7-36) amide
(Bachem) for a final 30 minutes. Fractions were collected at several time
points, and insulin was measured using a rat insulin RIA Kit (Millipore).
At the end of the experiment, islets were collected and lysed in acid ethanol
for measurement of total insulin content. For each sample, the amount of
insulin present was normalized to insulin content. The results from the

The Journal of Clinical Investigation

high-glucose stimulation are presented as fold increase from basal (low
glucose) conditions, and the results for the GLP-1 stimulation are present-
ed as fold increase over high-glucose conditions.

Western blotting. Islet protein was separated by SDS-PAGE, transferred to
nitrocellulose membranes, and blocked in either 5% BSA or 5% milk in
TBS-T for 1 hour before incubation with primary antibodies overnight at
4°C. The primary antibodies for pAkt (Cell Signaling no. 9275) and Akt
(Cell Signaling no. 9272) were diluted 1:1,000 in 5% BSA, and the antibody
for HSP90 (BD Biosciences, no. 610418) was diluted 1:5,000 in 5% milk.
Secondary antibodies were linked to horseradish peroxidase (GE Health-
care), and bands were visualized by exposure to BioMax film, (Kodak) using
enhanced chemiluminescence (GE Healthcare). Densitometry was quanti-
fied using Scion Image software (Scion Corp).

Glucose tolerance tests. Glucose tolerance tests were carried out in 3- to
6-month-old male and female mice. After an overnight fast (16-18 hours),
glucose (1.5 mg/g body weight) was administered via either an oral gavage
(oral glucose tolerance test [OGTT]) or i.p. injection (IPGTT). In some
experiments, Ex-4 (1 ug), Ex-9 (5 ug), or vehicle (PBS) was administered
via i.p. injection 30 minutes prior to glucose administration. In a separate
set of experiments, 5 ug Ex-9 or vehicle (PBS) was administered 20 min-

http://www.jci.org 1
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utes prior to glucose by i.c.v. injection, as described previously (15). Blood
samples were drawn from the tail vein immediately prior to any treatment
and at 0, 10, 20, 30, 60, and 120 minutes after glucose loading. Blood glu-
cose levels were measured using a Glucometer (Bayer). For plasma insu-
lin, glucagon, GLP-1, and GIP determinations, blood samples (50 or 100
ul) were collected from the tail vein into EDTA-coated tubes 10 minutes
after glucose loading, and plasma was separated by centrifugation at 4°C
and stored at —20°C until assayed as described previously (62). Plasma
insulin levels were measured using a mouse insulin ELISA Kit (Alpco) or
a rat insulin RIA Kit (Millipore). Mice that were subject to i.c.v. injections
were euthanized at the completion of the experiment. All other mice were
allowed to recover for 1 week before repeating the glucose tolerance test
with the alternative treatment.

Assessment of gastric emptying. In 4- to S-month-old male mice that were
fasted for 6 hours, the acetaminophen absorption test (63) was used to
assess the rate of gastric emptying. Ex-4 (1 ug) or vehicle (PBS) was admin-
istered via i.p. injection 30 minutes prior to oral administration of a glu-
cose solution that contained 1% (w/v) acetaminophen (Sigma-Aldrich).

12 The Journal of Clinical Investigation

Ex-4 \

The dose of acetaminophen administered was 100 mg/kg. Tail vein blood
(50 ul) was collected into EDTA-coated tubes at 0, 15, 30, and 60 minutes
after acetaminophen administration. Plasma was separated by centrifuga-
tion at 4°C and stored at ~20°C until measurement of acetaminophen
levels using an enzymatic-spectrophotometric assay (Cambridge Life
Sciences). All mice were allowed to recover for 1 week before the test was
repeated with the alternative treatment.

Analysis of food intake. Mice fasted overnight (16-18 hours) were injected
with either Ex-4 (1 ug) or vehicle (PBS) and then placed into individual
cages containing preweighed rodent chow (Harlan Teklad no. 7012) (with
free access to water). Food was weighed after 2,4, 8, and 24 hours, and food
intake was expressed as grams consumed per kilogram of body weight. All
mice were allowed to recover for 1 week before the food intake measure-
ments were repeated with the alternative treatment.

Assessment of c-FOS expression in the hindbrain. The number of ¢-FOS-immu-
noreactive neurons in specific brain regions after Ex-4 administration was
assessed as described previously (64). Briefly mice were fasted for 3 hours
prior to i.p. injection of either Ex-4 (10 nmol/kg) or vehicle (PBS). After

hetp://www.jci.org
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Effects of 10-day Ex-4 treatment (twice daily) on (A) p cell mass, (B) pancreatic weight, (C) small bowel weight, and (D-l) pancreatic gene
expression in 6-month-old Pdx1-hGLP1R:Glp1r7- and control mice. (D—F) The relative levels of genes involved in normal B cell function and (G-I)
genes associated with the exocrine pancreas were quantified by real-time PCR analysis. n = 6-14. *P < 0.05 versus PBS.

60 minutes, mice were deeply anesthetized with avertin and transcardially
perfused with ice-cold 4% paraformaldehyde. Whole brains were removed,
post-fixed in 4% paraformaldehyde at 4°C for 24 hours, and then trans-
ferred to 10% sucrose solution before being frozen. Brains were stored at
-80°C until 100-um sections of the hindbrain were cut using a vibratome.
Sections were processed for immunocytochemical detection of c-FOS using
a conventional avidin-biotin-immunoperoxidase method (Standard Elite
Vectastain ABC Kit, Vector Laboratories.). The anti-FOS antibody (Santa
Cruz Biotechnology Inc., no. sc-52) was used at a dilution of 1:1,000. Brain
sections corresponding to the level of the AP and the NTS were defined
according to a mouse brain atlas (65). Using the Scion Image analysis soft-
ware, the margins of the AP and NTS were defined using a dashed outline,
and the number of FOS-positive neurons in that area were counted.

To assess ¢-fos mRNA levels in specific brain regions, Ex-4 (4 nmol/kg)
was administered via i.p. injection 45 minutes prior to the dissection of
the hindbrain. After decapitation, whole brains were rapidly removed and
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placed on a chilled stainless steel plate. A coronal cut was made just poste-
rior of the obex, and another cut was made 1 mm anterior to this cut. The
resulting section was placed on the stainless steel plate and the AP and
NTS were dissected under magnification. RNA was extracted from these
samples, and ¢-fos mRNA transcript levels were assessed using a Tagman
Real-Time PCR gene expression assay (Applied Biosystems), with Ppia used
as the internal control gene.

Statistics. All data are presented as mean + SEM. The Prism software pack-
age (version 4; GraphPad) was used to complete the statistical analysis.
Paired, 1-tailed ¢ tests or 2-way ANOVA (with Bonferroni post-hoc analysis)
were used to assess the differences in glucose tolerance, gastric emptying,
and food intake data, where measurements were repeated on the same mice
with each treatment. For all other data, unpaired, 1-tailed ¢ tests or 1-way
ANOVA (with Dunnett’s multiple comparison test) were used to analyze
differences among the control group and one or more independent treat-
ment groups. A P value of less than 0.05 was considered significant.
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Study approval. All procedures involving animals were conducted
according to protocols and guidelines approved by the Toronto General
Hospital, Mount Sinai Hospital, and Toronto Centre for Phenogenomics
animal care committees.
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Supplemental Figure 1. Analysis of gene expression in islets from Pdx1-hGLP1R:Glp1r-/- and control mice. Real-time

PCR analysis determined the relative levels of Pdx1, Gipr, Glut2, Gek, Kir6.2, Aktl, and Ins2 gene transcripts in islets
from wild-type, Pdx1-hGLP1r, Glplr-/- and Pdx1-hGLP1R:Glp1r-/- mice. Ppia was used as an internal control gene.
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Supplemental Figure 2. Plasma hormone levels in Pdx1-hGLP1R:Glplr-/- and control mice following oral glucose administration.
Total GLP-1 (A), total GIP (B) and glucagon (C) levels were measured in plasma collected 10 min after oral glucose administration.
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Supplemental Figure 3. The effect of exendin-4 (Ex-4) on oral glucose tolerance is restored in Pdx1-hGLP1R:Glplr-/- mice. The
response to an oral glucose challenge (OGTT, 1.5 g/kg of body weight) in fasted male mice was assessed 30 min after an IP
injection of either vehicle (PBS) or Ex-4 (1 ng). Blood glucose levels in wildtype (A), Pdx1-hGLP1R (B), Glplr-/- (C) and Pdx1-
hGLP1R:Glp1r-/- mice (D) were monitored throughout the experiment. Plasma insulin levels (insets) were measured in samples
collected 10 min after glucose administration. n=6-11, *P<0.05 vs. PBS



