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release. These observations reveal a requirement of IGF1R-mediated signaling for insulin secretion.
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Introduction
The ability of pancreatic β cells to synthesize, store, and
release insulin in response to variations in circulating
metabolite levels and intracellular glucose metabolism
is regulated by changes in ATP/ADP ratios resulting in
Ca2+ mobilization (1). Alterations of this sensing loop
occur early in the pathogenesis of type 2 diabetes, but
are initially compensated by an increase of β cell mass
(2). In this respect, pancreatic β cells appear to differ
from other terminally differentiated cell types by
retaining their ability to proliferate, as demonstrated in
both physiological conditions (growth, gestation) and
disease states (obesity, insulin resistance) (3). In addi-
tion to presumptive proliferation of existing β cells,
there is evidence for β cell neogenesis from undifferen-
tiated progenitors, apparently arising from the epithe-
lial lining of pancreatic ducts (4–8).

The factors inducing β cell proliferation under nor-
mal or pathological conditions are largely unknown,
although some evidence exists about the involvement
of FGFs (9), HGFs (10), and placental lactogen (11).
Moreover, signaling by receptor tyrosine kinases has

been implicated as a regulatory mechanism in both β
cell proliferation (12–14) and insulin release (9, 15–19).
In particular, insulin/IGF signaling through insulin
receptor substrate (IRS) and phosphoinositide 3-kinase
(PI 3-kinase) appears to regulate several aspects of β cell
function. Thus, ablation of the insulin/IGF receptor
substrate IRS-2 impairs β cell proliferation (20, 21),
whereas ablation of p70s6k1, an Akt substrate, is associ-
ated with a decrease in β cell size (22). Conversely, over-
expression of a constitutively active mutant Akt1
increases β cell mass and protects from streptozotocin-
induced diabetes (23, 24). However, mutations affect-
ing the components of the IRS-2→Akt→p70s6k1 axis do
not perturb glucose sensing or insulin production. In
contrast, mutations of Insulin receptor (Ir) (25) or Irs1
(26) impair insulin synthesis and secretion mediated by
PI 3-kinase–dependent pathways (17, 19, 26). These
observations suggest that signals regulating β cell pro-
liferation and insulin secretion diverge downstream 
of PI 3-kinase; i.e., Akt is not the sole effector of PI 
3-kinase. Nevertheless, the role of growth factor sig-
naling through PI 3-kinase as related to insulin secre-
tion remains poorly understood. Additional difficulties
arise because, against expectation, knockout of the
gene encoding the p85α subunit of PI 3-kinase results
in increased insulin secretion (27), consistent with
studies using PI 3-kinase inhibitors (28). Because of the
known relationship between IGF and PI 3-kinase sig-
naling and results indicating that IGFs inhibit insulin
secretion (29–31), we sought to examine in mutant
mice the contribution of type 1 IGF receptor (IGF1R)
function to insulin secretion and β cell proliferation,
which could differ from that of the IR pathway.
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Although the roles of IGFs in β cells have not been
completely elucidated, these ligands and their cognate
receptors are both expressed in this tissue (32–35). Inter-
estingly, the developmental wave of β cell apoptosis
observed in neonatal rats (36) is associated with a
decrease in IGF-2 expression (32, 37), leading to the sug-
gestion that the IGFs have an antiapoptotic function in
β cells. On the other hand, overexpression of IGF-2 in 
β cells (38), but not in liver (39, 40), results in diabetes,
presumably through increased insulin production with
concomitant downregulation of insulin sensitivity.

A potential role for IGF1R acting as a mediator of 
β cell proliferation through IRS-2 has been implied by
observations indicating that the β cell failure observed
in Irs2–/– mice is exacerbated by Igf1r haploinsufficien-
cy (13). However, generalized lack of IGF1R is lethal in
the immediate postnatal period (41), thus precluding
an extensive analysis of the role of IGF signaling in 
β cell physiology. To circumvent this limitation and
analyze the role of IGF1R in β cells, we have used con-
ditional mutagenesis with the cre/loxP site-specific
recombination system to generate mice lacking IGF1R
specifically in pancreatic β cells. Here we show that
these mutant mice are glucose intolerant and exhibit
an insulin secretion defect.

Methods
Mice. Animals carrying a floxed Igf1r allele (Igf1r lox) (42)
or a null Igf1r allele (Igf1r+/–) (41) and transgenic mice
expressing the Cre recombinase under the transcrip-
tional control of the rat insulin-2 promoter (InsPr-Cre)
(43) have been described previously. A mating program
with Igf1r+/–, Igf1r lox/+, and InsPr-Cre mice was used to
generate progeny of five genotypes: Igf1r+/–, Igf1r lox/+,
Igf1r lox/–, Igf1r∆lox/–, and Igf1r∆lox/+ (in which exon 3 se-
quences have been deleted as a result of Cre-mediated
recombination). PCR analysis was used for genotyping.
The wild-type, null, and Igf1r lox alleles were detected
with primer 5′ CTTCCCAGCTTGCTACTCTAGG 3′ (P1,
forward, located upstream of the second loxP site) and
5′ CAGGCTTGCAATGAGACATGGG 3′ (P2, reverse, locat-
ed downstream of the same loxP site) (Figure 1). The
Igf1r∆lox allele was detected using a different forward
primer, 5′ TGAGACGTAGCGAGATTGCTGTA 3′, located
5′ of the loxP site in intron 2 (P3 in Figure 1), and the
reverse primer, P2. The products of the three alleles
were 120 bp (wild-type or null allele), 220 bp (Igf1r lox),
and 320 bp (Igf1r∆lox). PCR amplification conditions
were 30 cycles at 94°C for 45 seconds, 61°C for 45 sec-
onds, and 72°C for 1 minute.

Ab’s and Western blot analysis. An antipeptide anti-
serum against the carboxy-terminal domain of the
IGF1R protein (C20; Santa Cruz Biotechnology Inc.,
Santa Cruz, California, USA) was used for Western blot
analysis as described previously (44). Anti-tubulin anti-
serum was from Covance (Richmond, Virginia, USA).
We employed a Triton extraction buffer for protein iso-
lation and standard methods for Western blot analysis.
The intensity of the bands on the autoradiogram was

quantified using a Kodak Image Station C400 image
analyzer for chemiluminescence.

Phenotypic analysis. Only male mice were used in the
analysis, since they are more prone to insulin resist-
ance. Blood glucose levels were determined using an
Accucheck glucometer (Boehringer Mannheim GmbH,
Mannheim, Germany). Serum insulin was measured by
a radioimmunoassay using a rat insulin standard
(Linco Research Inc., St. Charles, Missouri, USA). All
assays were carried out in duplicate (45).

Intraperitoneal glucose tolerance test. Mice were fasted
for 16 hours and then anesthetized. Blood was drawn
immediately before and 30, 60, 90, and 120 minutes
after intraperitoneal injection of glucose (2 g/kg
body weight), and then glucose and insulin levels
were determined (45).

Insulin secretion assays. Islets were purified from 6-
month-old Igf1r lox/+, Igf1r lox/–, and Igf1r∆lox/– mice by col-
lagenase digestion followed by centrifugation over a
Histopaque gradient as described previously (46). For
insulin-release experiments, islets were manually
picked, incubated in Krebs buffer, and stimulated with
varying concentrations of glucose or arginine for 1
hour at 37°C. At the end of the incubation, islets were
collected by centrifugation, and the supernatant was
assayed for insulin content by radioimmunoassay (46).
The cell pellet was assayed for insulin and DNA content
to normalize insulin secretion by islet mass.

Immunohistochemical and morphometric analyses. Pancre-
ata were removed from embryonic day 18.5 (E18.5),
postnatal day 10 (P10), P30, and P120 Igf1r lox/–,
Igf1r∆lox/+, and Igf1r∆lox/– mice, weighed, and fixed
overnight in 4% paraformaldehyde. Four-micrometer-
thick sections were immunostained for β cells using
mouse anti-insulin Ab’s or rabbit anti–GLUT-2 poly-
clonal Ab (Research Diagnostics, Flanders, New Jersey,
USA) and for α cells using mouse anti-glucagon Ab’s
(Sigma-Aldrich, St. Louis, Missouri, USA). For immuno-
histochemistry with anti–GLUT-2 antiserum (Research
Diagnostics), pancreata were fixed in Z-fix and incu-
bated at a 1:300 dilution. Immunoreactivity was detect-
ed with the ABC system (DAKO Corp., Carpinteria, Cal-
ifornia, USA). For morphometric analysis of β cell mass,
two animals of each genotype were analyzed. For each
pancreas, three sections spaced at least 40-µm (E18.5
and P10) and 160-µm apart (P30 and P120) were cov-
ered systematically by accumulating images from
nonoverlapping fields that were captured with a digital
camera (Nikon 950) and analyzed using the NIH Image
1.60 software (Bethesda, Maryland, USA), as described
(45). Results were expressed as percentage of the total
surveyed pancreatic area occupied by α and β cells. β cell
mass was calculated by multiplying β cell area by pan-
creatic weight. β cell size was calculated from the same
sections using a reference standard.

Detection and quantitation of β cell replication. Cellular
proliferation was evaluated using immunohistochem-
istry with three markers: the cell cycle antigen Ki67
(NCL-Ki 67p; Castra, Newcastle upon Tyne, United
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Kingdom), phosphorylated histone H3 (Upstate
Biotechnology Inc., Lake Placid, New York, USA), and 
5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich). For
these experiments, pancreata were obtained from E18.5,
P10, P30, and P120 Igf1r lox/+, Igf1r lox/–, Igf1r∆lox/+, and
Igf1r∆lox/– mice. BrdU was injected intraperitoneally (0.1
gm/kg) 2 hours before sacrifice into mothers at day 18.5
of pregnancy or P10, P20, and P30 Igf1r lox/+, Igf1r lox/–,
Igf1r∆lox/+, and Igf1r∆lox/– mice. For double-staining with
anti-BrdU or anti-Ki67 and anti-insulin Ab’s, guinea pig
anti-insulin Ab was used. Quantitation of β cell replica-
tion was performed by counting Ki67-positive cells in
three to five sections spaced more than 40 µm (E18.5
and P10) or 160 µm apart (P30 and P120) in each pan-
creas. The mean value of Ki67-positive cells was multi-
plied by β cell mass as calculated above to obtain an
arbitrary Ki67 labeling index. Apoptosis was measured

using the ApopTag peroxidase in situ apoptosis detec-
tion kit (S7101; Intergen Co., Purchase, New York, USA)
in sections derived from P10, P30, and P120 mice.

Electron microscopy. Two wild-type and two mutant
pancreata were fixed in a solution containing 2% glu-
taraldehyde, 2% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4, for 4 hours at 4°C, post-fixed in 1% osmi-
um tetroxide, dehydrated in ethanol, and embedded in
an Epon-Araldite mixture (Multilab Supplies, Fetcham,
United Kingdom). Thin sections were obtained with a
MT-X ultratome (RMC, Tucson, Arizona, USA), stained
with lead citrate, and examined with a CM10 transmis-
sion electron microscope (Phillips, Eindhoven, The
Netherlands). We examined three islets in each of the
two wild-type mice and three or four islets in the two
mutant mice. We obtained serial photos at ×1,900 mag-
nification for each islet section and reconstructed the
whole islet at a final enlargement of ×4,275. The speci-
mens were examined blindly and independently by two
electron microscopists, who analyzed a total of 448 cells
in wild-type and 638 cells in mutant mice.

mRNA quantitation by real-time PCR. PolyA+-enriched
RNA was isolated from purified islets of Igf1r lox/+,
Igf1r lox/–, and Igf1r∆lox/– mice using Micro Fast Track
(Invitrogen Corp., Carlsbad, California, USA). Real-time
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Figure 1
Generation of a conditional IGF1R knockout in β cells. (a) A diagram
of the Igf1r locus around exon 3 (filled square) is shown, followed by
diagrams of the null (Igf1r+/–) (41), floxed (Igf1rlox) (42), and recom-
bined floxed (Igf1r∆lox) (42) alleles. The positions of the P1, P2, and
P3 primers (arrows) used for genotyping are indicated. (b) PCR
analyses using DNA from islets and control tissues. The lanes labeled
– and + correspond to the negative and positive controls. Primers P1
and P2 yield a product of approximately 120 bp in WT and null Igf1r
alleles, and 220 bp in the Igf1rlox allele. In the Igf1r∆lox allele, excision
of exon 3 enables amplification to occur between primers P3 and P2,
yielding 320 bp. In the lanes to the right of the markers, DNA from
different tissues of Igf1r∆lox/– mice was used. Br, brain; Li, liver; and
Ki, kidney. (c) Western blot analysis of IGF1R expression. We
obtained protein extracts from wild-type mouse embryonic fibrob-
lasts or from fibroblasts derived from Igf1r–/– mice as positive and
negative controls (first two lanes on the left). We purified islets from
wild-type (third lane from the left) and Igf1r∆lox/– mice (right lane).
Following detection of IGF1R, the blot was stripped and reprobed
with anti-tubulin antiserum. The position of the various bands is indi-
cated on the left of the autoradiogram.

Table 1
Metabolic parameters

Genotype P0.5 9 months 12 months

Insulin Glucose Insulin (fast) Glucose (fast) Insulin (fast) Insulin (fed) Glucose (fast) Glucose (fed)

Igf1rlox/+ ND ND 0.56 (1) 139 ± 40 (3) 0.8 ± 0.4 (7) 3.0 ± 0.9 (7) 102 ± 13 (7) 127 ± 7 (7)
Igf1r+/– nd ND 0.7 ± 0.2 (12) 100 ± 5 (12) ND 2.5 ± 1.2 (10) ND 128 ± 32 (10)
Igf1rlox/– ND ND 0.43 ± 0.1 (2) 122 ± 16 (4) 0.5 ± 0.3 (2) 2.1 ± 0.8 (2) 134 ± 14 (2) 100 ± 28 (2)
Igf1r∆lox/+ 1.2 ± 0.2 (3) 77 ± 5 (3) ND 85 ± 8 (3) 0.4 ± 0.1 (2) 1.7 ± 0.5 (2) 104 ± 20 (2) 124 ± 3 (2)
Igf1r∆lox/– 1.1 ± 0.3 (3) 75 ± 6 (3) 0.77 ± 0.3 (3) 105 ± 13 (7) 3.3 ± 1.6 (11) 2.9 ± 0.6 (11) 118 ± 10 (11) 130 ± 6 (11)

The number of animals used for each genotype is shown in parenthesis. The higher insulin levels in 12-month-old Igf1r∆lox/– mice do not reach statistical signif-
icance due to large variation. ND, not determined.



PCR using RNA pooled from three animals per speci-
men was performed using a Roche Light Cycler PCR
instrument and Light-Cycler RT-PCR kit (Roche Perkin-
Elmer, Foster City, California, USA). Each reaction was
carried out in triplicate.

Microarray analysis. RNA was extracted from islets using
the RNeasy Total RNA Isolation Kit (QIAGEN Inc.,
Valencia, California, USA), precipitated, and quantified
by agarose gel electrophoresis using an aliquot. Five
micrograms of RNA was used to synthesize double-
stranded cDNA (Invitrogen Corp. kit) using a T7 (dT)24

primer (Invitrogen, Carlsbad, California, USA) contain-
ing a T7 RNA polymerase initiation site. Biotinylated
cRNA was synthesized from the cDNA template using
the BioArray High Yield RNA Transcript Labeling Kit
(ENZO Diagnostics, Armingdale, New York, USA) and
purified with the RNeasy Total RNA Isolation Kit (RNA
clean-up protocol; QIAGEN Inc.). After fragmentation
in 40 mM Tris-acetate, pH 8.1, 100 mM KOAc, and 30
mM MgOAc, 15 µg fragmented cRNA was hybridized to
the MGU74Av2 oligonucleotide microarray (Affymetrix,
Santa Clara, California, USA) representative of approxi-
mately 12,000 genes. The microarrays were scanned
(Affymetrix Scanner), and expression values for the genes
were determined using Affymetrix Microarray Suite Ver-
sion 5.0 and subjected to computer analysis (47).

Statistical analysis. Descriptive statistics, t test for
paired data, Kruskal-Wallis test, and ANOVA were per-
formed using the Statsview software.

Results
Generation of mice lacking IGF1R in β cells. Tissue-specific
conditional mutagenesis requires crosses between Cre-
producing and Cre-responding strains of mice. For Cre
expression in pancreatic β cells of producer mice we

used an InsPr-Cre transgenic line, in which Cre tran-
scription is driven by the rat insulin-2 gene promoter
(43). These mice express Cre in β cells as early as embry-
onic day 11.5 (E11.5), and show very limited extrapan-
creatic expression in the amygdala (P. Herrera, unpub-
lished observations). As responder mice we used
previously described compound heterozygotes (42)
derived from matings between heterozygotes carrying
an Igf1r null allele (Igf1r+/–) and Igf1r lox/+ conditional
mutants carrying a modified Igf1r locus in which exon
3 of the gene is flanked by loxP sites (“floxed”). PCR
analysis of DNA extracted from various tissues of prog-
eny carrying the InsPr-Cre transgene and possessing an
Igf1r lox/+ genotype showed that DNA excision leaving
behind a single loxP site had occurred specifically in
pancreatic islets (Figure 1a). Additional Southern blot
analysis of DNA from several other tissues from which
adequate amounts of DNA could be extracted indicat-
ed the presence of an exclusively unrecombined allele
(data not shown). The extent of recombination detect-
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Figure 2
Intraperitoneal glucose tolerance tests in mice lacking IGF1R in β
cells. Tests were performed in overnight-fasted mice as indicated in
Methods. The difference between Igf1r∆lox/– and Igf1r∆lox/+ is significant
at all time points except 0. The difference between Igf1r∆lox/– and
Igf1r lox/– is statistically significant at times 90 and 120. The difference
between Igf1r∆lox/+ and Igf1r lox/– is statistically significant at times 30,
60, and 90 (P < 0.05 by ANOVA). Bars represent SEM.

Figure 3
Islet morphology in mice lacking IGF1R in β cells. Examples of pan-
creatic sections from P30 mice of the indicated genotypes that were
stained with anti-insulin and anti-glucagon Ab’s are shown.



ed in islets was approximately 80%, consistent with the
ratio of β/non-β (α, δ, PP, vascular, and connective)
cells in normal islets (Figure 1b). Western blot analysis
of pancreatic islets with anti-IGF1R antiserum con-
firmed that the levels of proreceptor and mature β sub-
unit were reduced by 85% in Igf1r∆lox/– mice, consistent
with ablation of the protein product exclusively in β
cells (Figure 1c). Parallel immunohistochemical analy-
sis yielded consistent results (data not shown). Igf1r∆lox/–

mice were born at the expected Mendelian frequency
and did not exhibit abnormalities. 

Phenotypic characterization of mice lacking IGF1R in β cells.
To assess the consequences of IGF1R ablation in β cells
on glucose metabolism, we measured glucose and
insulin levels in neonates and adult mice in the fasting
and fed states at various ages. No differences were
detected between mice with Igf1r+/–, Igf1r lox/+, Igf1r lox/–,
Igf1r∆lox/+, and Igf1r∆lox/– genotypes (Table 1). Glucose tol-
erance tests were then performed in adult (6-month-
old) mice to assess potential metabolic defects not
resulting in overt diabetes. In Igf1r+/– and Igf1r∆lox/+ mice,
glucose values rose to approximately 250 mg/dl 30 min-
utes after intraperitoneal glucose administration and
returned to nearly normal values by 2 hours. In contrast,
in Igf1r∆lox/– mice glucose values rose to approximately
400 mg/dl and did not decrease appreciably thereafter,
consistent with impaired glucose disposal. Igf1r lox/– mice
had similar 30-minute glucose values as Igf1r∆lox/– mice,
but gradually returned to nearly normal values (Figure
2). These data could be interpreted as indicating that
the combination of a single null allele and a floxed allele
results in haploinsufficiency for Igf1r and causes a mild
impairment of glucose tolerance. The impairment of
glucose tolerance in Igf1r lox/– and Igf1r∆lox/– mice is appar-
ently not due to insulin resistance, since insulin toler-
ance tests failed to demonstrate differences between the
two genotypes and wild-type mice (data not shown).We
next examined the consequences of ablation of IGF1R
function on pancreatic morphology. Immunohisto-
chemical analysis of pancreata from Igf1r∆lox/– mice
showed that the islet architecture was normal (Figure 3).
Thus, β cell mass was similar in all genotypes examined
at various time points, as was mean β cell diameter
(Table 2). In addition, the pattern of expression of the β
cell–restricted transcription factor Pdx1, as assessed by
immunohistochemistry, was similar (data not shown).
In contrast, real-time PCR analysis of the expression lev-
els of mRNA encoding the β cell glucose transporter

GLUT-2 demonstrated a significant decrease in the
islets of Igf1r∆lox/– mice (by approximately 40%) when
compared with Igf1r lox/+ and Igf1r lox/– mice (Figure 4a).
Immunostaining of pancreatic sections with
anti–GLUT-2 antiserum showed decreased immunore-
activity in Igf1r∆lox/– mice (Figure 4b).To determine
whether the lack of IGF1R affects β cell proliferation, we
measured the number of Ki67-positive β cells in
Igf1r lox/–, Igf1r∆lox/+, and Igf1r∆lox/– mice at various ages as
an index of mitotic activity. The use of Ki67 for this pur-
pose was validated by staining adjacent sections with
two additional proliferation markers, phosphohistone
H3 and BrdU, and then analyzing the correlation
between the values obtained with different methods. As
shown in Figure 5, phosphohistone H3– and BrdU-pos-
itive cells showed a highly significant positive correla-
tion with Ki67-positive cells (r2 > 0.8, P < 0.0001). Thus,
Ki67 was employed for all subsequent analyses. A devel-
opmental analysis showed that the number of β cells
undergoing replication decreased sharply with age.
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Table 2
β cell mass and size

Genotype (n) E18.5 P30
β cell mass β cell mass β cell diameter

(µg/pancreas) (µg/pancreas) (µm)

Igf1rlox/+ 7.8 ± 1.2 (2) ND ND
Igf1rlox/– ND ND ND
Igf1r∆lox/+ ND 637 ± 160 (2) 9.73 ± 1.15 (21)
Igf1r∆lox/– 7.2 ± 0.5 (2) 705 ± 102 (2) 10.02 ± 1.74 (36)

Figure 4
Analysis of Glut-2 expression. (a) Real-time PCR amplification. mRNA
was isolated from Igf1r∆lox/–, Igf1rlox/–, and Igf1r∆lox/+ mice (n = 3 each;
equal amounts were pooled). Amplification was performed using a
one-step RT-PCR reaction. The amount of RNA in the reaction was
normalized using β-actin RNA as a control. *P < 0.05 by ANOVA. (b)
Immunohistochemistry with anti-GLUT-2 antiserum. Representative
sections of Igf1r∆lox/+ and wild-type mice are shown.



However, no differences were detected between the var-
ious genotypes under study (Figure 6). These data indi-
cate that lack of IGF1R does not impair β cell replica-
tion. Similarly, we observed no differences in the levels
of apoptotis ascertained at P10, P20, and P30 using
TUNEL staining, although the small number of
detectable apoptotic cells did not permit accurate quan-
titation (data not shown).

Measurements of insulin secretion in purified islets. To exam-
ine whether the conditional mutation under study
affects insulin secretion, we purified islets from Igf1r lox/+,
Igf1r∆lox/+, and Igf1r∆lox/– mice, which were incubated in
the presence of glucose or arginine. As shown in Figure
7a, glucose induced a dose-dependent increase in insulin
secretion up to a maximum of 15- to 20-fold over the
basal level in islets from Igf1r lox/+ and Igf1r∆lox/+ controls.
In Igf1r∆lox/– mutants, glucose-induced insulin secretion
was also normal at low glucose concentrations, but
decreased by approximately 70% at high concentrations
(P < 0.05 by ANOVA). A similar pattern of response was
observed in arginine-induced insulin secretion in
Igf1r∆lox/– mutant mice (Figure 7b). On the other hand,
the islet insulin content was similar in the Igf1r lox/+,
Igf1r∆lox/+, and Igf1r∆lox/– genotypes (Figure 7c), indicating
that the defective insulin secretion in Igf1r∆lox/– mutants,
which apparently leads to impairment of glucose toler-
ance, is not due to paucity of insulin. To assess whether
the observed defect in insulin secretion could be corre-

lated with β cell structure abnormalities, we analyzed β
cells from Igf1r∆lox/– mice and wild-type controls by elec-
tron microscopy. The results showed that there were no
identifiable morphologic abnormalities in β cells lack-
ing IGF1R, except for a hypertrophic Golgi system, indi-
cating that abnormal insulin secretion is not due to overt
disruption of cellular architecture and failure to assem-
ble insulin secretory granules (Figure 8).

Analysis of transcripts encoding proteins involved in exocyto-
sis. Considering that the secretion data in isolated islets
are consistent with a defect in insulin release, we ana-
lyzed the expression of several genes involved in insulin
exocytosis using expression profiling with an oligonu-
cleotide microarray. This analysis confirmed that Igf1r
mRNA was decreased by approximately 80% in Igf1r∆lox/–

mice. However, the assay did not reveal differences in
expression levels of several candidate genes, including
those encoding the β-granule components synaptotag-
min II and III, synaptobrevin 2 (VAMP-2), VAMP-3, and
Rab-3a; the cytosolic proteins NSF, 14-3-3, Rab-3 GDI,
Mss-4, Munc-18, and annexin II; the plasma membrane
proteins SNAP-23, SNAP-25, syntaxin-1A, -3, -4A, -5A,
-6; and the synaptic-like vesicles synaptophysin,
synapsin I and II. Expression of the sulfonylurea recep-
tor and calmodulin kinase II was also unaffected. Thus,
the observed defect in insulin secretion is apparently
not due to alterations in members of the insulin exocy-
totic pathway, at least at the transcriptional level.

Discussion
Type 2 diabetes results from combined abnormalities of
β cell function and insulin action. Although the exact
nature of the β cell defect remains elusive, one of the ear-
liest demonstrable abnormalities in individuals at high
risk of developing type 2 diabetes is an exaggerated
insulin response to a glucose challenge, suggestive of an
intrinsic secretory defect (48, 49). Moreover, unaffected
first-degree relatives of type 2 diabetics exhibit abnor-
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Figure 5
Ki67, histone H3, and BrdU labeling of β cells. Adjacent 4-µm-thick
pancreatic section from mice at E18.5, P10, P30, and P120 were
costained with anti-insulin Ab’s (to identify β cells) and anti-Ki67, or
anti-histone H3 or anti-BrdU Ab’s (to provide an index of prolifera-
tion). Positive cells were visually scored, and the number of Ki67-pos-
itive cells was plotted as a function of the number of histone H3–pos-
itive (upper panel) or BrdU-positive cells (lower panel). Regression
analysis was performed using the Statsview software. r2 = 0.9 for the
H3/Ki67 and 0.9 for the BrdU/Ki67 correlation (P < 0.0001).

Figure 6
Developmental analysis of Ki67 labeling. A Ki67 labeling index was
determined in mice of different ages by multiplying the mean number
of Ki67/insulin double-positive cells per section by β cell mass (µg).
The values at E18.5 were normalized to 100%. None of the differences
observed between the different genotypes are statistically significant.
Two mice for each genotype were used at each time point, except for
Igf1r lox/+ and Igf1r∆lox/+ at P10, where one mouse was used. Three to five
sections per pancreas were scored as described in Methods.



malities of the first-phase insulin response to glucose,
similar to the defect observed in patients with active dis-
ease (50). Notably, β cell secretory defects are exempli-
fied by maturity onset diabetes of the young (51, 52), a
genetically heterogeneous, highly penetrant, monogenic
form of diabetes caused by mutations in genes that cou-
ple glucose metabolism to insulin release (53). 

In most type 2 diabetics, defective insulin secretion is
compounded with peripheral insulin resistance in vari-
ous tissues (54). Initially, in response to this resistance,
there is a compensatory increase in β cell mass to pre-
serve adequate insulin production. Over time, however,
this compensation cannot be sustained. The mecha-
nism of this response and the pathophysiology of its
failure in type 2 diabetes remain unclear, but there is
some evidence for circulating factors affecting islet pro-
liferation (55). Alternatively, transient oscillations in
glucose levels, occurring before the onset of overt hyper-
glycemia, may be sufficient to promote β cell growth
(56), or glucose may have a per-
missive effect in stimulating β cell
proliferation acting in concert
with growth factors (12).

The observations that mice lack-
ing IRS-1 develop defective in-
sulin secretion, whereas mice lack-
ing IRS-2 develop impaired β cell
proliferation, have raised the
question of whether insulin sig-
naling on one hand and IGF sig-
naling on the other serve overlap-
ping or distinct functions related
to these phenotypic manifesta-
tions (57). In this regard, condi-
tional ablation of Ir in β cells
results in a secretory defect similar
to that observed in type 2 diabetes
(25), but less severe than that
observed in IRS-1–deficient β cells
(26). Insulin acting through IR
appears to be required for regula-

tion of its own synthesis and secretion (17), while the
IGFs have been proposed to be involved in the promo-
tion of β cell proliferation, based on the observation
that Igf1r haploinsufficiency increases the severity of
diabetes in mice lacking IRS-2 (13). While our data do
not support this view, there are potential explanations
for the discrepancy between our observations and those
in Irs2–/–Igf1r+/– mice. First, the tissue-specific pheno-
type that we describe here is not necessarily directly
comparable with the state of ubiquitous haploinsuffi-
ciency in Igf1r+/– heterozygotes carrying a null allele.
Second, it is possible that IRS-2, in addition to mediat-
ing IGF signaling, mediates signaling by other growth
factors, potentially acting in a strain-dependent man-
ner. Finally, it remains to be seen whether IR could play
a compensatory role in β cell proliferation in the
absence of IGF1R, as suggested by the observation that
not only Igf1r haploinsufficiency, but also Ir haploin-
sufficiency results in accelerated β cell failure in Irs2–/–
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Figure 7
Insulin secretion and content in purified islets. Insulin release was determined in response to varying glucose (a) and arginine (b) concen-
trations. For each glucose concentration, ten islets derived from two or three mice of each genotype were used. Three separate experiments
were performed and the results were averaged. (c) Insulin content in islets of the indicated genotypes was measured by high-salt buffer extrac-
tion followed by radioimmunoassay.

Figure 8
Electron microscopy of β cells. Representative images of β cells in wild-type and mutant mice
are shown at ×11,300 magnification.



mice (58). Combined ablation of both the Ir and Igf1r
functions in β cells is required to address this question.

In contrast to the absence of a proliferative defect, 
β cells lacking IGF1R exhibit a profound decrease of
insulin secretion in response to both glucose and argi-
nine. This impairment is reminiscent of the secretory
defect observed in Irs1–/– β cells (26). Although the
decrease in glucose-induced insulin secretion could be
accounted for partly by the observed decrease in
GLUT-2 expression, the inability of IGF1R-deficient 
β cells to respond to arginine suggests that the defect
lies in the exocytotic pathway. Since arginine promotes
insulin release through direct membrane depolariza-
tion and Ca2+ influx (59, 60), our data indicate that
IGF1R signaling could be involved in regulating
insulin secretion at a step distal to that of ATP pro-
duction and closure of ATP-sensitive K channels (61).
These findings are consistent with the observation
that insulin stimulates exocytosis through changes in
intracellular Ca2+ stores in a PI 3-kinase–dependent
fashion (19). In this regard, it is important to note that
while some steps of the exocytotic process are stimu-
lated by insulin signaling, others may be inhibited. It
was shown, for example, that intracellular transloca-
tion of storage granules into the early releasable pool
is inhibited by PI 3-kinase activation (27). By analogy,
it can be hypothesized that the early stimulatory effect
of IGF-1 on insulin secretion in cultured β cells, which
is followed by a late phase of inhibition (62), is due to
activation of different steps in the exocytotic process.

Expression profiling using microarray analysis
showed that there are no detectable differences in the
transcription of known genes involved in insulin exo-
cytosis. However, IGF1R signaling could promote this
process by several additional mechanisms. For exam-
ple, IGF1 may directly stimulate Ca2+ entry into β cells,
occurring through translocation of a recently described
growth factor–regulated calcium-permeable channel
belonging to the TRP family (63). Consistent with this
hypothesis, there are reports suggesting that IGF-2 pro-
motes exocytosis in β cells (64), while tyrosine kinase
inhibitors apparently prevent insulin secretion in
response to several secretagogues (18). Alternatively,
IGF signaling may activate ATP-sensitive K channels in
a PI 3-kinase–dependent manner, as already shown for
insulin (15), or could impinge upon G protein–medi-
ated exocytotic steps through one of the insulin/IGF-
sensitive G protein subunits (65). Finally, an intriguing
possibility is that IGFs regulate insulin secretion
through an autocrine mechanism. This hypothesis has
emerged from studies of mice lacking HNF-1α (the
MODY3 gene homologue) or overexpressing dominant
negative mutant forms of HNF-1α in β cells (66–68),
which develop a defect similar to that described here
for β cell–specific Igf1r knockouts. Interestingly, IGF-1
appears to be an HNF-1α target gene in β cells that is
downregulated in mice expressing a dominant negative
HNF-1α (69). Furthermore, the hypothesis mentioned
above could explain why overexpression of another

IGF1R ligand, IGF-2, in β cells of transgenic mice
results in increased insulin secretion (38).

While this manuscript was under review, Kulkarni et
al., using different strains of Cre-producing and Cre-
responding mice, reported the generation of mice lack-
ing IGF1R in β cells (70). Their findings are in agree-
ment with ours, except that they did not study the
response of purified islets to arginine, but reported
normal arginine-induced insulin secretion in vivo.
Interestingly, both we and Kulkarni report an increase
in basal insulin values, although in our study the val-
ues did not reach statistical significance.

The similarities between the phenotype described
here and those of Ir and Irs1 knockouts indicate that
IGF1R could have overlapping functions with those of
Ir and could be signaling through IRS-1 in β cells. The
identification of IGF-1–dependent mechanisms of exo-
cytosis potentially could provide novel targets for ther-
apeutic intervention in β cell dysfunction.
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