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Signaling by receptor tyrosine kinases regulates pancreatic 3
cell function. Inactivation of insulin receptor (InsR), IGF1 re-
ceptor (Igflr), or Irs1 in B cells impairs insulin secretion. Con-
versely, Irs2 ablation impairs f3 cell replication. In this study,
we examined aspects of the Igflr regulatory signaling cascade
in B cells. To examine genetically the involvement of Irs1 and
Irs2 in Igflr signaling, we generated double mutant mice lack-
ing Igflr specifically in pancreatic 8 cells in an Irs1- or Irs2-
null background. We show that Igflr/Irs1 double mutants do
not differ phenotypically from Irs1 single mutants and exhibit
hyperinsulinemia, while maintaining normal 8 cell mass and
glucose tolerance. In contrast, lack of Igflr function in 3 cells
aggravates the consequences of Irs2 ablation in double mu-
tants and results in lethal diabetes by 6 weeks of age. This ad-
ditivity of phenotypic manifestations indicates that Irs2 serves
a pathway that is largely independent of Igflr signaling. Con-
sistent with the view that the latter is the InsR pathway, we
show that combined f3 cell-specific knock-out of both Insr and
Igflr results in a phenocopy of double mutants lacking Igflr
and Irs2. We conclude that Igflr signals primarily through Irs1
and affects insulin secretion, whereas £ cell proliferation is
mainly regulated by InsR using Irs2 as a downstream signaling
effector. The insulin and IGF pathways appear to control 3 cell
functions independently and selectively.

Type 2 diabetes is caused by a combination of insulin re-
sistance and impaired S cell function (1). In prospective stud-
ies of individuals at risk of developing (2) or newly diagnosed
with type 2 diabetes (3), disease progression is associated with
a relatively modest deterioration of insulin resistance, and a
steep decrease in 3 cell function (4). These data have been
interpreted to suggest that the progressive defect in glucose
control in type 2 diabetes by the combined action of these two
parameters (5) primarily reflects the irreversibility of 3 cell
failure.

Defects of B cell function in diabetes are complex, and in-
clude reduced insulin secretion (6, 7) and alterations of 8 cell
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number (8). There are genetic and acquired (environmental)
components to both aspects of B cell failure (9). Thus, an im-
pairment of glucose-stimulated insulin secretion can be de-
tected in non-diabetic first-degree relatives of diabetic pa-
tients, consistent with a genetic predisposition (6, 7). But
following the onset of diabetes, hyperglycemia itself causes a
deterioration of insulin secretion, which can be partly re-
versed by improved glycemia control (10), demonstrating a
role of acquired metabolic abnormalities in 3 cell failure (11).

It remains unclear whether the two primary components of
B cell failure, impaired insulin secretion (7), and reduced 8
cell mass (12), are mechanistically linked. Turnover studies in
mice support the view that 3 cells are capable of a limited
number of replications (13), suggesting that the decrease of 3
cell mass in humans with diabetes is likely to be the result of
uncompensated apoptosis (12). Thus, understanding the
mechanism linking 3 cell renewal and insulin secretion can
provide clues to the best therapeutic approaches to 3 cell
failure.

The insulin-like growth factor (IGF)? system represents an
attractive candidate in that regard. We and others (14, 15)
have shown that targeted ablation of Igflr function in pancre-
atic B cells impairs glucose-induced insulin secretion, without
changes in 3 cell proliferation. Here we have tested the conse-
quences of the same mutation in combination with mutations
affecting downstream effectors, more specifically with a
model of insulin resistance (Irs1 knock-out) (16, 17) or a
model of B cell failure (Irs2 knock-out) (18 —20).

EXPERIMENTAL PROCEDURES

Mice—Animals carrying a floxed Igf1r (Igf1*°*) (15) and
Insr allele (Insr®~) (21), or null Irs1 (IrsI ') and Irs2 alleles
(Irs27'7) (22) and transgenic mice expressing Cre recombi-
nase under the transcriptional control of the rat insulin2
promoter (Rip)-Cre have been described previously. A
mating program with Irs1™/~, Irs2*/~, Igf1r'**, Insr'**, and
Rip-Cre mice was used to generate progeny of eight geno-
types: WT, (Rip)-cre:Igf1r*/**2°* (henceforth, BlgfIr), (Rip)-
cre:Insr™ A% (Bnsr), Irs1 ', Irs2~'~, Blgflr:Irs1~'~, Blgflr:
Irs2~'~, and Blgf1r:BInsr. We used PCR analysis for
genotyping as described previously (15, 21).

2 The abbreviations used are: IGF, insulin-like growth factor; InsR, insulin
receptor; ANOVA, analysis of variance.
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Phenotypic Analysis—We included only male mice in the
analyses, as they are more prone to developing diabetes in the
strains employed. We measured blood glucose levels using
Accucheck meters (Roche Applied Science, Mannheim, Ger-
many), and serum insulin and glucagon by ELISA (Linco Re-
search, St. Charles, MO). We carried out all assays in dupli-
cate (22).

Immunohistochemical and Morphometric Analyses—Pan-
creata were removed from WT, BlgfIr, Irs1 '~ , Irs2~'~,
Blgfr:Irs1~'~, and BlgfIr:Irs2~'~ mice at P30, weighed, and
fixed overnight in 4% paraformaldehyde. 4-um-thick sections
were immunostained for 3 cells using mouse anti-insulin an-
tibodies (n = 19-36 per genotype) or rabbit anti-Glut2 poly-
clonal antibody (n = 9-12 per genotype) (Calbiochem) and
for a-cells using mouse anti-glucagon antibodies (2 = 19-36
per genotype) (Sigma). For immunohistochemistry with anti-
Glut2 antiserum (Calbiochem), Pdx1, and MafA (Bethyl) pan-
creata were fixed in 4% paraformaldehyde and incubated at a
1:300, 1:10,000 and 1:1,000 dilutions, respectively. Immunore-
activity was detected with the ABC system for Glut2 (DAKO),
or with a FITC-conjugated secondary antibody for Pdx1 (23)
and MafA (24). For morphometric analysis of B cell mass, 4—7
animals of each genotype were analyzed at P30. For each pan-
creas, several sections ~160 wm apart were covered systemat-
ically by accumulating images from non-overlapping fields
with an Olympus IX-70 inverted fluorescence microscope
(Olympus America, Melville, NY), and images were captured
using a Spot digital camera (Diagnostic Instruments, Sterling
Heights, MI), and analyzed using the NIH Image 1.60 soft-
ware (22). Results were expressed as percentage of the total
surveyed pancreatic area occupied by a and B cells. For quali-
tative analysis of 8 cell insulin content, two independent op-
erators scored sections blindly, using the same material pre-
pared for morphometry. Cells were arbitrarily binned as
“strongly-positive” or “weakly positive” based on intraislet
comparisons to avoid staining artifacts due to comparison of
sections processed independently.

Detection and Quantitation of B Cell Replication—We eval-
uated S cell proliferation using immunohistochemistry with
the cell cycle antigen Ki67 (NCL-Ki 67p, Castra). For these
experiments, we obtained pancreata from W'T, Blgfir,
Irs1~'~, Irs2~'~, Blgflr:Irs1~'~, and Blgflr:Irs2~'~ mice at
P30 (15). For double staining with anti-Ki67 and anti-insulin
antibodies, we used guinea pig anti-insulin antibody. Quanti-
tation of 3-cell replication was performed by counting Ki67-
positive cells in 3-5 sections spaced more than 160 wm apart
in each pancreas. The mean value of Ki67-positive cells was
multiplied by 3 cell area as calculated above to obtain an arbi-
trary Ki67 labeling index.

Statistical Analysis—Descriptive statistics, ¢ test for paired
data, and analysis of variance (ANOVA) were performed us-
ing the Statsview software.

RESULTS

Experimental Design—Defective glucose-dependent insulin
secretion is a common phenotypic feature of 8 cell-specific
Igf1r mutants and globally nullizygous IrsI "/~ mice, even
though the latter exhibit additional abnormalities (14, 15, 25).
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Therefore, considering the upstream position of a receptor in
a signaling cascade, a prediction of our genetic study was that,
if Igf1r signals exclusively or predominantly through Irs1,
double mutants Blgf1r:Irs1~ '~ should not differ phenotypi-
cally from single mutants BIgfIr or Irs1~'~. If this prediction
were fulfilled, it would be also interpreted as indicating the
lack of a signaling relationship between Igflr and Irs2, as an
abnormality in insulin secretion is not a trait of the latter mu-
tants (19). For experimental verification of this conjecture, we
generated double Blgflr:Irs2~'~ mutants expecting that, if
our overall hypothesis were correct, they would manifest ad-
ditive phenotypic features, i.e. the lack of Igflr signaling in 8
cells would aggravate the diabetic phenotype of single Irs2~/~
mutants. To test the hypothesis, we generated mice of six dif-
ferent genotypes (W'T, BlgfIr, Irs1 ™', Irs2~'~, Blgflr:
Irs1~'~, and Blgflr:Irs2~'~), and analyzed their growth and
metabolic features.

Growth of Mutant Mice—To acquire some indication of
whether the examined combinations of mutations were af-
fecting mouse growth, we monitored body weights at selected
time points and concluded that this limited analysis was in
agreement with previous observations (15). Thus, the Blgf1r
mutants did not differ significantly from WT littermates in
weight, whereas the IrsI /™ mice (carrying the mutation in a
C57BL/6 X 129/Sv genetic background) were ~50% of nor-
mal in body size, as expected (Fig. 1a) (16). The Irs2” '~ mu-
tants showed a non-significant trend toward reduced body
weight, likely as a consequence of weight loss through poly-
uria (Fig. 1a). Moreover, we observed that the absence of Igflr
in B cells had no growth consequences for the double mu-
tants. Thus, the weight of Blgflr:Irs2~'~ mice was comparable
to normal, while the growth retardation of BlgfIr:Irs1 '~ ani-
mals was indistinguishable from that of Irs1~/" single mu-
tants (Fig. 1a).

Metabolic Features of Mutant Mice Lacking Igflr and Irsl,
or Igflr and Irs2 in 3 Cells—When we measured glucose lev-
els in 1-month and 2-month-old fasted and fed mice, we ob-
served normal values in BlgfIr, Irs1~'~, and Blgfir:Irs1 '~
mice (Fig. 1, b and c), whereas Irs2~ '~ showed fasting hyper-
glycemia starting at 1 month, and both fasting and fed hyper-
glycemia at 2 months. Blgfr:Irs2”/~ mutants exhibited more
pronounced fasting and fed hyperglycemia than any other
mutants at all time points examined. The double mutants
died at a young age. Thus, 87% of them (20/23) died by 2
months of age, as opposed to 11% (2/18) of Irs2~’~ mice dur-
ing the same time period. By 4 months of age, there were no
BlgfIr:Irs2~'~ survivors (Table 1).

Analyses of insulin levels in the fed state demonstrated hy-
perinsulinemia in 1-month-old Irs1 '~ and BlgfIr:Irs1 ™'~
mutant mice (Fig. 1d). This finding was confirmed in
2-month-old mice and is consistent with a state of compen-
sated systemic insulin resistance (16, 17). There were no dif-
ferences in insulin levels among 1-month-old WT, Irs2~'~,
and Blgf1 r:Irs2~’~ mice. In contrast, 2-month-old Irs2~/~
and Blgf1r:Irs2~'~ mice showed opposite changes, with
Irs2~'~ mice displaying increased insulin levels, and BlgfIr:
Irs2~'~ mice displaying very low insulin levels (Fig. 1d). These
findings indicate that single Irs2~/~ mutants are able to
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FIGURE 1. Weights and metabolic parameters in mutant mice. g, body weights of 1-month-old mice (n = >6 per genotype). b and ¢, fed (empty bars) and
fasting glucose levels (full bars) in 1-month (b) and 2-month-old mice (c). n = 15-41 for each genotype and each condition at T month, and 8-23 for each
genotype and each condition at 2 months, except for BIgfir (n = 4) and Blgfirirs2™/~ (n = 3).d, fed insulin levels in 1- (empty bars) and 2-month-old mice
(full bars). e, fasted glucagon levels in 1- (empty bars) and 2-month-old mice (full bars). n = 15-35 for 1-month-old mice, and 5-19 for 2-month-old mice for
both insulin and glucagon measurements. An asterisk indicates p < 0.05 by ANOVA versus other genotypes in the same age group.

TABLE 1
Death records
Deaths among mutant mice were recorded over a 1-year period.

Dead at Dead at Dead at

n (total) 2 months 4 months 6 months
WwWT 29 0 0 0
blgflr 35 0 0 0
Irsl™'~ 16 4 0 0
bIgflr/IsI™/~ 19 1 4 >10
Irs2™/~ 18 2 >10
blgf1r/Irs2~"~ 23 20 3

mount a transient, limited compensatory response to coun-
ter hyperglycemia, whereas double mutants Blgf1r:Irs2~'~
have exhausted their 3 cell compensatory ability.
One-month-old double mutants BlgfIr:Irs2~'~ also showed
elevated fasting glucagon levels, consistent with impaired in-
sulin secretion (Fig. 1e) (26). By two months of age, the differ-
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ence was no longer statistically significant, probably reflecting
the advanced metabolic deterioration in these mutants.

The metabolic data indicate that the phenotype due to
systemic ablation of Irs1 is not modified by B cell-specific
deletion of Igflr, suggesting that the proteins encoded by
these two genes act on the same signaling pathway in the 3
cell, i.e. the two phenotypes are overlapping. In contrast, the
diabetic phenotype resulting from systemic Irs2 ablation is
significantly worsened by Ifglr ablation in B cells, suggesting
that the signaling pathways mediated by Igflr and Irs2 differ,
at least in part.

Morphometric Analysis of B Cells—To investigate the
mechanism of the observed phenotypes, we determined the
percentage of pancreatic area occupied by a and f3 cells as an
index of islet mass and also measured B cell turnover. In
1-month-old mice, we observed a ~50% reduction of 3 cell
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FIGURE 2. Islet morphometry and g cell turnover in mutant mice. g, 3
cell mass in 1-month-old mice (n = 4-7 mice and 19-36 sections for each
genotype). Identical symbols (*, #, and &) denote genotypes that do not
differ from one another, but differ from each of the other two groups by
ANOVA. b, number of strongly positive 3 cells, as detected by immunohisto-
chemistry, in 1- and 2-month-old mice, indicated by the empty and filled
bars, respectively (n = 4-7 mice and 19-36 sections for each genotype).
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mass in both Irs2~/~ and BlgfIr:Irs2~'~ genotypes (Fig. 2a).
In contrast, in Irs1 '~ and Blgfir:Irs1 '~ mice, we detected a
~40% increase in 3 cell mass that correlated with the increase
in circulating insulin levels. There were no changes in « cell
mass (not shown).

In addition to a decreased number of 3 cells, insulin immu-
nohistochemistry revealed numerous weakly positive B cells
in Blgf1r:Irs2~'~ mice. In WT, Blgflr, and IrsI '~ mutants,
alone or in combination, nearly 80% of islet cells showed in-
tense immunoreactivity with anti-insulin antiserum. In con-
trast, the percentage fell to ~60% in Irs2~'~ mutants, and to
30% in Blgflr:Irs2~'~ mutants (Fig. 2b). The defect became
more pronounced in 2-month-old BlgfIr:Irs2~'~ mice that
had only 10% strongly reactive 3 cells in islets (Fig. 2b).

We next asked whether the decrease in 3 cell mass was due
to decreased proliferation, increased apoptosis, or a combina-
tion of both. The percentage of Ki67-labeled, insulin-positive
cells was similar between WT, Blgfir, Irs2~'~, and Blgfir:
IrsI~'~ mice, and was slightly increased in IrsI~/~ mutants at
1 month, albeit the difference was not statistically significant.
In contrast, the Ki67 labeling index decreased by ~45% in
BlgfIr:Irs2~'~ mice at both 1 and 2 months (Fig. 2c). The pro-
liferation index of non-f cells was comparable among the six
genotypes at both ages (not shown). Caspase-3 immunohisto-
chemistry failed to detect differences in apoptosis among the
various genotypes at any of the ages examined (data not
shown). These data indicate that the primary defect in BlgfIr:
Irs2~'~ mice is decreased B cell proliferation (27, 28).

We analyzed islet morphology and expression of genes re-
quired for proper B cell function. Islets from double mutants
BlgfIr:Irs2~'~ showed abnormal morphology, while those
from other genotypes showed normal size and distribution of
endocrine cells (Fig. 3a). Transcription factor Pdx1 is impor-
tant in differentiated B cells for maintenance of normal 3 cell
mass (23, 30). Accordingly, we found a marked reduction of
Pdx1 in Irs2~/~ and Blglrzlrﬂf/* mice, but normal expres-
sion in mice of other genotypes (Fig. 3b). These data link Pdx1
expression with Irs2, but not Irs1 signaling (23, 31, 32). The
facilitative glucose transporter Glut2 (encoded by the gene
Slc2a?2) plays a critical role in coupling glucose sensing to in-
sulin secretion in 3 cells (33), and was also decreased in dou-
ble mutant BlgfIr:Irs2~'~ mice (Fig. 3¢). Finally, transcription
factor MafA is expressed in 3 cells following the “secondary
transition”, when cells acquire the ability to secrete insulin in
response to variations in glucose levels (34 -36), and has been
shown to decrease in diabetic mice (24). We found that MafA
expression mirrored that of Pdx1, with decrements in both
Irs2~'~ and Blgflr:Irs2~'~ mice, but not in other genotypes
(Fig. 3d).

Phenotypic Characterization of Double Mutant Mice Lack-
ing Igflr and InsR in B Cells—The data described support a
model in which Igflr signals primarily through Irs1, while Irs2
signaling is distinct. To ascertain whether our model ac-
counted for all possible signaling through the InsR/Igflr sys-

¢, Ki67 labeling indexes in B cells of mutant mice at 1 month (empty bars)
and 2 months (full bars). An asterisk indicates p < 0.05 by ANOVA versus
other genotypes in the same age group.
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FIGURE 3. Immunohistochemical analysis of marker expression in mutant mouse pancreas. a-d, illustrative examples of immunohistochemistry of
pancreatic sections from 1-month-old mice of the indicated genotypes stained with anti-insulin (green) and anti-glucagon (a) (n = >9 per genotype), anti-
Pdx1 (b), anti-MafA (c) (all in red) (n = 4-7 per genotype) or with anti-Glut2 antibodies (brown) (n = 9-12 per genotype) (d).

tem, we generated mice lacking both receptors in 3 cells. Double
mutants lacking BlgfIr and BlnsR both were born at term in the
expected Mendelian ratios. Unlike single mutants, double mu-
tants Blgf1r:BInsk showed marked hyperglycemia at 3 weeks
(>500 mg/dl) and died of diabetic ketoacidosis within 4—8
weeks. Islet immunohistochemistry revealed only scattered rem-
nants of S cells, with normal numbers of « cells (Fig. 4) (37).

DISCUSSION

The discovery that signaling by receptor tyrosine kinases of
the insulin/IGF family affects pancreatic 8 cell function
marked a watershed in diabetes research. There is now a sub-
stantial body of work indicating that the two receptors and
their main substrates, Irs1 and Irs2, can regulate insulin secre-
tion and B cell turnover (14, 15, 23, 38 —41). Moreover, activa-
tion of InsR appears to be required to mediate 3 cell hyperpla-
sia in response to peripheral insulin resistance (28, 42). Not
only do InsR and Igflr act in terminally differentiated S cells,
but their combined ablation also results in altered cell fate
specification in the embryonic pancreas (43), highlighting the
overarching role of this pathway in the maturation and main-
tenance of pancreatic endocrine function.

Mechanistically, it remains unclear how these signaling
pathways can function effectively, when large amounts of in-
sulin released by the f3 cell should theoretically cause ligand-
induced receptor internalization, and attendant desensitiza-
tion. Cell polarity, pulsatile release of tightly packed insulin
crystals that may have poor access to receptor binding sites,
anatomy of vascular flow, and capillary permeability in the
islet’s portal system, or formation of low-affinity, desensitiza-
tion-resistant hybrid receptors composed of an InsR mono-
mer and an Igflr monomer (44) are reasonable potential ex-
planations for the preservation of feedback control of 3 cell
function by InsR or Igflr in the face of overwhelming insulin
concentrations (1).
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FIGURE 4. Islet morphology in mice with single and combined muta-
tions of InsR and Igf1r. Examples of immunohistochemistry of pancreatic
sections from 1-month-old mice of the indicated genotypes stained with
anti-insulin (red) and anti-glucagon antibodies (green) (n = 4 per genotype).

The present study was undertaken to examine the overlap
between InsR and Igflr signaling in 3 cells, and thus shed
light on mechanisms coupling insulin secretion with 8 cell
proliferation, two processes that lie at the core of 3 cell dys-
function in type 2 diabetes. We have suggested that excessive
B cell replication, especially in the metabolically unfavorable
environment caused by hyperglycemia, is detrimental to 3 cell
preservation (24), and have proposed that induction of B cell
quiescence should be a goal of diabetes treatment (45), a con-
cept loosely related to “B cell rest” (46, 47). Our analyses indi-
cate that Igflr is coupled to Irsl1 signaling in 3 cells to regulate
insulin secretion, whereas it is surprisingly uncoupled from its
traditional proliferative role. In 3 cells, this function appears
to be the purview of Irs2, acting to relay primarily InsR-de-
pendent signals.

ASENBN\

VOLUME 285+NUMBER 52 -DECEMBER 24, 2010



We have previously shown that peripheral insulin resis-
tance due to InsR haploinsufficiency accelerates 3 cell failure
in Irs2 knock-out mice (23, 27). Others have shown that Igf1r
haploinsufficiency precipitates diabetes in /rs2 knock-out
mice, suggesting that the two proteins mediate different path-
ways (41). But those studies could not distinguish between
direct effects on 3 cells from indirect effects due to changes in
peripheral insulin sensitivity. The assignment of specific roles
to Irs1 and Irs2 in response to InsR and Igflr, respectively, is
noteworthy in several ways: (i) it indicates that signal trans-
duction in 3 cells occurs differently from liver, where Irs1 and
Irs2 have overlapping roles (29, 48); (ii) it provides a potential
mechanistic explanation for the heterogeneity of B cell failure,
which in some instances could be due to impaired secretion
(i.e. an Irs1-dependent pathway), and in some to defects in 3
cell proliferation (i.e. an Irs2-dependent pathway); (iii) it sug-
gests that the two systems could be exploited separately for
therapeutic ends.

Our data in combined f3 cell-specific knock-out of InsR and
Igflr are largely consistent with those of Ueki et al. (37). Un-
like Ueki et al., we show that decreased f3 cell proliferation
trumps increased apoptosis as the main cause of islet demise,
a discrepancy that can possibly be due to different time points
examined in the two studies (2 weeks versus 4 weeks). It is
interesting to note that, although the combined knock-out of
InsR and Igflr has a more severe phenotype than the rs2
knock-out, neither /nsR nor Igf1r individual knockouts are
associated with decreased 3 cell proliferation. Our interpreta-
tion of this peculiar finding is that the “proliferative” effects of
InsR and Igflr signaling are secondary to their effects on insu-
lin secretion.

In conclusion, we show that InsR and Igflr signaling affect
pancreatic 8 cell function in largely distinct ways through
their actions on Irsl and Irs2. The unmet challenge for this
field is to demonstrate how these signaling pathways can be
modulated in vivo, overriding the alleged paracrine effects of
large amounts of insulin, and how these processes play out in
the unfolding of B cell failure in diabetes.
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