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Dominant-Negative Effects of a Novel Mutated Ins2
Allele Causes Early-Onset Diabetes and Severe �-Cell
Loss in Munich Ins2C95S Mutant Mice
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The novel diabetic mouse model Munich Ins2C95S was

discovered within the Munich N-ethyl-N-nitrosourea mouse

mutagenesis screen. These mice exhibit a T3A transver-

sion in the insulin 2 (Ins2) gene at nucleotide position

1903 in exon 3, which leads to the amino acid exchange

C95S and loss of the A6-A11 intrachain disulfide bond.

From 1 month of age onwards, blood glucose levels of

heterozygous Munich Ins2C95S mutant mice were signifi-

cantly increased compared with controls. The fasted and

postprandial serum insulin levels of the heterozygous mu-

tants were indistinguishable from those of wild-type litter-

mates. However, serum insulin levels after glucose

challenge, pancreatic insulin content, and homeostasis

model assessment (HOMA) �-cell indices of heterozygous

mutants were significantly lower than those of wild-type

littermates. The initial blood glucose decrease during an

insulin tolerance test was lower and HOMA insulin resis-

tance indices were significantly higher in mutant mice,

indicating the development of insulin resistance in mutant

mice. The total islet volume, the volume density of �-cells

in the islets, and the total �-cell volume of heterozygous

male mutants was significantly reduced compared with

wild-type mice. Electron microscopy of the �-cells of male

mutants showed virtually no secretory insulin granules, the

endoplasmic reticulum was severely enlarged, and mito-

chondria appeared swollen. Thus, Munich Ins2C95S mutant

mice are considered a valuable model to study the mecha-

nisms of �-cell dysfunction and death during the develop-

ment of diabetes. Diabetes 56:1268–1276, 2007

T
he prevalence of diabetes has reached an alarm-
ing dimension in industrialized countries and
turned into a major health concern. More than
170 million people suffer from diabetes world-

wide, and this number is expected to rise substantially
within the next decades (1). Despite its high prevalence,
the pathogenesis of diabetes is still not completely under-
stood. Appropriate experimental models are essential
tools to get more insight into the genetics and pathogen-
esis of this multifaceted disease.

N-ethyl-N-nitrosourea (ENU) has been used in various
mouse mutagenesis programs for the production of ran-
dom mutations. In this study, we present the genotypic
and phenotypic findings of the novel nonobese diabetic
mouse model Munich Ins2C95S, which was found in the
screen for dominant mutations in the Munich ENU mouse
mutagenesis project.

RESEARCH DESIGN AND METHODS

Animals and breeding design. The Munich ENU mouse mutagenesis project
was carried out on the inbred C3HeB/FeJ (C3H) genetic background as
described (2). Standard rodent diet (Altromin, Lage, Germany) and water were
provided ad libitum. All animal experiments were carried out under the
approval of the responsible animal welfare authority.
Linkage analysis of the mutation. For linkage analysis, male heterozygous
diabetic C3HeB/FeJ mutants were mated to C57BL/6Jico (C57BL/6) female
mice (Charles River, Sulzfeld, Germany). The resulting diabetic F1 hybrid
males were backcrossed to C57BL/6 females. After euthanization, tissue
samples of 92 diabetic and nondiabetic N2 mice were collected for subsequent
DNA isolation.

Tail clip samples were incubated over night with a lysis buffer as described
elsewhere (3) and 300 �g/ml Proteinase K (Sigma-Aldrich, Taufkirchen,
Germany). Automated DNA extraction from the lysates was performed using
the AGOWA Mag Maxi DNA Isolation kit (AGOWA, Berlin, Germany). For
linkage analysis, genotyping of a genome-wide mapping panel consisting of
149 single nucleotide polymorphisms was performed using MassExtend, a
MALDI-TOF (matrix-assisted laser/desorption ionization, time of flight ana-
lyzer) mass spectometry high-throughput genotyping system supplied by
Sequenom (San Diego, CA).
Candidate gene analysis of Ins2. For cDNA sequence analysis of the
candidate gene Ins2, total RNA was isolated from the pancreas of heterozy-
gous mutant mice, using the RNeasy Mini kit (Qiagen, Hilden, Germany). After
DNase I digestion, reverse transcription was carried out as previously
described (4) using oligo (dT) primers, and RT-PCR was performed using the
primer pair Ins2_1se (nt 958–977) and Ins2_1as (nt 1964–1944) (GenBank
accession no. X04724). RT-PCR products (417 bp) were purified using the
QIAquick Gel Extraction kit (Qiagen) and sequenced bidirectionally.

In addition, Ins2 was sequenced on the genomic DNA level. DNA from
homozygous mutants and wild-type mice was extracted from tail tips using the
Wizard genomic DNA purification kit (Promega, Madison, WI) and amplified
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using the primer pairs Ins2_1se and Ins2_1as, Ins2_2se (nt 103–123) and
Ins2_2as (nt 12831–264), and Ins2_3se (nt 18451–864) and Ins2_3as (nt
23732–354). The sequences were aligned to the mouse preproinsulin gene II
(GenBank accession no. X04724). For the allelic differentiation of Ins2,
mutant animals were identified using a restriction fragment–length polymor-
phism–based strategy. The primers Ins2_3se and Ins2_3as resulted in 529-bp
PCR products, which were restricted by the enzyme Hpy 188I (New England
Biolabs, Frankfurt, Germany).
Body weights. The fasting body weight of 1-, 3-, and 6-month-old heterozy-
gous mutant and wild-type mice was determined to the nearest 0.1 g. The body
weight of randomly fed homozygous mutant and wild-type mice was deter-
mined at 4 weeks of age.
Glucose and insulin analyses. For phenotyping of N2 progeny, blood
glucose of randomly fed animals was measured at 4 and 8 weeks of age, using
the Super GLeasy system (Dr. Müller Gerätebau, Freital, Germany). Blood
glucose of heterozygous mutant and wild-type animals on C3H genetic
background was determined at 3 weeks of age in randomly fed mice (10:00
A.M.) and at 1 and 3 months of age after 1.5 h refeeding, following a 15-h fasting
period (7:00 P.M. to 10:00 A.M.). Blood glucose of homozygous mutant and
wild-type mice was determined in randomly fed animals at 3 weeks of age.

Oral glucose tolerance tests (OGTTs) were performed after a 15-h fasting
period (7:00 P.M. to 10:00 A.M.) at 1, 3, and 6 months of age. Via gavage tube,
11.1 �l 1 mol/l glucose solution was administered per gram of body weight.
Blood glucose concentrations were determined at the indicated time points.

Serum insulin concentration was measured in fasted mice, 10 min after
glucose challenge, and after 1.5-h refeeding at 1, 3, and 6 months of age as
previously described (5).

The homeostasis model assessment (HOMA) of �-cell function index and
HOMA of insulin resistance index was calculated as described previously (6).

Insulin tolerance tests were performed in 4-month-old male animals.
Insulin (1 unit/kg body wt) (Huminsulin; Lilly, Giessen, Germany) was
administered intraperitoneally, and blood glucose levels were measured at the
indicated time points.

Pancreatic insulin content of 3- and 6-month-old heterozygous mutant and
wild-type mice was determined as described (7). Protein content was deter-
mined photometrically; insulin concentration was analyzed by radioimmuno-
assay (Linco Research).
Pancreas preparation and morphometric analysis. The morphologic
changes of the endocrine pancreas of 6-month-old heterozygous Munich
Ins2C95S mutant mice were quantitatively evaluated using unbiased model-
independent stereological methods (8,9) as described (5). Briefly, the volume
density of islets in the pancreas [Vv(Islet/Pan)] was calculated dividing the sum

of cross-sectional areas (�A) of islets by �A pancreas. The total islet volume
[V(Islet, Pan)] was calculated by multiplying Vv(Islet/Pan) and V(Pan). Volume
densities of different endocrine cells in the islets [Vv(X-cells/Islet)] were deter-
mined by dividing �A of �-, �-, and pancreatic polypeptide (PP)-cells,
respectively, by �A islets. The total volume of endocrine cells [V(X-cells, Islet)]
was obtained by multiplying Vv(X-cells/Islet) and V(Islet, Pan). �-Cells of mutant
mice weakly stained positive for insulin due to severe degranulation; hence,
measurement of �A �-cells led to an underestimation of Vv(B-cells/Islet) and
V(B-cells, Islet). Therefore, V(B-cells, Islet) was calculated by subtracting V(Non–B-cells, Islet)

from V(Islet, Pan). Then, Vv(B-cells/Islet) was calculated by dividing V(B-cells, Islet) by
V(Islet, Pan).
Immunohistochemistry. The indirect immunoperoxidase method was used
to determine insulin-, glucagon-, somatostatin-, and PP-containing cells as
previously described (5). Horseradish-conjugated rabbit anti–guinea pig IgG
and pig anti-rabbit IgG were from Dako Diagnostika (Hamburg, Germany).
Electron microscopy. Pancreas samples were fixed in 6.25% glutaraldehyde
in Sorensen’s phosphate buffer (pH 7.4) for 24 h. Six to eight 1-mm3 samples
were postfixed in 1% osmium tetroxid and routinely embedded in Epon.
Ultrathin sections (70–80 nm) were stained with uranyl citrate and lead
citrate and examined with an EM10 transmission electron microscope (Zeiss,
Oberkochen, Germany).
Data presentation and statistical analysis. Data are presented as means �
SE or SD as indicated. The general linear models procedure was used in order
to calculate least-squares means; comparison of the least-squares means of
different groups was performed using the Student’s t test (SAS release 8.2; SAS
Institute, Heidelberg, Germany). P values �0.05 were considered significant.

RESULTS

Establishment of the hyperglycemic line. In the screen
for dominant mutations of the Munich ENU mouse mu-
tagenesis project, a male G1 offspring (no. 20016135) of an
ENU-treated C3H mouse showed hyperglycemia (276 and
335 mg/dl, respectively) in two subsequent examinations
at 12 and 15 weeks of age. Mating of the hyperglycemic G1
mouse to a wild-type C3H female resulted in the inheri-
tance of the abnormal phenotype to the G2 offspring,
which revealed an autosomal dominant mutation as cause
for the aberrant phenotype. Subsequently, a mutant line
(GLS004) was established by breeding heterozygous mu-
tants to wild-type mice of the C3H genetic background for
�10 generations.
Linkage analysis and candidate gene examination of
Ins2. The genome-wide linkage analysis revealed a strong
linkage (	2 
 76.6; P � 0.0001) of the mutation to a defined
single chromosomal site on chromosome 7, represented
by the marker rs13479566 at 136.88 Mb (mouse genome
build 35.1).

The sequence analysis of the positional candidate gene
Ins2 consistently revealed a T3A transversion at nucleo-
tide position 1903 in exon 3 (GenBank accession no.
X04724) (Fig. 1). The mutation leads to an amino acid
exchange from cysteine to serine at position 95, corre-
sponding to amino acid 6 on the A chain (A6), which forms
the intrachain disulfide bond with cysteine100 (A11). The
replacement of C95 therefore leads to the loss of the
A6-A11 intrachain disulfide bond. According to the muta-
tion, the diabetic strain was named Munich Ins2C95S.

The missense mutation found in exon 3 of Ins2 creates
a new Hpy 188I restriction site that was used for the allelic
differentiation of Ins2. Digested 529-bp PCR amplificates
of wild-type mice showed a 521-bp fragment, heterozygous
Munich Ins2C95S mutant mice showed both the 473- and
521-bp fragment (Fig. 2), and homozygous mutants dem-
onstrated the 473-bp fragment (data not shown).
Phenotyping of N2 progeny. Animals showing glucos-
uria or exhibiting blood glucose levels �160 mg/dl for
females and 190 mg/dl for males were considered diabetic.
A total of 290 N2 progeny (146 males and 144 females)
were investigated. Forty-eight percent of the male and 41%

FIG. 1. Sequence of the Ins2 gene of a wild-type (A) and a Munich
Ins2C95S mutant (B) mouse. The point mutation at nucleotide position
1903 is marked with an arrow.
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of the female mice showed a diabetic phenotype (70 males
and 59 females). Ten percent of the females and 3% of the
males investigated showed an uncertain diabetic pheno-
type, and 49% of both males and females were considered
nondiabetic. Therefore, the examination of the diabetic
phenotype showed complete phenotypic penetrance of the
autosomal dominant mutation according to the sign test
after Dixon and Mood (5 and 1% level) (10).
Body weights. At 1 month of age, fasted body weights of
heterozygous mutant and wild-type mice were similar
(data not shown). The fasted body weights of 3- and
6-month-old male heterozygous Munich Ins2C95S mutant
mice were significantly lower than that of sex-matched
littermate controls (Table 1).
Glucose and insulin analyses. At 3 weeks of age, blood
glucose levels did not differ between heterozygous mutant
and wild-type mice. At 1, 3, and 6 months of age, fasted and
1.5-h postprandial blood glucose levels were significantly
elevated in both male (n 
 5) and female (n 
 5) Munich

Ins2C95S mutant mice compared with age- and sex-
matched wild-type mice. One-month-old females, as well
as 3- and 6-month-old male and female mutants, showed
significantly elevated blood glucose levels at all time
points during the OGTT; in 1-month-old males, blood
glucose was elevated in the fasted state and from 20 min
onwards during the OGTT (Fig. 3).

Postprandial and 20- to 90-min OGTT blood glucose
levels of 1-month-old male Munich Ins2C95S mutant mice
were significantly higher than those of female mutant mice
(P � 0.05). At 3 and 6 months of age, blood glucose levels
of male mutants were always significantly higher than
those of females (P � 0.001).

Fasted blood glucose levels deteriorated significantly
from 1 to 3 and from 3 to 6 months in male mutants. The
fasted and 1.5-h postprandial immunoreactive serum insu-
lin levels of male and female Munich Ins2C95S mutant mice
did not differ from those of sex-matched controls (data not
shown). At 10 min after glucose challenge, the serum
insulin levels of both male and female mutants were
significantly reduced compared with controls, irrespective
of the age at sampling (Fig. 4A). The HOMA �-cell index
was determined at 1, 3, and 6 months of age and found to
be largely reduced at any age investigated (Fig. 4B).

FIG. 2. PCR result. M, marker (MBI Fermentas, St. Leon-Rot, Ger-
many); bold numbers represent heterozygous Munich Ins2C95S mutant
mice.

FIG. 3. Postprandial blood glucose levels (A–C) and OGTT (D–F) at 3 weeks (A) and 1 (B and D), 3 (C and E), and 6 (F) months of age. Blood
glucose levels from randomly fed mutant (mt) mice at 3 weeks of age do not differ from those of controls. Postprandial blood glucose levels of
Munich Ins2C95S mutant mice at 1 and 3 months of age are significantly higher than those of wild-type (wt) mice. The fasted blood glucose and
glucose levels during an OGTT are significantly higher in Munich Ins2C95S mutant mice compared with wild-type mice. Data represent means and
SE. *P < 0.05. f, female; m, male.

TABLE 1
Body weights

Body weight (g)
Group 3 months 6 months

Male, wild type (4/5) 26.7 � 1.9 29.5 � 3.8
Male, mutant (4/5) 23.5 � 1.4* 22.8 � 1.6*
Female, wild type (4/5) 23.3 � 1.3 26.1 � 5.5
Female, mutant (4/5) 23.0 � 0.7 25.0 � 1.7

Data are means � SD. (4/5), number of animals examined at 3 and 6
months of age. *P � 0.05.
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Insulin tolerance tests were performed in 4-month-old
male mice. The decrease in blood glucose levels from
basal to 10 min after insulin injection was significantly
smaller in Munich Ins2C95S mutants than in wild-type
mice. The further decrease of blood glucose was nearly
identical in mutants and wild-type mice (Fig. 4C). The
HOMA of insulin resistance was significantly higher in
1-month-old female mutants and in 3- and 6-month-old
male mutants (Fig. 4D). Pancreatic insulin content was
significantly reduced in both male and female Munich
Ins2C95S mutant mice, irrespective of the age at sampling
(Fig. 5).
Homozygous mutant mice. Homozygous mutant mice
were born at the expected Mendelian frequency and
developed normally until 18 days of age. As evidenced by
glucosuria, diabetes occurred at this time point. At 21 days
of age, blood glucose levels were largely increased in both
male (n 
 14) and female (n 
 9) mutants compared with
wild-type mice (male 400 � 123 vs. 111 � 17 mg/dl and
female 394 � 150 vs. 107 � 6 mg/dl). The body weight of
homozygous mutants was significantly reduced at 28 days
of age compared with wild-type mice (male 11 � 2 vs. 17 �
2 g and female 10 � 4 vs. 15 � 2 g). Homozygous male (n 

14) and female (n 
 9) mutants died at a mean age of 46
days (range 31–76) and 52 days (33–75), weighing 9 � 2
and 7 � 1 g, respectively.
Immunohistochemical and quantitative stereological
investigations of the endocrine pancreas. At 6 months
of age, the pancreas volume (Vpan) (Fig. 6A), as well as
gross morphology and histologic appearance of the exo-
crine pancreas, were unchanged in Munich Ins2C95S mu-
tant mice, and no signs of insulitis were observed.
Immunohistochemistry for insulin and glucagon revealed
an atypical composition and organization of islets of
Munich Ins2C95S mutants. Very few islet cells stained
insulin positive, and the staining intensity was very weak,
whereas the proportion of cells expressing glucagon was
increased. �-Cells were dispersed over the islet profile in
mutant mice, which was markedly different from the
typical distribution of endocrine cells in murine pancreatic
islets, being characterized by a ring of non–�-cells sur-
rounding a core of �-cells (Fig. 5A–D).

The total islet volume of Munich Ins2C95S mutant male
mice was significantly lower than that of wild-type mice
(Fig. 6B). Due to the weak insulin-staining intensity of
�-cells, the measurement of the insulin-positive area re-
sulted in an underestimation of the total �-cell volume and
the volume density of �-cells in the islets (data not shown).
Therefore, the total �-cell volume was calculated by
subtracting the total volumes of �-, �-, and PP-cells from
the total islet volume. The calculated total �-cell volume
was decreased by 81% in Munich Ins2C95S mutant males
(P � 0.001) and by 19% in females (P 
 NS) compared with
sex-matched wild-type mice (Fig. 6D). The calculated
volume density of �-cells of mutant males was also signif-
icantly lower compared with male wild-type mice; the
difference in the total �-cell volume and the volume
density of �-cells in the islets of female mutants versus
wild-type mice did not reach statistical significance (Fig.
6C).

Volume densities of �-, �-, and PP-cells in the islets, as
well as the total volumes of �- and PP-cells, were signifi-FIG. 4. Serum insulin levels 10 min after glucose challenge (A), HOMA

of �-cell index (B), insulin tolerance test (C), and HOMA of insulin
resistance (IR) index (D) at 1, 3, and 6 months of age. Serum insulin
levels (A) and HOMA of �-cell indices (B) of Munich Ins2C95S mutant
(mt) mice are significantly lower than those of wild-type (wt) mice. C:
Blood glucose decrease from basal is significantly less in mutants
versus wild-type mice. D: One-month-old female (f) mutants and 3- and

6-month-old male (m) mutants show significantly higher HOMA of
insulin resistance indices than wild-type mice. Data represent means
and SE. *P < 0.05.
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cantly higher in male Munich Ins2C95S mutants compared
with wild-type males (Fig. 6E and G–J). Both the volume
density of �-cells in the islets and the total �-cell volume of
mutant females were significantly higher compared with
wild-type females (Fig. 6E and F).
Electron microscopy. Electron microscopy revealed a
variety of ultrastructural changes of the �-cells of het-
erozygous Munich Ins2C95S mutant mice, including prom-
inent disorganization of the rough endoplasmic reticulum,
appearing as dilated cisternae, as well as mitochondrial

swelling with largely destroyed crests and apparent myelin
figures. The insulin secretory granules were almost miss-
ing, and remaining granules appeared small with electron
lucent or dense cores and only a thin or no halo between
the content and the limiting membrane (Fig. 7). �-Cells
exhibited vacuolization, but neither apoptotic bodies nor
chromatin condensation were observed in the damaged
�-cells of Munich Ins2C95S mutant mice. The Golgi appa-
ratus of �-cells showed no obvious changes compared
with wild-type mice.

FIG. 5. Distribution of �- (A and C) and �- (B and D) cells in islets of wild-type (A and B) and Munich Ins2C95S mutant mice (C and D) and
pancreatic insulin content (E). The proportion of insulin-producing cells is severely reduced and the staining intensity for insulin is weak in
mutant mice. The proportion of �-cells is increased and �-cells are dispersed over the islet profile in mutant mice. E: The insulin content in the
pancreas is significantly lower than that of wild-type mice. Data represent means and SE. *P < 0.05.

DIABETES IN Ins2C95S MUTANT MICE
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FIG. 6. Quantitative stereological investigations of the pancreas at 6 months of age. The pancreas volume (A) does not differ between groups. The
total islet volume [V(Islet, Pan)] is significantly lower in male (m) mutants (mt) compared with male wild-type (wt) mice (B). The calculated volume
density of �-cells in the islets [Vv(B-cells, Islet); C] and the calculated total �-cell volume [V(B-cells, Islet); D] is significantly lower in male mutant mice
versus wild-type mice. The volume density of �-cells [Vv(A-cells, Islet); E] is increased in mutant versus wild-type mice. The total �-cell volume
[V(A-cells, Islet); F] is increased in female (f) mutant versus wild-type mice. The volume density of �-cells [Vv(D-cells, Islet); G] and PP-cells [Vv(PP-cells, Islet);
I] and the total �-cell [V(D-cells, Islet); H] and PP-cell [V(PP-cells, Islet); J] volumes are significantly higher in male mutant mice compared with
wild-type mice. Data represent means and SE. *P < 0.05.
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DISCUSSION

The present study shows that a point mutation at nucleo-
tide position 1903 of Ins2 causes severe diabetes in
heterozygous Munich Ins2C95S mutant mice. The strain
was generated in the screen for dominant mutations of the
Munich ENU mouse mutagenesis project. Establishment
of the strain was carried out by repetitive breeding of
diabetic heterozygous mutants to wild-type mice on the
C3H genetic background for �10 generations. This led to
the subsequent loss of additional phenotypically unappar-
ent mutations caused by ENU from the Munich Ins2C95S

genome by segregation. The appearance of the diabetic
phenotype was unaltered in the various generations, and
N2 mice showed complete phenotypic penetrance of the
mutation, thereby indicating that diabetes of Munich
Ins2C95S mutant mice is caused by the defined mutation
revealed in the candidate gene analysis according to the
results of linkage analysis (11).

The point mutation leads to the amino acid exchange
C95S resulting in the loss of the A6-A11 intrachain disul-
fide bond. In vitro studies showed that the A6-A11 intra-
chain disulfide bond is of significant importance for the
biologic activity of insulin. This mutant insulin retained
�60% of immunoactivity, and the conformation remained
very similar to human insulin (12). The fasted and post-
prandial insulin levels of Munich Ins2C95S mutant mice
were indistinguishable from those of wild-type mice. How-
ever, first-phase insulin secretion was found to be dimin-
ished in heterozygous mutant mice and the HOMA �-cell
index was significantly reduced. Therefore, Munich
Ins2C95S mice develop severe �-cell dysfunction. Homozy-
gous Munich Ins2C95S mutant mice show an even more
pronounced diabetic phenotype and die within 2 months
after weaning. Since Ins2 knockout mice do not develop
diabetes or hypoinsulinemia (13), the production of mu-
tant insulin is thought to cause the �-cell dysfunction
observed in Munich Ins2C95S mutant mice by a dominant-
negative mechanism. Several dominant-negative mecha-
nisms may be postulated, such as downregulation of the
synthesis of wild-type insulin, cross-linkage of mutant and
wild-type proinsulin/insulin, and cytotoxicity by mutant
insulin leading to �-cell loss (14). In type 2 diabetes, gluco-
and lipotoxicity and increased insulin demand due to
insulin resistance are thought to play a role in the devel-
opment of �-cell dysfunction and death (15). As evidenced
by insulin tolerance tests, Munich Ins2C95S mutant male
mice show a delayed response to exogenous insulin and
the HOMA of insulin resistance index was increased.
Therefore, an increased insulin demand could be respon-
sible for the observed �-cell dysfunction in Munich
Ins2C95S mutant mice. However, insulin resistance was not
observed at all time points examined, and calculation of
the HOMA of insulin resistance index is not validated for
mice; therefore, the results have to be interpreted carefully
(6). Recent in vitro studies provide evidence that proinsu-
lin lacking the intrachain disulfide bond may exhibit a
disturbed formation of the other disulfide bonds, which
leads to misfolding of the protein (16). Low-level and
long-term misfolding of proteins in the endoplasmic retic-
ulum is thought to lead to �-cell exhaustion and to chronic
endoplasmic reticulum stress (17). Therefore, the accumu-
lation of mutant proinsulinC95S in the endoplasmic reticu-
lum could lead to the induction of endoplasmic reticulum
stress and thereby induce �-cell dysfunction and diabetes
in the Munich Ins2C95S mutant mouse. The Akita mouse is

an Ins2 mutant model on a C57BL/6N genetic background,
which dominantly develops early-onset diabetes without
insulitis or obesity (18). The animals exhibit a G3A
transition at nucleotide position 1907 in exon 3 of Ins2,
leading to the amino acid exchange C96Y, the disruption of
the A7-B7 interchain disulfide bond, and the appearance of
a severe defect in insulin secretion and hypoinsulinemia in
heterozygous mutants. The C96Y mutant insulin is trapped
in the endoplasmic reticulum and degraded intracellularly
(19). In the Akita mouse, the accumulation of mutant
insulin in �-cells is thought to be responsible for the
delayed onset of diabetes rather than the initial lack of
active insulin (14,20).

Pancreas weight was not altered, and both gross mor-
phology and histologic appearance of the exocrine pan-
creas were inconspicuous in Munich Ins2C95S mutant
mice. The endocrine pancreas, however, showed striking
light microscopic changes without insulitis. Immunohisto-
chemistry revealed a disturbed islet cell composition
accompanied by a changed distribution of endocrine cells
in islets and severe reduction of the �-cell mass of male
mutants. In female mutants, �-cell mass was not found to
be reduced, which can explain the stable and milder
diabetic phenotype, whereas glucose homeostasis in
males rapidly deteriorates. This phenomenon could be
explained by antidiabetic actions of 17�-estradiol (E2) in
both humans and rodents. E2 is known for its effects on
skeletal muscle, adipose tissue, liver, and pancreatic �-cell
function and survival (21).

FIG. 7. Electron microscopy of �-cells of a C3H wild-type mouse (A, C,
and E) and a representative heterozygous Munich Ins2C95S mutant
mouse (B, D, and F). There are very few small secretory insulin
granules (arrows) in the �-cells of mutant mice, and the electron
lucent halo between the core and the limiting membrane is narrow. The
endoplasmic reticulum (arrow heads) of mutant mice is dilated, and
mitochondria (asterisks) are swollen with disintegration of crests.
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The slow accumulation of mutant proinsulin in the
endoplasmic reticulum of Munich Ins2C95S mutants would
lead to disturbed endoplasmic reticulum function and
endoplasmic reticulum stress, which could explain the
severe �-cell loss of male Munich Ins2C95S mutant mice.
However, other mechanisms might also be responsible for
the reduced �-cell viability, including oxidative stress due
to insulin resistance and sustained elevation of cytosolic
calcium concentrations due to overstimulation by high
glucose levels (15,22). Heterozygous mutant Akita mice
also show a significant decrease of the relative insulin-
positive area, and homozygous Akita mice show an addi-
tional decrease of the relative islet area and an increase of
the glucagon-positive area in the islets (18,23). In contrast
to mice exhibiting a point mutation in the proinsulin
gene, mice lacking the Ins1 and/or Ins2 gene show
enlarged islets (13,24,25). This finding further under-
lines the dominant-negative phenotype of mice express-
ing mutant insulin.

The ultrastructure of the �-cells of Munich Ins2C95S

mutants was severely disrupted compared with wild-type
mice. The typical insulin secretory granules, which appear
in high numbers in wild-type mice and are characterized
by an electron-dense core and a large electron lucent halo
between the content and the limiting membrane, were
almost lost in �-cells of mutant mice, and remaining
granules appeared immature. Degranulation of �-cells is a
well-known finding in long-term diabetes. Chronic expo-
sure to high glucose levels impairs insulin production and
leads to the depletion of insulin content (26). There were
no signs of nuclear apoptosis of Munich Ins2C95S mutant
�-cells; however, it has been reported that �-cell death can
occur without characteristic features of apoptosis (27),
and nuclear changes are not required for programmed cell
death (28,29). Damaged cells of Munich Ins2C95S mutants
showed extensive endoplasmic reticulum dilatation com-
parable with that described for enucleated cells undergo-
ing cytoplasmic apoptosis (28,29). In the Akita mouse, no
significant difference was observed in the number of
apoptotic cells, despite exhaustive sectioning of all pan-
creatic islets (14). However, apoptosis is considered to be
of significant importance for �-cell loss in Munich Ins2
mutant mice, similar to the situation in Akita mice, as well
as in human diabetes.

In contrast to Munich Ins2C95S mutant mice, the amount
of secretory granules of heterozygous Akita mice was
comparable with wild-type mice. However, in homozygous
Akita mouse mutants, the amount of granules was re-
ported to be reduced and granules were smaller than those
of wild-type mice (23). Similar to the Akita mouse
(14,23,30), the endoplasmic reticulum of Munich Ins2C95S

mutant mice was noted to be distended, and mitochondria
were enlarged and denatured. These morphologic changes
are thought to reflect an impairment of the secretory
pathway of Akita mouse �-cells (14). In Akita mouse islets,
the transport efficiency of early secretory pathways was
found to be reduced, and misfolded proinsulin 2 was
thought to accumulate in the �-cells (14,19). However,
recent in vitro studies showed that misfolded insulin 2
C96Y does not accumulate, and it was suggested that it is
subjected to increased intracellular degradation (31).
Studies in MIN6 cells, expressing the mutant Ins2C95S gene
in a tetracycline-responsive system, are currently under
investigation to get more insight into the mechanisms of
�-cell dysfunction and death, which occurrs in Munich
Ins2C95S mutant mice.

In this study, we present a novel mutant mouse model of
early-onset diabetes without preceding obesity or insulitis.
Mutant mice exhibit a reduction of the �-cell mass and
severe ultrastructural changes of the �-cells and, there-
fore, represent an excellent tool for studying the mecha-
nisms of �-cell dysfunction and death, as well as for
therapeutic intervention studies.
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