Am J Physiol Endocrinol Metab 298: E512-E523, 2010.
First published December 1, 2009; doi:10.1152/ajpendo.00465.2009.

Phenotypic and pathomorphological characteristics of a novel mutant mouse

model for maturity-onset diabetes of the young type 2 (MODY 2)

L. van Biirck,! A. Blutke,! S. Kautz,! B. Rathkolb,> M. Klaften,®> S. Wagner,> E. Kemter,>
M. Hrabé de Angelis,> E. Wolf,>* B. Aigner,> R. Wanke,! and N. Herbach!

Unstitute of Veterinary Pathology, Center for Clinical Veterinary Medicine, and *Institute of Molecular Animal Breeding

and Biotechnology, Department of Veterinary Sciences, LMU Munich, Munich; >Institute of Experimental Genetics, Helmholtz
Zentrum Miinchen, Neuherberg; and *Laboratory for Functional Genome Analysis (LAFUGA), Gene Center, LMU Munich,

Munich, Germany

Submitted 24 July 2009; accepted in final form 27 November 2009

van Biirck L, Blutke A, Kautz S, Rathkolb B, Klaften M,
Wagner S, Kemter E, Hrabé de Angelis M, Wolf E, Aigner B,
Wanke R, Herbach N. Phenotypic and pathomorphological char-
acteristics of a novel mutant mouse model for maturity-onset
diabetes of the young type 2 (MODY 2). Am J Physiol Endocrinol
Metab 298: E512-E523, 2010. First published December 1, 2009;
doi:10.1152/ajpendo.00465.2009.—Several mutant mouse models
for human diseases such as diabetes mellitus have been generated in
the large-scale Munich ENU (N-ethyl-N-nitrosourea) mouse mutagen-
esis project. The aim of this study was to identify the causal mutation
of one of these strains and to characterize the resulting diabetic
phenotype. Mutants exhibit a T to G transversion mutation at nt 629
in the glucokinase (Gck) gene, leading to an amino acid exchange
from methionine to arginine at position 210. Adult Munich Gck™M?10R
mutant mice demonstrated a significant reduction of hepatic glucoki-
nase enzyme activity but equal glucokinase mRNA and protein
abundances. While homozygous mutant mice exhibited growth retar-
dation and died soon after birth in consequence of severe hypergly-
cemia, heterozygous mutant mice displayed only slightly elevated
blood glucose levels, present from birth, with development of dis-
turbed glucose tolerance and glucose-induced insulin secretion. Ad-
ditionally, insulin sensitivity and fasting serum insulin levels were
slightly reduced in male mutant mice from an age of 90 days onward.
While B-cell mass was unaltered in neonate heterozygous and ho-
mozygous mutant mice, the total islet and B-cell volumes and the total
volume of isolated 3-cells were significantly decreased in 210-day-old
male, but not female heterozygous mutant mice despite undetectable
apoptosis. These findings indicate that reduced total islet and -cell
volumes of male mutants might emerge from disturbed postnatal islet
neogenesis. Considering the lack of knowledge about the pathomor-
phology of maturity-onset diabetes of the young type 2 (MODY 2),
this glucokinase mutant model of reduced total islet and total B-cell
volume provides the opportunity to elucidate the impact of a defective
glucokinase on development and maintenance of (3-cell mass and its
relevance in MODY 2 patients.

glucokinase; (-cell; pancreas; Munich ENU mouse mutagenesis
project

THE CATALYTIC ENZYME GLUCOKINASE is one of the four members
of the hexokinase family, but its kinetics differs from those of
the other hexokinases because of a lower affinity for glucose,
the lack of physiologically relevant direct feedback inhibition
by its product glucose-6-phosphate (G6P), and its sigmoidal
kinetics (34, 35). Since glucokinase catalyzes the first, rate-
limiting step of glycolysis—the phosphorylation of glucose to

Address for reprint requests and other correspondence: L. van Biirck, Inst.
of Veterinary Pathology, Veterindrstr. 13, 80539 Munich, Germany (e-mail:
vanbuerck @patho.vetmed.uni-muenchen.de).

E512

0193-1849/10 $8.00 Copyright © 2010 the American Physiological Society

G6P—it is considered a “glucose sensor.” Mutations in the
glucokinase gene (GCK) can cause hyperglycemia as well as
hypoglycemia (19). Homozygous inactivating mutations in
human GCK are associated with permanent neonatal diabetes
mellitus (PNDM), whereas heterozygous inactivating muta-
tions lead to maturity-onset diabetes of the young type 2
(MODY 2), a well-known specific form of diabetes (3, 22).

MODY, representing a genetically and clinically heteroge-
neous group of diabetes subtypes, is characterized by an
autosomal dominant mode of inheritance (22), early onset of
hyperglycemia due to defects in 3-cell function, and disturbed
insulin secretion, whereas insulin action usually is not impaired
(3). In contrast to other MODY subtypes, like MODY 1 and 3
(61), MODY 2 is characterized by mild but chronic hypergly-
cemia, which may deteriorate little with age but usually re-
mains considerably stable because of compensatory mecha-
nisms such as, for instance, overexpression of the wild-type
allele (22). Despite being present from birth, the diabetic
phenotype often remains undiagnosed because the occurrence
of the disease varies, depending on the severity of glucokinase
impairment, from asymptomatic mild hyperglycemia over var-
ious degrees of glucose intolerance up to the development of
persistent fasting hyperglycemia (15, 61). Even if some
MODY 2 patients display peripheral insulin resistance, this
phenomenon might be secondary to the disease rather than a
direct consequence of the mutation (11). Since development of
overt diabetes is quite rare in MODY 2 patients, diabetes-
associated macro- and microvascular complications, over-
weight, and dyslipidemia are uncommon (61, 62), and patients
usually manage blood glucose control by diet and exercise
alone (15).

A worldwide population prevalence of 0.04—0.1% is esti-
mated for MODY 2. The relative prevalence of the different
subtypes is not exactly known, but MODY 2 is supposed to be
one of the most common MODY subtypes, representing up to
63% of all MODY cases (3, 19, 62). To date, a total of 446
naturally occurring point mutations within the coding region of
GCK have been described, but the rare incidence of MODY
2/PNDM and the genetic heterogeneity of the affected subjects
impede detailed clinical studies in human medicine. For this
reason, genetically modified animal models are essential to
survey relevant clinical and pathophysiological aspects of this
disease. However, up to now, few advances have been made in
human medicine as well as in animal models to disclose the
pathomorphology of this putative mild diabetes subtype (42).

The chemical mutagen N-ethyl-N-nitrosourea (ENU) has
already been used in various mouse mutagenesis programs for
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the production of animal models for human diseases by random
mutagenesis (13). In the Munich ENU mouse mutagenesis
project, mutagenized mice are examined in various phenotypic
screens to characterize mouse mutants with defects of diverse
organ systems or changes in metabolism (26). A screening
profile of clinical chemical parameters was established to
detect abnormal blood substrate and electrolyte levels or en-
zyme activities. Transmission of the altered phenotype to subse-
quent generations was confirmed by breeding of phenotypically
affected mice and screening of the offspring, thereby revealing a
mutation as cause for the aberrant phenotype (49, 50).

In this study, we introduce the genetic, clinical, and patho-
morphological features of the Munich Gck™?!°R  mutant
mouse, a new ENU-induced mouse model for MODY 2.

RESEARCH DESIGN AND METHODS

Animals. Animals were generated in the Munich ENU mouse
mutagenesis project on the genetic background of the inbred strain
C3HeB/Fel (C3H) as previously described (26, 49). Mice had free
access to water and were fed ad libitum (standard rodent diet;
Altromin, Lage, Germany) except for the indicated period. The
numbers of animals investigated are listed in Tables 2—4 and Figs.
1-6. All animal experiments were accomplished with authorization of
the responsible animal welfare authority.

Linkage analysis. For linkage analysis, male heterozygous diabetic
mutant mice, on the genetic background of the inbred strain C3HeB/
Fel], were backcrossed twice to C57BL/6] female mice. From the
resulting N2 progeny 75 diabetic and 15 nondiabetic mice were killed,
and tissue samples for DNA isolation were collected. DNA from tail
clip samples was isolated as previously described (24), and genome-
wide linkage analysis of the DNA samples using single nucleotide
polymorphism (SNP)-based strategies was carried out subsequently
by MassExtend, a matrix-assisted laser desorption ionization-time of
flight (MALDI-TOF) mass spectrometry (MS) genotyping system
(Sequenom, San Diego, CA).

Candidate gene analysis: sequencing of the glucokinase gene. For
sequence analysis of the glucokinase gene (Gck), total RNA was
isolated from liver of homozygous and heterozygous mutant animals
and wild-type littermate control animals by guanidinium thiocyanate-
phenol-chloroform extraction. After DNase I digestion, RNA was
reverse transcribed with random hexamer primers, and RT-PCR was
carried out with the primer combinations illustrated in Table 1. For
genomic sequence analysis of Gck, DNA was isolated from tail clips
and PCR was performed with the indicated primer combinations
(Table 1). PCR products were purified with the QIAquick Gel Ex-
traction Kit (Qiagen, Hilden, Germany) and the High Pure PCR
Product Purification Kit (Roche, Mannheim, Germany) and sequenced
bidirectionally. The achieved sequences were aligned to the mouse
Gck cDNA and genomic sequences (NCBI GenBank accession nos.
NM_010292 and NW_001030444, respectively). The identified mu-
tation creates a new restriction site for the enzyme BstYI. Hence,
differentiation of the allelic genotype was feasible with restriction
fragment length polymorphism (RFLP)-based strategies using the
restriction endonuclease BstYI (New England Biolabs, Frankfurt,
Germany). PCR products of mutant alleles are restricted into two
fragments (200 and 143 bp), whereas wild-type PCR products show a
length of 343 bp. The probability of an additional confounding
ENU-induced mutation between the last two polymorphic markers
with the highest linkage as well as within the region upstream of the
last polymorphic marker was estimated according to the method of
Keays et al. (30) (http://zeon.well.ox.ac.uk/git-bin/enuMutRat), as-
suming a mutation rate of 1 in 1 Mb.

Glucokinase enzyme activity. Glucokinase enzyme activity in iso-
lated pancreatic islets and liver homogenate from 85-day-old mice
was determined by an indirect fluorometric coupled assay as previ-
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Table 1. Gck-specific primers for cDNA and genomic DNA
sequence analysis

Oligo Name Sequence (5'-3") Nucleotide Position
Gek_1_for ACACTCAGCCAGACAGTCCTC 5" UTR
Gcek_2_rev ACCACATCCATCTCAAAGTCC 599-579
Gek_3_for ACATCGTGGGACTTCTCCGAG 539-559
Gcek_4_rev TGATGCGCATCACGTCCTCAC 1213-1193
Gek_5_rev TGATGCGCATCACGTCCTCAC 1042-1063
Gcek_6_rev TCACTGGCTGACTTGGCTTGC 3" UTR
Gek_7_for ATGGCTGTGGATACTACAAGG 1-21
Gcek_8_rev ATGGCATCTGGGAAACCTGAC 3" UTR
Gek_20_for AAGAGGAAGCTGTGGCTTCAACC 5" UTR
Gcek_21_rev AGGCATAGACACTTATAGGTGGC Intron 1
Gek_22_for AGCCGATCCTGCTTGATTCTCC Intron 9
Gcek_24_rev TCTCTGAATGTTTGTGGCCTG 3" UTR
Gek_25_for ATCTCCACTACCCACAAGTCTG 5" UTR
Gcek_26_rev TCCTACAGGATCGCACTCATC Intron 1
Lvb_Gck_1_for CGACCGGATGGTGGATGA 819-836
Lvb_Gck_1_rev TCATTGGCGGAAAGTACATGG 875-895

The following primer combinations were used: /) for cDNA sequence
analysis: Gek_1_for and Gek_2_rev; Gek_7_for and Gek_2_rev; Gek_3_for
and Gek_4_rev; Gek_5_for and Gek_6_rev; 2) for genomic DNA sequence
analysis:  Gck_5_for and Gcek_8_rev; Gcek_20_for and Gcek_21_rev;
Gek_22_for and Gek_24_rev; Gek_25_for and Gek_26_rev (pancreas-specific
exon 1); 3) for quantitative real-time PCR of Gck: Lvb_Gck_1_for and
Lvb_Gck_1_rev. Nucleotide positions are according to NCBI GenBank acces-
sion nos. NM_010292 and NW_001030444, for cDNA and genomic se-
quences, respectively. UTR, untranslated region.

ously described (20, 38). Pancreatic islets were isolated by handpick-
ing under a stereomicroscope (Zeiss, Oberkochen, Germany) after
intraductal collagenase (collagenase type I, Sigma-Aldrich, St. Louis,
MO) perfusion and pancreas digestion. Subsequently, islets were
sonicated (Branson sonifier cell disruptor B15, Branson Ultrasonic,
Danbury, CT), and the assay was conducted in the presence of 100
and 0.50 mM glucose at 30°C for 90 min. Furthermore, 20 mg of
freshly isolated liver tissue was homogenized in 1 ml of buffer (20)
with a Polytron PT 1200 E tissue homogenizer (Kinematica, Luzern,
Switzerland) and then sonicated. Hepatic glucose phosphorylating
activity was determined in the presence of either high (100, 50, 25, 12,
and 6 mM) or low (0.5, 0.25, 0.125, 0.06, and 0.03 mM) glucose
concentrations after incubation for 30 min at 30°C. Fluorescence was
determined with a SPEKOL 1500 UV/vis spectrophotometer (Ana-
Iytic Jena, Jena, Germany). Glucokinase activity was corrected for the
hexokinase fraction by subtracting the activity at 0.50 mM glucose
from the total activity observed in the presence of high glucose
concentrations and referred to the total protein content in the homog-
enate, determined by the Bradford method.

Quantitative real-time PCR. Total RNA from isolated pancreatic
islets was purified with the RNeasy-Mini Kit (Qiagen). Each 400 ng
of total hepatic RNA isolated from liver homogenates of newborn and
85-day-old mice and each 400 ng of total islet RNA from 85-day-old
mice were reverse transcribed as described above. cDNA-specific
primers for amplification of mouse Gck (sequences are listed in Table
1), and the housekeeping genes B-actin (Actb) (41), mitochondrial
ribosomal protein S9 (Mrps9) (25), and 18S ribosomal RNA (/8s
rRNA) (51) were chosen with Primer Express version 3.0 (Applied
Biosystems) and queried by NCBI Blast software (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). Real-time PCR analyses were performed as
previously described (25) with SensiMix Plus SYBR (Qantace, Lon-
don, UK). Transcript abundances of Gck were calculated in relation to
the expression of B-actin (41), 18S rRNA, and Mrps9 with the 2ACy
(where Cr is threshold cycle) method (12) and showed comparable
results for all three housekeeping genes.

Western blot analysis. For detection of glucokinase isoforms by
Western blot analysis, isolated pancreatic islets and hepatic tissue
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from 85-day-old mice were subjected to protein extraction buffer [in
mmol/l: 20 Tris - HCI pH 7.6, 250 NaCl, 3 EDTA, 3 EGTA, 1
phenylmethylsulfonyl fluoride (PMSF), 2 Na-orthovanadate, and 1
dithiothreitol (DTT), with 0.5% Ipegal CA 630] and sonicated. Islet
and liver homogenate was centrifuged (10 min, 10,000 rpm), and
protein content in the supernatant was quantified by the Bradford
method. Twenty micrograms of total islet and liver protein was
subjected to SDS-PAGE and transferred to a nitrocellulose membrane
(Schleicher & Schiill, Dassel, Germany). The following primary
antibodies were used: rabbit anti-glucokinase (1:250; Abcam, Cam-
bridge, MA) and mouse anti-actin (1:10,000; Cell Signaling Technol-
ogy, Beverly, MA). Peroxidase conjugated goat anti-rabbit IgG (Cell
Signaling Technology) and rabbit anti-mouse Ig (DAKO Diagnostika,
Hamburg, Germany) diluted 1:10,000 were used as secondary anti-
bodies. Furthermore, a rabbit anti caspase-3 antibody (Cell Signaling
Technology) was applied to detect the inactive and induced form of
caspase-3 in pancreatic islets as an indicator of apoptosis (1:1,000).
The specific bands were visualized by chemiluminescence (Luminol,
Santa Cruz Biotechnology, Santa Cruz, CA) and quantified by densi-
tometry with Image] software (W. S. Rasband, ImageJ, National
Institutes of Health, Bethesda, MD; http://rsbweb.nih.gov/ij/).

Body weights and glucose homeostasis. The body weight of mice
was first determined on the day of birth and at the age of 4 days. The
body weight of ad libitum-fed 21-, 85-, and 170-day-old mice was
determined to the nearest 0.1 g. The body weight of fasted mice was
also quantified at the age of 30, 90, and 180 days.

Blood glucose concentrations of ad libitum-fed and fasted animals
were determined at the indicated age with the GLeasy system (Dr.
Miiller Geritebau, Freital, Germany).

Oral glucose tolerance tests (OGTT) were performed in 30-, 90-,
and 180-day-old heterozygous mutant mice and wild-type littermate
control mice as previously described (24). The homeostasis model
assessment (HOMA) of B-cell function and the HOMA of insulin
resistance (IR) indexes were calculated as follows: HOMA %B =
20 X fasting insulin/(fasting glucose — 3.5) and HOMA IR = fasting
insulin X fasting glucose/22.5 (36). Serum insulin concentrations in
the fasted state and 10, 30, 60, and 120 min after oral glucose
application were quantified by ELISA (Crystal Chem, Downers
Grove, IL). Intraperitoneal insulin tolerance tests (ITT) were per-
formed at 30, 85, and 170 days of age with injection of 0.75 IU of
insulin (Insuman Rapid, Sanofi Aventis, Frankfurt, Germany) per
kilogram of body weight intraperitoneally. Blood glucose decrease
after insulin administration was measured at the indicated time points.

Pancreatic insulin content. Pancreatic insulin content of 270-day-
old mice was quantified as previously described (43). Insulin content
in the pancreas homogenate was determined by ELISA as described
above and referred to the total protein content, quantified spectropho-
tometrically (Eppendorf BioPhotometer, Eppendorf, Hamburg, Ger-
many).

Pancreas preparation and morphometric investigations. Quantita-
tive stereological analysis of pancreas sections from neonatal and
210-day-old mice was carried out with unbiased model-independent
methods (21, 64) as previously described. Briefly, the pancreas vol-
ume [V pan)] Was calculated by dividing the pancreas weight by the
specific weight of mouse pancreas (1.08 mg/mm?). The volume
density of islets in the pancreas [VVisiewpany] Was calculated by
dividing the sum of cross-sectional areas (>A) of islet profiles by the
>'A of the pancreas. The total islet volume [V gsiews,panm] Was calculated
by multiplying VVsiets/pan) and Vpan). The volume density of B-cells
in the islets [VV(g_censisiets)] Was obtained by dividing >°A B-cells and
YA islets; the total B-cell volume [V (g censpany] Was attained by
multiplying Vv(g_censsisiets) and Visiets,pany (23-24). Additionally, the
volume density of the B-cells [VV(gcensipam] in the pancreas of
newborn male mice was calculated by dividing the sum of cross-
sectional areas of B-cells by >A of the pancreas. Vg_ceiis pan) Was
determined by multiplying Vvg_cenispany and Vpan).

DIABETES IN ENU-INDUCED MUNICH GckM?°®R MUTANTS

Immunohistochemistry. Insulin-containing [3-cells in pancreas sec-
tions were detected by the indirect immunoperoxidase method as
previously described (23). Horseradish-conjugated rabbit anti-guinea
pig IgG was obtained from DAKO Diagnostika. (3-Cell apoptosis in
pancreas sections was determined by TdT-mediated dUTP-biotin nick
end labeling (TUNEL) (ApopTag Peroxidase In Situ Apoptosis De-
tection Kit, Millipore) and coimmunohistochemical staining for insu-
lin.

Data presentation and statistical analysis. All data are means =
SD. Statistical analyses were performed with Student’s #-test. P values
<0.05 were considered significant.

RESULTS

Establishment of the diabetic mouse strain. In the clinical
chemical screen (49) for dominant mutations, accomplished in
the context of the Munich ENU mouse mutagenesis project
(26), a male F1 offspring of an ENU-treated C3H mouse was
identified exhibiting elevated fasting plasma glucose concen-
trations (>235 mg/dl). Inheritance of the abnormal phenotype
was tested as previously described (2). After confirmation of an
autosomal dominant inheritance of the diabetic phenotype,
male hyperglycemic mice were mated to wild-type C3H fe-
males to establish the mutant strain GLS001.

Linkage analysis, candidate gene sequencing, and genotyping.
The SNP analysis, using a genome-wide mapping panel com-
prising a total number of 136 polymorphic markers, revealed a
strong linkage (x> = 64.66; P < 0.0001) of the diabetic
phenotype to the marker rs13480881, localized at the proximal
region of chromosome 11. Sequencing of the positional can-
didate gene Gck disclosed a T — G transversion at nucleotide
position 629 in exon 6 of Gck (NCBI GenBank accession no.
NM_010292) (Fig. 1, A and B). The probability of an addi-
tional confounding ENU-induced mutation between the two
polymorphic markers with the highest linkage as well as within
the region upstream of the polymorphic marker with the
highest linkage was 0.0006 and 0.0045, respectively (http://
zeon.well.ox.ac.uk/git-bin/enuMutRat). The mutation leads to
an amino acid exchange from methionine to arginine at posi-
tion 210. According to the mutation, the official term Munich
GckM2'R mutant mouse was chosen for this hyperglycemic
strain. The single base pair substitution from T to G creates a
new restriction site for the enzyme BstYI. Hence, differentia-
tion of the allelic genotype was feasible with RFLP-based
strategies (Fig. 1C).

Glucokinase enzyme activity. The fluorometric coupled as-
say carried out with liver homogenate showed a significantly
reduced hepatic glucokinase phosphorylating activity in het-
erozygous Munich Gck™?1°R mutant mice (by ~50% vs. wild-
type mice) (Fig. 1, D and E), whereas islet glucokinase activity
and hepatic and islet hexokinase activities were not signifi-
cantly altered. Nevertheless, in pancreatic islets, hexokinase
activity was about sixfold higher than glucokinase activity,
whereas in liver hexokinase activity contributed only to a
minor extent to the total hepatic phosphorylating activity (Fig.
1, E and F).

Quantitative real-time PCR. The relative Gck transcript
abundance in liver homogenates from newborn mice was
significantly reduced in both homozygous and heterozygous
mutant mice versus wild-type mice and in homozygous versus
heterozygous mutant mice (Fig. 1G). In contrast, at the age of
85 days, relative Gck transcript abundance of heterozygous
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Fig. 1. Genetic and functional analysis of the causative mutation in Munich GckM?!°R mutant mice. A and B: electropherogram of the sequence analysis of Gck
in wild-type control (A) and homozygous mutant (B) mice. The position of the base exchange at nucleotide 629 is marked by an arrow. C: genotype-specific
restriction fragment length polymorphism (RFLP) analysis showed no restriction site in the wild-type allele (343 bp) and 2 fragments (200 bp, 143 bp) for the
mutant allele, M, fragment size marker. D: glucokinase enzyme activity (reaction velocity, V) in liver homogenate extracted from 85-day-old animals, in presence
of 100, 50, 25, 12, and 6 mM glucose [S]. E and F: hepatic (E) and islet (F) glucokinase activity in presence of 100 mM glucose vs. hexokinase activity. G—I: Gck
transcript abundances in liver homogenates from newborn mice (G) and in liver (H) and islet (/) homogenates from 85-day-old mice relative to Actb (B-actin)
transcript abundances (quantitative real-time PCR). Cr, threshold cycle. J-L: glucokinase-specific band (65 kDa) in Western blots of liver homogenate (J) and
isolated pancreatic islets from 85-day-old mice (K) and quantitative analysis of the relative optical density (OD) (L). Data represent means and SD; nos. of mice
examined per group are presented in parentheses; *P < 0.05, heterozygous mutants (mt) vs. wild-type mice (wt); £P < 0.05, homozygous mt vs. wt and

heterozygous mt; m, male; f, female.

mutants was unchanged in liver homogenate (Fig. 1H) and in
pancreatic islets (Fig. 17) compared with wild-type mice.
Western blot analysis. Glucokinase protein levels of 85-day-
old heterozygous mutants were decreased by tendency in liver
homogenate (Fig. 1, J and L) but unchanged in pancreatic islets
(Fig. 1, K and L) compared with wild-type control mice.
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Furthermore, no induction of caspase-3 as an indicator of
apoptosis was detectable in heterozygous mutant animals of
either sex (see Fig. 5F).

Glucose homeostasis of heterozygous Munich Gck™?1°% muy-
tant mice. Heterozygous mutant mice showed slightly but
significantly elevated ad libitum-fed blood glucose levels from
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the first days of life onward (Fig. 2, A and B). Disturbance in
glucose homeostasis of these mutants deteriorated little until 85
days of age, remaining stable thenceforth (Fig. 2C). At 30 days
of age, fasting blood glucose levels were found to be signifi-
cantly elevated in both heterozygous male and female mutant
animals and remained stable during the period investigated
(Fig. 2D).

During OGTT, 30-day-old male and female heterozygous
mutant animals showed significantly elevated blood glucose
levels until 90 min after oral glucose application. At 120 min,
blood glucose concentrations of heterozygous mutant mice
were similar to those of wild-type mice (Fig. 3A). At the ages
of 90 and 180 days, blood glucose concentrations of heterozy-
gous mutant animals were significantly increased at all time
points during OGTT compared with age- and sex-matched
wild-type animals (Fig. 3B; Table 2). The area under the
glucose curve (AUC) was already significantly increased in
30-day-old heterozygous mutant mice of both sexes and further
deteriorated with age, while the AUC of wild-type mice re-
mained almost constant until an age of 180 days (Fig. 3C).

Fasting serum insulin levels were significantly decreased in
90- and 180-day-old male heterozygous mutant mice, and both
sexes of all examined age groups displayed significantly re-
duced insulin secretion after oral glucose administration (Fig.
3, D and E). During OGTT performed with 90-day-old mice,
serum insulin levels were significantly reduced until 30 min
after oral glucose application in male and until 10 min in
female mutant mice. Furthermore, male heterozygous mutant
mice exhibited a significantly decreased AUC insulin during
OGTT at an age of 90 days, whereas the AUC insulin was only
slightly reduced in female mutant mice (Fig. 3F). Conse-
quently, the HOMA of B-cell function index was reduced by
~75% in male and female heterozygous mutant mice com-
pared with sex-matched control mice (Fig. 3G).

At an age of 30 days, blood glucose decrease during ITT was
comparable between heterozygous mutant and wild-type mice
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(Table 3), while 85- and 170-day-old male mutant mice
showed a significantly less pronounced decrease of blood
glucose levels from basal 10 min after intraperitoneal insulin
application versus male control mice (Fig. 3H; Table 3).
However, the HOMA IR index of male mutant mice was not
altered (Fig. 31).

Clinically relevant parameters in homozygous mutant mice.
Homozygous mutant mice were born as expected according to
the Mendelian pattern of inheritance. Already at the first day
postpartum, homozygous mutant mice showed marked glucos-
uria and dramatically elevated blood glucose concentrations
with severe deterioration of the diabetic phenotype until the
age of 4 days (Fig. 2, A and B). The birth weight of homozy-
gous mutant mice was not different compared with heterozy-
gous mutant and wild-type control mice (Fig. 4A) but did not
increase during the first days of life. At the age of 4 days, the
body weight of homozygous mutant mice was <50% that of
age-matched control mice (Fig. 4B). Homozygous mutant mice
died of severe diabetes mellitus not later than 6 days postpar-
tum. The mean survival period of homozygous mutant mice
was ~4 days, whereas life expectancy of heterozygous mutant
in relation to wild-type animals was not constrained (Fig. 4, C
and D).

Qualitative histological and quantitative stereological in-
vestigations of pancreas and pancreatic insulin content. Mac-
roscopically and histologically, pancreata from newborn het-
erozygous and homozygous mutant mice as well as from
210-day-old heterozygous mutant mice appeared normal, and
no evidence for any inflammatory event in the islets was
detectable. Insulin immunostaining of pancreas sections from
these mutant mice revealed typical islet composition and dis-
tribution of insulin-positive cells within the islets. 3-Cell
staining intensity for insulin was also comparable to that in
control mice (Flg 5, A—E) V(pan) (Flg 6A), VV(B-cellslpan) (Flg 6B),
and V(g_celis,pany (Fig. 6C) of neonatal heterozygous and ho-
mozygous male mutant mice were unchanged versus wild-type
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Fig. 3. Functional glucose and insulin tests in heterozygous mutant mice. A and B: oral glucose tolerance test of 30 (A)- and 90 (B)-day-old mice. C: area under
the glucose curve (AUC) during oral glucose tolerance test. D: fasting serum insulin levels. E: glucose-induced insulin secretion (A insulin). F: serum insulin
concentrations and area under the insulin curve (AUC, inser) during oral glucose tolerance test in 90-day-old mice. G: homeostasis model assessment of baseline
insulin secretion (HOMA B). H: intraperitoneal insulin tolerance test of 170-day-old mice. I: homeostasis model assessment of insulin resistance (HOMA IR).
Data represent means and SD. In F, inset, nos. of animals examined per group are presented in parentheses; other tests were carried out with 10 animals per
genotype and sex. *P < 0.05, male heterozygous mt vs. male wt; §P < 0.05, female heterozygous mt vs. female wt.

mice. Likewise, V pan) (Table 4) and Vv(g_ceisfisiets) (Fig. 6E) were not
altered in 210-day-old mutant versus control mice. VVisiets/pan),
Vistets,pan), and the total B-cell volume [V (g ceis,isiets)] of het-
erozygous male, but not female mutant mice was significantly
decreased versus age- and sex-matched control mice (Fig. 6, D,
G, and H). Additionally, the volume density of isolated (3-cells
in the pancreas [VVsolated p-celis/pany] and the total volume of
isolated B-cells [Vsolated p-celis,pany)] Were significantly de-

Table 2. Blood glucose concentrations during oral glucose
tolerance test in heterozygous mutant versus wild-type
control mice at age of 180 days

Time After Glucose Challenge, min

0 10 20 30 60 90

m, wt 86 (12) 180 (38) 154 (34) 149 (29) 112 (14) 105(13) 103 (18)
m, mt 123 (16) 245 (33) 282(28) 302(22) 242 (25) 217(19) 204 (22)
f,wt  86(10) 172 (31) 159 (34) 123(18) 105(12) 116(44) 93 (15)
f,mt 114 (15) 251(32) 302(57) 266 (46) 216 (45) 191 (38) 174 (36)

120

Data are means (SD); n = 10/group; m, male; f, female; mt, heterozygous
mutant mice; wt, wild-type mice. Bold numbers, P < 0.05.

creased in 210-day-old male heterozygous mutant mice (Fig. 6,
F and I). Combined TUNEL-insulin immunostaining of pan-
creas sections of 210-day-old male mice could not demonstrate
any apoptotic B-cells in the investigated islets of wild-type and
heterozygous mutant mice, whereas occasional apoptotic cells
were observed in the exocrine pancreas and lymph nodes. The
pancreatic insulin content of 270-day-old male heterozygous
mutant mice was only marginally reduced compared with
wild-type mice (Fig. 5H).

DISCUSSION

In this study, the genetic, clinical, and pathomorphological
features of the Munich GckM?'°R mutant mouse as a new
mouse model for MODY 2 were specified.

Breeding heterozygous mutants to C3H wild-type mice over
>10 generations led to the loss of noncausative, clinically
unapparent ENU-induced mutations. The occurrence of the
diabetic phenotype remained unaltered in ensuing generations,
giving proof of the heritability and the complete penetrance of
the abnormal phenotype. Together with the results of the
linkage analysis these findings indicate that the identified
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Table 3. Change of blood glucose levels during insulin
tolerance tests of 30- and 85-day-old heterozygous mutant
versus wild-type control mice

Time After Insulin Application, min

10 20 30 60 90
30-day-old mice
m, wt 106 (15) 84 (11) 79 (9) 61 (18) 65 (19)
m, mt 119 (11) 90 (12) 79 (9) 68 (11) 69 (20)
f, wt 114 (18) 87 (5) 83 (8) 60 (19) 59 (17)
f, mt 116 (14) 82 (6) 77 (6) 61 (10) 68 (11)
85-day-old mice
m, wt 99 (8) 74 (8) 66 (9) 62 (13) 72 (15)
m, mt 107 (8) 80 (14) 70 (10) 71 (13) 87 (14)
f, wt 97 (14) 74 (17) 69 (19) 56 (21) 57 (19)
f, mt 102 (13) 75 (8) 63 (5) S51(11) 47 (14)

Data represent means (SD); n = 5 (30 days old) and 10 (85 days old) per
group. Change of blood glucose is illustrated as % from basal levels. Bold
numbers, P < 0.05.

missense mutation in the glucokinase gene is causative for the
diabetic phenotype of the mouse strain.

The catalytic enzyme glucokinase is known to play a central
role in glucose homeostasis. In hepatocytes glucokinase facil-
itates glucose uptake and controls glycogen synthesis (46),
whereas in pancreatic (3-cells it catalyzes the first, rate-limiting
step of glycolysis and is therefore considered a glucose sensor
(19, 35). Hence, already minimal changes in glucokinase
enzyme activity can entail serious consequences for the organ-
ism, because the threshold for glucose-induced insulin secre-
tion is directly altered (46).

Various Gck-deficient mouse models have already been
generated (6, 20, 46, 47, 55). Rodent models that exhibit point
mutations in Gck resemble the situation in human MODY
2/PNDM and provide the opportunity for the functional anal-
ysis of Gck. Fifteen diabetic mouse strains with inactivating

DIABETES IN ENU-INDUCED MUNICH GckM?°®R MUTANTS

mutations in Gck, showing phenotypes similar to MODY 2 in
human patients, have been identified in various ENU mutagen-
esis projects so far (17, 27, 57) (http://www.brc.riken.jp/lab/
gsc/mouse), but detailed pathomorphological characterization
of these strains is lacking. In addition, the Munich Gck™?!°R
mutant mouse is the first strain that exhibits a mutation at
amino acid position M210. Four inactivating M210 mutations
have already been reported in human diabetic patients (42, 52,
60). Therefore, Munich Gck™M?'°R mutant mice represent a
valuable model to gain more insights into relevant clinical and
pathomorphological aspects of the human disease.

For the majority of ENU-induced Gck mutant strains, the
mutation was found to result in significantly reduced glucoki-
nase activity (27, 57), and the human M210K mutation was
also shown to be associated with reduced enzyme activity in
vitro (39). Likewise, hepatic glucokinase activity was de-
creased in heterozygous Munich GekM?'°R mutant mice, dem-
onstrating that the identified mutation is causative for the
diabetic phenotype. The fact that islet glucokinase activity in
heterozygous mutant mice was obviously unaffected might be
caused by the predominance of low-affinity hexokinase activity
in pancreatic islets, which probably impedes the identification
of potential differences of islet glucokinase activity (58). Ad-
ditionally, the mutation leads to a significant reduction of hepa-
tic Gck expression in newborn homozygous and heterozygous
Munich GckM?'°R mutant mice. In adult heterozygous mutant
mice, hepatic Gck and islet Gck mRNA levels were unaltered,
most likely as a consequence of efficient compensatory mech-
anisms, such as overexpression of the wild-type allele (59).
The initial decrease of hepatic Gck transcript abundance in
neonatal mutant mice might reflect the lack of compensatory
overexpression of the wild-type allele at this age. Consistent
with these findings, hepatic glucokinase protein levels were
only slightly reduced and islet glucokinase protein abundance
was unaltered in heterozygous mutant mice compared with
wild-type littermates. The mutation M210K has already been
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Fig. 5. A-E: insulin immunohistochemistry of pancreas sections at the 1st day postpartum (A—C) and at an age of 210 days (D, E). F: caspase-3 Western blot
from pancreatic islet isolates (85 days of age). G and H: exemplary illustration of isolated 3-cells (G) and pancreatic insulin content (H). In neonatal mice, staining
intensity of the insulin-producing (-cells and the cross-sectional area of 3-cells in the pancreas do not differ in male homozygous (C) and heterozygous
(B) mutant compared with wild-type (A) animals. At 210 days of age, staining intensity and distribution of the insulin-producing 3-cells in the islets do not differ
between male heterozygous mutants (E, fop) and male wild-type control (D, top) animals, whereas islets are conspicuously smaller in heterozygous mutant (£,
bottom) vs. wild-type (D, bottom) mice. F: immunoblotting of pancreatic islet isolates from 85-day-old mice revealed no induction of caspase-3 in male wild-type
mice (/) and male heterozygous mutant mice (2), whereas the 19-kDa fragment of the cleaved caspase-3 (active) was detectable in the positive control (+, lymph
node homogenate). G: spectrum of insulin™ stained pancreatic cells, classified as isolated B-cells: insulin-positive cells within (/) or budding from pancreatic
ducts (2), scattered B-cells (3), and extra-islet B-cell clusters (EICs; <4 insulin™ cells) (4). H: data represent means and SD; nos. of animals examined per group

are presented in parentheses.

shown to be refractory to glucokinase activators as well as to
increasing concentrations of glucokinase regulatory protein
(GKRP), which is known to be critically involved in posttran-
scriptional and posttranslational regulation of hepatic glucoki-
nase. Therefore, impaired interaction with GKRP might ac-
count for the marginal reduction of hepatic glucokinase protein
abundance in Munich GckM?!°R mutant mice (8, 16, 52).
Reductions of Gck expression and glucokinase protein levels
have also been reported to be a consequence of glucokinase
mutations in ENU-induced mutants (27, 57).

Since in heterozygous mutant mice glucokinase activity was
reduced to 50% of the wild-type catalytic enzyme activity, they
exhibited slightly elevated blood glucose levels already from

birth, with development of glucose intolerance and stable
fasting hyperglycemia from 30 days of age. In contrast, ho-
mozygous mutant mice showed severe hyperglycemia at the
first day of life, with a dramatic increase of blood glucose
levels within 1 day, suggesting that glucokinase activity is
drastically reduced in these animals. The exacerbated pheno-
type of homozygous mutants resembles that of PNDM in
humans, where a homozygous M210 mutation has also been
identified (39, 40).

Similar to clinical findings in MODY 2 patients (22), hy-
perglycemia in heterozygous mutant mice was chronic but mild
with slight deterioration of blood glucose concentrations until
the age of 85 days, followed by stabilization of the diabetic
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Fig. 6. Quantitative stereological analysis of the pancreas at the 1st day postpartum (A—C) and at the age of 210 days (D-I). Pancreas volume [V (pan), A], volume
density of B-cells in the pancreas [V V(g ceiis/pan), B], and total B-cell volume [V g-celis,pan), C] are unaltered in both neonatal homozygous and heterozygous male
mutant vs. control mice. At the age of 210 days, volume densities of islets in the pancreas [VViisietspan), D] and isolated (3-cells in the pancreas [VViisol g-celispan)s
F] are significantly reduced in male heterozygous mutant vs. control mice, whereas volume density of the B-cells in the islets [V Vg ceisiisiets), £] is unchanged
in these animals. Consequently, total volume of islets [V isiets.pan). G, the total B-cell volume [V (g_cels.isiets) H], and the total volume of isolated B-cells [V isol
B-cells,pan), I] are significantly decreased in male heterozygous mutant vs. control mice. Data represent means and SDj; nos. of mice examined per group are
presented in parentheses; *P < 0.05 male heterozygous mutant vs. wild-type mice.

phenotype. Because of this lenient and stable phenotype, life
expectancy was not reduced in heterozygous mutant mice,
whereas the mutation is lethal soon after birth when present on
both alleles. A comparable limitation of life expectancy was
observed in other homozygous murine glucokinase mutants
(27) as well as in homozygous global and (-cell-specific Gck
knockout mice (6, 20, 46, 47, 55). Because glucokinase repre-
sents the limiting factor for glucose-induced insulin release,
insulin secretion after glucose application was considerably
reduced in heterozygous mutant mice. Additionally, male mu-
tant mice showed significantly reduced fasting serum insulin
concentrations, a significantly reduced insulin secretory capac-
ity, and a decelerated response to exogenous insulin, even if the

Table 4. Pancreas volume of 210-day-old heterozygous
mutant versus wild-type mice

Pancreas Volume, mm?

m, wt 239.38 (12.34)
m, mt 22498 (3.19)

f, wt 257.13 (18.02)
f, mt 250.35 (23.06)

Data are means (SD); n = 4 per group.
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HOMA IR was not altered. Despite frequent use of HOMA
indexes in animal models, HOMA indexes have not been
validated for use in animals (63). Therefore, the reproducible
results from ITT seem to more reliably reflect insulin sensitiv-
ity in Munich GckM?'°R mutant mice. A slight reduction of
insulin sensitivity has already been reported in other ENU-
induced Gck mutant mice and can also occur in human MODY
2 patients, whereas decreased fasting insulin levels have not
been detected in other Gek mutant or knockout mice so far and
fasting insulin levels are usually normal in human MODY 2
patients (22, 27, 47). The slightly milder phenotype observed
in female mutants is a phenomenon that has been described for
several diabetic rodent models (33) and also appears in human
diabetes mellitus (18). A positive impact of 173-estradiol has
been postulated to account for this sexual dimorphism (32, 33).

Pancreas weight, gross morphology, and histological appear-
ance of the exocrine pancreas of newborn heterozygous and
homozygous mutant and 210-day-old heterozygous mutant
mice were unaltered. Quantitative stereological investigations
of pancreatic tissue from neonatal animals revealed a compa-
rable volume density of B-cells in the pancreas and an unal-
tered total B-cell volume in heterozygous and homozygous
male mutant versus wild-type control mice. In contrast, a 30%
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reduction of islet and (3-cell mass was identified in 210-day-old
male heterozygous Munich GckM?!°R mutant mice, whereas
both parameters were unchanged in female mutant mice,
whose [3-cells are probably protected by 173-estradiol (32).
Despite reduced total islet and total B-cell volumes, pancreatic
insulin content was not reduced in male heterozygous mutant
mice. Because blood glucose levels are known to positively
regulate insulin synthesis on transcriptional and posttranscrip-
tional levels, mild hyperglycemia of mutants might mediate
insulin accumulation in 3-cells of male heterozygous Munich
GckM?19R mutant mice (4). Furthermore, recent studies showed
that alteration of Gck expression does not lead to alterations of
islet insulin content (7, 54). Since endocrine cells budding from
ducts and single extra-islet insulin® cell clusters (EICs) are
considered a parameter for new islet formation (23, 29), a
coincident reduction of the total volume of isolated B-cells of
male heterozygous mutant mice of ~30% and the absence of
apoptosis in pancreatic islets isolated from 85-day-old mice
suggests that reduced islet and B-cell mass, observed in male
mutant mice, emerge from impaired islet neogenesis.

Morphological alterations of the endocrine pancreas are
reported to arise in some MODY subtypes (28). Even though
actual interest in the role of glucokinase in regulation of (3-cell
mass has risen, only few perceptions about the pathomorphol-
ogy of MODY 2 and the influence of glucokinase aberrations
on maintenance, adaptation, and turnover of the endocrine
pancreatic mass are existing (42).

Over the last decades there has been increasing evidence
that, from embryogenesis to adulthood, the endocrine pancreas
represents a dynamic, in adult life slowly renewing, tissue
whose mass is determined by the balance between replication,
neogenesis, and apoptosis—under physiological conditions
and in response to varying secretory demand (1, 37). The
factors involved in regulating 3-cell mass are numerous (1),
but the potent stimulatory effect of glucose and insulin on the
expansion of B-cell mass in vivo (9, 44) and in vitro (48, 53)
substantiates a central impact of glucose metabolism and in-
sulin signaling pathway on endocrine pancreatic mass expan-
sion. Islet neogenesis and (-cell proliferation from preexisting
B-cells are reported to be the main mechanisms of these
adaptive changes (1, 10, 45). For one of these mechanisms,
glucokinase has already been shown to be essential: mice
haploinsufficient for pancreatic Gcek failed to increase (-cell
mass in response to a high-fat diet, whereas wild-type control
mice developed compensatory 3-cell hyperplasia. However, in
contrast to Munich Gck™M?'°R mutant mice, no reduction of
[B-cell mass or islet size was detected in [3-cell-specific het-
erozygous Gck knockout mice versus wild-type mice when fed
a standard chow (56). Because the genetic background has a
great influence on the occurrence of an aberrant phenotype (5),
these different observations might be explained by the different
genetic background of the Gck mutant mice. Additionally,
parameters of islet neogenesis and the influence of the com-
plete absence of 3-cell glucokinase on the integrity of the
endocrine pancreas were not investigated in these knockout
models.

Although recent studies suggest a contrary detrimental in-
fluence of glucokinase on endocrine pancreatic mass dynamics
by demonstrating that glucokinase is involved in glucotoxicity-
induced B-cell death via induction of Bad dephosphorylation
and Bax- and Bad-mediated apoptosis (14, 31), our data indi-

E521

cate that impaired islet neogenesis rather than enhanced apop-
tosis is causative for islet and [-cell mass reduction in male
heterozygous Munich GekM?1°R mutant mice.

In light of these findings, glucokinase may have an impor-
tant impact on the balance between 3-cell renewal and death
and, therefore, on endocrine pancreas plasticity.

In summary, we identified a new ENU-induced Gck muta-
tion in mice, with relevance in humans, leading to MODY 2 or
PNDM. Furthermore, we showed that this Gck mutation leads
to pancreatic islet and [3-cell mass reduction in male heterozy-
gous mutant mice, most likely as a consequence of decreased
postnatal islet neogenesis. This profoundly characterized new
MODY 2 model is thought to be valuable to study the roles of
Gck, disturbed glucose homeostasis, and mild hyperglycemia
in endocrine pancreatic mass dynamics, for the development of
strategies for early diagnosis, and for the development of
potential novel therapeutics.
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