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Abstract

We performed a cell transplantation study to treat the brain involvement in lysosomal storage diseases. We used acid B-galac-
tosidase knock-out mice (BKO) from C57BL/6 as recipients. To minimize immune responses, we used cells derived from transgenic
mice of C57BL/6 overexpressing the normal human B-galactosidase. Fetal brain cells (FBC), bone marrow-derived mesenchymal
stem cells (MSC), and mixed FBC and MSC cells were prepared and injected into the ventricle of newborn BKO mouse brain.
The mice were examined at 1, 2, 4, and 8 weeks and 6 months after injection. In each experiment, the injected cells migrated into
the whole brain effectively and survived for at least 8 weeks. Decrease in ganglioside GM 1 level was also observed. FBC could sur-
vive for 6 months in recipient brain. However, the number of transplanted FBC decreased. In the brains of MSC- or mixed cell-
treated mice, no grafted cells could be found at 6 months. To achieve sufficient long-term effects on the brain, a method of steering
the immune response away from cytotoxic responses or of inducing tolerance to the products of therapeutic genes must be

developed.
© 2008 Elsevier B.V. All rights reserved.

Keywords: GM 1-gangliosidosis; Cell transplantation; Fetal brain cell; Mesenchymal stem cell

1. Infroduction

Enzyme replacement therapy (ERT), hematopoeitic
stem cell transplantation (HSCT), and gene transfer have
been studied in animals and in humans with lysosomal
storage disease (LSD). ERT is now available clinically
for Gaucher disease, Fabry disease, Pompe disease, and
MPSI, II, and VIin many countries, and has been success-
ful in visceral organs. HSCT is also effective against the

" Corresponding author. Tel.: +81 6 6645 3816; fax: +81 6 6636
8737.
E-mail address: akemi-chan@med.osaka-cu.ac.jp (A. Tanaka).

0387-7604/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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somatic involvements in Gaucher disease and MPS 1, 11,
and VI. However, HSCT exhibits little efficacy in condi-
tions such as Fabry disease and Pompe disease, when
enzyme secretion from donor cells is poor or the uptake
of enzyme proteins by the affected host cells is inadequate.
In addition, efficacy in individual organs differs markedly,
in both ERT and HSCT, depending on accessibility of
blood flow and the density of mannose-6-phosphate
receptors. Neither HSCT nor ERT exhibits efficacy
against the brain involvement in Gaucher or MPSs
because of the poor access due to the blood-brain barrier.

Many experimental studies have been carried out,
involving methods such as gene therapy [I-5], cell
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therapy [6-9], or intrathecal administration of enzymes
[10.11], for treatment of the brain in LSDs. Such
treatments were able to overcome the blood-brain
barrier to access brain tissue and exhibit considerable
efficacy in brain. However, it is difficult to maintain
such efficacy for long periods of time. Repetition of
these treatments is not practical because intracranial
administration is required for them. On the other
hand, the usefulness of intravenous administration is
limited because of the blood-brain barrier, except in
newborn mice which have an immature barrier. It
has been reported that intravenous administration of
extremely high doses of enzymes [12-14] or of
enzymes that remain in the circulation for long peri-
ods [15,16] yielded slight passage through the blood—
brain barrier, though with increase in the risk of
immune response.

Oral administration of small molecules would be a
good and convenient method of treatment of the brain
for prolonged periods, such as substrate reduction ther-
apy with N-butyldeoxynojirimycin or N-butyldeoxyga-
lactonojirimycin for glycosphingolipidoses [17-19] or
genistein for mucopolysaccharidoses [20], and chemical
chaperone therapy for Fabry disease [21]| or GM1-gan-
gliosidosis [22]. However, the efficacy of substrate reduc-
tion therapies has thus far been quite limited, and
chemical chaperone therapies are not applicable for
every type of gene mutation.

GM1 gangliosidosis is an LSD and a progressive
neurological disease in humans caused by a genetic
defect of lysosomal acid B-galactosidase, which hydro-
lyses the terminal B-galactosidic residue of ganglioside
GMI1 and other glycoconjugates. The defects in -
galactosidase activity result in accumulation of gangli-
oside GM1 in various organs, especially the brain,
causing progressive neurodegeneration. In our previ-
ous study [2], we injected recombinant adenovirus
encoding mouse [-galactosidase ¢cDNA intravenously
in B-galactosidase-deficient newborn mice, and showed
that vector-mediated B-galactosidase-producing brain
cells could reduce ganglioside GMI1 accumulation.
We showed that B-galactosidase enzyme protein could
be secreted as well as taken up by the brain cells and
function effectively. However, the efficacy obtained
was transient. If sufficient amounts of the defective
enzyme could be permanently secreted by cells in the
brain, injury of the brain could be prevented. To
examine the possibility of long-term cell treatment of
the brain in LSDs, we carried out a transplantation
experiment in the brain of a GMIl-gangliosidosis
mouse model (acid B-galactosidase knock-out mouse)
using fetal brain cells (FBC) and mesenchymal stem
cells (MSC) from bone marrow. These cells used for
transplantation were derived from mice of the same
genetic background as recipient mice except for pos-
session of the human B-galactosidase gene.

2. Materials and methods
2.1. Knock-out and transgenic mice

A mouse model of GM1 gangliosidosis (BKO mouse)
was generated by targeting of the f-galactosidase gene at
exon 15 in ES cells as previously described [23]. New-
born mice were obtained by mating heterozygous female
mice with homozygous male mice. Identification of new-
born mutants was accomplished by quantitative analysis
of B-galactosidase activity in tail tip homogenates on the
day of birth. Mice with high B-galactosidase activity
(TG mice) [24] were generated by introducing the
human B-galactosidase gene as a transgene in ES cells
obtained from the BKO mouse, which has several copies
of the human [B-galactosidase gene without the mouse f3-
galactosidase background. Age-matched wild-type mice
of C57BL/6 strain were used as a control.

2.2. Cell preparations for transplantation

Cultured mesenchymal stem cells (MSC) were
obtained from the bone marrow of the tibias and femurs
of 5-8 month-old TG mice according to the method of
Meirelles et al. [25] with some modifications. Dulbecco’s
modified Eagle’s medium (DMEM: Sigma Chemical
Co., St Louis, MO) containing 10% fetal bovine serum
(Medical and Biological Laboratories, Nagoya, Japan)
was used for culture.

Fetal brain cells (FBC) were obtained from the fetal
cerebral cortex of TG mice at 13 days of gestation
according to the method of Meberg and Miller [26].
The brain tissue was disrupted in a Pasteur glass pipette
by gentle stroking several times (uncultured FBC), and
then cultured for 4 h in Neurobasal medium (Invitrogen,
Carlsbad, CA, No. 12348-07) containing 2 mM gluta-
mine and 10% FBS, followed by two days in Neurobasal
medium containing 2 mM glutamine and B27 supple-
ment (Invitrogen, No. 14175-095) (cultured FBC).

2.3. Transplantation of cells into newborn mouse brain

Each BKO mouse received a single injection of 0.5—
1.0 x 10° of the cells prepared as described above in
the right cerebral ventricle from 24 to 48 hours after
birth. Study groups were as follows: uncultured FBC
(n = 18), cultured FBC (rn=10), MSC (n=17), and
mixed MSC and FBC (1:1) (n = 15). Mice of each exper-
imental group were divided into three subgroups for X-
gal staining, B-galactosidase assay and ganglioside GM 1
analysis. Mice were examined at one, two, four, and
eight weeks and 6 months after injection as shown in
Table 1.

For biochemical analysis, mice were anesthetized
with diethylether and the blood was washed out with
normal saline by perfusion through the heart, and the
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brains were removed and kept at —80 °C until use. For
histological studies, the brains were fixed by perfusion
through the heart with 4% paraformaldehyde in 0.1 M
phosphate buffer pH 7.4 (PB) for 20 min., after washing
out the blood with normal saline. To obtain frozen sec-
tions, the brains were placed in 0.1 M phosphate buffer
pH 7.4 containing 30% sucrose, and frozen in liquid
nitrogen.

All surgical and care procedures were carried out in
accordance with the Guidelines for Use and Care of
Experimental Animals approved by the Animal Com-
mittee of Osaka City University School of Medicine.

2.4. X-Gal staining

Frozen sections (16 pm thick) were reacted with X-
gal using the B-gal staining Kit (Invitrogen Corp., Carls-
bad, CA) to visualize f-galactosidase activity.

2.5. B-Galactosidase assay

B-Galactosidase activity was analyzed in the tissue
homogenate with the artificial substrate 2 mM 4-methyl-
umbelliferyl B-galactoside at pH 4.0 in 0.1 M sodium cit-
rate-phosphate buffer according to the method described
by Suzuki [27]. Protein was analyzed using the Bio-Rad
protein assay system (Bio-Rad Laboratories, Hercules,
CA) with the method of Bradford [28].

2.6. Analysis of ganglioside GM1

Amounts of gangliosidle GM1 were measured by
immunoblot assay using anti-GM1 ganglioside mono-
clonal antibody (Code: 370685, Seikagaku Corp.,
Tokyo, Japan) by the method of Michikawa et al. [29]
with some modifications.

Brain tissue cells were disrupted by sonication and
solubilized in 20 mM Tris—HCI buffer pH 8.0 containing
137 mM NacCl, 10% glycerol, and a protease inhibitor
cocktail (Complete, Mini, Cat No. 11836153001, Roche
Diagnostics, Mannheim, Germany). Five micrograms of
tissue protein was applied onto Trans-Blot Transfer
Medium Pure Nitrocellulose Membrane (0.45 pm pore
size, Code: 162-0117, Bio-Rad Laboratories) through
the slots of a Bio-Dot SF Microfiltration Apparatus
(Bio-Rad Laboratories). The membrane was reacted
with anti-GM1 ganglioside monoclonal antibody
diluted 1:500, after blocking with 5% skim milk in
PBS solution for 1 h at room temperature, and then with
horseradish peroxidase-linked anti-mouse IgG sheep
antibody (Code: NA931, GE Healthcare UK Ltd.,
Buckinghamshire, UK) diluted 1:1,000. The washing
solution used was 0.1 M Tris buffered saline pH 7.5 con-
taining 0.1% Tween 20 (TTBS). Bound antibody was
detected using ECL after reaction with ECL™ Western
Blotting Detection Reagents (Code: RPN2209, GE

Healthcare UK Ltd.) and visualized on X-ray film. Den-
sitometric quantification of immunoreactive signal was
performed using the Kodak Digital Science™ EDAS
120 system with 1D Image Analysis software (Eastman
Kodak Company, NY). The values obtained were com-
pared with those of quantification of histological immu-
noreactivity with Leica Control Software as previously
described [30], and the same ratios were obtained among
the samples (data not shown). The assay was performed
three times and in duplicate for each sample indepen-
dently, and mean values were calculated.

3. Results
3.1. X-Gal staining

Layered staining of the transplanted cells was
observed over the entire ventricular surface on both
sides of the cerebral hemispheres in treated mice at
one week after injection (data not shown). Positive cells
had spread into the brain tissue by two weeks (Fig. Ic
and f) in the mice treated with cultured FBC (n = 1),
uncultured FBC (n=1), and MSC (n = 2) in the same
amounts. The cells had spread further and had reached
every part of the brain by 4 weeks in the mice of all
experimental groups (Fig. 1d, g and i). Less positive cells
were found in the mice treated with MSC (n=3) or
mixed MSC and FBC (n=3) (Fig. Ig and i) than in
the mice treated with cultured (n=3) or uncultured
FBC (n = 3) (Fig. |d). The number of the X-Gal positive
cells increased gradually until 4 weeks after injection in
every experimental mouse. At 8 weeks after injection,
positive cells still existed in the cultured FBC- (n = 3)
and uncultured FBC-treated (n = 3) mice (Fig. le) in
the same numbers with a similar distribution as at 4
weeks. However, a significant decrease in number of
positive cells was found at 8 weeks in the mice treated
with MSC (n=3) or mixed MSC and FBC (n=23)
(Fig. 1h and j). In the mice treated with mixed MSC
and FBC, positive cells existed in higher numbers in
deep areas than in the mice treated with MSC alone.
In the mice treated with cultured (# = 2) and uncultured
FBC (n = 2), small numbers of positive cells with strong
staining still existed in many parts of the brain, espe-
cially around the striatum and lateral globs pallidus
(Fig. 1k and 1), at 6 months after injection. No grafted
cells were found in the mice treated with MSC (n=1)
or mixed MSC and FBC (rn = 1) at 6 months. No signif-
icant differences were noted among the mice within each
experimental group at each stage.

3.2. B-Galactosidase activity
The B-galactosidase activity in FBC and MSC

derived from TG mice were 214.5-227.5 nmol/mg/h
(n=4) and 143.0-121.4 nmol/mg/h (n=3), respec-
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Fig. 1. X-Gal staining of brain coronal sections at +0.8 mm to —2.0 mm of bregma. (a and b) Non-treated BKO mouse at 4 and 8 weeks old,
respectively; (c—e) Treated with FBC at 2, 4, and 8 weeks after injection; (f-h) Treated with MSC at 2. 4, and 8 weeks after injection; (i and j) Treated
with mixed MSC and FBC at 4 and 8 weeks after injection; (k) FBC-treated brain at 6 months after injection; (1) Magnification of figure k. Positive
cells had spread into the brain tissue by two weeks (c and f). The cells had spread further by 4 weeks (d, g and i). Less positive cells were found in the
mice treated with MSC or mixed MSC and FBC (g and i) than in the mice treated with FBC (d). At 8 weeks, positive cells still existed in FBC-treated
mouse (e) as at 4 weeks (d). A significant decrease in number of positive cells was found at 8 weeks in the mice treated with MSC (h) or mixed MSC
and FBC (j). Strong positive staining cells still existed at 6 months in the brain of FBC-treated mouse (k and D).
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tively, while the activity in FBC and in MSC derived
from wild-type mice were 54.9-69.1 (n=2) and 63.0
(n=1), respectively.

The results of brain -galactosidase activity in trans-
plantation experiments are shown in Table 2. Increases
in B-galactosidase activity were found in the brains of
each experimental group at 4 weeks after injection.
Activity in the FBC-treated mice was definitely
increased at 4 weeks as well as at 8 weeks, while activity
at 8 weeks in the MSC-treated mice and mixed MSC and
FBC-treated mice was almost the same level as that in

the untreated mice. These findings were consistent with
those in the X-Gal staining study.

3.3. Immunoassay of ganglioside GM1

Immunoassay of accumulated ganglioside GM1 was
performed for each mouse using anti-GM1 ganglioside
monoclonal antibody. Values are ratios to the amounts
in age-matched normal control mice. The results are
shown in Fig. 2 and Tables 3. At 4 weeks after injection,
remarkable decrease in ganglioside GM1 accumulation

Table 1
Mouse numbers used for each experiment.
Time after injection 1 week 2 weeks 4 weeks 8 weeks 6 months
[X-Gal staining]
Uncultured FBC I | 3 3 2
Cultured FBC | 1 3 3 2
MSC 2 3 3 1
Mixed MSC and FBC 3 3 |
[B-galactosidase activity]
Uncultured FBC 2 2
Cultured FBC
MSC 2 2
Mixed MSC and FBC 2 2
[Immunoblot assay of ganglioside GM1 amount]
Uncultured FBC | 1
Cultured FBC
MSC 2 2
Mixed MSC and FBC 2 2
Table 2
B-Galactosidase activity.
4 weeks 8 weeks

Age-matched normal control (mean + SD)
Non-treated (mean = SD)

197 £61 (n=7)
438 +£0.35 (n=>5)

159 +£56 (n=17)
410047 n=15)

Treated with uncultured FBC Mouse 1 Mouse 7
Rt: 6.65" Rt: 4.94
Lt: 5.31" Lt: 6.03"
Mouse 2 Mouse 8
Rt: 7.36" Ri: 5.58"
Lt: 5.33" Lt: 5.05"
Treated with MSC Mouse 3 Mouse 9
Rt: 6.30" Rt: 4.13
Lt: 5.95° Lt: 3.67
Mouse 4 Mouse 10
Rt: 5.74° Rt: 4.19
Lt: 5.12% Lt: 5.05"
Treated with mixed MSC and FBC Mouse 5 Mouse 11
Rt: 5.80" 4.13 (mix of both hemispheres)
Lt: 5.40°
Mouse 6 Mouse 12
Rt: 5.06 Rt: 4.85
Lt: 4.52 Lt: 5.02

Values are in nmol/mg/h. Each sample was tested in duplicate and results are mean values. Rt, right hemisphere; Lt, left hemisphere.

# Increase of activity over mean + 2SD of non-treated mice.
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Table 3
Immunoblot assay of ganglioside GM1 amount.
4 weeks 8 weeks 6 months
Age-matched non-treated (range) 2.65-3.55 (n=13) 4.98-5.28 (n=13) 7.58 (n=1)
Treated with uncultured FBC Mouse I Mouse VI Mouse XI
Rt: 1.42" Rt: 2.30" Rt: 6.18"
Lt: 1.80" Lt: 2.44* Lt: 6.40"
Treated with MSC Mouse II Mouse VII
Rt: 1.82° Rt: 5.30
Lt 1.31° Lt: 523
Mouse 111 Mouse VIII
Rt: 1.40" Rt: 4.40"
Lt: 1.34" Lt: 4.73"
Treated with mixed MSC and FBC Mouse IV Mouse IX
Rt: 1.33" Rt: 4.55"
Lt: 1.34" Lt: 4.78"
Mouse V Mouse X
Rt: 1.78" Rt: 4.45"
Lt: 1.62" Lt: 4.58"

Values are ratios to those for age-matched control mice. Each sample was tested in duplicate for three times and results are mean values. R, right

hemisphere; Lt, left hemisphere.
# Remarkable decrease.
® Slight decrease of ganglioside GM1 compared with non-treated mice.

was found in the mice of every group. However, at 8
weeks, decrease was detected only in the mouse treated
with FBC. Efficacy was still noted at 6 months after
injection in FBC-treated mouse. These findings were
consistent with those for X-Gal staining (Fig. 1) and
B-galactosidase activity (Table 2).

4. Discussion

Two therapeutic methods, HSCT and ERT, are clin-
ically available for LSDs. However, neither is markedly
effective in the brain. A number of experiments in ani-
mal models have been carried out on the treatment of
brain in LSDs. Each revealed some efficacy in the brain,
though it was transient and incomplete. Sufficient
enzyme expression throughout life is needed in the
brain. Thus, permanent engraftment of enzyme-secret-
ing cells in the brain, or permanent expression of an
exogenous gene with a vector or as an integrated gene
might eliminate the brain involvement in LSDs.

However, the immune responses of host animals are
among the most difficult problems to overcome in this
respect [3]1-33]. Although the brain, which is sequestered
from systemic immune responses, is thought to exhibit
little immune response, elimination of cells expressing
a therapeutic transgene occurs in the brain. We specu-
late that innate inflammatory immune responses are
stimulated to kill such cells, not necessarily with the
induction of a linked adaptive immune response. When
host brain cells express a therapeutic transgene mediated
by a viral vector, the host cells themselves will be elimi-
nated, possibly resulting in acceleration of neuronal cell
death in neurodegenerative disorders. Transplantation
of cells having the same genetic information as the host

animals with LSD except for expression of a deficient
enzyme protein would thus be a good method of treat-
ment for avoiding the elimination of host neuronal cells
and curing diseased host cells.

We performed cell transplantation into the brain of
B-galactosidase-deficient mice to study the usefulness
of long-term engraftment for supplementation of defi-
cient enzyme protein. To minimize the immune
responses in the recipient B-galactosidase knock-out
mice, we used cells of mice with the same genetic back-
ground as the recipient except for possession of copies of
the human B-galactosidase gene.

Initially, in the transplantation experiment, we used
FBC from transgenic mice expressing the human p-
galactosidase gene. The cells could grow in an envi-
ronment similar to that of the recipient organ in
which they were originally growing. The cells spread
into the brains and the cell number increased at least
until 4 weeks. They grew very successfully for at least
8 weeks and survived for 6 months or more. However,
the number of engrafted cells had decreased signifi-
cantly at 6 months, while the size of the brain had
increased. The decrease in ganglioside GM1 accumula-
tion was also marked until 8 weeks after transplanta-
tion. However, at 6 months, this decrease was far less
pronounced, with re-accumulation of ganglioside
GM]1. After the cells were engrafted and the cell num-
ber was increased by the cell division in the recipient
brain, they were depleted. The mechanism of depletion
of transplanted cells involved immunological rejection,
although the transplanted cells were very similar
genetically and physiologically to the recipient.

Next, we performed a transplantation experiment
using MSCs obtained from the bone marrow of the
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Wild-type mouse a

Non-treated mouse b

FBC-treated mouse ‘
Right hemisphere

FBC-treated mouse d
Left hemisphere

Fig. 2. Immunoblot assay of ganglioside GM1 in brain homogenate at
8 weeks after treatment. Performed in duplicate as shown in two slots
for each sample. (a) Wild-type mouse; (b) Non-treated mouse; (¢ and
d) Right and left hemisphere, respectively, of a mouse treated with
FBC. The immunoreactivity against ganglioside GM1 antibody in the
treated brain (c and d) was less than non-treated brain (d). The
accumulated amounts of ganglioside GM1 were calculated in the ratio
to the age-matched wild-type mouse (a) from the densitometric
quantification signals. These values were shown in Table 3.

same mice expressing the human B-galactosidase gene.
MSCs were obtained using the method of plastic adher-
ence. This relatively crude procedure produces a hetero-
geneous population including multipotential MSCs.
These crude cells were used to avoid depletion of poten-
tially important cells and for ease of preparation for
clinical application. The cells spread into the brains
and the cell number increased similarly to FBC trans-
plantation experiment until 4 weeks. However, decrease
in number of engrafted living cells and efficacy in pre-
venting accumulation of ganglioside GMI1 were
observed in the examination of 8-week-old treated mice.

A number of studies on neural transdifferentiation
have been reported [34-37]. Some have reported that
neural transdifferentiation of MSCs is induced by cell
fusion with host neuronal cells [38-41]. We therefore
used mixed FBC and MSC cells to stimulate cell fusion.
More engrafted cells were found in the deep areas of the
mouse brains treated with mixed cells than in the brains
treated with MSC alone. However, no fused cells could
be identified. The long-living cells were probably trans-
planted FBC themselves.

Decrease of ganglioside GM1 was observed even
though the increase of the p-galactosidase activity
was so small. Similar efficacy was shown previously
in our gene therapy experiment [2]. On the other
hand, we observed a general depletion of the trans-
planted cells over time in the BKO mouse brains.
The transplanted cells survived in early stage and
the number increased by cell division, then, died. This
was likely caused by immunological rejection, even

though we used fetal brain cells (FBC) from mice with
the same genetic background for transplantation. We
speculated that immunological reaction occurred
because these cells expressed the therapeutic enzyme
protein which the host animals did not have. The
same has been reported in the transplantation of
autogenous cells expressing an exogenous therapeutic
gene [33]. The grafted cells were gradually depleted
because of immunological rejection by the host
animals. To avoid deleterious immune attack and to
achieve sufficient long-term efficacy in brain, develop-
ment of methods to steer the immune response away
from cytotoxic responses or to induce tolerance to
the products of therapeutic genes is needed [42,43].
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Abstract: We assessed the possibility of C57BL/6-Tg (Meg1/Grb10)isn(Meg1 Tg) mice as
a non-obese type 2 diabetes (2DM) animal model. Meg1 Tg mice were born normal, but
their weight did not increase as much as normal after weaning and showed about 85% of
normal size at 20 weeks of age. Body mass index of Meg1 Tg mice was also smaller than
that of control mice. The glucose tolerance test and insulin tolerance test showed that Meg1
Tg mice had reduced ability to normalize the blood glucose level. Blood urea nitrogen (BUN)
in Meg1 Tg mice (19.6 + 1.2 mg/dl) was significantly lower than in controls (22.0 £ 0.8 mg/
di), while plasma triglyceride, insulin, adiponectin, and resistin levels were significantly higher
(202.0 £ 23.4 mg/di vs 146.3 + 23.4 mg/dl, 152.4 + 16.3 pg/mi vs 88.1 + 16.9 pg/ml, 74.4 +
10.9 yg/mi vs 48.3 + 7.0 ug/mi, and 4.0 + 0.2 ng/ml vs 3.6 £ 0.2 ng/ml, respectively). Body,
visceral fat weight and liver weights were significantly lower (19.6 + 0.4 g vs 24.3 £ 0.3 g,
376.7 £29.6 mg to 507.5 £ 23.0 mg, and 8906.0 + 41.8 mg to 1,001.0 £ 15.1 mg, respectively).
Thus, hyperinsulinemia observed in Meg1 Tg mice indicates that their insulin signaling
pathway is somehow inhibited. With high fat diet, the diabetes onset rate of Meg1 Tg mice
increased up to 60%. These results suggest that Meg1 Tg mice resemble human 2DM.
Key words: biochemical characterization, Meg1/Grb10 fransgenic mouse, non-obese mouse
model, type 2 diabetes mellitus

Introduction classified as non-insulin dependent diabetes and accounts

for higher than 95% of all cases of diabetes {12, 39].

Type 2 diabetes mellitus (2DM) is a life-threatening ~ Moreover, recent studies have revealed that the preva-

endocrine disorder that affects as many as 6% to 10% of  lence of 2DM has doubled in the United States over the
the population of the world. This type of diabetes is  last 30 years [1].
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Many experimental 2DM model animals have been
established from spontaneous mutants and are currently
in use in human 2DM research [11, 22, 24, 33, 35]. In
spite of much effort, which has focused on using such
model animals, some aspects of 2DM remain unclear.
To elucidate the pathological character of 2DM, it is
necessary to identify which metabolic pathways are re-
sponsible for the onset of 2DM. However, in many
cases, the relationship between original mutations and
their affected metabolic pathways is difficult to explain.
Recent progress in molecular biology has enabled us to
take another approach to develop novel diabetes model
animals through the manipulation of genes that are
closely related to glucose metabolism and insulin resis-
tance [6]. Using gene-targeting technology, a number
of useful mouse models have recently been developed
for the study of the progression of diabetes [4, 17].

Recently, genomic imprinting has been discovered as
an important factor in the etiology of 2DM. A number
of studies have reported a relationship between genom-
ic imprinting and 2DM in the mouse [13,21, 30]. Over-
expression of some imprinted genes might explain the
mechanism of human transient neonatal diabetes [21],
and deletion of some imprinted genes has been sug-
gested as the cause of pancreatic f cell dysfunction [13].
Another candidate imprinted gene for 2DM is mater-
nally expressed 1(Megl)/ growth factor receptor-binding
protein (Grb) 10 [23]. Recently, it has been reported that
Meg1/Grbl10 knockout mice show the embryonic over-
growth phenotype [3]. Meg/Grbl0 transgenic mice
Meg! Tg mice were produced to elucidate Meg1/Grb10
function in vivo [31]. Grbl10 interacts with both insulin
receptors (IR) and insulin-like growth factor I receptors
(IGF-1R) in vitro {8, 9, 27]. Since the IGF-1 signaling
pathway is reportedly involved in embryonic growth,
Meg1/Grbl0 may have a negative effect both on the
embryonic growth and postnatal growth phenotypes as-
sociated with uniparental duplication of chromosome 11
[7, 23]. Alternatively, Megl/Grb10 may function in
glucose homeostasis, which is regulated by the IR signal-
ing pathway. Insulin binds to IR and activates a signal
transduction pathway through its receptor kinase activ-
ity. It has been demonstrated that IGF1 functions via
IGF1R, while IGF2 functions via both IGFIR and IR,
and that each of these signaling pathways contributes to

some extent to late embryonic growth [20]. Moreover,
mutation studies of human 2DM patients indicate the
existence of additional factors in the pathogenesis of this
disease [25].

Overall, Meg! Tg mice have similar character to hu-
man 2DM in overexpression of the imprinted Megl/
Grbl10 gene that functions negatively for both insulin
signaling via IR and IGF-1 signaling via IGF-1R. There-
fore, it seems likely that, in the late embryonic stage,
when endogenous Meg1/Grb10 expression is very high,
Meg1/Grb10 negatively regulates growth via modulation
of both the IR and IGF1R cascades [31]. There are few
data about biochemical changes in the Megl Tg mouse.
To be useful in therapeutic research the model mouse
has to show a similar phenotype to human 2DM. Fur-
thermore, the incidence rate of the onset of 2DM in Meg!
Tg mice fed on basal diet was reportedly small [30].

In this study, we examined several basic biochemical
characters of Megl Tg mice as a 2DM model, and the
effects of diet on the onset of 2DM. The results indicate
that the Megl Tg mouse is a useful non-obese 2DM
mouse model.

Materials and Methods

Animals

The production and maintenance of Megl/GrbI0
transgenic mice were reported in detail at elsewhere [31].
Transgenic (C57BL X C3H) F, mice were screened by
PCR amplification of tail DNA samples using transgene-
specific and endogenous Pegl primer sets. Transgenic-
positive founder mice (Megl Tg mouse) were back-
crossed to C57BL/6NJcl (C57BL/6) mice, and the litters
that were used in subsequent studies contained animals
that were maintained within the C57BL/6 hybrid back-
ground. The Megl Tg mouse consists of 4 lines, with
names of T10L, T18L, T20L, and T27L. We used these
4 lines for each experiment. Transgenic-negative mice
were used as control mice. C57BL/6, NOD/ShiJcl
(NOD), KK-A*/TaJcl (KK-A”), and BKS.Cg-
+Lepr®1+Lepr®Jcl (BKS) mice were also used in the
RT-PCR experiment. Only male mice were used in our
experiment,

This study was performed in accordance with the
Guidelines for Animal Experimentation of the National
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Institute of Infectious Diseases.

Body weight and body mass index (BMI)

Body weights of all mice used in our experiments were
measured weekly from 4 weeks of age to 20 weeks. At
15 weeks of age, mouse length from nose to anus was
recorded. Body mass index (BMI) was calculated as
body weight (g) / body length® (cm).

Food and water intake

The mice were allowed free access to food pellets and
water. We used either CMF (Oriental yeast Co., Ltd.,
Tokyo) or Quick Fat (CLEA Japan, Inc., Tokyo) for nor-
mal fat diet (NFD) and high fat diet (HFD), respective-
ly. HFD contains high crude fat and glucose, which gives
it a higher calorie count than NFD. Food intake per
mouse was calculated as the average of 3 days intake at
11 weeks of age.

Organ weight

At 30 weeks of age 5 Megl Tg mice and control mice
were sacrificed under deep ether anesthesia and necrop-
sied. Visceral fat and livers were separated and
weighed.

Glucose tolerance test and insulin tolerance test

Glucose tolerance tests and insulin tolerance test were
performed on 11-week-old Megl Tg mice that had been
fed on HFD. Glucose tolerance tests and insulin toler-
ance tests were performed after overnight fasting by
administering glucose orally (2.0 g/kg body weight) and
0.3 ul of blood was collected from the tail vain after 0,
30, 60, and 120 min. The blood glucose level was mea-
sured by FreeStyle Meter (NIPRO, Osaka). Insulin
tolerance tests were performed by an intraperitoneal
injection of 1.0 U/kg of human insulin (Eli Lilly Japan,
Tokyo) to Meg! Tg mice and control mice; then 0.3 ul
of blood was collected from the tail vein after 0, 30, 60,
and 90 min. The blood glucose level was measured by
FreeStyle Meter (NIPRO).

Plasma chemistry

Megl Tg and control mice were maintained on a nor-
mal light/dark cycle. Blood was collected from the mice
with heparin at necropsy and inspection. The samples

were centrifuged at 13,000 rpm centrifugation, and
plasma was collected and stored at —30°C until assay.
Plasma leptin, adiponectin, insulin and resistin were as-
sayed by ELISA. Plasma total glucose, total choles-
terol (TCHO), ammonia, triglyceride (TG), blood urea
nitrogen (BUN), GOT, GPT, ALP, CPK, and LDH were
measured using Fuji dry-chem 3000 (FUJIFILM Medi-
cal Co.,Ltd., Tokyo). Livers and visceral adipose tissues
were also recorded.

Histology

For histopathology, pancreas tissue samples were
taken from Megl Tg and control mice at 20 weeks of
age. The tissue samples were fixed in 10% buffer-neu-
tralized formalin solution and embedded in paraffin.
Sections were cut at 2 pym thickness and stained with
hematoxylin and eosin.

Urinalysis and confirmation of the onset of 2DM

Urine collection was executed by compulsive urina-
tion at each weighing time, and urinary glucose was
determined by Urolabostick (Biel-Sankyo Co., Ltd.,
Tokyo). When urinary glucose was detected, blood was
collected from the tail vein. Confirmation of the onset
of 2DM was decided by the detection of over 300 mg/
ml of glucose in blood.

RT-PCR

Total RNA was extracted from livers, pancreata, skel-
etal muscles, and white and brown adipose tissues from
5 mice each of the Megl Tg, NOD, KK-A’, BKS, and
C57BL/6 strains of mice at 11 weeks of age, using the
RNeasy system (QIAGEN K. K., Tokyo) according to
the manufacturer’s instructions. For the RT-PCR analy-
sis, cDNA was synthesized from 1 pg of the total RNA
using the SuperScript III First-Strand ¢cDNA Synthesis
System (Invitrogen Japan K. K., Tokyo) according to the
manufacturer’s instructions. The cDNA was PCR-am-
plified in 50 p1 of reaction mixture containing 25 pl of
TagMan master mix (Applied Biosystems Japan Ltd.,
Tokyo) and 500 nM of the gene-specific (Meg!/Grbl0,
uncoupling protein 1 (Ucpl), glucose transporter 4
(Glut4), and G3PDH for normalization) TagManProbe.
The assays were performed in triplicate and the copy
number of the Meg1/Grbl0, Ucpl, and Glut4 RNA were
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calculated with an ABI Prism 7900 Sequence Detector
(Applied Biosystems Japan). The data for each tissue
were normalized to an internal standard (G3PDH).

Statistical analysis

Measurement data are shown as the mean value +
standard error (Mean + SE). Statistical analysis of the
data was performed using a one-factor ANOVA followed
by Student’s #-test. Comparison of the mean was calcu-
lated by Bonferroni’s method. Covariance analysis was
performed by Levene’s method. Calculation of confi-
dence limits and significance testing were made at a
level of P=0.05.

Results

Postnatal growth curve

Fig. 1 shows the body weights of Megl Tg mice and
controls that were fed either normal fat diet (NFD) or
high fat diet (HFD). The weight of Megl Tg mice was
normal until 4 weeks of age under both NFD and HFD
diet conditions. However, their body weights did not
increase as much as control mice after weaning and were
12 to 15% smaller than these of control mice at 20 weeks
of age. These differences were statistically significant
(P<0.05).

Food intake and BMI

For average food intake, no differences were observed
between Megl Tg mice and controls under both diet
conditions at 11 weeks of age (Fig. 2A: fed with HFD,
1.74 £ 0.02 g/day/10 g of body weight vs 1.65+0.03 g/
day/10 g of body weight; and with NFD, 1.65 +0.02 g/
day/10 g of body weight vs 1.51 + 0.07 g/day/10 g of
body weight). However, BMI of Megl Tg mice were
significantly lower than these of control mouse fed with
HFD (P<0.05) both at 15 and 30 weeks of age (Fig. 2B:
BMI at 15 weeks of age, 0.27 + 0.01 glcm® vs 0.32 +
0.03 g/cm?; and at 30 weeks of age, 0.29 + 0.05 g/cm?
vs 0.36 +0.07 glcm?).

Glucose tolerance test and insulin tolerance test

The plasma glucose level of Megl Tg mice fed with
HFD at 11 weeks of age was significantly higher than
those in both Megl Tg mice and controls fed with NFD

454 *
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Fig. 1. Growth curve of control and Meg! Tg mice from 4 to
20 weeks of age. Plotted values are means + SE for
20 mice per group. Open square ((J), control mice fed
NFD; filled square (M), control mice fed HFD; open
circle (O), Megl Tg mice fed NFD,; filled circle (@),
Megl Tg mice fed HFD. *P<0.05 (Student’s r-test).

(P<0.05), indicating that their glucose tolerance was
reduced (Fig. 3A). The reduction in blood glucose con-
centration after intraperitoneal administration of insulin
was significantly delayed in Megl Tg mice compared to
control mice fed with either HFD or NFD (P<0.05),
indicating that Meg1 Tg mice had insulin resistance (Fig.
3B).

Organ weight

The weights of body, visceral fat, and liver, and the
visceral fat/body weight ratios and liver/body weight
ratios of Megl Tg and control mice at 10 to 12 weeks of
age are shown in Table 1. The effect on organ weight
by HFD feeding in Megl Tg mice was examined. When
mice were fed HFD, weights of body, visceral fat and
livers of Megl Tg mice were significantly lower than
the controls (P<0.05), while liver/body weight ratio of
Megl Tg mice was significantly higher than that of con-
trol mice (P<0.05). When Megl Tg mice were fed NFD,
their body weight was significantly lower than the con-
trols (P<0.05). There were no differences in visceral fat/
body weight and liver/body weight ratios between Meg1
Tg and control mice irrespective of diet.

Plasma chemistry
The data on BUN, TG, insulin, adiponectin, resistin,
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Megl Tg mice were significantly higher than in control mice.
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Table 1. Liver, fat, and body weights of Meg1Tg and control mice at 10 to 12 weeks of age

Control (NFD) Meg! Tg (NFD) Control (HFD) Megl Tg (HFD)
Body weight (g) 208 £ 0.6 184+ 039 243+03 196 + 049
Visceral fat weight (mg) 197.6 £ 460 187.0 £ 68.6 507.5+ 230 376.7 + 29.69%
Visceral fat/body weight ratio (mg/g) 9.0+£09 89+ 1.6 188+26 200+ 1.1
Liver weight (mg) 900.2 £ 30 9774 + 385 1,001 0+ 15.1 906.0 + 41.8%
Liver/body weight ratio (mg/g) 445+ 3.7 516+ 4.9 412%13 449 +2.19

Values are the means + SE for 10 mice per control and 10 mice per Meg! Tg. Meg1Tg (HFD) and control (HFD) mice were
fed HFD. Meg1Tg (NFD) and control (NFD) mice were fed NFD. ®P<0.05 vs control, ®P<0.05 vs Megl Tg (NFD).

Table 2. Plasma chemistry in Meg! Tg and control mice at 10 to 12 weeks of age

Control (NFD)

Megl Tg (NFD)

Control (HFD) Meg! Tg (HFD)

BUN (mg/dl) 26719 206 + 0.7 220+038 193+ 129
Triglyceride (mg/dl) 693 +232 90.6 +21.9 1463+ 114 202.0 + 23499
Insulin (pg/ml) 925+134 1533+ 143 88.1 + 169 152.4 + 16.3%
Adiponectin (ng/ml) 23+£401 46832 483+ 70 744 = 10999
Resisitin (ng/ml) 228+0.2 33x02 3602 40x02
IGF-1 (ng/ml) 395.8+£43.1 2325+ 283 358 + 495 272.1 £ 244
Leptin (pg/ml) 548 + 171 1,136.0 £ 267.0 1,036.0+ 161.0 1,008.0 + 146.0
NH3 (ug/dl) 143.1 £ 242 1620+ 122 223.1+£326 280.7 + 50.9”
Glucose (mg/dl) 161+ 169 1630+ 126 1728 +94 199.7 + 584

Values are the means + SE for 10 mice per control and 10 mice per Meg1Tg. Meg1Tg (HFD) and control
(HFD) mice were fed bHFD. Meg1Tg (NFD) and control (NFD) mice were fed NFD. ¥P<0.05 vs control,

YP<0.05 vs Meg! Tg(NFD).

IGF-1, leptin, ammonium, and glucose, measured at 10
to 12 weeks of age, are shown in Table 2. Irrespective
of diet, plasma BUN in Megl Tg mice was significantly
lower than in control mice (P<0.05). Plasma TG, insu-
lin adiponectin and resistin in Meg! Tg mice were sig-
nificantly higher than in control mice (P<0.05), whereas
plasma IGF-1 of Megl Tg mice tended to be lower than
in controls. When mice were fed NFD, the plasma lep-
tin concentration of Megl Tg mice was significantly
higher than that of control mice. For, mice fed HFD, the
plasma leptin level of Megl Tg mice was almost the
same as the value of control mice (Table 2). Plasma
glucose and ammonia in both NFD- and HFD-fed Megl
Tg mice tended to be higher than those of control
mice.

Other measured biochemical markers such as TCHO,
GOT, GPT, ALP, CPK, and LDH plasma concentrations
measured in Meg1 Tg and control mice of the same age
were almost similar (data not shown).

Histological analysis

We found two histological abnormalities in the pan-
creatic tissues of Megl Tg mice fed NFD: atrophy of the
pancreatic acinus cells and an increase in adipocytes at
20 weeks of age; and enlargement of islet of Langerhans
(Fig. 4B). When Megl Tg mice were fed HFD, the
above-noted pathological abnormalities were more se-
vere than these of NFD feeding (Fig. 4C). Pathological
abnormalities did not develop in control mice fed NFD
or HFD (Fig. 4A).

The onset rate of type 2 diabetes

The onset rates of 2DM between Megl Tg mouse fed
NFD and HFD at 25 weeks were 11.3% and 60.0%, re-
spectively (Fig. SA). This clearly demonstrates that
feeding with HFD induces 2DM in Megl Tg mice. There
were no symptoms of 2DM in control mice up to 30
weeks of age.
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Fig. 4. Light microscopic features of pancreata from control and Meg! Tg mice around 20 weeks of age. Heam-
atoxylin and eosin stain, x 100. (A) Control mouse. (B) Megl Tg mouse fed NFD. (C) Meg! Tg mouse
fed HFD. Vacuolation and denaturation at exocrine pancreas in the Megl Tg mouse was found. Further-
more, enlargement of an islet of Langerhans was observed. The pathological abnormality of Meg1 Tg mice
fed HFD was more severe than that of NFD-fed Meg! Tg mice.

Megl/GrblO, Ucpl, and Glut4 expression in Megl Tg
and 3 diabetes model mice

For further analytical research, we examined diabetes
related gene expressions of Megl Tg mice in compari-
son with NOD,KK-A”, BKS, and C57BL/6 mice. Megl/
Grbl0, Ucpl, and Glut4 expression ratios against control
gene are shown in Fig. 6. Meg1/Grbl0 gene expression
of skeletal muscle of Meg! Tg mice was 100 times
higher than those of the other 3 diabetes model mice and
the C57BL/6 mouse (Fig. 6A: P<0.05). In contrast,
Glut4 expression of skeletal muscle of Megl Tg mice
was significantly lower than these of the 3 diabetes
model mice and the C57BL/6 mouse (Fig. 6C: P<0.05).
There were no differences of Ucpl gene expression in
brown adipose tissue between Megl Tg and the 3 dia-
betes model mice and the C57BL/6 mouse. Megl Tg
mice fed HFD showed suppression of Ucpl gene expres-
sion in brown adipose tissue (Fig. 6).

Discussion

We evaluated the Megl Tg mouse as a non-obese 2DM
animal model in this study. Two of the major defects
seen in 2DM are insulin resistance of targets, such as
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Fig. 5. Increased incidence rate of high blood glucose in
Meg! Tg mice fed HDF. Megl Tg mice were fed
NFD and HFD for 25 weeks. The onset rates (g)
of type 2 diabetes, the decided by the detection of
over 300 mg/ml of glucose in the blood, in the
Meg!l Tg mouse were compared by diet. HFD
feeding-induced diabetes was significantly higher
than NFD feeding. *P<0.05 (Student’s r-test).

liver, muscle and adipose tissues, and impaired insulin
secretion from pancreatic f3-cells [26, 37, 38]. Histo-
logical analysis revealed the pancreatic abnormality in
Megl Tg mice (Fig. 4). Moreover, Megl Tg mice
showed both the insulin resistance and glucose intoler-



