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Abstract  Aims/hypothesis: Maternal diabetes induces
neural tube defects during embryogenesis. Since the neural
tube is derived from neural stem cells (NSCs), it is
hypothesised that in diabetic pregnancy neural tube defects
result from altered expression of developmental control
genes, leading to abnormal proliferation and cell-fate
choice of NSCs. Materials and methods: Cell viability,
proliferation index and apoptosis of NSCs and differ-
entiated cells from mice exposed to physiological or high
glucose concentration medium were examined by a
tetrazolium salt assay, 5-bromo-2'-deoxyuridine incorpo-
ration, terminal deoxynucleotidyl transferase-mediated
dUTP nick end labelling and immunocytochemistry.
Expression of developmental genes, including sonic
hedgehog (Shh), bone morphogenetic protein 4 (Bmp4),
neurogenin 1/2 (Neurogl/2), achaete-scute complex-like 1
(4scll), oligodendrocyte transcription factor 1 (Oligl),
oligodendrocyte lineage transcription factor 2 (Olig2),
hairy and enhancer of split 1/5 (Hes1/5) and delta-like 1
(DIl1), was analysed by real-time RT-PCR. Proliferation
index and neuronal specification in the forebrain of
embryos at embryonic day 11.5 were examined histolog-
ically. Results: High glucose decreased the proliferation
of NSCs and differentiated cells. The incidence of
apoptosis was increased in NSCs treated with high
glucose, but not in the differentiated cells. High glucose
also accelerated neuronal and glial differentiation from
NSCs. The decreased proliferation index and early differ-
entiation of neurons were evident in the telencephalon of
embryos derived from diabetic mice. Exposure to high
glucose altered the mRNA expression levels of Shh,
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Bmp4, Neurogl/2, Ascll, Hesl, DIl and Oligl in NSCs
and Shh, DIl1, Neurogl/2 and Hes5 in differentiated cells.
Conclusions/interpretation: The changes in proliferation
and differentiation of NSCs exposed to high glucose are
associated with altered expression of genes that are
involved in cell-cycle progression and cell-fate specifica-
tion during neurulation. These changes may form the basis
for the defective neural tube patterning observed in
embryos of diabetic pregnancies.
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morphogenetic proteins - BrdU: 5-bromo-2'-deoxyuridine -
DAPI: 4',6-diamidino-2-phenylindole dihydrochloride -
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factor 2 - PG: physiological glucose concentration - SHH:
sonic hedgehog - STZ: streptozotocin - TUNEL: terminal
deoxynucleotidyl transferase (Tdt)-mediated dUTP nick
end labelling - XTT: tetrazolium salt

Introduction

The association between maternal diabetes and the inci-
dence of congenital malformations, including neural tube
defects (NTDs), has been well established [1-4]. Although
the molecular mechanisms by which maternal diabetes
induces NTDs are not known with certainty, it has been
suggested that altered expression of genes involved in
neural tube development may contribute to the NTD [2, 5,
6]. Since the neural tube is derived from neural stem cells
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(NSCs), which are self-renewing, multipotent progenitors,
giving rise to different cell types that compose the nervous
system, such as neurons, astrocytes and oligodendrocytes,
it is possible that maternal diabetes may influence the
proliferation and differentiation of NSCs leading to neural
tube defects during embryogenesis. The proliferation of
NSCs and the sequential appearance of neurons and glia in
the neural tube of developing vertebrate embryos are
coordinately regulated by various signalling molecules,
which include sonic hedgehog (SHH), a member of the
hedgehog family of signalling molecules, and bone
morphogenetic proteins (BMPs), members of the TGF-f3
superfamily [7-11]. SHH and BMPs regulate positional
and temporal specification of neural precursors and the
overall shape of the neural tube during development by
opposing induction—termination mechanisms [12, 13]. In
addition, several transcription factors with a basic helix—
loop—helix (bHLH) motif have been implicated in neuro-
genesis and gliogenesis by controlling the proliferation,
specification and differentiation of neural precursors
during development. Among them, neurogenin 1/2 (Neu-
rogl/2, also known as Ngnl/2), hairy and enhancer of split
1/5 (Hes1/5) and achaete-scute complex-like 1 (4sc/i, also
known as Mashl) regulate neurogenesis [14—18], while
oligodendrocyte transcription factor 1 (Oligl) and oligo-
dendrocyte lineage transcription factor 2 (Olig2) regulate
the specification of oligodendrocytes [19]. Hes! and Hes5
are essential factors for Notch/Delta signalling, which
regulates the maintenance of undifferentiated cells and
functionally antagonises differentiation genes such as
Ascll, thus controlling both cell cycle and differentiation
[15, 17]. A recent study reported that Shi promotes the
development of neurons and oligodendrocytes from fore-
brain NSCs by activating the expression of Asc// and
Olig2, with a modulation of BMP signalling [20].
Previously, it has been demonstrated that altered expression
of Shh and Bmp4 and their downstream genes is associated
with the abnormal patterning of the telencephalon in
embryos of diabetic mice [5]. Hence it is hypothesised that
maternal diabetes alters the expression of some develop-
mental control genes leading to abnormal proliferation and
cell-fate choice of NSCs, thereby resulting in patterning
defects during neural tube development. In order to address
this, we investigated the effect of high glucose (HG)
concentrations on the growth, survival, proliferation and
cell-fate specification of NSCs isolated from the telen-
cephalon of embryonic mice, and on the expression of
some developmental genes such as Neurogl, Neurog?,
Ascll, Oligl, Olig2, Hesl, Hes5 and delta-like 1 (DI/1) as
well as Shh and Bmp4 in NSCs and their differentiated
progeny cells.

Materials and methods
Animals

Insulin-dependent diabetes was induced in 8-week-old
female Swiss Albino mice (Laboratory Animals Centre,

National University of Singapore, Singapore) by an i.p.
injection of streptozotocin (STZ, 75 mg/kg body weight;
Sigma-Aldrich, St Louis, MO, USA) dissolved in citrate
buffer (0.01 mol/l, pH 4.5) on three successive days. Blood
glucose levels were examined 1 week after STZ injection
using a Glucometer Elite (Bayer HealthCare, Elkhart, IN,
USA). Only those mice with a non-fasting blood glucose
level exceeding 16.7 mmol/l were used as experimental
diabetic mice. Timed mating was carried out by placing
three to five female mice with one normal male mouse in a
cage overnight. Noon on the day on which a copulation
plug was observed was counted as embryonic day 0.5
(E0.5). On E11.5, embryos were collected after Caesarean
section of pregnant mice anaesthetised with 3.5% chloral
hydrate. The whole embryos were fixed in 4% parafor-
maldehyde in phosphate buffer at 4°C overnight and
cryoprotected with 20% sucrose in phosphate buffer at
4°C. Embryos with forebrain malformations from diabetic
mice and normal embryos from non-diabetic mice were
used as the experimental and control groups, respectively.
Frontal sections of 20 pwm thickness of the developing brain
were cut using a cryostat (Leica CM 3050; Leica Micro-
systems, Nussloch, Germany). All procedures involving
animal handling were in accordance with the Principles of
Laboratory Animal Care (NIH publication no. 85-23, revised
1985) and guidelines of the Institutional Animal Care and
Use Committee, National University of Singapore.

Growth and differentiation of NSCs

The primary culture of NSCs was prepared from embryos
(E13) from Swiss Albino mice as previously described [21,
22]. Briefly, the telencephalon was dissected out from the
embryo and mechanically dissociated in DMEM/F12 (1:1;
Invitrogen Life Technologies, Carlsbad, CA, USA). The
cell suspension was then filtered through a 70 wm nylon
mesh (BD Biosciences, Bedford, MA, USA), and cells
were plated in 75-cm? flasks (Nalge NUNC, Roskilde,
Denmark). The serum-frere DMEM/F12 medium was
supplemented with insulin—transferrin—selenium supple-
ments (Invitrogen), EGF (20 ng/ml; Sigma-Aldrich), and
antibiotic—antimycotic solution (Sigma-Aldrich). The cul-
tures were incubated at 37°C in a humidified atmosphere of
5% CO, and 95% air. After 5 days in vitro, neurospheres
were harvested by centrifugation, dissociated using trypsin
and EDTA (Sigma-Aldrich), and replated. After 3—4 days
of growth, new neurospheres formed again, and a second
passage was performed. Cells were subcultured at least
twice before subsequent experiments.

To examine the effects of HG on undifferentiated NSCs,
the dissociated cells were cultured for 3 days to form
neurospheres in normal physiological glucose concentra-
tion (PG) medium, which contained 5 mmol/l p-glucose, or
in HG medium, containing 30 mmol/l p-glucose. For
differentiation of NSCs, neurospheres in PG or HG
medium were transferred into PG or HG differentiation
medium (containing 2% fetal bovine serum but no EGF),
respectively, in poly-L-ornithine (Sigma-Aldrich)-coated



flasks or into 24-well plates with poly-L-ornithine-coated
coverslips at the bottom of each well, and cultured for
3 days [22, 23].

Viability assay

The tetrazolium salt (XTT) assay allows the quantitative
determination of viable cells. XTT is converted into a
formazan dye only by metabolically active cells. The
quantity of formazan product is directly proportional to the
number of viable cells in culture. The XTT assay was
performed by using a cell proliferation kit (Roche Applied
Science, Penzberg, Germany). For undifferentiated NSCs,
dissociated cells were seeded in 96-well plates in a volume
of 100 ul PG or HG medium per well at a density of
3.5x10°/ml. After 24 h or 3 days of incubation, cells were
incubated for another 4 h with addition of 50 ul XTT
labelling mixture (0.3 mg/ml). Absorbance (490—-650 nm)
was measured using a scanning multiwell spectrophotom-
eter. To determine the viability of differentiated cells
derived from NSCs, approximately 300 neurospheres
grown in HG or PG medium for 3 days were transferred
into each well of poly-L-ornithine-coated 96-well plates
with 100 pl PG or HG differentiation medium. XTT assays
were performed after the cells were induced to differentiate
for 24 h or 3 days by the same method as described above.
Each experiment was replicated five times. Results were
expressed as means+SD of absorbance of cells cultured for
1 and 3 days in PG or HG medium, respectively. The
absorbance ratio between day 3 and day 1 in each group
(PG or HG) was calculated. The absorbance ratio indicates
the relative increase of viable cells after 3 days of growth.

Proliferation index by BrdU labelling
and immunostaining

Cell proliferation was evaluated by measuring the incor-
poration of 5-bromo-2'-deoxyuridine (BrdU3; Sigma-Al-
drich) during the S-phase of the cell cycle. For NSCs,
neurospheres were transferred into 24-well plates with
poly-L-ornithine-coated coverslips and incubated with
BrdU (10 wmol/I) for 2 h. For the detection of BrdU
incorporation in differentiated cells, neurospheres were
allowed to differentiate in differentiation medium for
3 days before they were incubated with BrdU (10 pmol/l)
for 2 h. Both NSCs and differentiated cells were fixed with
4% paraformaldehyde for 20 min, treated with 2 mol/l HCI
at 37°C for 30 min, blocked with 2% normal goat serum
for 30 min, and incubated with anti-BrdU monoclonal
antibody (1:1,000; Sigma-Aldrich) overnight at 4°C.
Subsequently, the cells were incubated with goat anti-
mouse secondary antibody conjugated to FITC (1:200;
Chemicon, Temecula, CA, USA) for 1 h at room
temperature and counterstained with propidium iodide
(5 ug/ml; Sigma-Aldrich) for counting the total cell
number. The percentage of BrdU-positive cells was
determined by randomly scoring 20 neurospheres for
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each group (PG or HG medium) in each independent
experiment (n=5). The proliferation index is expressed as
mean+SD of the percentage of BrdU-positive cells.

For immunocytochemistry, fixed neurospheres and
differentiated cells were incubated with appropriate pri-
mary antibodies overnight at 4°C. Primary antibodies used
were rabbit polyclonal anti-microtubule-associated protein
2 (MAP2; 1:500; Chemicon) for neurons, rabbit polyclonal
anti-chondroitin sulphate proteoglycan (NG2; 1:300;
Chemicon) for immature oligodendrocytes, rabbit poly-
clonal anti-glial fibrillary acidic protein (GFAP; 1:1,000;
Chemicon) for astrocytes, and mouse monoclonal anti-
Nestin (1:500; Chemicon) against the intermediate filament
marker for neural precursor cells. Subsequently, cells were
incubated with FITC-conjugated secondary antibodies
(1:200; Chemicon) for 1 h at room temperature, counter-
stained with 4’,6-diamidino-2-phenylindole dihydrochlo-
ride (DAPI; 300 nmol/l; Molecular Probes, Eugene, OR,
USA) and visualised using an Olympus BX51 fluorescent
microscope or Olympus FV500 confocal microscope. The
percentage of neurons, oligodendrocytes and astrocytes in
relation to the total cell number was determined in 20
random fields under a x20 objective for each group in five
independent experiments.

For analysis of cell proliferation in the telencephalon of
embryos, pregnant mice from the control and diabetic
groups (n=3 in each group) were injected i.p. with BrdU
(100 mg/kg body weight) 2 h before the embryos were
collected by Caesarean section. Double immunofluores-
cence labelling was carried out for the localisation of
neurons and BrdU-positive cells. Frozen sections through
the forebrain were cut, rinsed in phosphate buffer (pH 7.4),
incubated with 2 mol/l HCI at 37°C for 30 min, blocked in
5% normal goat serum and mouse Ig blocking reagent
(Vector Laboratories, Burlingame, CA, USA) for 1 h, and
incubated with mouse anti-BrdU monoclonal antibody
(1:500) and rabbit anti-MAP2 polyclonal antibody (1:500;
Chemicon) overnight at room temperature. Subsequently,
sections were incubated in Cy3-conjugated goat anti-
mouse IgG (1:200; Chemicon) and FITC-conjugated goat
anti-rabbit IgG (1:200; Chemicon) for 1 h, counterstained
with  DAPI and mounted with fluorescent mounting
medium (DAKO, Carpentaria, CA, USA). Finally, photo-
images from the sections were captured on a confocal
microscope (Olympus FV500; Olympus, Japan). For
quantitative analysis, the numbers of BrdU-labelled cells
in the dorsal, ventral and whole telencephalon were
counted and the respective percentages calculated. A total
of six sections (two each from three embryos) from each
group (normal and diabetic) were examined. Results were
expressed as means+SD of the percentage of BrdU-positive
cells.

Detection of apoptosis by TUNEL assay
Terminal deoxynucleotidyl transferase (Tdt)-mediated

dUTP nick end labelling (TUNEL) assays were performed
with an in situ cell death detection kit (Roche), according to
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the manufacturer’s instructions. Briefly, neurospheres and
differentiated cells were fixed with 4% paraformaldehyde,
then incubated with TUNEL reaction mixture containing
the terminal deoxynucleotidyl transferase and FITC-
labelled nucleotides for 60 min at 37°C in the dark. Cells
were rinsed with PBS and incubated with propidium iodide
(5 ng/ml) for 10 min to stain the nuclei of all the cells in
culture. The apoptotic cells were counted and the data are
presented as the percentage of TUNEL cells relative to the
total number of cells.

Quantitative real-time RT-PCR

Total RNA from NSCs and differentiated cells in PG or HG
medium was extracted using an RNeasy mini kit (Qiagen,
Hilden, Germany). The reaction mixture containing 2 pg
RNA, 2.5 pumol/l oligo(dT) primer, 200 U Moloney murine
leukaemia virus reverse transcriptase (M-MLV; Promega,
Madison, WI, USA), 2 mmol/l of each dNTP and 5 U
RNasin in a total volume of 25 pl was incubated for 1 h at
42°C to synthesise cDNAs. For quantitative real-time RT-

Table 1 Primers and thermal profiles for real-time RT-PCR

PCR, 5 pl aliquots of each cDNA were used in the reaction
mixture (20 ul) containing LightCycler FastStart DNA
Master SYBR Green I, 0.5 pmol/l of each primer in a
LightCycler instrument (Roche) as instructed by the man-
ufacturer. Table 1 presents the primers used in this studz.
The fold change of mRNA was analysed by the p AAt
method [24].

Statistical analysis The results were analysed by a two-
tailed Student’s ¢ test using Microsoft Excel software and
expressed as means=SD. Differences were considered as
significant at p<0.05.

Results

Effects of HG on proliferation and apoptosis of NSCs
and differentiated cells

In the presence of EGF, NSCs derived from embryonic
(E13) mouse telencephalon underwent proliferation and
formed neurospheres in both PG (5 mmol/l p-glucose) and

Gene GenBank Primer Product size (bp)  Annealing temperature/  Extension temp./
Accession Number time (°C/s) time (°C/s)

(B-actin NM _007393.1 S'-tcacccacactgtgeccatctacga-3' 348 60/10 72/15
5'-ggatgccacaggattccataccca-3’

Shh NM_009170.1 5'-ctggccagatgttttctggt-3' 243 60/10 72/10
5'-gatgtcggggttgtaattgg-3'

Bmp4 NM 007554 S'-tgatacctgagaccgggaag-3’ 190 57/10 72/10
5'-agccggtaaagatccctcat-3'

Neurogl ~ NM 010896 S'-cgatccccttttctecttte-3’ 239 60/10 72/10
S'-tgcagcaacctaacaagtgg-3’

Neurog?2 NM _009718.2 5'-gctgtgggaatttcacctgt-3' 237 57/10 72/10
S'-aaatttccacgcttgcattc-3’

Ascll M95603.1 5'-cgtcctetceggaactgat-3” 482 57/10 72/20
S'-tcctgettccaaagtecatt-3'

Oligl BC046316.1 5'-cttgctetctccagecaaac-3’ 214 60/10 72/10
5'-gcgagectgaaaaacagaac-3'

Olig2 NM _016967.1 S'-ctggtgtctagtcgececate-3' 232 60/10 72/10
S'-aggaggtgctggaggaagat-3’

Dill NM_07865.2 S'-ctgaggtgtaagatggaagcg-3' 245 60/10 72/10
5'-caactgtccatagtgcaatgg-3’

Hesl NM_008235 5'-aaagacggcctctgagceaca-3’ 377 60/10 72/16
S'-tcatggcgttgatctgggtca-3'

Hes5 NM 010419 S'-aagtaccgtggeggtggagatge-3’ 354 60/10 72/15
5'-cgctggaagtggtaaagcagcett-3'

Map?2 NM_008632 S'-ctggacatcagcctcactca-3’ 164 60/10 72/10
S'-aataggtgccctgtgacctg-3’

Gfap NM 010277 S'-agaaaaccgcatcaccattc-3’ 184 60/10 72/10
S'-tcacatcaccacgtccttgt-3’

Ng2 AF352400 5'-gcacgatgactctgagacca-3’ 223 60/10 72/10
S'-agcatcgetgaaggctacat-3’

Nes NM_016701 S'-ttgaggcctccagaagaaga-3' 173 60/10 72/10

5'-gccatetgcetectctttcac-3'




HG (30 mmol/l p-glucose) media. Most of the cells in a
neurosphere exposed to either PG or HG medium
expressed Nestin, an intermediate filament marker of
NSCs (Fig. 1a,b). However, the XTT assay showed that
after 3 days of growth, the relative increase of viable NSCs
in HG medium was less than that in PG medium (p<0.05,
Fig. 1c,d). In order to determine whether this variation was
due to a decreased proliferation rate or increased incidence
of cell death in NSCs cultured in HG medium, the mitotic
index by BrdU incorporation and rate of apoptosis by
TUNEL were analysed. Pulses of BrdU incorporation in
NSCs showed that the percentage of proliferating NSCs in
HG medium was decreased compared with that in PG
medium (30£8 vs 42+5%, p<0.01, Fig. 2a,b,e). In contrast,
the percentage of apoptotic cells in HG medium was
significantly higher than that in PG medium as demon-
strated by TUNEL analysis (14+1 vs 5+0.75%, p<0.01,
Fig. 2¢,d.f).

After 3 days of proliferation in PG or HG medium,
neurospheres were induced to differentiate by withdrawing
EGF from the medium. The viability of differentiated cells
was measured after 1 and 3 days of incubation. The relative
increase of viable cells in HG medium was the same as
those in PG medium (Fig. 3ab). After 3 days of
differentiation, the proliferation index of differentiated
cells from NSCs in HG medium appeared to be
significantly decreased compared with that in PG medium
(0.79+0.13 vs 1.10+0.11%, p<0.01, Fig. 3c—e). However,
there was no significant difference in the number of
apoptotic cells between the cultures of differentiated cells
exposed to PG medium and HG medium (Fig. 3f).

Fig. 1 NSCs in neurospheres
exposed to medium containing
PG (a) (5 mmol/l) or HG

(b) (30 mmol/l) immunostained
for Nestin (green), a neural
precursor cell marker and pro-
pidium iodide (red), a general
nuclear marker. Most of the
NSCs in PG medium and HG
medium exhibit Nestin expres-
sion. ¢ XTT assays revealed that
the number of viable NSCs in
both PG (unbroken line) and HG
(dashed line) medium is in-
creased from day 1 through to
day 3. However, the relative
increase of viable NSCs (d) in
HG (filled bar) medium is lower
compared with those in PG
medium (open bar) and this was
shown by the relative ratio
between day-3 absorbance and
day-1 absorbance. Means+SD
(n=5). *p<0.05. Scale bar (a, b):
50 pm
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Effects of HG on the differentiation of NSCs

The phenotypes of differentiated cells were identified
immunocytochemically using antibodies against MAP2
for neurons, GFAP for astrocytes and NG2 for oligoden-
drocytes. After 3 days of differentiation, all the three types
of neural cells were detectable in cultures exposed to both
PG and HG media. There were higher proportions of
neurons (31.1043.32 vs 24.53+2.81%, p<0.05), oligoden-
drocytes (9.03+£2.09 vs 5.54+1.74%, p<0.05) and astro-
cytes (45+£1.76 vs 35+4.70%, p<0.01) in differentiated
cells exposed to HG medium compared with those in PG
medium (Fig. 4a—g). The mRNA expression of microtu-
bule-associated protein 2 (Map2), chondroitin sulphate
proteoglycan (Ng2), and glial fibrillary acidic protein
(Gfap) was found to be increased and nestin (Nes) was
decreased in differentiated cells in HG medium compared
with those in PG medium (Fig. 4h), indicating the
precocious differentiation of NSCs in HG medium.

Cell proliferation and neuronal differentiation
in the telencephalon of E11.5 embryos of diabetic mice

In order to determine whether the changes in the prolif-
eration of NSCs exposed to HG culture medium mimic the
events that occur in the developing neural tube of embryos
exposed to maternal hyperglycaemia, we investigated the
proliferation and differentiation of neural progenitor cells
in the developing telencephalon of E11.5 embryos from
diabetic mice. As previously described, the telencephalon
in embryos of diabetic mice appeared to be distorted in
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Fig. 2 HG inhibits proliferation
and induces apoptotic cell
death in NSCs. BrdU-labelled
cells in the neurospheres (a, b)
appear in yellow as the BrdU
(green) is colocalised with pro-
pidium iodide (red). Note the
decreased number of BrdU-pos-
itive cells in the neurospheres
exposed to HG (b, e). The
percentage of BrdU-positive
cells (e) in neurospheres ex-
posed to HG (filled bar) medi-
um is less in comparison with
those in PG medium (open bar).
Apoptotic cells in NSCs (arrows
in ¢, d) by TUNEL staining
(green) are colocalised with
propidium iodide (red). HG
(filled bar) increased the per-
centage of apoptotic cells in
NSCs in relation to total cells
(f). Means+SD (n=5). **p<0.01.
Scale bar (a—d): 50 um
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comparison with that of embryos from normal pregnancy
(Fig. 5a,d). As the telencephalon is mainly composed of
NSCs, the percentage of BrdU-labelled cells in its neuro-
epithelium can be considered as an index of NSC
proliferation in the developing brain. Results of immuno-
histochemistry showed that the percentage of BrdU-
positive cells in the dorsal telencephalon of embryos
from diabetic mice was significantly lower than that of
controls (36.86+1.14 vs 54.32+£2.28%, p<0.01; Fig. Sb,e,
g). The ventral telencephalon from embryos of diabetic mice
showed a significantly higher percentage of BrdU-positive
cells than that of controls (41.75+£1.62 vs 38.62+1.34%,
p<0.05; Fig. 5¢,f,g). However, the total percentage of BrdU-
positive cells in both dorsal and ventral telencephalon from
embryos of diabetic mice was lower than that of the
controls (40.33+0.87 vs 43.34+1.48%, p<0.01; Fig. 5g). In
addition, colocalisation studies showed that there were
more MAP2-positive neurons in the whole telencephalon
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of embryos from diabetic mice than in that of embryos
from normal pregnancy (Fig. Sa—f). However, astrocytes
and oligodendrocytes were not detectable in situ at this
stage.

mRNA expression of signalling molecules and bHLH
transcription factors in NSCs and differentiated cells
exposed to HG

To determine whether HG in the culture medium influences
the expression of Shh, Bmp4, bHLH transcription factors,
such as Neurogl/2, Ascll and Oligl/2, and members of the
Notch signalling pathway, such as DIll, Hesl and Hes5,
and the mRNA expression levels of these genes in NSCs
and differentiated cells were analysed by quantitative real-
time RT-PCR. In NSCs cultured in HG medium, Shh,
Bmp4, Neurogl/2, Ascll and Oligl mRNA expression



Fig. 3 Effects of HG on via-
bility, proliferation and apopto-
sis of differentiated cells. a XTT
assays at day 1 and day 3 of
differentiation. PG, unbroken
line; HG, dotted line. b The
relative increase of viable cells,
which is expressed by the ratio
of day-3 absorbance in relation
to day-1 absorbance, demon-
strates that the relative increase
of viable cells in HG medium
(filled bar) is the same as those
in PG medium (open bar).
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¢, d Confocal images show the
colocalisation of BrdU-labelled
(red) differentiated cells with
MAP2 (green). Only a few
BrdU-positive differentiated
cells are seen in PG medium
(¢, arrows) and HG medium
(d, arrows). Quantitative
analyses demonstrate that the
proliferation index (e) is signif-
icantly decreased in differen-
tiated cells exposed to HG
(filled bar) and that there is no
significant difference (f) in the
incidence of apoptotic cell death
between the differentiated cells
in HG medium (filled bar) and
that in PG medium (open bar),
as demonstrated by TUNEL
analysis. Means£SD (n=5).
**p<0.01. Scale bar (c, d):
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levels were significantly increased, while DI// and Hesl
levels were significantly decreased in comparison with
those in PG medium (Fig. 6a). However, there was no
significant difference in mRNA expression of Olig2 and
Hes5 in NSCs exposed to PG or HG medium. After 3 days
of differentiation, the mRNA levels of Shh, Neurogl,
Neurog2, DIll and Hes5 were significantly increased in
differentiated cells in HG medium, compared with those in
PG medium (Fig. 6b). However, mRNA expression levels
of Bmp4, Ascll, Oligl/2 and Hesl in differentiated cells
appeared to be unaltered by HG concentration.

Discussion

It has been shown that maternal diabetes induces neural
tube defects by altering the expression of various genes
involved in the early neural tube patterning that occurs

concomitantly with neural induction from NSCs [2, 5, 6,
25]. The proliferation and differentiation of NSCs can be
influenced by various maternal factors such as growth
factors, cytokines and teratogens, leading to alteration of
the cell-fate choice that determines the size, shape and
histogenesis of the neural tube [10, 15, 25]. In the present
study, HG in vitro impaired the survival and proliferation
efficiency and accelerated the early differentiation of NSCs
derived from the telencephalon. These changes are
associated with the altered expression of developmental
control genes, suggesting that NSCs are sensitive to
glucotoxicity, which may form the basis for the develop-
ment of neural tube anomalies in embryos of diabetic
pregnancy [5].

A series of experimental studies revealed that HG
impaired the cell proliferation in several types of tissues
and cell lines. The delay of placental growth in the poorly
controlled diabetic pregnancy was correlated with the
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Fig. 4 HG promotes neuronal
and glial differentiation of
NSCs. Neurospheres grown for
3 days were induced to differ-
entiate in PG (a, ¢, e) or HG
(b, d, f) medium. At day 3 of
differentiation, cells exhibit im-
munoreactivity for MAP2, the
neuronal marker (a, b arrows,
green), NG2, the oligodendro-
cyte marker (¢, d arrows,
green), and GFAP, the astrocyte
marker (e, f arrows, green).
Blue: counterstained by DAPIL.
g The percentages of MAP2-,
NG2- and GFAP-positive cells
are increased in differentiated
cells in HG medium (filled bars)
compared with PG medium
(open bars). h Results of real-
time RT-PCR demonstrate that
mRNA expression levels of
Map?2, Gfap, and Ng2 are sig-
nificantly increased, while
mRNA expression level of Nes
is significantly decreased, in

MAP2/DAPI

NG2/DAPI

differentiated cells exposed to o
HG medium (filled bars) com- <
pared with that in PG medium Q
(open bars). Means£SD (n=5). o
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altered proliferation induced by hyperglycaemia [26]. In
addition, cell-cycle progression was shown to be decreased
in microvessel endothelial cells and mesangial cells
exposed to HG [27, 28]. In the present study, the
proliferation index in NSCs and differentiated cells
exposed to HG medium in vitro was found to be decreased.
However, in vivo, the proliferation index appeared to be
increased in the ventral telencephalon and decreased in the
dorsal telencephalon within the forebrain in embryos of
diabetic pregnancy, indicating that glucose-responsive
local factors could influence the proliferation efficiency.
This is possible, as the forebrain morphology is complex
and the development of its dorsal and ventral telencephalic
neuroepithelium is controlled by a distinct set of signalling
molecules and transcription factors, which may exhibit
differential response to the glucotoxicity.

In addition, HG medium has been found to alter the
expression of several developmental control genes, includ-
ing Shh and Bmp4, that are involved in cell-cycle

progression and apoptosis in the NSCs and differentiated
cells. Since the proapoptotic and antiproliferative effects of
Bmp4 on various cell types including ventricular zone
progenitor cells and sympathetic neuroblasts have been
well established [29-31], it is suggested that the HG-
induced apoptosis and proliferation arrest in NSCs may be
linked to the enhanced expression of Bmp4. However, in
differentiated cells exposed to HG, Bmp4 mRNA expres-
sion appeared to be unaltered, indicating that the expres-
sion and effects of Bmp4 in response to maternal
hyperglycaemia during embryogenesis may vary depend-
ing on the location, developmental stage and cell type and
its concentration, as well as expression of other regulatory
signalling molecules such as SHH [5, 31-33]. ShA has been
shown to promote the differentiation and survival of
neuroepithelial cells by inhibiting apoptotic cell death [34].
Thus, the increased expression of Shk in NSCs and
differentiated cells exposed to HG medium could inhibit
HG-mediated apoptotic cell death and promote the survival



Fig. 5 Frontal sections show
BrdU and MAP2 staining in the
forebrain of embryos (E11.5)
from control (a—c) and diabetic
(d—f) mice. Sections are count-
erstained with DAPI (blue).
Compared with controls (a, b),
the number of proliferating cells
in the dorsal telencephalon of
E11.5 embryo from diabetic
mice (d, e) appears to be
decreased. However, in the
ventral telencephalon, the num-
ber of BrdU-positive cells ap-
pears to be increased in embryos
of diabetic mice (d, f) compared
with that in normal mice

(a, ¢). In addition, there are
more MAP2-positive neurons
(green) in the telencephalon

of embryos from diabetic

mice (e, f arrowheads) in com-
parison with that of controls

(b, ¢ arrowheads). Quantitative
analysis revealed that the per-
centage of BrdU-positive cells is
significantly decreased in the
dorsal telencephalon (b, e ar-
rows; g), increased in the ventral
telencephalon (¢, f arrows; g),
and totally decreased in the
whole telencephalon of embryos
from diabetic mice (g, filled
bars) compared with that of
controls (g, open bars). Meant
SD (n=3). *p<0.05, **p<0.01.
Scale bar: a, d 500 um; b, c, e, f
100 pum. df Dorsal telencepha-
lon, e eye, /v lateral ventricle, vt
ventral telencephalon

(o]

BrdU-positive cells (%)

of differentiated cells. Overall, the disturbance in the
normal cycle of cell death and proliferation of neural
precursor cells and their progenies in the developing neural
tube by hyperglycaemia may in turn contribute to the
defective patterning and the subsequent complex neural
tube anomalies in embryos of diabetic pregnancies.
Besides leading to cell-cycle arrest and apoptosis in
NSCs, HG medium also influences the lineage specifica-
tion of NSCs, increasing the neurogenesis and gliogenesis
(including astrocytes and oligodendrocytes) in the early
stage of differentiation. Determination of neuron and glia
cell fates from NSCs during neural tube development
depends on signalling molecules such as SHH and BMPs
and their downstream transcription factors such as bHLH
factors [35] and homeodomain factors [7]. Several lines of
evidence suggest that Shh regulates the development of
many neuronal cell types and oligodendrocytes by
activating the expression of members of the bHLH factors
such as Neurogl, Ascll and Oligl [17, 20, 36-38]. During
neurodevelopment, the transient increase in the expression
of Neurogl, Neurog? and Ascll (the proneural bHLH
factors) results in the initiation of neurogenesis [14, 16,
18]. In the present study, the increased mRNA expression
of Neurogl/2 and Ascll in NSCs and/or differentiated cells
exposed to HG could be due to enhanced expression of
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Shh, leading to increased neurogenesis. Shh has also been
shown to induce two other bHLH transcription factors,
Oligl and Olig2, which promote sequential generation of
motoneurons and oligodendrocytes [38—41]. The increased
expression of Olig/ in NSCs exposed to HG medium
appears to be the consequence of enhanced expression of
Shh, contributing to increased specification of oligoden-
drocytes and motoneurons. The unaltered expression of
Olig2 in NSCs exposed to HG medium reflects indepen-
dent roles for Oligl/2 during neurodevelopment. It is
suggested that the enhanced Shi expression in the NSCs is
the basis for the induced specification of neurons and
oligodendrocytes in HG medium.

On the other hand, two other bHLH factors, Hes/ and
Hes5, which inhibit neurogenesis by maintaining progeni-
tors in an undifferentiated proliferative state and by
repressing proneural genes such as Asc// and neurogenins
[42], also responded to HG. Expression of these genes is
regulated by Notch/Delta signalling, which inhibits neuro-
nal differentiation [43]. The decreased mRNA expression
of DIl1, a Notch ligand in the NSCs exposed to HG, could
have caused downregulation of its downstream gene Hes 1,
resulting in accelerated neuronal differentiation, possibly
by the unopposed action of its target gene Asc/l. In
contrast, the mRNA expression of DI/// and Hes5 in the

*%

total
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Fig. 6 Real-time RT-PCR anal-
ysis of mRNA expression levels
of genes as indicated in NSCs. a
mRNA expression levels of Sh#,
Bmp4, Neurogl/2, Ascll and
Olig] were increased, but those
of DIlI and Hesl were de-
creased in NSCs exposed to HG
(filled bars). b Real-time RT-
PCR analysis data; the
expression of Shh, Neurogl/2,
DIll and Hes5 mRNA in dif-
ferentiated cells exposed to HG
(filled bars) was significantly
upregulated. Mean values+SD
(n=6). *p<0.05, **p<0.01
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differentiated cells exposed to HG medium was found to be
increased, indicating that intrinsic differentiation compo-
nents may change over time during the development.
Moreover, a compensatory mechanism appears to be
activated in the differentiating cells to promote astrocyto-
genesis, which has been shown to be induced by Notch or
Hes5 [22, 44]. In the developing neural tube, astrocytes are
generated from the dorsal domains where BMP signalling
predominates [45, 46]. BMPs are neurogenic during early
stages and gliogenic during late prenatal and early
postnatal development. Recently, Bmp4 has been shown
to facilitate commitment of NSCs into astrocytes [47, 48],
suggesting that the increased mRNA expression of GFAP
and increased number of GFAP-immunopositive astrocytes
amongst the differentiated cells from NSCs exposed to HG
medium may be mediated by the enhanced expression of
BmpA4.

Although the precise mechanisms by which the elevated
glucose level alters the expression of a distinct set of genes
in NSCs and differentiated cells are not known at present, it
is possible that HG could induce intracellular metabolic
disturbances, which may in turn lead to the observed
changes in gene expression. In addition, oxidative stress
mediated by the glucotoxicity is considered to be the major
contributing factor in the altered gene expression, as a
similar mechanism has been demonstrated in the inner cell
mass of HG-treated mouse blastocysts [49] and in endo-
thelial cells exposed to HG medium [50]. This has been
further supported by the finding that hyperglycaemia-
induced oxidative stress inhibits the expression of Pax-3, a

PO T
0\\% 0\\% o ‘?g,% epgj

paired box transcription factor essential for the neural tube
closure during embryogenesis [S1]. It is also possible that
there could be a direct effect of HG on the expression of
some developmental genes, as in the process involved in
regulation of glucose-responsive genes in the beta-cell or
the liver.

In conclusion, this study demonstrates that HG medium
alters the expression of genes that are involved in cell-cycle
progression and cell-fate specification in the NSCs and
differentiated cells leading to increased neuro- and
gliogenesis. We believe that these changes mimic the
events that occur during neurodevelopment in embryos of
diabetic pregnancies, and that they may form the basis for
defective neural tube patterning observed in these embryos.
Although the in vitro results obtained in this study may not
be directly relevant to human in vivo pathophysiology, they
provide some clues, which may be further explored to gain
a better insight into the mechanisms underlying the
pathogenesis of NTDs associated with diabetic pregnancy.
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