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Figure 8 Co-localization of THK523 staining with tau pathology. Microscopy images of two serial sections (5 um) from brains of rTg4510
and APP/PS1 mice immunostained with either tau (DAKO) or B-amyloid (1E8) antibodies, to identify tau tangles and B-amyloid (AB)
plaques respectively; or stained with 10 nM THK523. Arrows indicate the location of tau tangles while circles indicate the location of
B-amyloid plaques. Positive THK523 staining co-localize with tau immunostaining of neurofibrillary tangles, but not with B-amyloid
plaques. Tissue sections were imaged with a Zeiss microscope and Axiocam digital camera. Scale bars: 100 pm. These data are repre-
sentative of four independent studies employing eight rTg4510 and three APP/PS1 mice.

contribute differentially to the retention of '8F-THK523 in the
mouse brain. Similarly, as was observed in the ex vivo biodistribu-
tion studies, accumulation of radioactivity was observed within the
intestine and liver of both rTg4510 and their control littermates
indicating that most of the tracer and/or its metabolites were
eliminated rapidly from the body through biliary excretion. Both
tau transgenic and control littermates exhibited similar, low ex-
pression levels of tau in the liver (data not shown), further sug-
gesting that "®F-THK523 liver retention was due to the metabolic
processing of '®F-THK523 and not attributable to tau expression.

In conclusion, "8F-THK523 is a novel tau radiotracer that fulfils
the major criteria necessary for an ‘ideal’ PET radiotracer (Laruelle
et al., 2003; Nordberg, 2004). In addition to the abovementioned
properties, THK523 was successfully labelled with '®F with high
specific activity. The relatively longer half-life of '®F (110 min) pre-
cludes the need for an onsite cyclotron, allowing widespread
distribution. )

The clinical application of "®F-THK523 as a selective tau imaging
biomarker will provide important information regarding tau patho-
physiology in Alzheimer's disease and non-Alzheimer's disease
tauopathies, allowing correlation of brain tau load with cognitive
function, monitoring disease progression and evaluation of thera-
peutic efficacy of newly developed drugs; especially aimed at
modulating tau pathology (Gozes et al., 2009; Hampel et al.,
2009a, b; Wischik and Staff, 2009). This study provides an
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important and critical step in defining the role of "*F-THK523 as
a tau specific PET radiotracer.
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The histopathological hallmark of multiple system atrophy is the appearance of intracellular inclusion bodies, named glial
cytoplasmic inclusions, which are mainly composed of a-synuclein fibrils. In vivo visualization of a-synuclein deposition
should be used for the diagnosis and assessment of therapy and severity of pathological progression in multiple system atrophy.
Because 2-[2-(2-dimethylaminothiazol-5-yl)ethenyl]-6-[2-(fluoro)ethoxy] benzoxazole could stain x-synuclein-containing glial
cytoplasmic inclusions in post-mortem brains, we compared the carbon-11-labelled 2-[2-(2-dimethylaminothiazol-5-yl)ethenyl]-
6-[2-(fluoro)ethoxy] benzoxazole positron emission tomography findings of eight multiple system atrophy cases to those of
age-matched normal controls. The positron emission tomography data demonstrated high distribution volumes in the subcortical
white matter (uncorrected P<0.001), putamen and posterior cingulate cortex (uncorrected P<0.005), globus pallidus, primary
motor cortex and anterior cingulate cortex (uncorrected P<0.01), and substantia nigra (uncorrected P<0.05) in multiple system
atrophy cases compared to the normal controls. They were coincident with glial cytoplasmic inclusion-rich brain areas in
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multiple system atrophy and thus, carbon-11-labelled 2-[2-(2-dimethylaminothiazol-5-yl)ethenyl]-6-[2-(fluoro)ethoxy] benzox-
azole positron emission tomography is a promising surrogate marker for monitoring intracellular «-synuclein deposition in living

brains.

Keywords: glial cytoplasmic inclusion; Lewy body; B-amyloid; Parkinson's disease; Pittsburgh compound B
Abbreviations: BF-227 = 2-[2-(2-dimethylaminothiazol-5-yl)ethenyl]-6-[2-(fluoro)ethoxylbenzoxazole; MSA =multiple system

atrophy; PIB = Pittsburgh compound B

Introduction

Multiple system atrophy (MSA) is a sporadic, progressive neuro-
degenerative disease characterized by variable severity of parkin-
sonism, cerebellar ataxia, autonomic failure and pyramidal signs.
Although MSA was originally described as three separate diseases
[olivopontocerebellar atrophy (Dejerine and Thomas, 1900), stria-
tonigral degeneration (van der Eecken et al., 1960) and Shy-
Drager syndrome (Shy and Drager, 1960)], they are currently clas-
sified into a single disease that consists of MSA with predominant
parkinsonism and MSA with predominant cerebellar ataxia (Gilman
et al., 1999). The histopathological halimark of MSA, glial cyto-
plasmic inclusions, comprises mainly insoluble fibrils of phosphory-
lated «-synuclein (Wakabayashi et al., 1998). Thus, it is suggested
that the MSA is in the family of «-synucleinopathies (Marti et al.,
2003) including Parkinson's disease and dementia with Lewy
bodies, which are characterized by the presence of Lewy bodies,
representing other brain inclusions composed of «-synuclein.

Previous neuropathological studies indicated that the appear-
ance of glial cytoplasmic inclusions preceded the clinical onset of
MSA (Fujishiro et al., 2008) and the amount of «-synuclein de-
position correlated with the disease progression (Wakabayashi and
Takahashi, 2006). Therefore, it is plausible that the formation of
a-synuclein deposits plays a key role in neurodegeneration, and
that compounds that inhibit this process may be therapeutically
useful for MSA and other «-synucleinopathies. In fact some com-
pounds, including antioxidants (Ono and Yamada, 2006) and
non-steroidal anti-inflammatory drugs (Hirohata et al., 2008),
were reported to have potent anti-fibrillogenic and fibril-
destabilizing effects on aggregated o-synucleins, and received
much attention as possible new therapeutic agents (Ono and
Yamada, 2006; Hirohata et al., 2008). Detection of «-synuclein
deposition in vivo could theoretically allow early diagnosis even at
the presymptomatic stage, as well as assess disease progression
and possible therapeutic effects in the living brain of patients
with MSA.

Although Pittsburgh compound B (PIB) and other compounds
were reported to be useful in detecting senile plaques in vivo, to
our knowledge, there were no imaging probes currently available
for in vivo detection of «-synuclein deposition. Recently,
2-[2-(2-dimethylaminothiazol-5-yl)ethenyl]-6-[2-(fluoro)ethoxy]
benzoxazole (BF-227), known as a positron emission tomography
(PET) probe for in vivo detection of dense B-amyloid deposits in
humans (Kudo et al., 2007), was reported to bind with synthetic
o-synuclein aggregates as well as B-amyloid fibrils in vitro
(Fodero-Tavoletti et al., 2009). In the present study, we
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demonstrated that BF-227 could stain «-synuclein-containing
glial cytoplasmic inclusions in post-mortem tissues and moreover,
that a PET study with carbon-11-labelled BF-227 ([''C]-BF-227)
could detect «-synuclein deposits in the living brains of patients
with MSA.

Materials and methods

Neuropathological staining

Brain specimens

The subjects of the first part of the study were nine autopsy cases,
including three with Parkinson’s disease, three with dementia with
Lewy bodies and three with MSA. The above diagnoses were con-
firmed both clinically and histopathologically. Brain tissues taken
from the temporal cortex and substantia nigra of patients with
Parkinson’s disease and dementia with Lewy bodies, and pontine
base of patients with MSA, were fixed in 20% buffered formalin for
72h at 4°C, and vibratome sections (50 um thick) were prepared.

Fluorescence and immunohistochemical analysis

BF-227 was dissolved in 50% ethanol containing 5% polysorbate
(Tween 80; Wako, Osaka, Japan). The sections were slide mounted,
incubated in 100 pM BF-227 for 30 min, dipped three times in phos-
phate buffer, and coverslipped with non-fluorescent mounting
medium (Vectashield, Vector Laboratories, Burlingame, CA, USA).
Fluorescence images were visualized using an Olympus Provis fluores-
cence microscope (Olympus, Tokyo, Japan) at wavelength 400nm.
After photographing fluorescent structures, BF-227-labelled sections
were immunostained with primary antibodies against phosphorylated
a-synuclein (#64; Wako). For phosphorylated o-synuclein immunohis-
tochemistry, the sections were pre-treated with 99% formic acid for
5min, then incubated overnight at 4°C with each primary antibody
followed by incubation with the biotinylated secondary antibodies and
the avidin-biotin-peroxidase complex (Vectastain ABC kit, Vector
Laboratories). Diaminobenzidine was used as the chromogen.

PET study

Subjects

Eight patients with probable MSA and eight age-matched normal sub-
jects were studied to examine the distribution of [''C]-BF-227 in the
brain. All probable MSA patients were diagnosed on the second con-
sensus criteria for probable MSA (Gilman et al., 2008). Table 1 sum-
marizes the clinical features of these patients. There were no
significant differences in age, disease duration and unified MSA
rating scale score between the MSA with predominant parkinsonism
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Table 1 Subject profile

Normal MSA
controls
Total MSA-P MSA-C
n 8 8 4 4
Gender (F/M) 4/4 4/4 1/3 3/1

64.3+590 57.44+10.1 60.5+11.1 54.3+9.50
1.50+0.54 1.75+0.50 1.25+0.50
36.1+£8.87 41.5+9.39 30.8+4.27

Age (years)
Duration (years)
UMSARS score

Data are mean + SD.
MSA-P =MSA with predominant parkinsonism; MSA-C = MSA with predominant
cerebellar ataxia; UMSARS = unified MSA rating scale.

subgroup and the MSA with predominant cerebellar ataxia subgroup.
The normal control group comprised volunteers without impairment of
cognitive and motor functions who had no cerebrovascular lesions on
magnetic resonance imaging. The study protocol was approved by the
Ethical Committee of Tohoku University Graduate School of Medicine,
and a written informed consent was obtained from each subject after
being given a complete description of the study.

Radiosynthesis of [''C]-BF-227

BF-227 and its N-desmethylated derivative (a precursor of [''Cl-
BF-227) were custom-synthesized by Tanabe R&D Service Co.
(Tokyo) (Kudo et al., 2007). [''C]-BF-227 was synthesized from the
precursor by N-methylation in dimethyl sulphoxide using [''Cl-methy!
triflate (Jewett, 1992; Iwata et al., 2001). After quenching the reaction
with 5% acetic acid in ethanol, [''C]-BF-227 was separated from the
crude mixture by semi-preparative reversed-phase high-performance
liquid chromatography and then isolated from the collected fraction
by solid-phase extraction. The purified [''C]-BF-227 was solubilized in
isotonic saline containing 1% polysobate-80 and 5% ascorbic acid.
The saline solution was filter sterilized with a 0.22 mm Millipore™
filter for clinical use. The radiochemical yields were >50% based
on ["'Cl-methyl triflate, and the specific radioactivities were
119-138 GBq/mmol at the end of synthesis. The radiochemical purities
were >95%.

PET procedure

The ['"CI-BF-227 PET study was performed using a SET-2400W PET
scanner (Shimadzu Inc., Japan) under resting condition with eyes
closed in a dark room. Following a 68Ge/Ga transmission scan of
300-400s duration, an emission scan was started soon after intraven-
ous injection of 3.7-8.3 mCi of [''C]-BF-227. A dynamic series of PET
scans were acquired over 60 min with 23 frames. Emission data were
corrected for attenuation, dead time and radioactive decay.
Standardized uptake value images were obtained by normalizing
tissue concentration by the injected dose and body mass. Arterial
blood samples (1.5 ml) from the radial or brachial artery were collected
from each subject at 10 s intervals for the first 2 min, and subsequently
at intervals increasing progressively from 1 to 10 min until 60 min after
the injection of [''C]-BF-227 except for one subject, from whom
arterialized venous blood samples (1.5ml) from a hand vein heated
in a far-infrared mat were collected at the same time intervals. The
plasma obtained by centrifugation at 3000g for 3 min was weighed
and the radioactivity was measured with a well-type scintillation coun-
ter. Additional arterial blood samples were obtained at four time points
during the study (5, 15, 30 and 60min) for the determination of
radiolabelled metabolites in plasma using high-performance liquid
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chromatography. These data yielded values of the unchanged fraction
of parent radiotracer throughout the time frame of the study. A multi-
exponential equation was used to describe this curve and to estimate
the parent fraction at each measured plasma curve time point.

PET image analysis

To measure a-synuclein deposition densities in the brain, the distribu-
tion volume, the ratio of [''C]-BF-227 concentration in tissue to that
in plasma at equilibrium, was calculated by Logan's graphical analysis
(Logan, 2000), since BF-227 reversibly binds to «-synuclein depositions
(Tashiro et al., 2009). Region of interest analysis was performed to
evaluate the regional distribution of [''C]-BF-227. Circular regions of
interest were placed on individual axial PET images in the frontal cor-
tex, primary motor cortex, parietal cortex, medial temporal cortex,
lateral temporal cortex, occipital cortex, anterior cingulate cortex, pos-
terior cingulate cortex, subcortical white matter, caudate nucleus, pu-
tamen, globus pallidus, thalamus, substantia nigra, midbrain
tegmentum, pons and cerebellar cortex, referring to the individual
magnetic resonance images.

Statistical analysis

Data were expressed as mean = SD. Differences in distribution volume
between normal control and MSA groups were evaluated by one-way
analysis of variance followed by Bonferroni's multiple comparison test
(GraphPad Prism Software).

Results

Neuropathological staining

In  the post-mortem brains with Parkinson's disease,
double-labelling immunostaining with BF-227 fluorostaining and
anti-phosphorylated  «-synuclein  antibody demonstrated co-
localization of the proteins in Lewy bodies in the substantia
nigra (Fig. 1A and B). Strong BF-227 staining was observed in
the central core (Fig. 1A). BF-227 was also detected in the cortical
Lewy bodies in dementia with Lewy bodies (Fig. 1C and D). In
MSA, double-labelling experiments using BF-227 and anti-
phosphorylated «-synuclein antibody deronstrated BF-227 fluor-
escent signal in the most of glial cytoplasmic inclusions in the
pontine base (Fig. 1E and F).

PET study

Tissue time activity curves of [''C]-BF-227 in the brain indicated
more gradual clearance from the brain in patients with MSA com-
pared with normal subjects following initial rapid uptake of radio-
activity (Fig. 2A). Relatively high concentrations of [''C]-BF-227
radioactivity were observed in the subcortical white matter and
lenticular nucleus in MSA, in which relatively intense «-synuclein
deposits were found in the post-mortem brain (Fig. 2B). [''C]-
BF-227 exhibited linear regression curves on Logan plot analysis
in all brain regions examined. Since the slopes of the regression
lines represent the distribution volume of the tracer, these findings
indicated a higher distribution volume of [''C]-BF-227 in MSA
than in normal controls (Fig. 2C). The regional distribution
volume values were high in the subcortical white matter (uncor-
rected P<0.001), putamen and posterior cingulate cortex
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Figure 1 Neuropathological findings of BF-227 fluorostaining and anti-phosphorylated a-synuclein antibody immunostaining. BF-227
fluorostaining (A and C) and anti-phosphorylated «-synuclein antibody immunostaining (B and D) showed colocalization of these proteins
in brainstem-type Lewy bodies in the substantia nigra of patients with Parkinson'’s disease (A and B) and in cortical Lewy bodies in

the temporal lobe of patients dementia with Lewy bodies (C and D). Similarly, BF-227 fluorostaining (E) and anti-phosphorylated
w-synuclein antibody immunostaining (F) were codetected in glial cytoplasmic inclusions in the pontine base of a patient with MSA.
BF-227 histofluorescence was observed in the most of glial cytoplasmic inclusions (arrows). Bars = 10 pm.

(uncorrected P<0.005), globus pallidus, primary motor cortex and
anterior cingulate cortex (uncorrected P<0.01) and substantia
nigra (uncorrected P<0.05) in patients with MSA compared to
the normal controls (Table 2 and Fig. 2D). It is noteworthy that
the distribution volume of [''C]-BF-227 was significantly high
in the subcortical white matter even if Bonferroni's multiple com-
parison test was applied. On the other hand, no obvious differ-
ences were found in either the distribution or degree of binding
between the MSA with predominant parkinsonism and MSA with
predominant cerebellar ataxia subgroups.

Discussion

The BF-227 stained «-synuclein-containing Lewy bodies
(Fig. 1A-D) and glial cytoplasmic inclusions (Fig. 1E and F) in
formalin-fixed tissue sections as well as B-amyloid-containing

(0’7

senile plaques in paraffin-embedded tissue sections (Kudo et al.,
2007). These results were consistent with the previous findings
showing BF-227 binding to synthetic a-synuclein fibrils with high
affinity (Ky 9.63 nM) (Fodero-Tavoletti et al., 2009), and to Lewy
bodies in paraffin-ermbedded tissue sections (Fodero-Tavoletti
et al., 2009).

The anti-phosphorylated o-synuclein antibody immunostained
the halo region more intensively compared with the central core
in Lewy bodies in the substantia nigra of Parkinson’s disease, while
the BF-227 staining was intensely observed in the core of Lewy
bodies (Fig. 1A and B). Because intense thioflavin S staining was
also reported in the core of nigral Lewy bodies (Duda et al.,
2000), the core is thought to be rich in B-sheet structures.
Similar to thioflavin S, the BF-227 staining is considered to recog-
nize amyloid-like B-pleated sheets, and it was suggested to be
the reason for the more intense BF-227 staining in the core of
Lewy bodies. In addition, the high density of the core structure
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Figure 2 [''C]-BF-227 PET findings in MSA. Time activity curves showed initial rapid uptake of radioactivity followed by gradual
clearance in the putamen of both normal subjects and MSA cases. Data are mean = SD of eight normal subjects and eight patients with
MSA (A). In a representative patient with MSA with predominant cerebellar ataxia, the regional distribution volumes were mapped to the
subcortical white matter and lentiform nucleus compared to normal control (B). Typical Logan plots for the putamen were presented in a
representative patient with MSA with predominant cerebellar ataxia and a normal control. The slopes of the linear regression curves on
Logan plot analysis represent the distribution volume of the tracer in the putamen (C). There were differences in the mean regional
distribution volume values between patients with MSA and normal control in the subcortical white matter (uncorrected P<0.001),
putamen and posterior cingulate cortex (uncorrected P<0.005), globus pallidus, primary motor cortex and anterior cingulate cortex
(uncorrected P <0.01) and substantia nigra (uncorrected P < 0.05). Data of individual subjects (symbols) and mean values (horizontal lines)
(D). SUV =standardized uptake value; DV =distribution volume; ROl =region of interest.

may often prevent the penetration of antibodies into this region
(Galloway et al., 1992), since electron microscopic studies revealed
that vesicular structures were tightly packed in the core of Lewy
bodies (Takahashi and Wakabayashi, 2005). On the other hand,
not all glial cytoplasmic inclusions stained by anti-phosphorylated
a-synuclein antibody were always positive for BF-227 staining
(Fig. 1E and F). In the process of oligodendroglial pathology, it
was believed that «-synuclein deposits as amorphous state and
then forms fibrillar structures (Gai et al., 2003; Stefanova et al.,
2005). In fact, part of glial cytoplasmic inclusions were reported to
be a-synuclein-negative (Sakamoto et al., 2005) and therefore, it
seems reasonable that some of glial cytoplasmic inclusions were
not composed of B-sheet fibrils and were negative for BF-227
staining.

The regional distribution volume of [''C]-BF-227 was the high-
est in the subcortical white matter, followed by the putamen,
posterior cingulate cortex, anterior cingulate cortex, globus

pallidus, primary motor cortex and substantia nigra, in which
glial cytoplasmic inclusions were densely distributed (Papp and
Lantos, 1994; Inoue et al., 1997; Wakabayashi and Takahashi,
2006) and large increases of a-synuclein content were found
(Tong et al., 2010) in the post-mortem brains. Thus, it was sug-
gested that the distributions of [''C]-BF-227 could properly reflect
those of the «-synuclein deposits in vivo. On the other hand, the
regional distribution volume in other affected brain regions, such
as the cerebellum and pons (Ozawa et al.,, 2004; Wakabayashi
and Takahashi, 2006), did not show higher values relative to the
normal control group. The glial cytoplasmic inclusions in cerebel-
lum were reported to decrease along with the disease progression
and concomitant neuronal loss (Inoue et al., 1997). Therefore, it is
plausible that the accumulation levels of glial cytoplasmic inclu-
sions are changing and do not always increase with the disease
progression (Mochizuki et al., 1992; Inoue et al., 1997).
Moreover, due to the remarkable cerebellar and pontine atrophy,
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Table 2 Distribution volume of ['"C]BF-227

Normal controls MSA
Frontal cortex 2.28+0.18 2.46+0.22
Primary motor cortex 2.40+0.28 2.7940.20°
Parietal cortex 2.48+0.26 2.63+0.24
Medial temporal cortex 2.44+021 2.82+0.31
Lateral temporal cortex 2.42+0.19 2.63+0.23
Occipital cortex 2.43+0.20 2.72+0.27
Anterior cingulate cortex 2.3240.18 2.67+0.23°
Posterior cingulate cortex 2.52+0.22 2.9440.22"
Subcortical white matter 2.65+0.38 3.49+0.36*
Caudate nucleus 2.70+0.21 3.05+0.34
Putamen 2.95+0.23 3.47+0.30"
Globus pallidus 3.43+0.31 3.9740.36"
Thalamus 3.50+0.28 4.03+0.31
Substantia nigra 3.55+0.41 41240.36*
Midbrain tegmentum 353+054 3.45+0.47

Pons 3.63+054
Cerebellar cortex 232+022

3.88+0.42
2.16+0.29

Data are mean =+ SD.
*Uncorrected P<0.05.
“Uncorrected P<0.01.
"Uncorrected P <0.005.
‘Uncorrected P<0.001.

the distribution volume in these regions might be underestimated.
Correction for partial volume loss is therefore needed to improve
the accuracy of quantification in the cerebellum and brainstem of
MSA. BF-227 fluorescent signal was detected in B-amyloid plaques
as well as glial cytoplasmic inclusions and Lewy bodies (Fig. 1A-F)
in neuropathological staining (Kudo et al., 2007). However, the
differences in the distribution of [''C]-BF-227 by PET could dis-
criminate MSA from Alzheimer's disease, which showed high dis-
tribution of [''C]-BF-227 in the temporoparietal-occipital region
(Kudo et al., 2007). In our preliminary studies, Parkinson's disease
and dementia with Lewy bodies also showed quite different pat-
terns of distribution volumes from those of MSA (data not shown).
Therefore, MSA could be distinguished from other degenerative
diseases such as Alzheimer's disease, Parkinson's disease and de-
mentia with Lewy bodies by the [''C]-BF-227 PET.

The affinity of BF-227 to a-synuclein fibrils (K4 9.63 nM) was
reported to be almost identical to that of PIB (K4 10.07 nM)
(Fodero-Tavoletti et al.,, 2007, 2009). However, in the
post-mortem human brain, the PIB binding was not colocalized
with  e-synuclein-positive Lewy bodies in two reports
(Fodero-Tavoletti et al., 2007; Ye et al., 2008) although one
report showed PIB binding to Lewy bodies in the substantia
nigra of Parkinson's disease (Maetzler et al., 2008). Therefore,
there is controversy as to whether PIB binds to
w-synuclein-containing Lewy bodies. Moreover, there have been
no reports showing that PIB could detect o-synuclein deposits in
a-synucleinopathies by PET (Fodero-Tavoletti et al, 2007,
Johansson et al., 2008; Maetzler et al., 2008). The hydroxy
group in PIB (Mathis et al., 2003) may prevent it from passing
through the cell membranes and thereby detecting «-synuclein
depositions in the cytoplasm, however, the BF-227 is more

Brain 2010: 133; 17721778 | 1777

lipophilic than PIB (Mathis et al., 2003), and may easily pass
into the cytoplasm and bind to «-synuclein aggregates. As
shown in the present study, BF-227 is a promising tracer to
detect glial cytoplasmic inclusions. Further studies are warranted
to verify whether Lewy bodies in other o-synucleinopathies as well
as glial cytoplasmic inclusions can be detected by [''C]-BF-227
PET.

In conclusion, the BF-227 could bind to a-synuclein-containing
glial cytoplasmic inclusions (Fig. 1E and F) in the post-mortem
brain, and the ["'C]-BF-227 PET demonstrated high signals in
the glial cytoplasmic inclusion-rich brain regions including subcor-
tical white matter, putamen, globus pallidus, primary motor cortex
and anterior and posterior cingulate cortex (Table 2 and Fig. 2D).
These results suggest that [''C]-BF-227 PET is a suitable surrogate
maker for monitoring «-synuclein deposits in living brains with
MSA and could be a potential tool to monitor the effectiveness
of neuroprotective therapy for a-synucleinopathies.
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Abstract

Background/Objective: To investigate the neurodevelop-
mental response in postnatal mice secondary to antenatal
steroid treatment in association with maternal protein re-
striction. Methods: C57BL/6N pregnant mice (n = 24; 4 per
treatment group) were administered control (C) or protein-
restricted (PR) diets and subjected to daily subcutaneous in-
jection stress during late gestation (E10-E17) with either 100
wl/kg of dexamethasone sodium phosphate in normosaline
(C-D/S, PR-D/S) or normosaline alone (G-S, PR-S). Non-treat-
ment groups were also included (C, PR). Brain samples of
pups were collected on postnatal day 7 and analyzed by
immunohistochemistry and gRT-PCR. Results: Neonatal
weights in the treatment groups were smaller than their
counterparts in the C group, but there were no significant
differences in brain size. Immunohistochemical evaluation
of neuroglial cells revealed a pronounced effect of protein
restriction on oligodendrocytes and oligodendrocyte pre-
cursor cells with distinct fetal responses to stress and dexa-
methasone. Further evaluation using quantitative RNA anal-

ysis showed significant activation of Galrl, Galr2, Igfbp-1,
Igfbp-3, Igfbp-6, and Fgf2 by 1- to 2.5-fold in the PR-D/S
group and by much higher increments, 1- to 10.5-fold, in the
PR-S group. Conclusion: This preliminary investigation re-
vealed the possible role of dexamethasone in further in-
creasing vulnerability to cell damage in injury-prone neuro-
glial cells. The distribution of key glial markers and the over-
expression of several neurotrophic factors depicted ongoing
cellular adaptation. Copyright © 2010 S. Karger AG, Basel

Introduction

At the present time, antenatal steroid therapy is an op-
tion for which the benefits seem to outweigh the risks,
but this generalization may not apply to all patients.
There are two types of preterm infants according to birth
weight: (1) preterm infants with appropriate weight for
gestational age, and (2) preterm infants with low birth
weight for gestational age. The latter group is known to
be more susceptible to chronic diseases and diseases of
adult onset [1]. This vulnerability may be attributed to
adaptive responses during development secondary to en-
vironmental stimuli such as maternal diet modification
and stress which instigate changes in fetal programming.
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In this study, a novel approach to understanding fetal
adaptive response as graded events is presented. All struc-
tural levels may be observed to follow a temporal pattern
of events wherein acute and chronic responses depend on
surpassing specific thresholds. A primary exposure that
does not surpass the threshold for an adaptive response
results in sensitization with minimal changes to the de-
veloping fetus. On the other hand, single or cumulative
exposures that surpass the threshold can mountanadap-
tive response. Furthermore, graded events before and af-
ter the attainment of such thresholds have also been ob-
served in this study. A hyperreactive response, occurring
in pre-sensitized fetuses, will exhibit lower thresholds
while a restrained response is a subdued or muted change
observed in pre-sensitized fetuses in the presence of
dexamethasone.

This study uses protein restriction in a mouse model
for simulation of intrauterine growth restriction (IUGR)
and focuses on the effects of antenatal steroid therapy on
postnatal neurodevelopment. The neuroplasticity of glial
cells allows for the observation of such changes. Through
the use of stage-specific markers, different glial popula-
tions can be delineated during embryonic brain develop-
ment [2-4]. For our study purposes, two types of glial
cells were evaluated: oligodendrocytes (Mbp and Pdgfra)
and astrocytes (Gfap) ~ both of which are derived from a
common precursor (Olig2).

In addition, specific gene expression was evaluated to
characterize ongoing cellular adaptation. Numerous in-
vestigations concerning the different oligodendrocyte
lineage cells have reported that these genes are regulators
of growth (Igfbp-1, Igfbp-3, and Igfbp-6) and have neuro-
protective properties (Galrl, Galr2, and Fgf2) among
which include the prevention of demyelination and the
enhancement of neurogenesis after injury [5-13].

Thus, neonatal brain phenotypic attributes neuroglial
protein patterns and mRNA expression of neurotrophic
genes were evaluated for their response to dexametha-
sone treatment.

Materials and Methods

Animals

Female C57BL/6N mice (n = 24), about 6 weeks old, provided
by the Institute for Animal Experimentation, Tohoku University
Graduate School of Medicine, were maintained under controlled
lighting (12-hour light cycles) and temperature (24°C). These
were allowed free access to food (AIN-93G; Oriental Yeast Co.
Ltd, Tokyo, Japan) and water during a 2-week acclimatization pe-
riod after which each female was time mated with a male.
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Treatment Groups

Pregnant females were housed singly and administered either
control (C) or protein-restricted (PR) diets (online suppl. table 1,
www.karger.com/doi/10.1159/000316102) ad libitum all through-
out pregnancy (embryonic stage, E0-E17) and after delivery
(postnatal stage, PO-P7). These were further subdivided into six
groups (n = 4 per group) where each received a single or combi-
nation of treatments during late gestation (E10-E17). More spe-
cifically, this consisted of daily subcutaneous injection stress
with either plain normosaline solution (C-S, PR-S) or 100 ul/kg
dexamethasone sodium phosphate (Decadron®; MSD Banyu
Pharmaceutical Co. Ltd, Japan) in normosaline solution (C-D/S,
PR-D/S). Non-treatment groups were also included (C, PR). All
injections were performed between 12 and 2 p.m. Maternal
weights on days EO, E10, and E17 were recorded, as well as neo-
natal weights on P7.

Whole Brain Sampling

On postnatal day 7, separate brain sampling techniques were
performed. For brain size and immunohistochemical analyses
(n = 96; 16 per treatment), 2 male and 2 female pups from each
litter were anesthetized by isoflurane inhalation (Forane® Isoflu-
rane; Abbott Japan Co. Ltd, Japan) and perfused intracardially
with 4% paraformaldehyde. Whole brains were collected and su-
percooled in dry ice for 30 min before storage at -20°C. These
were subsequently mounted using an OCT compound (Tissue-
Tek® 4583; Sakura Finetek Japan, Co. Ltd, Tokyo, Japan) and cut
on a cryostat (Leica Cryostat CM3050 S; Leica, Wetzlar, Germa-
ny) to obtain 14-pm coronal sections at the level of the lateral
ventricle (bregma = 0-0.74 mm, interaural = 3.80-4.39 mm). All
specimens were collected on APS-coated Superfrost glass mi-
croslides (Matsunami Glass Ind. Ltd, Osaka, Japan) and air dried.
Sections were stored at ~80°C. Meanwhile for RNA analysis,
whole brain samples from the remaining pups in each litter (n =
42; 7 per treatment) underwent initial processing for later RNA
extraction. The same anesthetic procedure mentioned earlier was
applied prior to brain dissection followed by supercooling in lig-
vid nitrogen and storage at -80°C.

Fetal Brain Size Analysis

Slide sections were stained with hematoxylin (Gill's Hema-
toxylin 2003-2; Muto Pure Chemicals Co. Ltd., Japan) and eosin
(Eosin Alcohol Solution acid extract 050-06041; Wako Pure
Chemicals, Ind. Ltd, Japan). Images were captured on a Leica CTR
5000 and DM 5000B microscope system {Leica). Using Adobe®
Photoshop® CS4 Extended software, specific brain portions were
manually traced on each of the captured digital images and the
total number of pixels within traced areas was determined. Indi-
vidual cortical thicknesses as well as corpus callosum indices
were analyzed. The latter was equal to the ratio of the area of the
corpus callosum and the cortical thickness.

Immunohistochemistry

A total of 16 fetal brains (8 male, 8 female) per treatment group
were examined. Sections were blocked with 4% paraformalde-
hyde for 15 min and incubated with the primary antibody at 4°C
overnight. Coupled secondary antibodies were used for singleand
double labeling. Slides were mounted with Vectashield® medium
(Vector Laboratories, Inc., Burlingame, Calif., USA) and cover-
slipped. The following primary antibodies were used: Mbp (Rat
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Fig. 1. Effects of treatment on weight gain. a Each data point rep-
resents maternal weight as mean * SD (n =4 per treatment). Two-
way ANOVA indicates a significant treatment effect (p < 0.0001)
and time effect (p < 0.0001). Bonferroni post-test indicates that,
with the exception of the PR and C-D/S groups at E17, all treat-

Anti-Myelin basic protein 82-87 region IgG; 1:200; Chemicon In-
ternational, Inc., Temecula, Calif., USA), Gfap (Rabbit anti-glial
fibrillary acidic protein IgG; 1:800; Sigma, St. Louis, Mo., USA),
Olig2 (Anti-Human Olig2 Rabbit IgG Affinity Purity; 1:1,000;
IBL, Co. Ltd, Japan), and Pdgfra (Purified rat anti-mouse CD140a
(PDGF Receptor o chain monoclonal antibody IgG; 1:500; BD
Pharmingen, San Diego, Calif., USA). 4'6-Diamidino-2-phenyl-
indole, dihydrochloride (DAPI) FluoroPure™ grade (1:500; Mo-
lecular Probes, Inc., Eugene, Oreg., USA) was used to identify the
nuclei. The following secondary antibodies were used: Alexa Flu-
or® 488 donkey anti-rabbit IgG (1:500; Invitrogen, Eugene, Oreg.,
USA) and Cy™3-conjugated Affini-Pure Donkey anti-rat IgG
(1:500; Jackson ImmunoResearch Laboratories, Inc., West Grove,
Pa., USA). Images were captured on a Leica CTR 5000 and DM
5000B microscope system (Leica). Neuroglial protein marker ex-
pression was analyzed using Adobe Photoshop® CS4 Extended
software. Specific brain portions were manually traced on each of
the captured digital images. Protein marker expression was
equivalent to the degree of fluorescence observed (pixels of fluo-
rescence/total number of pixels) (online suppl. fig. 1).

Quantitative PCR

Total RNA was extracted from whole fetal brains using QIA-
zol Lysis Reagent (Qiagen, Hilden, Germany) and cleaned with
an miRNeasy kit (Qiagen) according to the manufacturer’s pro-
tocol. Complementary DNA was synthesized using the Super-
script™TIII First-Strand Synthesis System (Invitrogen, Carlsbad,
Calif,, USA) and quantitative PCR was conducted with Express
SYBR® GreenER™ Supermix with Premixed ROX (Invitrogen)
on an Eppendorf Realplex? Mastercycler (Eppendorf, Hamburg,
Germany). Primer sequences of the resulting significant genes are
provided (online suppl. table 2).

Statistical Analysis

One-way analysis of variance (ANOVA) was conducted be-
tween treatment groups for each procedure. Post-hoc analysis
(Bonferroni post-test) was also used where applicable. All tests
were performed using GraphPad Prism® 4 software.

Neurodevelopment, Antenatal Steroid
Therapy and IUGR Mouse Model

ments were similar to the C group. b Mean fetal weights across
treatments £ SEM were significantly different by one-way ANO-
VA (p<0.0001; n = 193). Bonferroni post-test indicates significant
variation of the C group with all other treatment groups (* p <
0.001).

Results

Maternal weight gain patterns between groups were
similar before (E0-E10) and during treatment (E10-
E17). There were no differences in timing of delivery
(E18 or P0), litter size, and litter sex distribution. Mean
neonatal weights on postnatal day 7 between treatment
groups were significantly different (p < 0.0001; n = 193)
showing a mean decrease of all groups compared to the
C group (fig. 1). However, fetal brain size across treat-
ment groups were similar (n = 91). The cortical thickness
between treatment groups did not differ and corpus cal-
losum indices revealed proportionality of this area to
cortical thickness independent of the treatment received

(fig. 2).

Immunohistochemical Analysis

The immunohistochemical analysis of Mbp and Gfap
expression, mature oligodendrocyte and astrocyte mark-
ers, respectively, demonstrated that astrocyte popula-
tions were less affected by protein restriction or injection
stress. However, like oligodendrocyte populations, these
were not resilient against dexamethasone (fig. 3).

Diet-affected patterns across treatment groups in the
corpus callosum (cc) were notably similar between Mbp
and Pdgfra (fig. 3, 4) revealing a more pronounced effect
on oligodendrocytes. For Pdgfro and Olig2, the addition-
al analysis of adjacent brain areas such as the subventric-
ular zone (svz) (fig. 4c, f) and caudate putamen (cpu)
(fig. 4d, g) exhibited the same expression patterns pro-
ducing no geographical distinction.

Fetal Diagn Ther 2010;28:79-86 81
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Fig. 3. Mbp and Gfap expression in the six treatment groups.
a Box inset shows the approximate area measured in the corpus
callosum cc in a coronal section at the level of the lateral ventricle
Iv using hematoxylin and eosin staining. b, ¢ Graphical represen-
tations summarizing immunohistochemical results as ratio of
positive area by cc area for each marker (standard error bars in-
cluded). One-way ANOVA indicates significant variation in both
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Mbp (p <0.0027; n = 85) and Gfap (p < 0.0001; n = 86). A com-
parison to the C group by Bonferroni post-test shows significant
variation with the PR (¥ p < 0.05) and PR-D/S (* p < 0.01; ** p<
0.001) groups. d-o Representative images for each treatment
group showing Mbp (d-i) and Gfap (j-o) expression at a magnifi-
cation of 20X. Scale bars: a = 500 p.m, d-o0 = 200 pm.
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Fig. 4. Pdgfra and Olig2 expression in the six treatment groups.
a Box inset shows the approximate area measured in a coronal
section at the level of the lateral ventricle (Iv) using HE staining;
corpus callosum (cc); caudate putamen (cpu); white arrow, sub-
ventricular zone (svc). b-g Graphical representations summariz-
ing immunohistochemical results as ratio of positive area by spec-
ified brain area for each marker (standard error bars included).

mRNA Analysis

Quantitative RNA analysis showed significant activa-
tion (p <0.0001) of Galrl, Galr2, Igfbp-1, Igfbp-3, Igfbp-6,
and Fgf2 by 1- to 2.5-fold in the PR-D/S group and by
much higher increments, 1- to 10.5-fold, in the PR-S
group (fig. 5).

Discussion
The expression' patterns across treatment groups were

indicative of varying responses to injury in both oligo-
dendrocyte and astrocyte lineage cells. First, there were

Neurodevelopment, Antenatal Steroid
Therapy and IUGR Mouse Model
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Statistical analyses were significant using one-way ANOVA for
Pdgfra cc(p<0.0002; n = 85), Pdgfra cpu (p<0.0001; n = 85), Olig2
cc (p <0.0240; n = 83), Olig2 svz (p < 0.0044; n = 83), and Olig2
cpu (p <0.0166; n = 83). h-s Representative images for each treat-
ment group showing Pdgfra (h-m) and Olig2 (n-s) expression at
a magnification of 20X . Scale bars: a = 500 wm, h-s = 200 pm.

different effects between neuroglial cell types secondary
to primary injury. Second, the effect of protein restriction
on oligodendrocyte distribution patterns was more pro-
nounced, but the specific precursor cell lineage most af-
fected was not determined, and third, significant genes
pointed towards oligodendrocyte susceptibility and my-
elination effects. From these, a key response to dexa-
methasone was seen as a recurring pattern in the PR-S
and PR-D/S groups in both immunohistochemical eval-
uation and mRNA analysis (fig. 3-5).

Maintaining glucocorticoid homeostasis necessitates
a delicate balance between maternal and fetal environ-
ments. Our results suggested that mice in the C diet treat-

Fetal Diagn Ther 2010;28:79-86
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Fig.5. Quantitative mRNA analysis. There
was significant activation by one-way
ANOVA (p < 0.0001; n = 24 per gene) of
Galrl, Galr2, lgfbp-1, Igfbp-3, lgfbp-6, and
Fgf2 by 1- to 2.5-fold in the PR-D/S group
and by much higher increments, 1- to 10.5-
fold, in the PR-S group. Bonferroni post-
test indicated * p < 0.001 for PR-S. Indi-
vidual gene graphs with standard error 0-
reports were submitted as online supple-
mentary figure 1.

mRNA expression
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ment groups were able to maintain varying levels of glu-
cocorticoid homeostasis amidst chronic stress (daily sub-
cutaneous injections from E10 to E17) or the presence of
dexamethasone. In C group offspring, exposure to nor-
mal levels of maternal cortisol was successfully blocked.
In C-S offspring, increased levels of maternal endogenous
cortisol overwhelmed this natural protective barrier and
led to significant fetal exposure. Both exogenous and
eventually endogenous corticosteroids resulted in IUGR
effects at phenotypic and molecular levels. C-S fetuses
were sensitized or became susceptible to any further
change. In the C-D/S offspring, IUGR was evident, but
the addition of dexamethasone resulted in an adaptive
fetal response not observed with stress alone. In terms of
neurodevelopmental effects, our results showed that this
was a beneficial or protective response to stress.

On the other hand, mice in the PR diet groups were
basically at a disadvantage prior to stress or dexametha-
sone treatment. The offspring of PR groups were pre-sen-
sitized. Aside from exhibiting IUGR, they most likely had
dysfunctional placentas. With the addition of chronic
stress (PR-S), a protective hyperreactive fetal response
was observed, but this response was markedly restrained
in the presence of dexamethasone (PR-D/S). The latter
suggested detrimental effects to neurodevelopment in the
last treatment group.

The presence of a protective barrier system between
this interplay of maternal and fetal environments is cru-
cial. Current investigations have focused on the role of

84 Fetal Diagn Ther 2010;28:79-86

11B3-hydroxysteroid dehydrogenase type 2 (11-BHSD?2) as
a possible placental glucocorticoid barrier, and interest-
ingly, 11-BHSD2 activity is decreased during maternal
protein restriction or stress [14]. This would explain how
high maternal cortisol concentrations were able to satu-
rate the limited enzyme available allowing any excess to
pass through unchanged. This presents distinct similari-
ties with our study conditions, but the presence of 11-
BHSD2 alone cannot account for the graded fetal re-
sponse observed or the isolated effects of dexamethasone.

Dexamethasone was administered subcutaneously
thereby effectively bypassing maternal liver metabolism.
It was also less difficult for this glucocorticoid to reach
the fetus because it has been known to be a poor substrate
for placental 11-BHSD2 [15]. Two possible explanations
for the observed isolated dexamethasone effects in con-
trast to cortisol were as follows: first, the supraphysiolog-
ical levels and potency of dexamethasone may have pro-
duced these damaging effects. Dexamethasone was nota-
bly the more potent glucocorticoid with a potency range
of 25-80 and t;;, (half-life in hours) of 36-54, as com-
pared to cortisol with a potency of 1 and t;, of 8 [16]. Sec-
ond, due to anti-inflammatory properties which have not
been fully elucidated yet, corticosteroids bind to recep-
tors and form complexes that target genes in the nucleus
[17]. It is possible that there was differential regulation of
target genes between dexamethasone and cortisol, or due
to individual properties, they differed entirely in terms of
specific genes targeted. Furthermore, suppression of the
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fetal HPA axis could not possibly account for all pheno-
typic results and underlying genotypic alterations. More
likely, the effects of dexamethasone result from a collec-
tive response from various structural levels (molecular to
cellular) both involving fetal neurometabolic factors and
maternal adaptation to pregnancy.

Our TUGR mouse model developed at the Tohoku
University has been modified for different investigative
projects [18-22], but its main premise asserts that mater-
nal malnutrition in mice affects offspring and acts as a
primary insult or an acquired susceptibility resulting
in phenotypic and genotypic changes. In addition, this
study also recognized another primary insult as stress in
the form of an injection. This implication is supported by
various studies where injection of a vehicle alone was not
equivalent to a placebo due to resulting behavioral and
biochemical modulation [23, 24]. In the analysis of this
study, understanding these two sources of primary in-
sults and their roles in each treatment group helped to
delineate which effects of those observed were truly at-
tributable to dexamethasone alone. The treatment groups
where only a primary injury was involved (C-S, PR) may
or may not have shown marked differences from the C
group, but their underlying sensitization to further in-
jury can be inferred from the behavior of double injury
treatments (C-D/S, PR-S).

Another concern was the brain area chosen in the ex-
periment. Conventional reports focus on the hippocam-
pus, but more investigations have started to look at other
subcortical areas, such as the corpus callosum and sub-
ventricular zone, where there also exists high neuroplas-
tic potential extending into the postnatal and adult pe-
riod [4-6]. Moreover, oligodendrocyte lineage precursors
have been demonstrated to migrate from different parts
of the telencephalic ventricular zone towards various
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Differentiation of neuronal cells from NIH/3T3 fibroblasts

under defined conditions
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We attempted to test whether the differentiated NIH/3T3 fibroblasts could be differentiated into neuronal cells
without any epigenetic modification. First, a neurosphere assay was carried out, and we successfully generated
neurosphere-like cells by floating cultures of NIH/3T3 fibroblasts in neural stem cell medium. These spheres
have the ability to form sub-spheres after three passages, and express the neural progenitor markers Nestin,
Sox2, Pax6, and Musashi-1. Second, after shifting to a differentiating medium and culturing for an additional
8 days, cells in these spheres expressed the neuronal markers B-tubulin and neurofilament 200 and the astro-
cytic marker glial fibrillary acidic protein (GFAP). Finally, after treating the spheres with all-trans retinoic acid and
taurine, the expression of B-tubulin was increased and the staining of photoreceptor markers rhodopsin and
recoverin was observed. The present study shows that NIH/3T3 fibroblasts can generate neurosphere-like, neu-
ron-like, and even photoreceptor-like cells under defined conditions, suggesting that the differentiated non-neu-
ronal cells NIH/3T3 fibroblasts, but not pluripotent cells such as embryonic stem cells or induced pluripotent
stem cells, may have the potential to be transdifferentiated into neuronal cells without adding any epigenetic
modifier. This transdifferentiation may be due to the possible neural progenitor potential of NIH/3T3 fibroblasts

that remains dormant under normal conditions.

Key words: differentiation, neural progenitors, neuron, retinoic acid, taurine.

Introduction

Because of their ability to proliferate infinitely and dif-
ferentiate into cells of all three germ layers, embryonic
stem (ES) cells are regarded as superior potential
donor cells for cell replacement to treat many diseases
(Hoffman & Carpenter 2005; Takahashi & Yamanaka
2006), such as retinitis pigmentosa and age-related
macular degeneration, which are typically character-
ized by the death of photoreceptors (Osakada et al.
2008). Photoreceptor replacement in the form of a
cell-based therapeutic approach may aid in the resto-
ration of vision.

Zhao et al. (2002) demonstrated that ES cell-derived
neural progenitors expressed regulatory factors
needed for retinal differentiation, and that a small sub-
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set of these cells differentiated along the photorecep-
tor lineage in response to retina-specific epigenetic
cues. lkeda et al. (2005) and Osakada et al. (2008)
generated putative photoreceptors and RPE cells from
rodent and primate ES cells by induction with defined
factors.

However, in clinical application, the use of ES cells
involves ethical problems and immune rejection. Jin
et al. (2009) demonstrated partial mesenchymal stem
cells obtained from umbilical cord blood were able to
be differentiated into neuron-like cells or rhodopsin-
positive cells in vitro. Recently, retinal cells have been
generated from mouse- and human-induced pluripo-
tent stem (iPS) cells by introducing four specific factors
Oct3/4, Sox2, Kif4, and c-Myc (Takahashi & Yama-
naka 2006; Hirami et al. 2009; Osakada et al. 2009).

Even though the generation and application of iPS
cells made it possible to treat patients with their own
cell-derived retinal cells, which may resolve the prob-
lem of immune rejection, some guestions still remain.
For example, the introduction of viral vectors and onco-
genes c-Myc and Kif4 into the somatic genome limits
the utility of iPS cells for patient-specific therapy
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(Yamanaka 2007, 2009; Zhou et al. 2009). Further-
more, the generation of an iPS cell line takes consider-
able time (approximately 6 months) and is labor
intensive so it can not be generated rapidly (Holden &
Vogel 2008).

In the previous studies, most investigators have used
undifferentiated cells, such as ES cells, ES cell-derived
neural progenitors, bone marrow stromal cells, or iPS
cells, as the cell source (Sanchez-Ramos et al. 2000;
Woodbury et al. 2000; Zhao et al. 2002; lkeda et al.
2005; Klassen & Reubinoff 2008; Osakada et al. 2008;
Jin etal 2009). Zhang etal. (2010) showed that
NIH/3T3 fibroblasts, which are already committed to a
specific differentiation destiny, were able to be induced
to express neuronal markers, but these cells have to
be reprogrammed by adding epigenetic modifiers to
make epigenetic modification.

NIH/3T3 fibroblasts, derived from an embryo of the
NIH/Swiss mouse, are generally adherently cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% bovine calf serum, which is the
normal culture condition for most investigators. In the
present study, we cultured NIH/3T3 cells in a com-
pletely different microenvironment to establish whether
this cell line could be induced into neuronal cells with-
out adding any epigenetic modifier and to be further
induced into retinal photoreceptor-like cells simply by
adding taurine and retinoic acid (RA), and we aiso
characterized the mechanism involved.

Materials and methods

Culture of NIH/3T3 fibroblasts

NIH/3T3 fibroblasts were kindly provided by the Cell
Resource Center for Biomedical Research, Tohoku
University, Japan as a frozen stock. Cells were adher-
ently cultured in DMEM with 10% newbomn calf serum
(NCS), 1x GlutaMax, and 1x Antibiotic-Antimycotic
(Invitrogen/Gibco) on normal tissue culture dishes
(uncoated) at 37°C, 5% CQ., which is referred to as
normal conditions (NC).

Generation of neurosphere-like cells (Neurosphere
assay)

Neurosphere assays were carried out according to
previous studies (Das et al. 2006; Brewer & Torricelli
2007) with minimal modifications. Briefly, NIH/3T3
fibroblasts were cultured in suspension in NC or neural
stem cell medium (NSCm) on 2.0% agarose-coated
dishes at a density of 1 x 10° cells/mL for 5-7 days to
detect the ability of these cells to form spheres. NSCm
was serum-free and composed of DMEM/F-12, 1x

© 2011 The Authors

GlutaMax, 1x Antibiotic-Antimycotic, 1x B27 supple-
ment (without vitamin A: Cat. No. 12587), 1x N2 sup-
plement, 20 ng/mL bFGF (basic fibroblast growth
factor), and 20 ng/mL EGF (epidermal growth factor).
All reagents were obtained from Invitrogen/Gibco.
Adherent NIH/3T3 fibroblasts cultured in NC on nor-
mal tissue culture dishes were used as a control.

Passage of neurosphere-like cells

After 5-7 days of cultivation, spheres were trypsinized
into single cells and resuspended in NSCm. The sus-
pension was plated onto a new 2.0% agarose-coated
dish and cultured for another 5-7 days to test the abil-
ity of these cells to form secondary spheres.

To examine the proliferative ability and expression of
neural progenitor markers of NIH/3T3-derived spheres,
after 7 days of floating cultivation for the second pas-
sage, the spheres were exposed to 10 pmol/L. BrdU
(Sigma) to tag the dividing cells and plated onto poly-
D-lysine-coated 8-well culture slides (BD Biosciences)
for the final 48 h (Das et al. 2006). Immunocytochem-
istry was carried out for double staining analysis of
the neural progenitor markers Nestin, Sox2, Pax8,
Musashi-1 (Msi1), and BrdU. RNA was isolated from
NIH/3T3 cells cultured in different conditions, and real-
time polymerase chain reaction (PCR) were performed
to compare the expression of neural progenitor mark-
ers Nestin and Sox2.

Differentiation of neuron- and glia-like celis

For the differentiating culture, NSCm-cultured spheres
were trypsinized into single cells and resuspended in
differentiating medium (DM), then plated onto poly-D-
lysine-coated 8-well culture slides and cultured for an
additional 8 days. In DM, EGF and B-27 supplement
(without RA Cat. No.12587) were replaced by 1%
serum and standard B-27 supplement (including retinyl
acetate: Cat. No. 17504). In addition, brain-derived
neurotrophic factor (BDNF: 10 ng/mL) was added to
promote the differentiation into neuronal cells, and cili-
ary neurotrophic factor (CNTF: 20 ng/mL) was added
for glial cell differentiation (Yang et al. 2005; Das et 4.
2006; Chen et al. 2007; Chojnacki & Weiss 2008; Mat-
suda et al. 2009). Immunocytochemistry was carried
out to stain the markers of neurons (§-tubulin and neu-
rofilament 200 [NF200]), astrocytes (glial fibrillary acidic
protein [GFAPY)), and oligodendrocytes (O4).

Induction of retinal photoreceptor-iike cells

For the induction of retinal photoreceptor-like cells,
NIH/3T3-derived neuron-like cells were trypsinized and
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