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Neuropathological examination of fetal rat brain in the 5-bromo-2’-
deoxyuridine-induced neurodevelopmental disorder model

Tetsuo Ogawa, Makiko Kuwagata, Katsumasa T. Muneoka, and Seiji Shioda
Department of Anatomy, Showa University School of Medicine, Tokyo, Japan

ABSTRACT  The majority of prior developmental neu-
rotoxicity studies focused on postnatal subjects rather than on
the fetus. In the present paper, we demonstrate the use of his-
tological examination of fetal rat (embryonic day 16.5) brain
serial sections, employing Nissl staining and microtubule-asso-
ciated protein 2 (MAP2) immunohistochemistry, in evaluating
a chemical-induced neurodevelopmental disorder. Since prena-
tal treatment with 5-bromo-2’-deoxyuridine (BrdU) is known
to induce behavioral abnormalities such as locomotor hyperac-
tivity in offspring, pregnant rats were administered 50 mg/kg
on gestation days 9.5 through 15.5. The fetal brains at embry-
onic day 16.5 were collected and processed for neuropatholog-
ical study. Cell death, including DNA strand breaks, was
observed in specific areas of the fetal brain such as the neuroep-
ithelium, intermediate zone and/or differentiating zones (e.g.
neocortex and striatum) in exposed fetuses. In addition, the
neocortex had an abnormal appearance cortical plate, which
was also detected by MAP2 immunohistochemistry. The abnor-
mal cortical plate was observed consistently, while the grade of
cell death was generally very mild and variable. No significant
alteration was detected in the brainstem. The present study
reveals that histological observation of the fetal brain includes
sensitive endpoints in developmental neurotoxicity, and that
BrdU, at a dose generally administered to label proliferating
cells, affects the development of the fetal neocortex.

Key Words: BrdU, developmental ncurotoxicity, neurodevelop-
mental disorder, neuropathology

INTRODUCTION

Prenatal exposure to chemicals such as alcohol, polychlorinated
biphenyls (PCBs) and valproic acid are known to induce develop-
mental abnormalities in the central nervous system of children
(Jacobson & Jacobson 1996; Rogan et al. 1988; Moore et al. 2000;
Williams et al. 2001; Burd et al. 2003). In developmental neuro-
toxicity, the majority of studies focus on the postnatal subjects
rather than on the fetus. Even in the study of endocrine disrupters,
an area of current scientific interest, there has been little focus on
the assessment of alterations in the fetal brain shortly after exper-
imental in utero chemical exposare. Among the reasons for this are
(i) the difficulty in obtaining histological preparations of satisfac-
tory quality and level of section; and (ii) the absence of clear
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endpoints for use in histological evaluation of such material.
Despite such difficulties, the evaluation of the fetal brain is an
important step in assessing toxic alterations during neurodevelop-
ment. Accumulation of findings from the fetal brain after prenatal
chemical exposure is important. In the present paper, we demon-
strate our method of preparing serial sections containing a wide
variety of fetal brain areas, and the use of microtubule-associated
protein 2 (MAP2) immunohistochemistry to demonstrate in utero
neuropathological changes in an experimental neurodevelopmental
disorder model (Kuwagata er al. 2004).

5-Bromo-2’-deoxyuridine (BrdU), a thymidine analog, is incor-
porated into the DNA as 3-bromouracil during the synthesis phase
of the cell cycle (Schwartz & Kirsten 1974; Yu 1976; 1977, Biggers
etal. 1987), and has been used extensively as a useful tool for
labeling proliferating cells in cancer research and developmental
neuroscience (Miller & Nowakowski 1988; Soriano & Del Rio
1991; Takahashi et al. 1999). However, several lines of evidence
have revealed that BrdU has genotoxicity (Morris 1991). Interest-
ingly, prenatal exposure to BrdU, even at a dose generally admin-
istered to adult rodents (50 mg/kg), is reported to induce behavioral
abnormalities, such as locomotor hyperactivity, and the possibility
of the exposed offspring as an animal model of developmental brain
disorders, such as attention-deficit hyperactivity disorder (ADHD)
has been discussed (Nagao et al. 1997; Kuwagata & Nagao 1998;
Kuwagata et al. 2001; 2004). In the study presented here we eval-
vated structural changes induced in the fetal rat brain shortly after
BrdU exposure.

MATERIALS AND METHODS

Animals and BrdU treatment
Sprague-Dawley rats (7-9 weeks of age) were purchased from
Japan SL.C Co. (Hamamatsu, Japan). The animals were housed at
the Animal Institution at Showa University. They were kept in cages
in a ventilated animal room with controlled temperature and rela-
tive humidity, with a 12 b light : 12 h dark schedule (lights on at
06:00 hours) with access to food and tap water ad libitum. All
animal experiments were started atter an acclimation period of at
least 1 week. Pregnant animals were obtained by housing females
with males {one to two females per male). The day when sperm in
vaginal smears was observed in the morning was designated as
gestation day 0.5 (GD 0.5) and embryonic day 0.5. '
BrdU (Sigma, St Louis, MO, USA) was suspended in 0.5%
sodium carboxymethyl cellulose (CMC Na) and administered
immediately. This compound was administered intraperitoneally to
five pregnant rats on GD 9.5 through 15.5 at a defined time (12:00-
13:00 hours), at a dose of 50 mg/kg. Four control dams received
0.5% CMC Na (5 mL/kg) on GD 9.5 through 15.5. The dosages
were based on the body weight on GD 9.5.
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Preparation of fetal rat brains for neuropathological
examination

On GD 16.5 (24 h after the final treatment with BrdU) the rats were
deeply-anesthetized by pentobarbital (50 mg/kg, i.p.) and the gravid
uterus was removed and placed in {0 mM phosphate buffer, pH 7.4,
containing saline (PBS) on ice. Fetuses were removed and their
brains were excised carefully, but quickly. The brains were placed
in 4% paratormaldehyde in 0.1 M phosphate buffer, pH 7.4 and
stored at 4°C for 2days. Following this, the specimens were
embedded in 10% gelatin and coronal sections were cut at a thick-
ness of 45um in a vibratome. All of the serial sections were
collected and maintained in PBS supplemented with 0.05% sodium
azide. Every third section was incubated overnight in a solution of

PBS containing 5% normal goat serum and 0.3% Triton X-100,
mounted on slide glass and processed for Niss] staining. Eighteen
fetuses in each group (from four dams in the control and five dams
in the BrdU group) were studied histopathologically. The grading
methods and results of these pathological observations are
described in Table 1.

Another series of every third section (four fetuses from two dams
in each group) was subjected to MAP2 immunohistochemical stain-
ing. The sections were incubated in a free-floating manner at each
of the following steps. After inactivation of endogenous peroxidase
in 10 mM PBS containing 3% H,0, for 15 min and washing in
10 mM PBS (5 min X three washes), the sections were transferred
to 4 blocking solution (PBS containing 5% normal goat serum and

Table 1 Neuropathological findings in the fetal rat brain (embryonic day 16.5) treated with BrdU at age E9.5-15.5
Control (n = 18) BrdU (n={8)
Area Finding * + ++ +44+ Total = + ++ +++ Total
Frontal neocortex Cell death in N and 1Z 5 0 0 0 5 0 14 2 2 1 8
CD 0 17%%
Septum Cell death 4 0 0 0 4 6 0 0 0 6
Basal telencephalic N Cell death 0 0 0 0 0 0 2 0 0 2
Striatum Cell death in D 0 0 0 0 0 8 4 2 0 14%%
Amygdala Cell death 0 0 0 0 0 0 0 0 0 0
Thalamus, anterior Cell death 0 0 0 0 0 5 I 1 0 Vhia
Hypothalamus
Preoptic area, medial Cell death in D 0 0 0 0 0 6 3 0 0 Qkkik
Preoptic area, lateral Cell death in D 0 0 0 0 0 4 0 0 0 4
Anterior Cell death in N and D 2 0" 0 0 2 5 i 0 0 6
Lateral Cell death 4 0 0 0 4 1 i 0 0 2
Ventro-dorsal medial Cell death 3 0 0 0 3 3 2 0 0 5
Posterior Cell death 0 0 0 0 0 3 3 0 0 R
Mammillary body Cell death 2 0 0 0 2 6 5 0 0 11%#
Central neocortex . Cell death in N and IZ 4 0 0 0 4 3 12 i i 17%%
CD 0 16%%
Hippocampus Cell death in N 5 0 0 0 5 12 3 0 | 7%
Cell death in D 3 0 0 0 3 6 9 2 0 17%*
Posterior neocortex Cell death in N and 1Z 1 0 0 0 { 4 9 1 1 15%=
Substantia nigra, ventral Cell death 0 0 0 0 0 0 0 0 4] 0
segmental area (A9, 10)
Central gray Cell death I3 4 0 0 15 17 I 0 0 18
Superor colliculus Cell death 4 0 0 0 4 8 2 2 0 J2%%
Inferior colliculus Cell death 9 0 0 0 9 9 4 2 0 15%*
Raphe 0 0 0 0 0 0 0 0 0 0
Medulla oblongata, Cell death 0 0 0 0 0 0 0 0 0 0
facial motor nucleus
Cerebellum Cell death 10 2 0 0 12 16 2 0 0 18%*

CD, cortical dysgeoesis (lower cellularity and disrupted afrangement of precursor cells in the cortical plate) in neocortex and insular
cortex; D, differentiating field; 1Z, intermediate zone; N, neuroepithelium. —, no finding; £, observed with very low frequency; +, observed
at least one on each field observed at x 400 magnification or on each section: ++, observed a few on cach field observed at x 400
magnification; +++, observed several on each field observed at x 400 magnification. *P < 0.05; **P < 0.01 compared with the control group
by % test; ¥#*#P < 0.01 compared with the control group by Fisher's exact test.
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0.3% Triton X-100) and incubated for 1 h. The sections were then
incubated in a blocking solution containing the primary antibody
{monoclonal mouse anti-MAP2a + 2b [Sigma, St Louis, MO, USA]
used at a | : 500 dilution) at 4°C for 2 days. The primary antibody
was washed outin 10 mM PBS (5 min x 3 washes) and the sections
were then incubated with the secondary antibody (biotinylated anti-
mouse [gG; Vector laboratories, Burlingame., CA, USA) diluted in
the blocking solution (1 : 200) for 90 min. After washing out the
secondary antibody, the sections were subjected to an avidin/biotin-
immunoperoxidase reaction using a Vectastain ABC kit (Vector
laboratories) with visualization of the antigen vsing diaminobenzi-
dine as a substrate. Lastly, sections from three fetuses, which
included the anterior neocortex, were selected from each group and
processed for TUNEL staining by an In Situ Cell Death Detection
Kit, POD (Roche Molecular Biochemicals, Mannheim, Germany).

All animal care and experimental procedures were approved by
the Institutional Animal Care and Use Committee of Showa
University.

The incidence of pathological findings was analyzed statistically
using Fisher's exact test when the lowest expected number was less
than 5, or x” test when the lowest expected number was 5 or greater
than 5. A P-value less than 0.05 was considered statistically
significant.

RESULTS

The fetal brain areas observed are presented in Fig. 1. The method
described here consistently made it possible to observe a wide
variety of fetal brain areas, from the [rontal neocortex to the cere-
bellum and medulla oblongata. In the controls, cell death was
occasionally observed in the neuroepithelia of several brain areas
and the intermediate zone of the neocortex, and in some neuroep-
ithelial and differentiating zones, including the hippocampus. mid-
brain and cerebellum (Table 1). In the intermediate zone of the
neocortex, a few proliferating cells were also observed.

The findings in the neuropathological observation of the fetuses
are shown in Table 1. Prenatal exposure to BrdU induced cell death
in the neuroepithelium of the neocortex, hippocampus, striatum and
the intermediate zone of the neocortex (Fig. 2). TUNEL staining
revealed that the cell death included DNA swand breaks (Fig. 3).
BrdU also induced cortical dysgenesis (lower cellularity and dis-
rupted arrangement of inmumnature neurons in the cortical plate) in
the neocortex (Fig. 4). Abnormal cortical plates were observed con-
sistently while the grade of cell death was in general very mild and
variable, even in the same litter. In contrast to the findings in the
forebrain, no significant change was observed in the brainstemn
areas, although two fetuses were very sensitive to BrdU and had
some abnormalities in the midbrain (Table 1).

MAP? immunchistochemistry using serial sections clearly dem-
onstrated the distribution of immunoreactivity. MAP2 immunore-
activity was observed in several areas of the differentiating zones.
MAP?2 immunoreactivity. was detected in the subplate and layer 1
of the neocortex with greater reactivity at the ventral-lateral arcas,
but less at the dorsal areas (Fig. 5a,¢). MAP2 immunoreactivities
were detected even in the altered cortical plates. However, the
staining pattern reflected the pathologic findings (lower cellularity
and disrupted arrangement of immature neurons) (Fig. 5b,d). In
general, brainstem areas, which are known to start and terminate
proliferation earlier, showed relatively greater MAP-2 immunore-
activity. There were no ditferences in MAP2 immunoreactivity
between the control and BrdU exposures in the brainstem arcas
(data not shown).
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DISCUSSION

As described in Introduction, the majority of studies on the devel-
opmental neuroloxicity focused on the postnatal subjects rather
than the fetus, with behavioral endpoints being very common in the
risk assessment evaluations. However, these endpoints, such as
open-field behavior, are well known to be affected by prenatal and/
or postnatal environmental factors (Ogawa et al. 1994; Lehmann
et al. 2000; Hsu et al. 2003), suggesting that the results may include
false-positives, or findings which arc difficult to reproduce in other
laboratories. Direct observation of effects in the fetal brain shortly
after toxicant exposure is, in our opinion, one of the most reliable
approaches to confirm subsequent postnatal changes in behavior or
other endpoints. The method for preparation and sectioning of the
fetal brain described in the present study is considered useful for
this purpose. We used serial sectioning, Niss! staining and MAP2
immunohistochemistry, which made it possibie to observe changes
in a wide variety of brain areas. Although some studies have
focused on the fetal brain, they described only specific arcas such
as the neocortex and hypothalamus, while few studies observed a
wide variety of brain areas as in this study (Websler et al. 1973;
Nagao et al. 1998; Fujimori et al. 2002; Yamauchi ef al. 2004),

Neuropathologists may claim that vibratome sections at a thick-
ness of 45 um are good for immunohistochemistry, but they are too
thick for neuropathological evaluation and signhificant information
will be missed. However, our sections were good enough to dem-
onstrate that BrdU, even at a dose generally used, induces cell death
and abnormal cortical plate formation in the fetal brain.

BrdU is a compound which has been extensively vsed as a tool
for labeling proliferating cells in cancer research and developmen-
tal neuroscience, including stem cell studies (Miller & Nowakowski
1988; Soriano & Del Rio 1991; Takahashi et al. 1999; Lindvall &
McKay 2003). Doses ranging from 10 to 100 mg/kg are commonly
injected into animals, and the dose of 50 mg/kg used in the present
study is considered not to have significant general toxicity. Several
lines of evidence have revealed that BrdU has genotoxicity (review:
Morris 1991). It has been reported that BrdU shows two types of
mutagenesis in mammalian cells (i) incorporation mutagenesis
which occurs when BrdU triphosphate is incorporated into DNA;
and (if) replication mutagenesis which occurs when the BrdU-
containing DNA replicates (Morris 1991). Furthermore, prenatal
treatment with BrdU ranging from 400 to 1000 mg/kg results in a
variety of fetal malformations, including those of the palate and
face (Murphy 1965; Skalko er al. 1971) and the neural tube (Ruf-
folo & Ferm 1965; Webster efal. 1973). Webster eral. (1973)
observed induction of prominent cell death in the neurgepithelium,
intermediate zone and cortical plate 24 h after a single injection of
400-600 mg/kg of BrdU, which is very similar to findings in two
fetuses in the present study (Table 1). Prenatal exposure to BrdU,
even at a dose generally administered to adult rodents (50 mg/kg),
is reported to induce behavioral abnormalities such as altered sex-
ual behavior, impaired learning and memory, and locomotor hyper-
activity (Nagao et al. 1997; Kuwagata & Nagao 1998; Kuwagata
etal. 2001; 2004). The present study clearly revealed that this
dosage of BrdU induces cell death in specific areas of fetal brain
such as the neuroepithelium, interrediate zone and/or differentiat-
ing zones in, e.g. the neocortex and striatum. This suggests that the
fetal brain, an actively proliferating tissue, is highly susceptible to
genotoxic chemicals such as BrdU.

In addition to cell death, abnormal cortical plate appearance was
induced shortly after BrdU exposure. The cell death observed in
the intermediate zone may disturb the radial and tangential migra-
tions of normal neuronal progenitor cells, which are known to
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Fig. 2 Fetal rat brains (embryonic day 16.5) 24 h after the final treatment
with BrdU. A: Cell death in the intermediate zone and neurvepi-
thelium, grade ++-+ B: Cell death in the intermediate zong, grade
++. C: Cell death in the neuroepithelium, grade -+ The short arrows
indicate dead cells with pyknotic nuclei. The long arrows indicate
monocytes. CP, cortical plate; V., ventricle.

differentiate o glutamate and GABA neurons in the adult cerebral
cortex (Tamamaki eral. 1997; Anderson eral, 2001; Marin &
Rubenstein 2003). The abnormality in the cortical plate is probably
produced by both the cell death in the neurcepithalia and interme-
diate zone, and the resulting disturbance to normal cell migration.
This cortical plate abnormality was observed most consistently
ammong the BrdU-exposed fetuses, although there was a variation in
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Fig. 3 TUNEL staining of fetal rat brains (embryonic day 16.5) 24 h after
the final treatment with BrdU. Sections including (he anterior neo-
cortex and striatum were processed for TUNEL staining. Much
TUNEL positive reactivity was observed in the brains treated with
BrdU. The results indicate that BrdU induces cell death, including
DNA strand breaks. Bars, 100 pm.

Fig. 4 Fetal rat brains (embryonic day 16.5) 24 h after the final treatment
with BrdU. A: Neocortex of a control fetus. B: Neocortex of a fetus
treated with BrdU. BrdU induced cortical dysgenesis (lower cellu-
larity and disrupted arrangement of precursor cells in the cortical |
plate) in the neocortex. The arrowheads indicate an abnormal cor-
tical plate. C: Neocortex of the control fetus (higher magnifica-
tion); D: Neocortex of a fetus treated with BrdU (higher
magnification). Disrupted arrangement of precursor cells in the
cortical plate is observed (arrow head). E: Insular cortex of a
control fetus. I': Insular cortex of a fetus treated with BrdU. BrdU
incuced cortical dysgenesis (lower cellularity) in the insular cortex.
CP, cottical plate; 1Z, intermediate zone; VZ, ventricular zone.

the degree of cell death, even in the same litter. Thus, observation
of cortical plate is considered to be a sensitive endpoint.

MAP?2 is the most prominent microtubule-associated protein of
the neuronal cytoskeleton, and exists as a pair of high-molecular
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Fig. 5 MAP2 immunoreactivities of the fetal rat brain (embryonic day
16.5) 24 b after the final treatment with BrdU. A: MAP2 immu-
noreactivity is abserved in the subplate and layer 1 of the neocortex
(arrow heads) in the control brain. B: MAP2 immunoteactivity is
very weak in the brain treated with BrdU (arrow). C: Higher
magnification of another control beain. MAP2 immunoreactivity is
observed in the subplate and layer 1 of the neocortex. D: Higher
magnification of another brain treated with BrdU. Although cells
in the cortical plate of the brain treated with BrdU expressed the
MAP2 immunoreactivity (arrowheads), the staining pattern
reflected the pathologic findings (lower cellularity and disrupted
arrangement of immature nearons). Bars, 100 pm.

weight (280 kDa) forms, MAP2a and MAP2b, and a smaller form
(70 kDa), MAP2c. MAP2c is particularly abundant in the develop-
ing brain (Fujimori et al. 2002). The high-molecular weight form
is expressed in dendrites, and is often used as a neuronal marker
in vitro, especially in stem cell studies (Izant & Mclntosh 1980;
Greene et al. 1983; Ferreira et al. 1987; Erlandsson eral, 2001).
Thus, we decided to observe the high-molecular weight MAP2
immunoreactivity to examine the effect of prenatal chemical expo-
sure on neural differentiation and maturation. In BrdU-induced
developmental neurotoxicity, results from MAP2 immunohis-
tochemistry supported the findings detected by Nissl staining sec-
tions. MAP2 immunoreactivity was still observed in the cortical
plate after BrdU exposure, suggesting BrdU affects cell prolifera-
tion and migration, but not differentiation or maturation. Further
studies to discrininate cell populations such as glutamate and

GABA ncurons may provide additional information on abnormal-
ities in the neocortex, and help to explain the behavioral abnormal-
ities in BrdU-exposed rats. MAP2 immunohistochemistry was also
of use to show normally developing (differentiating) brain areas
and the specificity of the BrdU toxicity in this study.

Since no significant alteration was observed in the midbrain and
pons, a disrupted balance of development among brain areas (e.g.
neocortex vs. brainstem; monoaminergic fibers are extending nor-
mally, but immature neural cells are not ready to accept them) may
contribute to behavioral abnormalities in the offspring.

The use of study methods for the fetal brain described in the
present report will help in the collection of in utero neuropatholog-
ical findings in other nearodevelopmental disorders. Such data will
contribute to an understanding of the causes of developmental brain
disorders and will also lead to an improvement in current risk
assessment.
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Human embryonic stem cells are pluripotent entities, theoretically
capable of generating a whole-body spactrumi of distinct cell types.
Howaever, differentiation of these cells has been observed only in
culture or during teratoma formation. Qur results show that
human embryonic stem cells implanted in the brain ventricles of
embryonic mice can differentiate into functional neural lineages
and generate mature, active human neurons that successfully
integrate into the adult mouse forebrain. Moreover, this study
reveals the conservation and recognition of common signals for
neural differentiation throughout mammalian evolution. The chi-
meric model will permit the study of human neural development
in a live environment, paving the way for the generation of new
models of human neurcdegenerative and psychiatric diseases. The
model also has the potential to speed up the screening process for
therapeutic drugs.

chimeric mode! | human ES cells | neuronal differentiation

H uman embryonic stem cells (hESC) are known for their
ability to propagate indefinitely in culture as undifferenti-
ated cells; furthermore, they can be induced to differentiate in
vitro and in vivo into various cell types (1). However, it is
currently unknown whether hESC can differentiate into authen-
tic human neurons ir vivo. The transplantation of hESC into the
developing mouse brain is a valuable model for studying the
differentiation and migration potential of hESC in vive. Detailed
knowledge about human neural differentiation during develop-
ment will certainly prove valuable in the regenerative medicine
field and in drug discovery. We have investigated this process
both in vitro and in vivo.

Mathods

Culture and Differentiation of hESC. The Cyth25 cell line (Cythera,
San Diego) was cultured on mitotically inactivated (mitomycin
C-treated) mouse embryonic fibroblasts (Specialty Media,
Lavellette, NJ) in DMEM/F12 Glutamax (GIBCO), 20%
knockout serum replacement (GIBCO), 0.1 mM nonessential
amino acids (GIBCO), 0.1 mM 2-mercaptoethanol (GIBCQ),
and 4 ng/ml bFGF-2 (R & D Systems). hESC neuronal differ-
entiation was obtained by coculture with PAG6 cells for 3-5 weeks
under the following differentiation conditions: DMEM/F12
Glutamax (GIBCO), 10% knockout serum replacement
(GIBCO), 0.1 mM nonessential amino acids (GIBCO), and 0.1
mM 2-mercaptoethanol (GIBCO). Alkaline phosphatase activ-
ity was measured by using the Vector Red Alkaline Phosphatase
substrate kit I from Vector Laboratories.

hESC Transfection. hESC were stably transfected to express en-
hanced GFP (EGFP) by CAG-EGFP self-inactivating lentivirus
infection. The self-inactivating lentiviral vector expressing EGFP
under control of the CAG promoter was derived from a multiply
attenuated HIV vector system but included a U3 deletion and
introduction of a central polypurine tract element. Vectors were
produced by triple transfection of HEK293 cells followed by
ultracentrifugation and titration as described in ref. 2. Undif-
ferentiated cells were exposed to the virus at a titer of 0.5 x 1010
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gene transfer units/ml for 1 h followed by a 2-day recovery
period. EGFP was detected by native fluorescence at day 3 after
transduction in ~1% of the cells. Cells expressing EGFP were
manually selected for stable and uniform EGFP expression. Only
subtle loss in EGFP expression was observed during propagation
or in vitro differentiation for up to a year after transduction. The
EGFP+ cells derived from these colonies are thus polyclonal in
origin and are all positive for human nuclear antigen (RNA). The
EGFEP+ hESC maintain a phenotype similar to the wild-type
cells [stage-specific embryonic antigen (SSEA)-4, terato-related
antigen (TR A)-1-60, TR A-1-81, and Pit1-Oct1-Unc86 transcrip-
tion factor octamer-4 (OCT4)-positive}.

in Utero hESC Transpldntation. Time-pregnant ICR females were
anesthetized, and embryos were removed with intact placenta.
Approximately 10° EGFP+ hESC in 1 ul of PBS were injected
into the lateral ventricle of each embryo (embryonic day 14)
with the help of a micro glass capillary and mouth pipette
technique. After injection, embryos were placed back into the
ferale with the addition of 1 ml of saline solution. Females
were placed in cages, and pups were born by normal vaginal
delivery. Weaned animals were kept in individual cages for
future experiments. All experiments were performed in com-
pliance with institutional and U.S. National Academies guide-
lines and with the protocol approved by The Salk Imstitute
Animal Care and Use Committee.

immunofiuorescence. Injected animals were perfused at different
time points with 4% paraformaldehyde, and brains were equil-
ibrated in 30% sucrose. Entire brains were processed in 40-um
microtome sections. Immunofluorescence was performed as
described by using the following antibodies at the indicated
dilutions (3): rabbit anti-g tubulin-IIT (TUJ1; 1:1,000, Covance,
Richmond, CA), guinea pig anti-glial fibrillary acidic protein
(1:1,000; Advanced Immuncchemical, Long Beach, CA), mouse
anti-RIP (1:250, Chemicon), mouse anti-microtubule-associated
protein 2(a+b) (1:100, Sigma), mouse anti-S100-g (1:100,
Sigma), mouse anti-glutathione transferase o (1:500, BD Pharm-
ingen), mouse anti-OCT4 (1:500, Santa Cruz Biotechnology),
and the other marker antibodies, hNA, SSEA-1, SSEA-4, TRA-
1-60, TRA-1-81, and Nestin (1:100, Chemicon). All secondary
antibodies were purchased from Jackson ImmunoResearch.
Fluorescent signals were detected by using a confocal laser
scanning head (Bio-Rad MRC 1000) on a Zeiss inverted micro-
scope. Images were processed with PHOTOSHOP 7 (Adobe Sys-
tems, San Jose, CA).

Laser Capture, Forty-micrometer microtome sections were immu-
nostained with anti-EGFP antibody (1:500, Chemicon), rapidly
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dehydrated through xylenes, and stored until use in a vacuum
dessicator. A PixCell H machine (Arcturus, Mountain View, CA)
was used to isolate 30 EGFP+ and EGFP~ cells from different
regions of the brain. Genomic DNA was isolated and prepared
as described in ref. 4.

Microscopy. For confocal microscopy, mice were anesthetized 1
and 2 months after injection of EGFP+ hESC and were perfused
with 4% paraformaldehyde. Brains were sectioned at a thickness
of 100 wm. Dendrites were imaged with a X40 oil lens and a
z-step of 0.5 um by using a Bio-Rad radiance 2100 confocal
microscope. To restrict our study to perforant path inputs, we
analyzed the distal portion of the dendritic iree after the first
branching point. Seven cells, 15 dendritic segments, and 2,400
protrusions were analyzed. Protrusions were counted on pro-
jection images of labeled dendrites. For electron microscopy,
mice were anesthetized and perfused with 4% paraformaldehyde
plus 0.2% glutaraldehyde. Sections of a thickness of 100 pm were
cut, and hESC-derived EGFP+ cells were microinjected under
a fluorescence microscope with 5% aqueous lucifer yellow
(Aldrich). Slices were then incubated with 2.8 mM 3,3'-
diaminobenzidine tetrahydrochloride (DAB) and 6 mM potas-
sium cyanide and then irradiated under conventional epifluo-
rescence by using a 75-W Hg lamp and a fluorescein filter set to
induce photoconversion of DAB. Slices were then postfixed
overnight in a solution of 3% glutaraldehyde and processed
conventionally for electron microscopy. Sections were cut at a
thickness of 60 nm and analyzed with a JEOL 100CXII electron
microscope at a magnification of X19,000.

Electrophysiology. Brain slices were prepared as described in refs.
5 and 6. In brief, 18-month-old adult mice were anesthetized with
halothane (Ayerst Laboratories) and rapidly decapitated. The
brains were immediately harvested and placed into ice-cold
cutting solution that consisted of 120 mM choline-Cl, 3 mM KCI,
8 mM MgCl, 1.25 mM NaH:POy, 26 mM NaHCO3, and 10-20
mM glucose. A vibratome apparatus was used to cut 300-mm-
thick slices. After they were cut, slices were kept at room
temperature (~25°C) in artificial cerebrospinal fluid, which was
composed of 124 mM NaCl, 2.5 mM KCI, 2 mM CaCly, 2 mM
MgCly, 1.25 mM NaH;PQy4, 26 mM NaHCO;, and 10 mM
glucose, bubbled with a mixture of 95% O,/5% CQO,, making the
final pH 7.4 (300-315 mOsm/kg). Experiments were performed
at room temperature. EGFP-expressing neurons in acute brain
slices were identified by using wide-field illumination at 488 nm
and emission at 520 nm. Pipettes were sealed on cell bodies by
using video-enhanced differential interference contrast optics
(7). Intracellular solution contained 130 mM K-methanesulfo-
nate, 4 mM NaCl, 2 mM Mg-ATP, 0.3 mM Na-GTPF, and 10 mM
Hepes; pH was adjusted to 7.3 with CH380;4 (300 mOsm/kg).
Pipette resistance was 5-7 M{}. Neuronal recordings were made
in voltage-clamp mode by using an Axopatch 200B amplifier
(Axon Instruments, Foster City, CA). Signals were filtered at 10
kHz. Holding currents were adjusted to 0 pA at the beginning of
recording to identify the membrane potential of a neuron. No
correction was made for the junction potential between the bath
and the pipette. Data are presented as means + SD. Recorded
cells were filled with 5 uM Alexa Fluor 594 (Molecular Probes)
through the recording pipette to ascertain that the recorded cell
was indeed EGFP+. Alexa Fluor 594 was detected by using
wide-field illumination at 595 nm and emission at 615 nm. After
recording, slices were fixed in 4% paraformaldehyde for >24 h
and then imaged by using a SPOT RT charge-coupled device
camera (Diagnostic Instruments, Sterling Heights, MI) to visu-
alize recorded neurons.
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Fig. 1. In vitro neuronal differentiation of Cyth25 hESC. (a) Example of a
differentiated hESC colony after 5 months in PA6 feeder caculture. (b-d) DAPI
nuclear staining (h), Nestin (¢}, and microtubule-associated protein 2(a+b) (d).
(e) Merged image of ¢ and d. (f) Differentiated cells that are positive for TUJ1
colocalize with hNA. (Scale bars, 50 pm.}

Results

Cyth25 hESC were cocultured with mouse embryonic fibroblasts
in a defined medium and were immunoreactive for undifferen-
tiated markers, including OCT4, TRA-1-60, TRA-1-81, and
SSEA-4, but not for the murine embryonic marker SSEA-1 (see
Fig. 5 g and b, which is published as supporting information on
the PNAS web site). In addition, >90% of the colonies showed
atkaline phosphatase activity, and most of the cells kept a stable
karyotype even at higher passages (>50) (data not shown).
Undifferentiated colonies were also positive for a specific hNA
(Fig. 5¢). Moreover, cells were immunonegative for Nestin, a
neural precursor marker; TUJ1 and microtubule-associated
protein 2(a-+b), immature neuronal markers; NeuN, a mature
neuronal marker; glial fibrillary acidic protein and S100-5,
astrocyte markers; and oligodendrocyte marker 4, glutathione
transferase r, and RIP, oligodendrocyte markers (data not
shown), suggesting that these cells remained undifferentiated.in
culture.

The ability of Cyth25 AESC to differentiate into neurons was
examined by coculture with the mouse skull bone marrow-
derived stromal cell line PA6 (8). After 3—4 weeks, most of the
colonies became positive for Nestin, and, after 5 weeks, >95%
of the colonies formed extensive processes and expressed neu-
ronal markers, such as microtubule-associated protein 2(a+b)
(Fig. 1 a—¢). Neurons generated by this process were immunopo-
sitive for hNA. (Fig. If). For transplantation purposes, undiffer-
entiated Cyth25 hESC were infecied with the self-inactivating
lentivirus carrying the reporter gene EGFP (9). Colonies with
undifferentiated morphology (round and compact colonies with
well defined borders containing cells with a high ratio of nucleus
to cytoplasm and prominent nucleoli; see Fig. 5¢) were selected,
isolated by mechanical dissociation, and briefly trypsinized to

produce small clumps of cells in suspension. By the time of the -

transfection, the vast majority of the cells highly expressed the
EGFP reporter gene. We estimated that ~10% hESC were
grafted into the lateral ventricle of embryonic-day-14 ICR mice.
The experiment was done in four different pregnant females, and
results are summarized in Table 1. Neither teratomas nor tumors
were observed at any time. Furthermore, no rejection or immu-
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Table 1. Summary of experimental results obtained with hESC transplantation in mouse embryos

No. of embryos

No. of embryos with

No. of embryos with No. of embryos with

Experiment Cell passage that died good integration poor integration no integration
1 30 0 7 0 2
2 40 1 4 4 0
3 45 4 1 0 3
4 52 0 1 5 0

Good integration means six or more EGFP+ cetis per 40-um brain section. Poor integration refers to fewer than six EGFP+ cells per

40-pm brain section.

nological reaction was observed, indicating the immunotoler-
ance of the embryonic brain.

Transplanted cells were identified in brain slices by EGFP
fluorescence. In the animals with detected incorporated cells, an
average of six EGFP+ cells were found in each 40-um brain
microtome section. Despite the high variability observed in
different animals, we estimate that <0.1% of the brain cells are
of human origin. Most EGFP 4 cells colocalized with hNA, and
serial 3D reconstruction of confocal sections revealed only one
nucleus (Fig. 22). However, we did observe hNA+ cells that were
not EGFP+, suggesting that some cells may have their EGFP
expression silenced upon differentiation, contrary to what was
observed in vitro (Fig. 1f). A few EGFP+ cells were observed

Fig. 2. Widespread chimerism of hESC in the mouse developing brain
visualized by EGFP fluorescence. (a) 3D reconstruction of 1-pm confocal
sections of a hNA+/EGFP+-colabeled cell in the subgranular layer of the
ventricular zone (SVz). ve, veniricle. (b) An enriched population (=200 cells) of
taser-captured EGFP (+) cells was PCR-positive for the human-specific TBP
sequence (hTBP). The same number of non-EGEP cells (—) was paositive only for
the mouse sequence (mTBP). (¢ and d) Morphological aspect of hESC in
different areas of the host brain, such as cortex (c) and thalamus (d). (e~h) In
vivo neural differentiation of hESC; EGFP+ cells are negative for proliferative
markers (such as Ki67; SVZ region in e} and express astrocyte (5100-8 in the
cortex; region in f), oligodendrocyte (glutathione transferase = in the hypo-
thalamus; region in g) and neuron (Tuj-1; SVZ region in h) markers. (Scale bars,
10 pm.)

18646 | www.pnas.org/cgi/doi/10.1073/pnas.0509315102

that did not overlap with the hNA marker and may represent
differential antibody accessibility in some differentiated cells.
However, laser-captured EGFP+ cells were PCR-paositive for
the human-specific, single-copy TATA-binding protcin (TBP)
gene but not for the mouse gene, using specific primers set for
each species (10) (Fig. 2b). If all of the EGFP + were fused with
mouse cells, the intensities of the mouse TBP band in EGFP+
and EGFP— cells should have been the same: this was clearly not
the case. Although we cannot completely exclude the possibility,
our results show no evidence of hESC fusion with hast cells.
Hence, it seems unlikely that fusion plays a dominant role in the
observed differentiation of hESC in mouse brain. Two months
after transplantation, recipients’ brains showed widespread in-
corporation of hESC in a variety of regions, such as cortex,
hippocampus, thalamus, cerebellum, striatum, and corpus cal-
losum, indicating that transplanted cells migrated out from the
ventricle into various host brain regions, both ipsilateral and
contralateral to the injection site, engrafting at various levels of
the neuraxis (Fig. 2 c and d). A small fraction of the transplanted
cells integrated individually or in small clusters into the host
tissue with morphometric dimensions similar to those of adjacent
host cells, including shape, size, and orientation, and adjusted to
the preexisting cellular architecture.

The remaining cells in the host ventricle formed clusters
attached to the walls but without apparent consequences for the
animals for up to 18 months of age (Fig. 6, which is published as
supporting information on the PNAS web site, and Table 1). It
is important to note that the integration was not uniform in all
animals. Some animals had no or few detectable cells. We
hypothesize that this variation is likely due to a variety of reasons
including cell number, cell passage, and manipulation or em-
bryonic handling before transplantation. The ventricle-
associated cells were weakly immunoreactive for Nestin but
negative for cleaved Caspase-3 and Ki67 (Fig. 2¢). In addition,
they did not incorporate BrdUrd by either 7 or 30 days after
administration, indicating that they were not in an active pro-
liferative state but remained quiescent (data not shown).

The identity of the incorporated cells was analyzed by immu-
nostaining with specific antibodies for neurons, astrocytes, and
oligodendrocytes. Immature neurons (TUJ1+) were found in
the subventricular zone (Fig. 24). In the dentate gyrus, NeuN+
cells showed the mature morphological characteristics of granule
cells, including dendritic trees extending into the molecular layer
and axonal projections into the hilar area, characteristics of
native mature neurons in this region (Fig. 3¢). In addition,
transplanted cells that integrated into the hippocampus ex-
pressed calbindin, a calcium-binding protein typically found in
mature granule neurons (Fig. 7, which is published as supporting
information an the PNAS web site). Intriguingly, the diameter of
EGFP+ /calbindin+ granular cell bodies (11.1 = 0.6 pm;n =35
in two different animals) was similar to that of mouse cells in the
same region (11.1 £ 3.3 wm; » = 1,000 in two different animals),
indicating the ability of the human transplanted cells to adjust
their size in relation to adjacent neurons (human granular cell
body diameter is, on average, 16.9 + 3.4 um; n = 1,000 in several
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Fig.3. Maturation of neuron-derived hESC. (a and ¢} Visualization of spines
in EGFP+/NeuN+ cells in the cortex (a) or in the dentate gyrus (¢) 2 months
after transplantation. The boxed areas correspond to the enlarged images of
the dendrites in b and d, respectively. (Scale bars, 10 pm.) (e and f) Eiectron
micrographs of synaptic terminals (arrowheads) on the soma of EGFP+ neu-
rons (*) in the granule cell layer of the dentate gyrus. (Scale bars, 0.75 pm.)

samples analyzed). Furthermore, mature neurons in the cortex
frequently displayed the morphologies of projection neurons,
with pyramidal cell bodies, long apical dendrites reaching into
the superficial cortical layers, and basal axons extending into the
corpus callosum (Fig. 2¢).

Evidence of synaptic inputs was apparent in the presence of
arborized dendrites with spines, suggesting that glutamate-
containing terminals contacted these dendrites (Fig. 3 b and d).
We used confocal micrescopy to examine the density of dendritic
protrusions on EGFP+ neurons in the granule cell layer.
Protrusions at least 0.4 wm in length were included in the counts,
and their numbers were divided by the dendritic length to obtain
linear density. We obtained a density of 2.5 x 0.08 protrusions
per micrometer of dendrite, a value comparable to that obtained
in adult mouse dentate gyrus (11), indicating that the morphol-
ogy of EGFP+ neurons is similar to mature neurons and
suggesting the presence of glutamatergic inputs. Ultrastructural
analysis also confirmed that EGFP+ cells in the granular zone
of the dentate gyrus received synaptic input and exhibited
mature features, such as pools of presynaptic vesicles adjacent to
a postsynaptic density (Fig. 3 e and f). In humans, granule cells
in the hippocampus are formed mainly in the first 4—6 months
after birth (12). Interestingly, the transplanted cells could reg-
ulate their maturation speed and size within the recipient
granular layer, and they established contact with host neurons,
revealing remarkable conservation of signaling across these two
species.

Muotri et al.
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Fig. 4. hESC differentiate into functionally mature neurons in-the mouse
brain. (a) A neuron filled with Alexa Fluor 594 and expressing EGFP. (Scale bar,
20 um.) (b) Low-magnification merge of EGFP, Alexa Fluor 594, and bright-
field images shows the position of a recorded neuron in the mouse cortex.
(Scale bar, 1 mm.) {c) Whole-cell recording from the neuron shown in a. The
neuren generates a train of action potentials (Tap) in response to depolar-
ization according to the valtage protacol shown in Middle. Time expansion of
the first two action potentials is labeled by an asterisk.

hESC-derived astrocytes expressed S100-8, showing no dif-
ference in size or branching pattern when compared with host
cells in the same region (Fig. 2f). In addition to neurons and
astrocytes, EGFP+ oligodendrocytes were found in the mouse
brains with hESC transplants. The identity of these oligoden-
drocytes was confirmed by glutathione transferase o immuno-
fluorescence. Their size and orientation were indistinguishable
from those of their host counterparts (Fig. 2g).

To investigate whether mature, hESC-derived neurons are
functional even a long time (18 months) after transplantation,
electrophysiological recordings of EGFP+ cells from adult
animals were made in acute brain slices. Recorded EGFP + cells
(n = 5, from two different animals) showed neuronal properties
similar to mature pyramidal cortical neurons under comparable
recording conditions (13). The membrane potential of the
recorded neurons was —64.8 = 3.1 mV. Membrane resistance
was 38.1 = 3.2 MQ. The amplitude of the first action potential
in a train was 1,572 = 286 pA. Two neurons generated a burst
of three to four action potentials in response to depolarization
(Fig. 4).

Discussion

Our results show that hESC, transplanted into the ventricle of
the developing mammalian brain, can give rise to neuronal and
glial lineages, suggesting that they are responsive to environ-
mental cues that regulate cell fate determination and differential
migration. Access to large areas of the neuroepithelium, the lack
of immunological response, and the neurogenically enriched
environment of the embryonic brain appear to be responsible for
the first steps of hESC-grafted cell differentiation. Donor-
derived neurons seem to respond to local differentiation signals,
acquiring morphological and functional features similar to host
neurons and displaying remarkable regional specificity. Such a
contribution to the host tissue formation probably requires a
close physical interaction between the transplanted and intrinsic
cells.

Depending on the injection site, murine ES cells and terato-
carcinomia NT2- cells transplanted to the adult mouse brain
frequently develop tumors (14, 15). hESC have been trans-
planted into immunocompromised adult mice to form teratomas
that contain derivatives of the three embryonic germ layers,
demonstrating the potency of these cells (1). Interestingly, our
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results suggest that transplanted hESC in the embryonic-day-14
mouse ventricle stop dividing and do not form teratomas. Tumor
formation seems to be caused by different factors, including the
number of viable cells and the age and site of host tissue. In
contrast, both murine ES and teratocarcinoma cells have been
shown to participate in normal development upon introduction
into early embryos at the blastocyst stage (16).

Human undifferentiated embryonic cells were also trans-
planted into somites of chick embryos of 1.5-2 days of devel-
opment (17). Surprisingly, transplanted cells could migrate,
differentiate, and integrate with host tissues, indicating that the
host chick embryonic environment may modulate their differ-
entiation. Recent data suggest that, after transplantation, un-
differentiated hESC can survive in the striatum of a rat model
of Parkinson’s disease (18). This finding indicates that hESC can
be used as long-term carriers of therapeutic gene product(s).
However, there is no evidence that these cells can functionally
integrate into the existing nervous system of the host and
contribute to behavioral recovery. Transplantation of human
fetal, adult neuronal and hematopoietic stem cells into mouse
embryos, and their subsequent contribution to a variety of
organs, has been reported (19-23). Moreover, the transplanta-
tion of human neural stem cells into fetal monkey brain showed
an extensive incorporation and neuronal differentiation (24).
hESC-derived neural progenitors were also transplanted into the
ventricles of newborn mice and adult rats and showed neural
differentiation (25-27). Functional neuronal differentiation, de-
tected by synaptic formation, was obtained from human neural
stem cells transplantation into gerbil ischemic brain and mouse
spinal-cord-injured models, revealing the potential of human
cells to form synaptic connections with other species (28, 29).
Together with these studies, the data presented here point to
conserved neural differentiation signals from mouse to man.

It will be of interest to extend this approach to other tissues of
the embryo, allowing the evaluation of functional differentiation
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of hESC in specific fetal environments, without the use of
ethically controversial blastocyst transplantation. In addition, it
will be important to standardize these procedures to assure
reliable, reproducible, and, hopefully, quantitative assays in the
future. The introduction of hESC-derived neurons and glia into
the developing nervous system is a new approach for the study
of neurological disorders, mainly in those cases when the animal
model does not entirely recapitulate the neurodegenerative
process observed in humans, such as in the ataxia telangiectasia
syndrome (30). Moreover, the system can be applied to study the
neural phenotype of certain human diseases in which individuals
die before the development of a functional nervous system.
Mouse chimeric models have already produced insights into
neurodegenerative diseases such as amyotrophic lateral sclerosis
(31). Genetic manipulation of hESC (by recombination or
delivery of small interfering RNA) (32, 33) or somatic nuclear
transfer (34-36) will allow the generation of a large spectrum of
modified donor hESC-derived precursor cells that can then be
assayed in vivo in a wild-type or mutant recipient brain, pro-
ducing a mouse—human chimeric nervous system. Such a strat-
egy might allow the direct examination of the effect of potential
therapeutic molecules on hESC in a live and functioning nervous
system, even in long-term paradigms.
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It has become apparent that chromatin modification plays a critical
role in the regulation of cell-type-specific gene expression. Here,
we show that an inhibitor of histone deacetylase, valproic acid
(VPA), induced neuronal differentiation of adult hippocampal neu-
ral progenitors. In addition, VPA inhibited astrocyte and oligoden-
drocyte differentiation, even in conditions that favored lineage-
specific differentiation. Among the VPA-up-regulated, neuron-
specific genes, a neurogenic basic helix-loop-helix transcription
factor, NeuroD, was identified. Overexpression of NeuroD resulted
in the induction and suppression of neuronal and glia! differenti-
ation, respectively. These results suggest that VPA promotes neu-
ronal fate and inhibits glial fate simultaneously through the
induction of neurogenic transcription factors including MeuroD.

cell fate specification | chromatin | neural stem cell | valproic acid

M ultipotent neural progenitor cells can differentiate into
neurons and glial cells (e.g., astrocytes and oligodendro-
cytes) in the mammalian CNS, but the molecular mechanisms
that control their fate specification are not yet fully understood.
It is becoming increasingly apparent that chromatin accessibility
plays a key role in the transcriptional regulation of cell-type-
specific gene expression. In eukaryotic cells, DNA is wrapped
around core histones and forms nucleosomes that fold into
higher-order chromatin structure (1). Modification of histone
N-terminal tails through acetylation or deacetylation can alter
the interaction between histones and DNA, serving as a mech-
anism to regulate gene expression (2-5). Histone acetylation has
been established to correlate with gene activation (5). Tran-
scriptional coactivators, such as CREB (cAMP-responsive
element-binding protein)-binding protein/p300 and its associ-
ated factor, PCAF, have been shown to possess histone acetyl-
transferase activity (6). Conversely, gene repression is associated
with histone deacetylation and transcriptional repressors, such as
the nuclear receptor corepressor N-CoR and neuron-restrictive
silencer factor/repressor element-1 silencing transcription factor
(NRSF/REST), are found in complexes with histone deacety-
lases (HDAC:s) (7-9).

Although recent work suggests that HDAC recruitment at
target promoters is important for lineage specification in a
variety of nonneural cell types (10, 11), there is little under-
standing of the control of chromatin modification and histone
acetylation at a global level in a multipotent neural progenitor
cell. The identification of compounds that inhibit HDACs has
provided useful tools for studying the connection between global
chromatin effects and cell lineage specification.

Valproic acid (VPA; 2-propylpentanoic acid) is an established
drug in the long-term treatment of epilepsy (12). Recent exper-
iments in 293T, Neuro2A, and teratocarcinoma F9 cells have
demonstrated that VPA can directly inhibit HDAC activity and
cause hyperacetylation of histones in these cell lines (13, 14).
Furthermore, the HDAC inhibition mediated by VPA has been
shown to suppress the growth and increase the differentiation of
many different tumor cell lines (12). In addition to its differen-

www.pnas.org/cgi/doi/10.1073/pnas.0407643101

tiation effects, VPA has been shown to mediate neuronal
protection through the activation of signal transduction path-
ways, such as the extracellular signal-regulated kinase (ERK)
pathway (15) and through the inhibition of proapoptotic factors
(16). Here, we show that VPA induces neural progenitor cells to
differentiate predominantly into neurons and that the effects of
VPA are mediated, at least in part, by the neurogenic basic
helix-loop—helix (bHLH) transcription factor NeuroD.

Materials and Methods

Cell Culture and in Vitro Differentiation Analysis. The hippocampal
neural progenitor cells isolated from adult female Fisher 344 rats
in this study have been characterized in refs. 17 and 18. Differ-
entiation conditions for neurons, oligodendrocytes, and astro-
cytes were described in ref. 19. For VPA-induction experiments,
cells were trypsinized and plated into N2 medium containing
either 0.3 or 1 mM VPA (Sigma) for 4 days. In some cultures, 10
uM BrdUrd (Sigma) was added to label dividing cells, and 1
wg/ml propidium iodide or 1 ug/mi Hoechst 33342 (Sigma) were
added to label dead cells or all cells, respectively. Trichostatin A
(TSA; 100 nM) (Upstate Biotechnology, Lake Placid, NY) and
1 uM sodium butyrate (NaB; Sigma) were added in some
cultures as an alternative HDAC inhibitor.

Immunocytochemistry and in Vitro Quantification. Cells were fixed
with 4% paraformaldehyde, followed by immunocytochemical
staining as described in ref. 20. Labeled cells were visualized by
using a Nikon E800 upright microscope or a Nikon E600
inverted microscope and a Spot RT charge-coupled device
camera {Diagnostic Instruments, Sterling Heights, MI). Quan-
tification of cell phenotypes was with Stereolnvestigator (Mi-
croBrightfield, Williston, VT). The following primary antibodies
were used: rabbit anti-Tujl (1:7,500; Covance, Princeton),
mouse anti-microtubule-associated proteins 2a and 2b
(MAP2ab; 1:250; Sigma); mouse anti-Rip (1:50; Hybridoma
Bank, Iowa City, IA); guinea pig anti-glial fibrillary acidic
protein (GFAP; 1:2,500; Advanced Immunochemical, Long
Beach, CA); rat anti-BrdUrd (1:400; Accurate Chemicals). The
detection of BrdUrd in cultured cells required treatment in 2M
HCL at 37°C for 30 min (20). All experiments were indepen-
dently replicated at least three times.

Freely available online through the PNAS open access option.
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Western Blot Analysis. For Western blots detecting changes in
histone acetylation, whole-cell lysates were prepared from neu-
ral progenitors cultured in undifferentiated conditions [fibro-
blast growth factor 2 (FGF-2)] or from differentiating conditions
[retinoic acid plus forskolin for neurons, insulin-like growth
factor 1 (IGF-1) for oligodendrocytes, and leukemia inhibitory
factor (LIF) plus bone morphogenetic protein 2 (BMP-2) for
astrocytes]. Antibodies recognizing acetylated and total histones
H3 and H4 were all from Upstate Biotechnology: rabbit anti-
acetyl H3 (1:10,000), rabbit anti-acetyl H4 (1:100), mouse anti-
histone H3 (1:100), and rabbit anti-histone H4 (1:100). Immu-
noblotting of Akt, ERKs, and signal transducer and activator of
transcription 3 (STAT3) were performed as described in ref. 21.
The following antibodies from Cell Signaling Technology (Bev-
erly, MA) were used: rabbit anti-phospho-Akt (1:100), rabbit
anti-Akt (1:1000), rabbit anti-phospho-p44 and -p42 ERKs
(1:1,000), rabbit anti-p44 and -p42 ERKs (1:1,000), rabbit anti-
phosphotyrosine-STAT3 (1:500), and mouse anti-STAT3
(1:5000).

Expression Vectors and Neural Progenitor Electroporation. The
mouse NeuroD cDNA was cloned into the pMY expression
vector (22) containing internal ribosome entry site GFP. Elec-
troporation (Amaxa Biosystems, Gaithersburg, MD) was per-
formed according to the manufacturer’s protocol, and cells were
plated in N2 plus 20 ng/ml FGF-2 for 24 h. To induce differ-
entiation, FGF-2 was withdrawn and replaced with fresh N2
media. FBS (0.5%) was included in all differentiation cultures to
enhance survival of cells after electroporation. To induce oligo-
dendrocyte-specific differentiation, electroporated cells were
directly plated into insulin-free N2 medium plus 500 ng/ml
IGF-1 for 4 days. To induce astrocyte-specific differentiation, 50
ng/ml LIF plus 50 ng/ml BMP-2 was added, and the cells were
cultured for 4 days.

RT-PCR. Total RNA was isolated from cell cultures by using
RNeasy columns (Qiagen, Valencia, CA). RT-PCR was per-
formed essentially as described in ref. 19. Primer sequences are
available upon request.

VPA Analysis in Vive. Adult female Fisher 344 rats received two
daily i.p. injections of 300 mg/kg VPA (experimental) or saline
(control). VPA was also provided in the drinking water (12
g/liter) for the experimental group. All rats received one daily
i.p. injection of 100 mg/kg BrdUrd for 6 consecutive days after
the first day. After 14 days, animals were killed, perfused with
4% paraformaldehyde, and processed for BrdUrd immunohis-
tochemical staining as described in refs. 17 and 23. The following
antibodies were used: rabbit anti-Tuji (1:500), guinea pig anti-
GFAP (1:1,000), and rat anti-BrdUrd (1:400). Images were
acquired by using a Nikon E800 upright microscope equipped
with a 10X objective lens and postprocessed in PHOTOSHOP
(Adobe Systems, San Jose, CA). All comparative analyses were
focused in the subgranular zone (SGZ) of the dentate gyrus on
the same side of matched planes of sections in the dorsal
hippocampus. For quantification of BrdUrd-positive and Brd-
Urd/Tuji-double positive cells, area counts of the SGZ were
performed. In each section, four adjacent fields were sampled,
starting from where the upper and lower blades meet.

Results

HDAC inhibition Induces Neuronal Differentiation. Adult hippocam-
pal neural progenitors were used in this study as a model system
to elucidate molecular mechanisms that control fate determi-
nation. These cells fulfill the definition of multipotent neural
progenitor cells: They self-renew when cultured with basic
FGF-2 and can differentiate into neurons, oligodendrocytes, and
astrocytes after stimulation with exogenous factors (retinoic acid

16660 | www.pnas.org/cgi/doi/10.1073/pnas.0407643101
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Fig. 1. HDAC-inhibition-mediated neuronal differentiation. (A) Treatment
of neural progenitors with 1 mM VPA for 4 days resulted in an increase in cells
with MAP2ab (green) staining and neuronal morphology compared with
controi cultures, which lack neuronal differentiation. Similar results were
observed with the addition of 100 nM TSA and 1 M NaB for 2 days. Biue
regions indicate 4',6-diamidino-2-phenylindole-stained nuclei. (B) Staining of
acetylated histone H3 (red) and MAP2ab (green) is higher in HDAC inhibitor-
treated cultures. (C) Proliferation in untreated (control) and 1-day HDAC
inhibitor-treated cultures as determined by BrdUrd (red) incorporation. (Scale
bar, 50 pm.} (D and E) Quantifications of neuronal differentiation (D) and
proliferation (£) in untreated and HDAC inhibitor-treated cultures. All data
shown are from at least three experiments in parallel cultures with error bars
representing standard deviations.

plus forskolin for neurons, IGF-1 for oligodendrocytes, and LIF
plus BMP-2 for astrocytes) (see Fig. 6, which is published as
supporting information on the PNAS web site) (17-19).

To evaluate the functional significance of histone acetylation
and deacetylation during multipotent neural progenitor prolif-
eration and differentiation, cell behavior was monitored in the
presence of the HDAC inhibitor VPA. Neural progenitors were
plated in N2 media with 20 ng/ml FGF-2 for 24 h before
switching to fresh N2 medium with or without 1 mM VPA for 4
days (Fig. 1). Lineage-specific differentiation was monitored
with markers of neurons (Tujl or MAP2ab), oligodendrocytes
(Rip), and astrocytes (GFAP). Surprisingly, instead of seeing
nonspecific effects on gene expression leading to mixed differ-
entiation of all lineages by VPA treatment, we saw a large
increase in Tujl- and MAP2ab-positive neurons in VPA-treated
cultures (Fig. 14 and D). The percentage of Tuj1- and MAP2ab-
positive neurons was low (<1%) in control cultures (Fig. 14 and
D). The presence of oligodendrocytes and astrocytes was not
detectable in control or VPA-treated cultures (data not shown).
Neuronal differentiation by VPA appeared to be dose-
dependent (Fig. 1D); however, because higher VPA concentra-
tions (>3 mM) resulted in increased cell death, we performed
our remaining studies by using concentrations that favored
maximal differentiation and minimal toxicity (1 mM VPA; see
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Fig. 1D). Neural progenitors were also treated with 100 nM TSA
and 1 pM NaB, two different HDAC inhibitors that also
promoted neuronal differentiation (Fig. 1 4 and D). Because of
the higher toxicity of TSA and NaB in'neural progenitor cultures,
these experiments were carried out for only 2 days.

To verify that VPA, TSA, and NaB were acting as HDAC
inhibitors in neural progenitors, we stained control and treated
cultures with an antibody specific for acetylated histone H3.
Neural progenitors treated with HDAC inhibitors showed in-
creased levels of acetylated histone H3 in the nucleus, compared
with untreated neural progenitors (control), suggesting that the
increase in neuronal differentiation by VPA, TSA, and NaB was
associated with a decrease in HDAC activity (Fig. 1B).

To evaluate the effect of HDAC inhibitors on neural progen-
itor proliferation, neural progenitors in the presence of N2 plus
FGF-2 (20 ng/ml) were treated with either VPA, TSA, or NaB
or left untreated for 24 h and labeled with 10 M BrdUrd for 1 h
(Fig. 1 C and E). We observed a dramatic decrease in the
percentage of BrdUrd-positive cells in each HDAC inhibitor-
treated condition. Approximately 50% of the cells in control
cultures were BrdUrd-positive, compared to ~20% of the cells
being BrdUrd-positive in VPA-treated cultures (Fig. 1E). TSA
and NaB also dramatically reduced neural progenitor prolifer-
ation (from 50% in control cultures to 8% in treated cultures).

Although the effects of HDAC inhibition in neural progeni-
tors appears mainly to be through a reduction of proliferation
and an increase in neuronal differentiation, HDAC inhibitors
have also been shown to induce apoptosis (24, 25). We therefore
evaluated the degree of cell death in neural progenitor cells by
staining living cultures with 1 pug/ml propidium iodide, which
stains dead cells, and 1 pg/ml Hoechst 33342, which stains live
and dead cells. Staining of live (rather than fixed) cultures was
used to avoid underestimating cell death because of the possible
detachment of dying and/or dead cells from culture substrates.
Neural progenitor cells treated with 1 mM VPA for 2 days
resulted in 7.0 + 0.1% dead cells, with 25.9% MAP2ab-positive
neurons. Cells treated with a lower dose of VPA (0.3 mM) for
2 days resulted in 4.5 = 1.6% dead cells, which is only slightly
higher than the amount of cell death in untreated control
cultures (2.0 % 0.1% dead cells). Even with the lower dose of
VPA when cell death was minimal, there was still evidence of
neuronal differentiation (6.9% MAP2ab-positive cells), suggest-
ing that a selective death of a subset of committed progenitors
or nonneuronal cells does not appear to have a significant role
in the increased neuronal differentiation with VPA treatment.

Neuronal Lineage Progression Is Associated with Maintenance of
Histone Acetylation. To determine whether changes in histone
acetylation occur during CNS lineage progression, we compared
neural progenitors that had differentiated into neurons, oligo-
dendrocytes, and astrocytes with undifferentiated cells (Fig. 2;
see Fig. 6 for each differentiation condition) (19). To detect
changes in histone acetylation, protein extracts were harvested
from neural progenitors and analyzed by Western blot analysis
with antibodies specific for acetylated histones H3 and H4. We
detected an abundance of acetylated histones H3 and H4 in
extracts of undifferentiated neural progenitors. Interestingly, the
level of acetylated histone H3 and H4 was still relatively high in
neuronal extracts as compared with undifferentiated extracts,
suggesting that there is less deacetylation during neuronal lin-
eage progression, However, there appeared to be less histone FI3
and H4 acetylation in astrocyte and oligodendrocyte extracts,
suggesting that there is more deacetylation during astrocyte and
oligodendrocyte lineage progression compared with neuronal
lineage progression (Fig. 2). To exclude the possibility that the
changes in histone acetylation observed during CNS lineage
progression were due to changes in overall histone levels, we also
performed Western blot analysis with antibodies against total
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Fig. 2. Changes in histone acetylation during-neural progenitor lineage
progression. Western blot analysis of neural progenitor extracts from undif-
ferentiated (U) cultures grown in N2 media plus 20 ng/ml FGF-2 or differen-
tiated with T uM retinoic acid plus 5 uM forskolin for 4 days (neuron, N), 500
ng/ml IGF-1 for 4 days (oligodendrocyte, 0), or 50 ng/ml LIF plus 50 ng/m!
BMP-2 for 6 days (astrocyte, A). Immunoblotting was performed by using
antibodies against histones H3 and H4 and acetylated histones H3 and H4.
Data shown are from at least three independent experiments.

histones. As shown in Fig. 2, the steady-state levels of histones
H3 and H4 did not change significantly under various conditions.
The observations that VPA treatment increased neuronal dif-
ferentiation and that the level of acetylated histones was higher
in neurons compared with oligodendocytes and astrocytes sug-
gested that histone acetylation is important for neuronal lineage
progression of adult multipotent neural progenitor cells. The
partial reduction of acetylated histones H3 and H4 in
oligodendrocyte and astrocyte extracts suggested that the main-
tenance of histone acetylation is less important in nonneuronal
cells; in fact, there is evidence that recruitment of HDAC activity
by the transcriptional regulator NRSF/REST is important to
repress the promoter of neuron-specific genes in nonneuronal
cells (7, 8, 26). In addition, recent work suggests that histone
deacetylase activity is important for oligodendrocyte lineage
progression (27).

VPA Actively Suppresses Oligodendrocyte and Astrocyte Differentia-
tion While Promoting Neuronal Differentiation. The decreased his-
tone acetylation in oligodendrocytes and astrocytes suggests that
histone deacetylation is important for oligodendrocyte and
astrocyte differentiation. To directly test this hypothesis, we
induced oligodendrocyte and astrocyte differentiation of neural
progenitors in the presence or absence of VPA. IGF-1 (500
ng/ml) induced neural progenitors to differentiate into Rip-
positive oligodendrocytes with characteristic web-like processes
(Fig. 3) (19). Addition of VPA to IGF-1-treated cultures dra-
matically reduced the percentage of Rip-positive cells. Intrigu-
ingly, the percentage of Tujl-positive neurons increased in
IGF-1-treated cultures when VPA was added. As was seen with
neural progenitors that differentiated into astrocytes with 50
ng/ml LIF plus 50 ng/ml BMP-2 (28), addition of VPA reduced
the number of GFAP-positive astrocytes and increased the
number of Tujl-positive neurons (Fig. 3). Taken fogether, these
results suggest that histone deacetylation is important for both
oligodendrocyte and astrocyte lineage progression, and in-
creased histone acetylation is associated with neuronal lineage
progression.

Up-Regulation of HDAC-Dependent, Neuron-Specific Genes After VPA
Treatment. The protein NRSF/REST binds to the neuron-
restrictive silencer element sequence to mediate transcriptional
repression of target genes by the recruitment and association at
its N terminus of the mSin3A/HDAC1,2 complex (8, 26). Recent
work examined the role of HDAC-dependent repression of
neuron-restrictive silencer element-containing, neuron-specific
genes and showed that treatment of Rat-1 fibroblasts with the
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Fig. 3. VPA-mediated suppression of glial differentiation. {4) Neural pro-
genitors induced to differentiate into Rip-positive oligodendrocytes (red)
with 500 ng/ml IGF-1 or GFAP-positive astrocytes (red) with 50 ng/mi LIF (L)
plus 50 ng/mi BMP-2 (B2). Treatment of cultures with 1 mM VPA for 4 days
reduced the number of Rip-positive cells (red) in IGF-1-treated cultures and
GFAP-positive cells (red) in LIFplusBMP-2-treated cultures, while increasing
the number of Tujt-positive cells (green} in each case. (Scale bar, 50 um.) (8)
Quantification of neurons, oligodendrocytes, and astrocytes in various differ-
entiation conditions in the presence or absence of 1 mM VPA. Alt data shown
are from at least three experiments in parallel cultures with errot bars repre-
senting standard deviations.

HDAC inhibitor TSA resulted in the ectopic activation of a
number of neuron-specific genes (29). We therefore performed
RT-PCR analysis of HDAC-dependent, neuron-specific genes
after VPA treatment (Fig. 44). We could detect an up-regulation
of NeuroD, SCG10, and Synapsin I as early as 3 h and at 24 h after
VPA treatment. GAPDH levels did not change after VPA
treatment and was used as an internal control.

The molecular basis of the reduced proliferation in VPA-
treated neural progenitor cells was also examined. Cell cycle
regulators, such as cyclin-dependent kinase (CDK) inhibitors,
have been shown to be important for the antiproliferative effects
of HDAC inhibitors (30, 31). Consistent with this finding, we
found that there was increased expression of CDK inhibitors
p21WAFICIPT gnd p27%IP! in neural progenitors after VPA treat-
ment (data not shown). These results suggest that neuronal
differentiation mediated by VPA involves an up-regulation of
both neuron-specific genes and CDK inhibitors to reduce cell
proliferation and promote neuronal fate commitment.

It was recently reported that VPA could phosphorylate and
activate ERKs 1 and 2, resulting in the differentiation of E18
cortical neurons (32). To determine whether VPA-mediated
neuronal differentiation in adult hippocampal neural progeni-
tors was directly caused by the activation of the ERK pathway,
we performed a Western blot time-course analysis. Although we
did not see ERK activation by VPA after 1 h (Fig. 7 and
Supporting Text, which are published as supporting information
on the PNAS web site), we decided to carry out the experiment
for longer time points. Neural progenitor cells were treated with
1 mM VPA, 1 mM valpromide (a VPA analog that is not a
HDAC inhibitor, but is also an antiepileptic), and 100 nM TSA
for the indicated times (0, 10, and 30 min and 2, 6, and 24 h) and
extracts were collected for Western blots (Fig. 4B). Although
neural progenitors freated with VPA did not show an increase
in ERK activation at the earlier time points, there was ERK
activation by 24 h. Interestingly, we did not observe ERK
activation with TSA or valpromide. To determine whether
ERXK activation by VPA at 24 h was necessary to trigger neuronal
fate commitment, we decided to block ERK activation with an
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Fig. 4. VPA up-regulates neuron-specific genes, including the bHLH tran-
scription factor NeuroD. {A) RT-PCR of NeuroD, SCG10, and Synapsin lin neural
progenitors at time 0 or treated with 1 mM VPA for 3 h and 24 h. GAPDH was
used as a normalization controi. (B) Western biot time-course analysis of ERK
activation after 1 mM VPA, 100 nM TSA, and 1 mM vaipromide (VPM) treat-
ment. (C) ERK activation with 1 mM VPA treatment with and without addition
of U0126 (different doses are indicated). (D) RT-PCR analysis of VPA-mediated
up-regulation of NeuroD (3 and 24 h) with and without U0126 (1 uM).

inhibitor of mitogen-activated protein kinase kinase 1/2
(U0126), which is the upstream kinase that phosphorylates
ERKs. Cells were pretreated with control (DMEM/F12 media)
or 0.1-50 uM U0126 for 2 h and treated with or without 1 mM
VPA for 24 h (Fig. 4C). We found that 1 uM U0126 was
sufficient to block the ERK activation by VPA at 24 h. We next
examined whether neuronal fate commitment mediated by VPA,
as evidenced by an up-regulation of the bHLH transcription
factor NeuroD, could still occur, even when ERK activation was
blocked. Cells were pretreated with 1 uM U0126 for 2 h before
adding 1 mM VPA for 3 or 24 h (Fig. 4D). RT-PCR analysis
confirmed that there was up-regulation of NeuroD after VPA
treatment at 3 h, with even higher levels at 24 h (compared with
untreated cells). More importantly, blocking ERK activation did
not appear to inhibit the VPA-mediated up-regulation of Neu-
roD, suggesting that ERK activation was not necessary to trigger
neuronal differentiation.

The Mechanism of VPA-NMediated Neuronal Differentiation Is Associ-
ated with the Activation of NeuroD. Among the HDAC-dependent
neuron-specific genes that became up-regulated with VPA treat-
ment, NeuroD was the best candidate for triggering neuronal fate
commitment and promoting differentiation. Strikingly, mice
deficient for NeuroD completely lack the dentate gyrus granule
cell layer, supporting the role of NewroD in the proliferation,
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Fig. 5. VPA decreases granule cell proliferation and increases neuronal
differentiation in the dentate gyrus of adult rats. (4) Schematic of VPA and
BrdUrd injection paradigm. (B) Representative images of brain sections focus-
ing on the dentate gyrus (DG) of animals injected with saline (control) or VPA.
Sections were processed for BrdUrd staining. White arrow indicates the den-
tate gyrus. Hi, Hilus. (Scale bar, 200 um.) (C} The average number of BrdUrd-
positive cells (in four adjacent fields) per section (contro! animals, n = 4;
VPA-treated animals, n = 6) is plotted. The asterisk indicates that values are
significantly different between controf and VPA-treated animals (P < 0.001, ¢
test). (D) The percentage of Tuj1-/BrdUrd-double positive cells (in four adja-
cent fields) per section (control animals, n = 4; VPA-treated animals, n = 6) is
plotted. Asterisks indicate statistical significance (P < 0.05, ¢ test). Error bars
represent standard deviations. :

differentiation, and survival of granule cells in the hippocampus
(33, 34). We therefore examined whether forced expression of
NeuroD alone could have effects on neuronal differentiation
(Fig. 8, which is published as supporting information on the
PNAS web site). We found that neural progenitors overexpress-
ing NeuroD differentiated into >75% Tujl-positive and
MAP2ab-positive neurons, respectively, and reduced their abil-
ity to differentiate into oligodendrocytes and astrocytes under
appropriate conditions (Fig. 8). These results suggest that Neu-
roD by itself can recapitulate many of the effects of VPA and is
sufficient to induce neuronal differentiation of adult multipotent
neural progenitor cells.

VPA-Mediated Neuronal Differentiation in Vive. Our findings raise
the question of whether the effects of VPA on adult hippocampal
neural progenitors in vitro are related to the clinical indications
of VPA as an antiepileptic ir vivo. Pilocarpine-induced status
epilepticus increases cell proliferation in the SGZ of the adult
dentate gyrus (35). Prolonged seizure activity has also been
shown to markedly increase dentate granule cell neurogenesis
(35). To examine the potential effects of VPA on dentate granule
cell proliferation and neurogenesis, we injected adult rats with
VPA for a total of 14 days, while including a 6-day BrdUrd
regimen to label dividing cells (Fig. 54). Consistent with previ-
ous studies (35), BrdUrd immunohistochemistry in saline-
injected rats (controls, # = 4) labeled mitotically active cells
mostly located in the SGZ of the dentate gyrus (Fig. 5B, white
arrows). In contrast, VPA-injected rats (n = 6) showed a marked
reduction in BrdUrd incorporation in the SGZ (Fig. 5B, white
arrows). No obvious differences in BrdUrd immunostaining

Hsieh et al.

were observed in the hilar region or the molecular layer of the
denfate gyrus. Quantitative analysis of BrdUrd labeling within
the SGZ revealed a significant decrease (~2-fold) (P < 0.001, ¢
test) in the number of dividing cells in VPA-injected rats
compared with controls (Fig. 5C). The VPA-mediated decrease
in granule cell proliferation within the SGZ is consistent with the
effects of VPA in decreasing proliferation of neural progenitors
in vitro.

We next examined the fate of dividing cells in the SGZ by
assessing colocalization of BrdUrd with lineage-specific markers
(Tuj1 for neurons and GFAP for astrocytes) (Fig. 5D). In control
animals, ~60% of the BrdUrd-positive cells were also Tuji-
positive. There was a significant increase (from 60% to 80%) in
the percentage of BrdUrd-positive cells that were Tujl-positive
in VPA-treated animals (P < 0.05, ¢ test), suggesting that VPA
can mediate an increase in neuronal differentiation in vivo as
well. The percentage of BrdUrd-positive cells that were also
GFAP-positive was relatively low (=1%) in control animals and
did not significantly change compared with VPA-treated animals
(data not shown). These results support the ability of VPA to
decrease neural progenitor proliferation and increase neuronal
differentiation in vivo as well as in vitro. '

Discussion

In this series of experiments, we used a well established model
system of adult multipotent neural progenitor cells to investigate
the connection between global histone acetylation and neural
cell fate specification. When cells are cultured in the presence of
HDAC inhibitors, such as VPA, TSA, or NaB, neural progeni-
tors reduced their proliferation and largely differentiated into
neurons. These findings were also confirmed in our in vivo
experiments. When neural progenitors were treated with con-
ditions that promoted astrocyte and oligodendrocyte differen-
tiation, VPA actively suppressed differentiation into astrocytes
and oligodendrocytes while promoting differentiation into neu-
rons. Analysis of the mechanism of VPA-mediated neuronal
differentiation revealed an up-regulation of the neurogenic
bHLH transcription factor NeuroD in VPA-treated cultures.
Furthermore, overexpression of NeuroD alone in neural pro-
genitors could recapitulate the effects of VPA,

We and others have previously shown that IGF-1 induces
oligodendracyte differentiation (19) and LIF induces astrocyte
differentiation (36, 37). The VPA-mediated suppression of
oligodendrocyte and astrocyte differentiation could be due to an
inhibition of IGF-1 and LIF signal transduction pathways. Two
of the major downstream mediators of IGF-1 signaling are the
phosphoinositide 3-kinase/Akt and Ras/ERK pathways (38, 39),
and the major downstream mediator of LIF signaling is the Janus
tyrosine kinase/STAT pathway (36, 37). First, we did not detect
an activation of Akt/ERKs or STAT3 with VPA treatment
alone, at least within 1 h (see Fig. 7). Second, the activation
status of Akt/ERKs or STAT3 after IGF-1 or LIF stimulation
did not change in VPA-treated cultures compared with control
cultures. This finding suggests that the VPA-mediated neuronal
differentiation and suppression of glial differentiation was not
due to a direct activation or inhibition, respectively, of these
signaling molecules and point to another mechanism of VPA
action.

Recently, Hao et al. (32) described the effects of VPA on the
activation of the ERK pathway in E18 cortical neurons. In their
assay system, VPA promoted neurite growth and cell reemer-
gence in an ERK pathway-dependent manner. Although we were
unable to detect an activation of ERKswithin 1 h, we did observe
ERK activation by VPA after 24 h. However, when we blocked
ERK activation with U0126, we were still able to detect an
up-regulation of NeuroD (at 3 and 24 h), suggesting that neuronal
fate commitment triggered by VPA is not directly due to an
activation of the ERK pathway. Furthermore, the observation
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that TSA was not able to activate ERKs but was able to
up-regulate NeuroD (data not shown) and promote neuronal
differentiation further confirmed that direct activation of the
ERK pathway is not solely responsible for neuronal differenti-
ation of adult neural progenitor cells.

An alternative mechanism of the neuron-promoting effect of
VPA could be the direct activation of neurogenic transcription
factors. Our work indicates that VPA treatment up-regulates
NeuroD in neural progenitor cells, suggesting that VPA could, in
fact, induce neuronal differentiation through the transcriptional
activation of neurogenic transcription factors. Lunyak et al. (29)
showed that the expression of NeuroD and of other neuron-
specific genes is regulated by the HDAC-dependent transcrip-
tional repressor NRSF/REST. Further examination of other
neuron-specific genes, such as Synapsin [ and SCGI10, showed
that each had increased gene expression after VPA treatment,
consistent with previous reports (29). In addition to up-
regulating NRSF/REST-regulated neuron-specific genes, VPA
up-regulates neuronal markers, such as Tujl and MAP2ab,
which are not direct targets of NRSF/REST. This finding
suggests that the mechanism of VPA-mediated neuronal differ-
entiation is not solely due to a direct release of NRSF/REST
repression of neuron-specific genes and that VPA must activate
factors important for neuronal lineage progression. The obser-
vation that forced expression of NeuroD alone can promote
neuronal differentiation indicates that VPA may exert its effects
through the activation of NeuroD. More studies are needed to
determine whether the up-regulation of NeuroD after VPA
treatment is merely correlative or whether there is a causal
relationship between the VPA-mediated neuronal differentia-
tion and neurogenic bHLH transcription factors.

Adult multipotent neural progenitor cells need to choose
between self-renewal and differentiation into neurons, oligo-
dendrocytes, or astrocytes. We hypothesized that chromatin
modification plays an important role in these stem cell decisions
because of its ability to control the simultaneous expression of

. Georgopoulos, K. (2002) Nat. Rev. Immunol. 2, 162-174.

. Grunstein, M. (1997) Nature 389, 349-352.

Kuo, M. H. & Allis, C. D. (1998) BioEssays 20, 615-626.

. Steuhl, K. (1998) Genes Dev. 12, 599-606.

. Jenuwein, T. & Allis, C. D. (2001) Science 293, 1074-1080.

. Chan, H. M. & La Thangue, N. B. (2001) J. Cell Sci. 114, 2363-2373.

. Huang, Y., Myers, S. J. & Dingledine, R. (1999) Nat. Neurosci. 2, 867-872.

. Jepsen, K., Hermanson, O., Onami, T. M,, Gleiberman, A. S., Lunyak, V.,
McEvilly, R. J., Kurokawa, R., Kumar, V., Liu, F., Seto, E., et al. (2000) Cell
102, 753--763.

9. Kao, H. Y., Downes, M., Ordentlich, P. & Evans, R. M. (2000) Genes Dev. 14,
55-66.

10. Zhang, C. L., McKinsey, T. A., Chang, S., Antos, C. L., Hill, J. A. & Olson, E. N,
(2002) Cell 110, 479-488.

11. Koipally, J., Renold, A., Kim, I. & Georgopoulos, K. (1999) EMBO J. 18,
3090-3100. )

12. Blaheta, R. A. & Cinatl, J., Jr. (2002) Med. Res. Rev. 22, 492-511.

13. Gottlicher, M., Minucci, S., Zhu, P., Kramer, O. ., Schimpf, A., Giavara, S.,
Sleeman, J. P., Lo Coco, F., Nervi, C., Pelicei, P. G. & Heinzel, T. (2001) EMBO
J. 20, 6969-6978.

14. pPhiel, C. J., Zhang, F., Huang, E. Y., Guenther, M. G., Lazar, M. A. & Klein,
P. 8. (2001) J. Biol. Chem. 276, 36734-36741.

15. Cuoyle, I. T. & Duman, R. S. (2003) Neuron 38, 157-160.

16. Perez, M., Rojo, A. 1., Wandosell, F., Diaz-Nido, J. & Avila, 1. (2003} Biochem.
J. 372, 129-136.

17. Gage, F. H.,, Coatcs, P. W., Palmer, T. D., Kuhn, IH. G,, Fisher, L. I., Suhonen,
J. O., Peterson, D. A, Suhr, 8. T. & Ray, 1. (1995) Proc. Natl. Acad. Sci. USA
92, 11879-11883.

18. Palmer, T. D., Takahashi, J. & Gage, F. H. (1997) Mol. Cell Neurosci. 8,
389-404.

19. Hsieh, I., Aimone, J. B., Kaspar, B. K., Kuwabara, T., Nakashima, K. & Gage,
F. H. (2004) J. Cell Biol. 164, 111122,

20. Palmer, T. D., Markakis, E. A., Willhoite, A, R., Safar, F. & Gage, F. L. (1999)

T Neurosci. 19, 8487-8497.

P NO W W

16664 | www.pnas.org/cgi/doi/10.1073/pnas.0407643101

many genes. The observation that VPA can have a profound
effect on promoting neuronal differentiation and suppressing
glial differentiation suggests that the maintenance of the acety-
lated state, revealed by HDAC inhibition, may have global and
dominant effects on neuronal lineage progression.
Examination of total acetylated histones H3 and H4 in neural
progenitor extracts under various conditions revealed that his-
tone acetylation levels were highest in the undifferentiated state.
Interestingly, among the differentiation conditions examined,
acetylated histone levels were higher in neuronal extracts relative
to astrocytic extracts. The level of acetylated histones in oligo-
dendrocytic extracts was always intermediate to that of neurons
and astrocytes, possibly because of a partial requirement of
histone acetylation for oligodendrocyte lineage progression or
the presence of neurons in oligodendrocyte cultures. In fact, a
previous study showed that treatment of neural progenitors with
IGF-1 (the oligodendrocyte-promoting condition) can also re-
sult in a low percentage of Tuji-positive neurons (Fig. 6) (19).
These results support the idea that there are global changes in
chromatin states underlying differences in adult multipotent
neural progenitor differentiation. Does acetylation of chromatin
selectively activate specific master control genes, such as Neu-
roD, that go on to trigger downstream genes important for
neuronal differentiation, or does NeuroD itself possess the ability
to regulate global chromatin-based events, such as the mainte-
nance of histone acetylation? Future studies are needed to
determine the precise order and relationship of chromatin
modification and the regulation of gene expression in the control
of adult multipotent neural progenitor cell fate specification.
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Human embryonic stem cells are pluripotent entities, theoretically
capable of generating a whole-body spectrum of distinct cell types.
Howaver, differentiation of these cells has been observed only in
culture or during teratoma formation. Our results show that
human embryonic stem cells implanted in the brain ventricles of
embryonic mice can differentiate into functional neural lineages
and generate mature, active human neurons that successfully
integrate into the adult mouse forebrain. Moreover, this study
reveals the conservation and recognition of common signals for
neural differentiation throughout mammalian evolution. The chi-
meric model will permit the study of human neural development
in a live environment, paving the way for the generation of new
madels of human neurodegenerative and psychiatric diseases. The
model also has the potential to speed up the screening process for
therapeutic drugs.

chimeric mode! | human ES cells | neuronal differentiation

H uman embryonic stem cells (hESC) are known for their
ability to propagate indefinitely in culture as undifferenti-
ated cells; furthermore, they can be induced to differentiate in
vitro and in vivo into various cell types (1). However, it is
currently unknown whether hESC can differentiate into authen-
tic human neurons irn vivo. The transplantation of hESC into the
developing mouse brain is a valuable model for studying the
differentiation and migration potential of hESC in vivo. Detailed
knowledge about human neural differentiation during develop-
ment will certainly prove valuable in the regenerative medicine
field and in drug discovery. We have investigated this process
both in vitro and in vivo.

Methods

Culture and Differentiation of hESC. The Cyth25 cell line (Cythera,
San Diego) was cultured on mitotically inactivated (mitomycin
C-treated) mouse embryonic fibroblasts (Specialty Media,
Lavellette, NJ) in DMEM/F12 Glutamax (GIBCO), 20%
knockout serum replacement (GIBCQO), 0.1 mM nonessential

amino acids (GIBCO), 0.1 mM 2-mercaptoethanol (GIBCO),

and 4 ng/ml bFGF-2 (R & D Systems). hESC neuronal differ-
entiation was obtained by coculture with PAG cells for 3-5 weeks
under the following differentiation conditions: DMEM/F12
Glutamax (GIBCO), 10% knockout serum replacement
(GIBCO), 0.1 mM nonessential amino acids (GIBCO), and 0.1
mM 2-mercaptoethanol (GIBCO). Alkaline phosphatase activ-
ity was measured by using the Vector Red Alkaline Phosphatase
substrate kit I from Vector Laboratories.

hESC Transfection. hESC were stably transfected to express en-
hanced GFP (EGFP) by CAG-EGFP self-inactivating lentivirus
infection. The self-inactivating lentiviral vector expressing EGFP
under control of the CAG promoter was derived from a multiply
attenuated HIV vector system but included a U3 deletion and
introduction of a central polypurine tract element. Vectors were
produced by triple transfection of HEK293 cell§ followed by
ultracentrifugation and titration as described in ref. 2. Undif-
ferentiated cells were exposed to the virus at a titer of 0.5 X 1010

18644-18648 | PNAS | December 20,2005 | vol. 102 | no. 51

gene transfer units/ml for 1 h followed by a 2-day recovery
period. EGFP was detected by native fluorescence at day 3 after
transduction in =1% of the cells. Cells expressing EGFP were
manually selected for stable and uniform EGFP expression. Only
subtle loss in EGFP expression was observed during propagation
or in vitro differentiation for up to a year after transduction. The
EGFP+ cells derived from these colonies are thus polyclonal in
origin and are all positive for human nuclear antigen (hNA). The
EGFP+ hESC maintain a phenotype similar to the wild-type
cells [stage-specific embryonic antigen (SSEA)-4, terato-related
antigen (TRA)-1-60, TRA-1-81, and Pit1-Oct1-Unc86 transcrip-
tion factor octamer-4 (OCT4)-positive].

In Utero hESC Transplantation. Time-pregnant ICR females were
anesthetized, and embryos were removed with intact placenta.
Approximately 10° EGFP+ hESC in 1 ul of PBS were injected
into the lateral ventricle of each embryo (embryonic day 14)
with the help of a micro glass capillary and mouth pipette
technique. After injection, embryos were placed back into the
female with the addition of 1 ml of saline solution. Females
were placed in cages, and pups were born by normal vaginal
delivery. Weaned animals were kept in individual cages for
future experiments. All experiments were performed in com-
pliance with institutional and U.S. National Academies guide-
lines and with the protocol approved by The Salk Institute
Animal Care and Use Committee.

Immunofiuorescence. Injected animals were perfused at different
time points with 4% paraformaldehyde, and brains were equil-
ibrated in 30% sucrose. Entire brains were processed in 40-um
microtome sections. Immunofluorescence was performed as
described by using the following antibodies at the indicated
dilutions (3): rabbit anti-B tubulin-III (TUJ1; 1:1,000, Covance,
Richmond, CA), guinea pig anti-glial fibrillary acidic protein
(1:1,000; Advanced Immunochemical, Long Beach, CA), mouse
anti-RIP (1:250, Chemicon), mouse anti-microtubule-associated
protein 2(a+b) (1:100, Sigma), mouse anti-S100-8 (1:100,
Sigma), mouse anti-glutathione transferase 7 (1:500, BD Pharm-
ingen), mouse anti-OCT4 (1:500, Santa Cruz Biotechnology),
and the other marker antibodies, hNA, SSEA-1, SSEA-4, TRA-
1-60, TRA-1-81, and Nestin (1:100, Chemicon). All secondary
antibodies were purchased from Jackson ImmunoResearch.
Fluorescent signals were detected by using a confocal laser
scanning head (Bio-Rad MRC 1000) on a Zeiss inverted micro-
scope. Images were processed with PHOTOSHOP 7 (Adobe Sys-
tems, San Jose, CA).

Laser Capture. Forty-micrometer microtome sections were immu-
nostained with anti-EGFP antibody (1:500, Chemicon), rapidly
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Abstract

Activation of the transcription factor STAT3 is important for
astrocyte differentiation during neura! development. Deme-
thylation of the methyl-CpG dinucleotide in the STAT3 binding
site in the promoter of the glial fibrillary acidic protein (GFAP)
gene, a marker for astrocytes, was previously shown to be a
crucial cue for neural progenitors to express this gene in re-
sponse 1o astrogenic signals during brain development. In this
study, we analyzed the methylation status of the STAT3
binding site in the GFAP gene promoter during neural cell
development from mouse embryonic stem (ES) cells in vitro.
The CpG dinucleotide in the STAT3 binding site in the GFAP
gene promoter exhibited a high incidence of cytidine-methy-
lation in undifferentiated pluripotent ES cells. The high inci-
dence of methylation of this particular cytidine was maintained
in ES cell-derived neuroectoderm-iike cells, but it underwent

demethylation when- the neural lineage cells became com-
petent to express GFAP in response to a STAT3 activation
signal. In contrast, hypermethylation of the CpG site was
maintained in non-neural cells generated from the same ES
cells. Progressive demethylation of the STATS binding site in
the GFAP gene promoter was also observed in primary
embryonic neuroepithelial cells during in vitro culture,
whereas non-neural cells maintained hypermethylation of this
site even after cutlture. Taken together, these results demon-
strate that the astrocyte gene-specific cytidine-demethylation
is programmed when neural progenitors from pluripotent cells
are committed to a neural lineage that is capable of producing
astrocytes. ’

Keywords: astrocyte, DNA methylation, embryonic stem
cells, glial fibrillary acidic protein, STAT3.
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Epigenetic modification of chromosomal DNA plays mul-
tiple important roles in the regulation of cell type-specific
gene expression during embryogenesis (Bird and Wolffe
1999). Although neural stem cells mainly differentiate into
neurons in the early developing brain, they also become able
to produce astrocytes in accordance with the progression of
development (Qian et al. 2000). Chromosomal DNA in the
neural progenitors undergoes epigenetic modification during
this change in preference of differentiation (Teter et al. 1996;
Takizawa et al. 2001). We and others have confirmed the
importance of the gp130-STAT3 signaling pathway in the
development of glial fibrillary acidic protein (GFAP)-
expressing astrocytes (Bonni et al. 1997; Rajan and McKay
1998; Nakashima et al. 1999a,c). We have shown that the
cytidine in the CpG dinucleotide in a particular STAT3
recognition element is methylated in neurons and neural

progenitors at an early developmental stage (E11.5) when
astrogenesis does not normally occur, but demethylated in
astrocytes and late-stage (E14.5) neural progenitors that are
prone to differentiating into astrocytes (Takizawa et al.
2001). We have also demonstrated that demethylation of
this CpG site is essential for the development of GFAP-
positive astrocytes in response to the STAT3 activation signal
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