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ABSTRACT — To demonstrate induction of delayed central nervous toxicity by disturbing neuronal
activities in the developing brain, we administered a single intraperitoneal dose of domoic acid (DA 1
mg/kg), a potent glutamate receptor agonist, to pregnant female mice at the gestational day of 11.5, 14.5
or 17.5. The dams had recovered from acute symptoms within 24 hy, followed by normal delivery, feed-
ing and weaning. All male offspring mice after weaning were apparently normal in response to handlers
during cage maintenance, body weight measurement and to mate mice in group housing conditions. At
the age of 11 weeks, our neurobehavior testing battery revealed severe impairment of learning and mem-
ory with serious deviances of anxiety-related behaviors. The developed brain of prenatally exposed mice
showed myelination failure and the overgrowth of neuronal processes of the limbic cortex neurons. This
study indicates that the temporal disturbance of neurotransmission of the developing brain induces irre-
versible structural and functional damage to offspring which becomes monitorable in their adulthood by a

proper battery of neurobehavioral tests.
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INTRODUCTION

Adequate neural activities are necessary for the matu-
ration of neural networks during brain development (Rice
and Barone, 2000). Historically, the presence of such
plasticity-driven mechanisms has been demonstrated by
a series of studies of eyelid suture in kittens or monkeys
and corresponding findings reported in young human cat-
aracta patients (Wiesel, 1982; Gu et al., 1989; Fonta et
al., 2000). These processes require proper stimuli to the
brain that trigger the release of neurotransmitters from the
neurons and subsequent receptor-mediated signal trans-
duction (Ooi and Wood, 2008; Greer and Greenberg,
2008; Cohen-Cory, 2002). Therefore, it is highly conceiv-
able that disturbance of neural activities by neuroactive
xenobiotics leads to malformation of the fine structure of
the brain. Even when the exposure was transient, it would
result in anomaly of higher brain functions in adulthood

without overt signs of brain damage during maturation,
Glutamate receptors begin to express in the late
embryonic stages, and their expression increases with
the advance of brain development (Lujan et al., 2005;
Manent et al., 2005). Prenatal exposure of xenobiot-
ic chemicals that interfere with the glutamate recep-
tor function could induce malformation of the fine struc-
ture of the brain which should lead to anomaly of higher
brain function that is different from acute neurotoxicity
known for such chemicals to induce in adults (Bondy and
Campbell, 2005). A marine biotoxin domoic acid (DA)
which is structurally related to glutamate, and activates
ionotropic a-amino-3-hydroxy-5-methyl{-4-isoxazolepro-
pionic acid (AMPA) and kinate subtypes of glutamate
receptors (Pulido, 2008) is known to cause acute symp-
toms of diarrhea, seizures and memory loss in adult human
by eating contaminated shellfish (Tryphonas and Iverson,
1990), and DA induced acute neurotoxicity in animal
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model (Chandrasekaran ef af., 2004). Additionally, DA
1s also known to cross the placenta, and enters prena-
tal brain tissue in rats (Maucher and Ramsdell, 2007).
Therefore, prenatal exposure of DA may disrupt the neu-
ral activities by excessive stirnulation of glutamate recep-
tors, and should induce fine structural and functional dis-
organization in the developing brain. Here, we report that
a transient transplacental DA exposure in utero induced
alteration of the neurobehavioral parameters and corre-
sponding fine brain structure of the male C57BL/6 mice
in their adulthood.

MATERIALS AND METHODS

Animal treatment

All experiments were carried out under approval of
Experimental Animal Use Committee of National Insti-
tute of Health Sciences, Japan. Pregnant C57L.B/6 female
mice obtained from Japan SLC, Inc., were individually
housed in plastic breeding cages with free access to water
and pellet diet (CRF-1; Oriental Yeast Co., Tokyo, Japan)
in a 12 hr light-dark cycle conventional condition. Four
groups with five pregnant mice each were prepared. All
groups received three intraperitoneal injections on gesta-
tional day 11.5 (E11.5) as a late embryonic period, 14.5
(E14.5) and 17.5 (E17.5) as early and late fetal period
respectively. Group A (Control) received three i.p. shots
of saline on E11.5, E14.5 and E17.5. Group B (DA@
E11.5) received one shot of DA (Calbiochem, San Diego,
CA, USA) at a“dosage of 1 mg/kg on E 11.5and two
shots of saline on E14.5 and E17.5. Group C (DA@14.5)
received a shot of saline on E11.5, a shot of DA on E14.5
and another saline on E17.5. Group D' (DA@E17.5)
received two shots of saline on E11.5and E14.5, and a
shot of DA on E17.5. The pups were weaned at 4 weeks
of age, and four male mice per liter were randomly select-
ed and housed in one cage with free access to water and
CRF-1 pelletuntil 11 weeks of age.

Immunohistochemical analysis

Brains (n =4 male mice per group) were fixéd with
methacarn fixative (methanol: chloroform:acetic acid,
60:30:10 v/v) and paraffin-embedded sections were pre-
pared. Mouse monoclonal anti-microtubule associat-
ed protein 2 (MAP2, sc-32791; Santa Cruz, CA, USA),
mouse monoclonal anti-neurofilament-m (NF-M, sc-
20013; Santa Cruz, CA, USA), rabbit polyclonal anti-
myelin associated glycoprotein (MAG, sc-15324; Santa
Cruz; CA; USA), and rabbit polyclonal anti MAP2 (sc-
20172; Santa Cruz, CA, USA) were used. Deparaffin-
ized sections were pretreated with HistoVT-One (Nacalai
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Tesque, Kyoto, Japan.) as previously described (Tanemura
et al., 2005) and incubated with primary antibodies. Sec-
ondary antibodies were Alexa 568-conjugated anti-mouse
IgG and Alexa 488-conjugated anti-rabbit IgG (Molecular
Probes, Eugene, OR, USA). Fluorescent images were
obtained with an FV-300 confocal laser scanning micro-
scope (Olympus, Tokyo, Japan). For semi-quantitative
analysis of images, we calculated the ratio of fluorescence
intensity compared to control mice (group A), by using
the IMAGE ] program (http://rsb.info.nih.gov/ij/index.
htint. National Institute of Health, Bethesda), after adjust-
ing background noise (n = 4 images per mouse).

Neurobehavioral tests

A battery of neurobehavioral tests were conducted on
open field test (OF), light/dark transition test (LD), ele-
vated plus maze test (EP) and contextual/cued fear con-
ditioning test (FZ). Experimental apparatuses and image
analyzing softwares were obtained from O’Hara & Co.,
Ltd., Japan. Image analyzing softwares (Image OF4,
Image L.D2, Image EP2 and Image FZ2) were developed
from the public domain IMAGE J program. All experi-
ments were done with 8 mice per group (32 mice total),
and were conducted between 13:30 and 16:30. The level
of background noise during behavioural testing was about
50 dBA. After each trial, the apparatuses were wiped and
cleaned.

Open field test

The locomotor activity was measured for 10 min using
an open field apparatus made of white plastic (50 x 50 x
40 (H) cm).

An LED light system was positioned 50 cm above the
centre of the field (50 lux at the centre of field). Total dis-
tance travelled (cm), time spent in the central area (30%
of the field) (sec), and the frequencies of movement were
measured (Tanemura et al., 2002).

Light/dark transition test

The apparatus used for the light/dark transition test
consisted of a cage (21 x 42 x 25(H) cm)‘divided into two
chambers by a partition with an opening. One chamber is
brightly illuminated (250 lux), whereas the other cham-
ber is dark (2 lux): A mouse is placed into the dark area
and allowed to move freely between the two chaimbers
through the opening for 5 min. The latency for the first
move to the light area, the total number of transitions and
the time spent on each side were measured.

Elevated plus maze test
The plus-shaped apparatus consisted of four arms (25
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X 5 cm) connected to a central square area (5 X 5 cm).
Opposite two arms are enclosed with 20 cm-high trans-
parent walls and other two are left open. The floor of the
maze is made of white plastic plate and is elevated 60 cm
above the room floor (200 lux at the centre of the appara-
tus). A mouse is placed to the central square area of the
maze, facing one of the open arms, and the behavior was
recorded for 10 min: total distance traveled (cm), total
timme on open arms and central square area (sec) and the
total number of entry to any of the arms (Tanemura et al.,
2002).

Contextual/cued fear conditioning test

The apparatus consists of a conditioning chamber (or a
test chamber) (17 x 10 x 10 (H) cm) made of clear plastic
with ceiling and placed in a sound proof box. The cham-
ber floor has stainless steel rods (2-mm diameter) spaced
5 mm apart for giving electric foot shock (0.1 mA, 3 sec
duration) to the mouse. The soundproof box consists of
white-coloured wood, and is equipped with an audio
speaker and light source (35 lux at the centre of the floor).
A CCD camera is positioned 20 cm above the ceiling of
the chamber. During the conditioning trial (Day 1), mice
are placed individually into the conditioning chamber in
the sound proof box and, after 90 sec, they are given three
tone-shock pairings (30 sec of tone, 75 dB, 10 KHz fol-
lowed by 3 sec of electric shock at the end of tone, 0.1
mA) separated by 90 sec. Then they are returned to their
home cage. Next day (Day 2), as a “contextual fear test”,
they are returned to the conditioning chamber without
tone and shock for a 6-min. On the third day (Day 3), they
are brought to a novel chamber of different make without
stainless steel rods place in the sound proof box and, after
a period of 3 min, only the conditioning tone is present-
ed for 3 min (no shock was presented, 35 lux at the centre
of the floor), The freezing response of mice was defined
as a consecutive 2 sec period of immobility. Freezing rate
(%) was calculated as [time freezing/session time] x 100
(Tatebayashi et al., 2002).

Statistical analysis

Data were indicated as means + S.D. Statistical analy-
sis was conducted with student’s t-test by using StatView
(SAS Institute, Cary, NC, USA). A p-value of < 0.05
compared to the results of control male mice (group A)
was considered statistically significant.

RESULTS

Effects on morphology of brain by prenatal
exposure to DA

Offspring mice of all groups after weaning up to the
age of 11 weeks were apparently normal in response to
handlers during cage maintenance, body weight meas-
urement and to mate mice in group housing conditions.
Routine histological observation of the brain at 11 weeks
old by hematoxylin-eosin staining could not reveal dif-
ference among the groups (data not shown). By immuno-
histochemical study on the same brain sections, reduced
Immuno-reactivity against the MAG, the marker for mye-
lin, was detected in the cortices of group B (DA@11.5)
and C (DA@14.5) compared to control (Figs. 1A-D
and I). In contrast, increased immuno-reactivity against
MAP2, the marker for neuronal dendrite, was indicated
in the same area of group B (DA@11.5), C (DA@14.5)
and D (DA@]17.5) compared to control (Figs. 1E-H and
I). Increased immuno-reactivity against MAP2 was also
found in lateral area of CA3 hippocampus of group B
(DA@11.5), C (DA@14.5) and D (DA@]17.5) compared
to control, whereas immuno-reactivity for MAP2 showed
no significant difference in medial area of CA3 hippocam-
pus among the groups (Figs. 2A-D and I). Immuno-reac-
tivity against NF-M; the marker for neuronal axon, also
showed no significant difference in the same area among
the groups (Figs. 2E-H and J).

Effects on behavior by prenatal exposure of DA

In the OF test, the distance traveled was not differ-
ent among the groups (Fig. 3A), the time spent in center
area was significantly prolonged in group D (DA@17.5)
mice (Fig. 3B). In the LD test, group C (DA@14.5) mice
stayed in light area for longer time (Fig. 4A), and laten-
cy for the first move to light area was significantly. short-
er in'group C (DA@14.5) and D (DA@17.5) (Fig. 4B).
In the EP test, significantly increased distance traveled
and time spent in the open area were detected for group
B (DA@11.5), C (DA@14.5) and:D (DA@17.5) (Figs.
SA and B). In the FZ test; both Day 1 and Day 2 freez-
ing responses of group C (DA@14.5) and D (DA@!17.5)
were significantly reduced compared to. control (Figs. 6A
and B).

DISCUSSION
The expression levels: of glutamate receptors starts to
elevate at the fetal period, i.e; approximately from E14

{Lujan eral.,; 2005; Manent et al., 2005). Exogenous
glutamatergic stimuli at this period would affect the for-
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Delayed effects on cerebral cortex induced by prenatal exposure of DA.

A-D, Immunohistochemical staining against MAG; E-H, immunohistochamical staining against MAP2; I-L, merged images
of the cerebral cortex. A, E, I, group A (control), B, F, J, group B (DA@11.5), C, G, K, group C (DA@14.5)and D, H, L,
group D (DA@17.5). Scale bar = 200 mm. M, Quantitative analysis in intensity ratio to control of MAG expression, and
J, MAP2 expression among the groups (mean = S.E.M.). Asterisk (**) and (*) indicate significant difference compared to

control (P <0.01) and (P < 0.05).

mation of the neural circuits. An extreme example to sup-
port this hypothesis would be the phenotype of the dou-
ble knockout mouse of glutamate transportors GLT1 and
GLAST (Matsugami et al., 2006). Lack of these trans-
portors is considered to result in abnormally high con-
centration of glutamate in the brain. In fact, morpholog-
ical anomaly became apparent in synchronization with
the expression of glutamine receptors. In our study, cor-
responding to the hypothesis, the neurobehavioral symp-
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toms as a whole was severer for those exposed at fetal
periods, i.e. E14.5 and E17.5, compared to those at
embryonic period, i.e. E11.5 (Fig. 7).

We demonstrated that a prenatal exposure of a relative-
ly low dose of DA induced a spectrum of neurobehavioral
anomalies which became monitorable at the adult stage
accompanied by alteration in fine brain structures detect-
able by immunohistochemistry. It is emphasized that this
amount of DA did not induce abnormal responses dur-
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Delayed effects on hippocampus induced by prenatal exposure of DA.

A-D, Immunohistochemical staining against MAP2; E-H, immunohistochamical staining against NF-M; I-L, merged im-
ages, of CA3 hippocampus. A, E, I, group A (control), B, F, J, group B (DA@11.5), C, G, K, group C (DA@14.5) and D,
H, L, group D (DA@]17.5). Scale bar = 200 mm. M, Quantitative analysis of MAP2 expression, and N, NF-M expression
among the groups (mean = S.E.M.). Asterisk (**) and (*) indicated significant difference compared to control (P < 0.01)

and (P < 0.05).

ing maturation, such as hyperreactivity to handling and to
cage mates, and did not present overt malformation of the
brain detectable by the routine H&E histology at the age
of 2 weeks (data not shown). It is also noted that the spec-
trum of the neurobehavioral symptoms induced in mice
exposed to DA at adulthood was different from those
monitored in this study (data not shown).

Although progressive hippocampal neuronal damag-
es were reported to be induced by prenatal administra-

tion of DA (0.6 mg/kg intravenous injection to the dam)
(Dakshinamurti et al., 1993), we did not find notable neu-
ronal loss or neuronal cell death as the delayed effects
in adult mouse brain by prenatal exposure. On the other
hand, we found myelination failure (Miller and Mi, 2007)
in cortex of group B (DA@11.5) and C (DA@14.5) mice.
And we also detected a finding compatible with the over-
growth of neuronal processes in cortex and hippocampus
of group B (DA@11.5), C (DA@14.5) and D (DA@14.5)
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Fig. 3. Delayed effects on locomotor activity (OF test) in-
duced by prenatal exposure of DA.
A, Mean distance travelled (total distances divided by
total duration of trial, 10 min) and B, mean time spent
in center area (30% of the field) in the open field appa-
ratus (mean = S.E.M.). Asterisk (**) and (*) indicated
significant difference compared to control (P < 0.01)
and (P < 0.05).
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Fig. 5. Delayed effects on anxiety-related behavior (EP test)

induced by prenatal exposure of DA.

A, Total distance travelled, and B, total time spent in
open area in the elevated plus maze apparatus (mean
+ S.E.M.). Asterisk (*) indicated significant difference
compared to control (P < 0.05).

mice by using cytoskeletal marker. These findings indi-
cated that the disorganization of brain was induced by the
prenatal exposure of DA, and remained irreversibly up
until the maturation period.

Among multiple endpoints of the behavioral test bat-
tery we used, serious deviances in anxiety-related behav-
iors of group C (DA@14.5) and D (DA@17.5) mice were

Vol. 34 Special Issue II

g
b3
A E B
= 70
©
g 160 o o & 60
5 140 >0
= o 50
- 120 £ .
£ 100 2% gg
c 80 >E
& 60 22 20
o 40 €510
E 20 4% 4
r. 8 0, 0
¢, Oy Oy O, KPR ONENE)
RN 70,585,585, 58,
026,225, W ta s
e S
Fig. 4. Delayed etfects on anxiety-related behavior (LD test)
induced by prenatal exposure of DA.
A, Total time spent in light area, and B, latency time
to move to light area in the LD apparatus (mean =
S.E.M.). Asterisk (**) and (*) indicated significant dif-
ference compared to control (P <0.01) and (P < 0.05).
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Fig. 6. Delayed effects on learning and memory (FZ test) in-

duced by prenatal exposure of DA.

A, Contextual fear test and B, cued fear test. Memory
performance is expressed as a mean percent duration
of freezing responses (mean = S.E.M.). Asterisk (**)
and (*) indicated significant difference compared to
control (P <0.01) and (P < 0.03).

observed. Mice in those groups showed low performanc-
es in adaptations for novel circumstances, i.e., strange
and broad area in OF test, beamish place in LD test, high
and narrow space in EP test. Additionally, we also found
severe impairment of learning and memory. Although
the low performances of memory task have been report-
ed in rats with prenatal DA exposure (Levin et al., 2005),
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Summary radar chart of the neurobehavioral battery test results. Radial axis indicates the direction (increase or decrease) of

the deviation, and the p value of the endpoints compared to the control (+1 and —1, 0.01 <=p <0.05, +2 and -2, p < 0.01).
Regular dodecagon of radius 0 indicates no deviation from control.

we showed serious deviances about affective (emotional)
behaviors additional to severe memory deficit.

In conclusion, we clearly indicated that the distur-
bance against the adequate neural activity during devel-
opmental period when glutamate receptors became active
have induced delayed memory defect and unnatural adop-
tive behaviors that became monitorable at the matura-
tion period in mice. The responsible foci deduced from
these behavioral disturbances are the limbic cortex and
hippocampus. Our morphological findings are consist-
ent with the interpretation. A combination of neurobehav-
ioral and pathomorphological analysis was shown to be
an effective method to assess delayed neurotoxic effects
which dose not induce immediate organic brain dam-
age and related symptoms after exposure. Having adopt-
ed the hypothesis that exogenous stimuli to neural signal-
ing systems during the development of the brain can be a
cause of delayed anomaly of higher brain function, stim-
uli toward systems other than glutamate receptors should
also induce such anomaly of different targets and symp-
toms in concert with the distribution of the correspond-

ing receptor(s) in the developing brain. Such data on oth-
er system would be reported elsewhere.
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To study the function of activin E, a TGF-p superfamily member, in the regulation of affective behavior, we
investigated the behavior of transgenic mice overexpressing activin E (TgActpE mice). Male TgActBE mice
showed aggressive behavior in resident-intruder tests. In elevated plus-maze tests, the percentage of
open arm entries was significantly increased in female TgActBE mice compared with that in wild-type
mice. Furthermore, female TgActBE mice stayed in the central area for a significantly longer time than
wild-type mice in open field tests. These results indicated that TgActpE mice had less anxiety-like behav-
ior. The number of restraint-stress-evoked c-Fos-positive cells in the hypothalamic paraventricular
nucleus in TgActBE mice was significantly decreased compared with that in wild-type mice. This suggests
that synthesis of corticotrophin-releasing hormone induced by stress was decreased in TgActpE mice.

Taking these results together, activin E may act as a regulator of the hypothalamic-pituitary-adrenal axis.

© 2009 Elsevier Inc. All rights reserved.

Introduction

The TGF-B superfamily has more than 30 members, including
TGF-Bs, growth and differentiation factors (GDFs), bone morphoge-
netic proteins (BMPs) and activins [1]. They carry out multifunc-
tional regulation in a wide variety of cell and tissue types in an
autocrine or paracrine manner.

Activins are disulfide-linked homo- or heterodimers of the B
subunits of inhibin/activin A and B. Activin A (BABA), activin AB
(BABB) and activin B (BBBB) were initially identified as stimulators
of FSH secretion from pituitary cells [2]. However, it is now known
that activins have multifunctional effects including promotion of
erythroid differentiation, nerve cell survival, induction of meso-
derm in Xenopus laevis embryos, promotion of bone growth,
augmentation of somatostatin expression, and induction of cell cy-
cle arrest and apoptosis [2].

Additional inhibin/activin B subunit genes (BC and BE) have
been identified in mammals [3]. Analysis of the amino acid
sequence of the mature region of known activin p subunits has
indicated that the subunits have approximately 50% overall homol-
ogy. The activin BC and BE subunits have the same general struc-
ture as the BA and BB subunits, with seven cysteine residues

* Corresponding author. Fax: 81 176 23 8703.
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generally conserved among TGF-B superfamily members, as well
as an additional two cysteines at the N-terminal region of mature
proteins that are typically conserved in activins. Similar to activin
BA and BB subunits, BC and BE subunits can form disulfide-linked
homo- and heterodimers [3]. It has been reported that activin E
is associated with cell growth and apoptosis in some cell types
[3]. However, gene targeting has revealed that activin E null mice
have no abnormalities so far [4]. Therefore, further study is needed
to understand the function of activin E.

In the central nervous system (CNS), activins have roles in neu-
roprotection and antidepressant activity [5,6]. Intracerebroventric-
ular infusion of activin A rescues neuronal damage from
excitotoxic and hypoxic-ischemic brain injury. Furthermore, fore-
brain-specific expression of activin A leads to abnormal anxiety-re-
lated behavior [7]. These findings suggest that the regulation of
activin and its signaling in the CNS are important physiologically
for many aspects of behavior. Recently, aberration of mRNA
expression for activins, especially activin E, has been observed in
the rat brain infected with Borna disease virus (BDV), which in-
duced abnormal behavior [8].

We have reported previously the generation and characteriza-
tion of transgenic mice that overexpress human activin E [9]. It
has been found that activin E plays a role in pancreatic exocrine
cell growth. However, the function of activin E in the CNS is
unclear. To study the role of activin E in the regulation of emotional



320 K. Sekiyama et al./ Biochemical and Biophysical Research Communications 385 (2009) 319-323

behavior, we examined transgenic mice that overexpressed activin
E (TgActBE mice). We demonstrated that the mice exhibited abnor-
mal aggressive behavior and anxiety, which suggests that activin E
has a function in the brain. Furthermore, the transgenic mice may
be a useful animal model for the study of mood disorders.

Materials and methods

Animals. C57BL/6 and Af] mice were obtained from SLC Japan
{(Hamamatsu, Japan). The generation of TgActBE mice has been de-
scribed previously [9]. Two lines, 16 and 19 (TgActBE16 and
TgActBE19) were backcrossed to C57BL/6 mice and analyzed to-
gether with littermate controls after 9-17 generations of back-
crossing. Male mice were housed individually from the age of
8 weeks. Female mice were housed in groups of three from the
age of 6 weeks. Mice were maintained in a 12-h light-dark cycle
at 24 + 2 °C and given standard chow and water ad libitum. Exper-
imental procedures and the care of animals were performed in
accordance with the requirements of the Institutional Animal Care
Committee at Kitasato University, in compliance with National
Institutes of Health guidelines.

Behavioral tests. All the behavioral experiments performed un-
der 640-Ix light conditions and were carried out between 1330
and 1630 h. Elevated plus-maze behavior was measured when
mice were 9-11-weeks-old. The elevated plus-maze apparatus
consisted of four arms elevated 45 cm above the floor, with each
arm positioned at 90° relative to the adjacent arms. Two of the
arms were enclosed with high walls (280 x 50 x 150 mim), and
the other arms were open (280 x 50 mm). Open arms and closed
arms were connected via a central area (50 x 50 mm) to form a
plus sign. The maze was made of polypropylene and glued on card-
board. The behavior of the mice in the maze was recorded by a vi-
deo camera. The camera was suspended above the maze and the
experimenter was not in close proximity to the experimental set-
up for the duration of the study. Mice at the start of each trial were
placed in the central platform of the maze, facing an open arm. A
standard 5-min test was employed for each mouse. The maze
was thoroughly cleaned with damp and dry towels between exper-
imental periods. The number of ‘entries into, and percentage of
time spent in the open and closed arms were counted. Frequency
and percentage of total time of other activities (self grooming,
stretching, peering and rearing) were also measured in the test,

For the resident-intruder test, male TgActBE mice (14-16-
weeks-old) were housed in individual cages for more than 3 weeks
before testing. A male A/} mouse {8-9-weeks-old) was introduced
into the cage as an intruder and we observed the aggressive con-
frontation. The observation was continued for 5 min after the first
bite was confirmed, but when no attack took place, observation
was discontinued “at 10 min- after introduction of the intruder.
The tests were repeated twice, at 3-day intervals; for each mouse,
All the experimental sessions were recorded on videotape, and the
behavior parameters at the second session were scored. The dura-
tions of the following behaviors were measured: offensive biting,
sideways threat, tail rattling; and jumping.

Acute stress test. TgActBE mice were stressed by restraint in a
50-ml plastic centrifuge tube for 30 min and then returned to their
home cages. After 15 min, mice were anesthetized with pentobar-
bital (50 mg/kg, i.p. injection), venous blood samples were taken
from the postcaval vein and perfused transcardially with PBS fol-
lowed by Bouin's fixative. Serum corticosterone was measured
using Corticosterone EIA Kits (No. 500651, Cayman Chemical,
Ann Arbor, MI;-USA) according to the manufacturer's instructions.
The brains were subjected to histological analysis.

Histological analysis: Mice were anesthetized with pentobarbital
(50 mg/kg, i.p. injection) and perfused transcardially with PBS

followed by Bouin’s fixative. The brain was isolated, re-fixed in
Bouin’s solution for 16 h and embedded in paraffin.

For detection of c-Fos, 6-pm sections of the brain were deparaff-
inized and heated by microwaves at an upper temperature limit of
95 °C for 30 min in 10 mM sodium citrate buffer (pH 6.0). After
cooling, anti c-Fos antibody (SC-52; Santa Cruz Biotechnology, San-
ta Cruz, CA, USA) at a 1:500 dilution in TBS-BSA was incubated
with the sections, and the immunoreactivity was visualized as de-
scribed above. To quantify the c-Fos expression in the paraventric-
ular nucleus (PVN), c-Fos-positive cells were counted in randomly
selected fields (0.5 mm? per PVN) as described elsewhere [10].

Statistical analysis. Results were expressed as mean + SE. Differ-
ences between groups were analyzed for statistical significance by
using the y° test (StatView 5.0 software; Abacus Concepts, Berke-
ley, CA, USA) for the resident-intruder test, multivariate analysis of
variance (MANOVA) with the Hotelling-Lawley trace was con-
ducted for the genotype and sex comparisons, followed by Tukey’s
post hoc test for elevated plus-maze test and open field test. Also,
differences between groups were analyzed for statistical signifi-
cance by using the unpaired t test. P <0.05 was considered to be
statistically significant.

Results
Abnormal behavior of transgenic mice

To determine aggressive behavior of male TgActpE mice, we
performed the resident-intruder test. TgActBE mice showed ano-
genital contact and rearing at first, similar to that in wild-type-
mice. However, some TgActBE mice displayed aggressive behavior,
i.e., offensive biting, sideways threat and tail rattling to the intru-
der mice {Table 1). These results suggested that TgActpE mice
exhibited more response to the intruders than wild-type mice
did. Since TgActpE16. mice showed similar phenotypes to
TgActBE19 mice in the test, we hereinafter describe the behavioral
abnormalities in TgActBE19 mice.

To further understand the abnormal emotion of TgActpE mice,
we next performed the elevated plus-maze and open field tests.
MANOVA revealed genotype differences in 13 dependent variables:
total arm entries, percentage of total time and entries in the open
and closed arms, and the frequency and total time of self grooming,
rearing; stretching . and - peering  [genotype: F13,42)=2.05,
P< 0.05]. TgActBE mice showed a significantly increased percent-
age of open arm entries [F1,54)=9.7, P<0.01] compared with
that of wild-type mice, using bivariate analysis. TgActBE mice
showed a significantly deceased percentage of closed arm entries
[K(1,54)=9.7, P<0.01] and total time spent in closed arms
[K(1,54)=7.33, P< 0.01]. In addition, the total time and frequency
of stress-evoked self grooming [time: F(1, 54) = 4.08, P < 0.05, fre-
quency: K1,54)=776, P<0.01] were significantly increased in
TgActBE mice. Univariate analysis by t test revealed that arm en-
tries of male TgActpE mice were comparable with those of wild-
type mice in the elevated plus-maze (Table 2). Furthermore, there
was- no: significant’ difference "in  other  parameters such as

Table 1
Resident~intruder test in male transgenic mice;

Wild-type mice (%) TgActBE mice (%) Significance
Offensive biting 0.0 273 P=0.0624
Sideways threat 0.0 545 P<001
Tail rattling 0.0 8.1 P=0.3061
Jumping 0.0 54.5 P<001

Percentage of behavior elements is shown; n=11.
¥ test was performed to determine differences between the groups:

=267~
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Table 2
Behavioral analysis of transgenic mice on the elevated plus maze.
Genotype  Total arm % Open arm % Closed arm % Time in open % Timein  Stretching Peering Self grooming Rearing
entrles entries entries arms closed arms Time (%) Frequency Time (%) Frequency Time (%) Frequency Time (%) Frequency
Male
Wild-type 8.7+14 93+35 80.6+3.5 8.1%42 823+4.8 21204 73+%1.1 1.0+02 50%09 45+10 40x07 41207 144%22
TgACtBE 9.6%15 193+49 80.7x4.9 7.7+24 72528 27205 95210 14%04 74+16 24:04 21203 42207 130221
Female
Wild-type 75+1.2 205+04 17.0£5.0 17.0+50 742 £50 32+04 7307 21+04 85114 5610 37205 5408 133:x17
TgActBE 6.6%09 385259 33.7:85 33785 528+81 36:1.0 74x12 24104 108+19 42:08 26205 35:07 8817

Values are mean + SE. n= 11-16. *P <0.05, compared with the wild-type mice of same sex.

stretching, peering from closed arms, and rearing. However, the to-
tal time and frequency of stress-evoked self grooming in closed
arms were significantly decreased in male TgActpE mice (Table
2). On the other hand, in female TgActBE mice, the percentage of
the open arm entries was significantly increased, and the percent-
age of closed arm entries and time spent in the closed arms were
significantly decreased compared with those in wild-type mice
(Table 2). The results indicated that female TgActBE mice had less
anxiety than wild-type mice.

Furthermore, open field tests indicated that TgActBE mice had
more exploratory behavior and less anxiety-like behavior than
wild-type mice did (Supplementary data).

Decrease of c-Fos-positive cells in PVN and serum corticosterone level
in TgActBE mice

Male and female TgActBE mice showed aggressive and anti-anx-
iety behavior, respectively. Therefore, we hypothesized that
TgActpE mice have increased stress tolerance. To elucidate this
hypothesis, the mice were exposed to restraint stress, Acute stress
is known to evoke a discrete expression pattern of c-Fos, an indu-
cer of neuronal activity, in the brain [11], Corticotropin-releasing
factor (CRF) is a central regulator of the hormonal stress response.
It is thought that CRF-producing cells are abundant in the PVN
[12,13]." c-Fos-expressing cells in transgenic hypothalamic PVN
was detected by immunohistochemistry (Fig. 1A-D). c-Fos-positive
cells were detected in the PVN of wild-type mice. However, the
number of ¢c-Fos-positive cells in the PVN of TgActBE mice was sig-
nificantly - decreased compared - with that in wild-type. mice
(Fig. 1E). Consistently, seruim corticosterone level after acute stress
in TgActpE mice was lower than that in wild-type mice (Fig. 2).
These results suggested that synthesis of CRF in response to stress
was decreased in TgActBE mice.

Discussion

In the present study, we demonstrated that TgActBE mice

exhibited abnormal behavior. Ectopic expression of activin E was

detected in the transgenic choroid plexus of the brain (Supplemen-
tary data). It has been proposed that activin E is a negative regula-
tor of cell growth, This concept has been supported by experiments
in which overexpression of activin E in some types of cells has led
to inhibition of cell growth in vivo-and in vitro[3}.'However, no
prominent abnormalities, including apoptosis, were observed his-
tologically in the transgenic brain. Furthermore, the relative
weight' of the brain to total body weight in the transgenic mice
was comparable with that in wild-type mice (Supplementary data).
Thesé results indicated that ectopic expression of activin E in the
brain caused the behavioral abnormalities. How does misexpressed
activin E regulate the emotional behavior of TgActBE mice?
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Ligands of the TGF-B superfamily exert their biological effects
via a hetero-oligomeric complex of two types (type I and II) of
transmembrane serine/threonine kinase receptors and Smads,
which are intracellular receptor-associated proteins [14,15]. There
are numerous combinations of ligand-receptor complexes that act
as multiple TGF- superfamily ligands. For example, activin recep-
tors can bind activins, BMPs, Vg1, nodal, Lefty2 and GDF11. Based
on similarities in the protein structure of activins, it is possible that
activin E shares the receptors with other ligands.

Activin type I and Il receptors are highly expressed in the fore-
brain {16,17]. It has been reported that activin A promotes neuron
survival [18] and protects them from excitotoxic and ischemic
damage [5]. A recent study by Agata et al. has shown that the
transgenic mice with forebrain-specific expression of activin A
(ACM4 mice) exhibit reduced anxiety in behavioral analysis [7].
The behavioral profiles of ACM4 mice resemble those of TgActBE
mice. In female TgActBE mice, reduction of anxiety was also seen
in elevated plus-maze tests and open field tests (Supplementary
data). Therefore, activin E may mimic the activin A signal via the
same receptor system and induce the behavior disorder in TgActBE
mice, However, since ACM4 mice have enhanced locomotor activ-
ity that was not seen in TgActBE mice, the signal transduction of
activin E may be slightly different from that of activin A. Further
studies are needed to clarify the target cells and the signal trans-
duction of activin E in the CNS.

Drosophila schnurri (Shn) and its vertebrate orthologs (shn-1, 2
and 3) are large zinc-finger-containing proteins [19,20]. Shn can
interact with Smad: proteins and regulate the signaling of TGF-B
superfamily members [21]. Shn-2-deficient mice (Shn-2~/~ mice)
show hypersensitivity  to stress, accompanied by : anxiety-like
behavior [10]. The sensitivity to anxiety of TgAct BE mice was oppo-
site to the phenotype of Shri-2~/~ mice, therefore, Shn-2 may trans-
duce the activin E signal that regulates the CNS.

The stress response is thought to be mediated by CRF, which is
known to be a regulator of the hypothalamic-pituitary-adrenal
(HPA) axis {22]. Alterations in the HPA axis have been related to
various' behavioral responses; including. aggression. and anxiety.
c-Fos expression is considered to be one of the markers of brain
activity, and its induction is often used to evaluate stress-related
responses. because it can be triggered by various: stressors [11].
The stress-induced c-Fos expression in PVN cells in TgActBE mice
was lower than that in wild-type mice. Furthermore, TgActBE mice
showed stimulated aggressive behavior in the resident-intruder
test and less anxiety-like behavior in the elevated plus-maze and
open field tests. Taken together, these results suggest that activin
E may act as a regulator of the HPA axis; However, it is known that
activation of the HPA axis is correlated positively with anxiety and
aggressive behavior [13,23]. These observations are not consistent
with the data from TgActpE mice. Although the concentration of
serum: corticosterone. in female TgActpE mice after acute stress
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Fig. 1. c-Fos-positive cells in the PVN of TgActBE mice. Section from the mice subjected to restraint prior to sacrifice were immunoreacted for c-Fos. Photograph of male wild-
type (A,C) and TgActBE (B,D) mice. Bar, 100 um. Representative data are shown. The number of c-Fos-positive cells in the PVN was counted in one representative section
(0.5 mm?) from each mouse, and the mean for the male and femnale mice is shown (E). Values are means + SE. n =4-5. 'P <0.05.
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Fig. 2. Serum corticosterone level in TgActBE mice. Serum corticosterone concen-
tration was determined after 30 min restraint stress in 14-week-old male TgActBE
mice. Wt, wild-type mouse; Tg, TgActBE mice. Values are means+SE. n=4.
“p<001.

was lower than that in wild-type mice, it was not statistically sig-
nificant (Date not shown). Furthermore, the elevated plus-maze

test revealed that the genotype differences in the behavior of
TgActpE mice. Therefore, the abnormality in not only stress re-
sponse but also other system might underlie the abnormal behav-
iors in the transgenic mice. Further analysis of the effect of activin
E on the CNS is required to clarify the behavioral abnormalities in
the transgenic mice.

The question arises as to what the behavioral abnormality in-
duced by misexpression of activin E represents pathophysiologi-
cally. Recently, Nishino et al. have reported the involvement of
the TGF-B superfamily, especially activin E, in neuronal disorders
of rats infected with BDV [8]. Gene expression for the activin BE
subunit in the rat brain is up-regulated by BDV infection. BDV is
a neurotropic and single-stranded enveloped RNA virus that persis-
tently infects the CNS of various animals and may cause behavioral
abnormalities [24,25]. Experimental BDV infection in rodents also
induces behavioral and neurological disturbances that resemble
those in psychiatric patients, including those with autism, schizo-
phrenia or mood disorders [26,27]. Interestingly, BDV genomic
transcripts have been detected in neuropsychiatric patients [28].
Furthermore, viral RNA from BDV has been detected in patients

-269-
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with schizophrenia or schizoaffective disorder, and in their biolog-
ical relatives [29]. Taken together, these results suggest that activin
BE subunit expressed in BDV-infected brain has a role in these
mental disorders and is important for understanding the disease
pathophysiologically.

In summary, we demonstrated that TgActBE mice have aggres-
sive and low-anxiety behavior caused by reduced sensitivity to the
stress. Ectopic expression of activin E in the choroid plexus might
influence the CNS and behavior. TgActBE mice may be a useful ani-
mal model for further study of mental disorders in humans.
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ABSTRACT

Neurons, astrocytes, and oligodendrocytes—the three major
cell types that comprise the central nervous system—are
generated from common multipotent neural precursor cells
(NPCs). Members of the interleukin-6 family of cytokines,
including leukemia inhibitory factor (LIF), induce astrocyte
differentiation of NPCs by activating the transcription factor
signal transducer and activator of transcription 3 (STAT3).
We show here that retinoic acid (RA) facilitates LIF-
induced astrocyte differentiation of NPCs. RA and LIF syn-
ergistically activate the promoter of gfap, which encodes the

astrocytic marker glial fibrillary acidic protein, and a puta-
tive RA response element in the promoter was found to be
critical for this activation. Histone H3 acetylation around
the STAT-binding site in the gfap promoter was increased
in NPCs treated with RA, allowing STAT3 to gain access to
the prometer more efficiently. These results suggest that RA
acts in concert with LIF to induce astrocyte differentiation
of NPCs through an epigenetic mechanism that involves
cross-talk between distinct signaling pathways. Stem Cells
2009:27:2744-2752
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INTRODUCTION

Multipotent neural precursor cells (NPCs) are defined as cells
that can self-renew and give rise to the three major cell types
in the central nervous system (CNS): neurons, astrocytes, and
oligodendrocytes. However, NPCs lack multipotentiality in
early gestation, and differentiate only into neurons at mid-ges-
tation. NPCs later acquire multipotentiality and start to differ-
entiate into astrocytes and oligodendrocytes during late gesta-
tion [1, 2. This sequential differentiation of NPCs: appears to
be temporally and spatially. regulated-by: both- cell-external
cues, including cytokine signaling, and cell-intemal programs
such as epigenetic modification [3-6].

The -interfeukin (IL)-6 family of c¢ytokines - share mem-
brane glycoprotein gpl130 as a critical receptor component for
activation of the downstream janus kinase (JAK)-signal trans-
ducer - and- activator- of transcription (STAT)- pathway, and
have been shown to induce astrocyte differentiation of NPCs
[7-9]. One member of this family, leukemia inhibitory factor
(LIF}, signals” through' its - heterodimeric  receptor complex,
which is "composed of LIF receptor’ (LIFR)-f and 'gp130.
Gene knockouts ‘of LIF, LIFRf, gp130; and STAT3 all result
in impaired astrocyte differentiation in vivo, further indicating
that JAK-STAT signaling contributes to astrogliogenesis in
the developing CNS-[8, 10-12]. Bone morphogenetic proteins
(BMPs) also contribute to the. expression of astrocyte-specific
genes via complex formation between the BMP-downstream

transcription factor Smadl and STATS, bridged by the tran-
scription coactivator p300/CREB-binding protein (CBP) (13,
14].

Epigenetic modifications include both DNA methylation
and histone modifications such as acetylation, methylation,
phosphorylation, and ubiquitinylation [15, 16]. We have pre-
viously shown that'a CpG dinucleotide within the STAT3 rec-
ognition sequence in' the astrocytic marker glial fibrillary
acidic protein (gfap) gens promoter is highly methylated in
NPCs at mid-gestation, when the cells have not yet acquired
the potential to differentiate into astrocytes [4]. Since STAT3
is unable to bind to-the methylated cognate recognition
sequence [4, 17], midgestational NPCs cannot express gfup
even when they are stimulated by astrocyte-inducing cyto-
kines such as LIF. As gestation proceeds, however, the
STAT3-binding site becomes demethylated in NPCs, enabling
the cells to express gfap in response to LIF stimulation. Based
on these findings, we have suggested that DNA methylation is
a critical cell-intrinsic determinant of astrocyte differentiation
during brain development [4; 6].

Histone acetylation, mediated by transcriptional coactiva-
tors having histone acetyltransferase (HAT) activity such as
p300/CBP; has been shown to correlate with gene activation
[15; 16]. Conversely, gene repression is associated with his-
tonedeacetylation, which. favors chromatin. condensation.
Transcriptional repressors, such: as nuclear receptor corepres-
sor, (N-CoR})- and  neuron-restrictive: silencer.. factor/repressor
element-1 silencing transcription: factor (NRSF/REST), have
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been found in complexes with histone deacetylases (HDACs)
on gene regulatory regions [18, 19].

Retinoid acid (RA) acts through RA receptors (RARs),
which are members of the nuclear receptor superfamily. RARs
bind, together with their heterodimeric partners the retinoid X
receptors {(RXRs), to RA response elements (RAREs) in the
promoter regions of target. In the absence of RA ligand, RARs
associate with either N-CoR or silencing mediator of retinoic
acid and thyroid hormmone receptors (SMRT), leading to
repression of target genes by recruitment of HDACs {20-24].
When RA binds to its cognate receptor, however, HDACs are
released from the RAR-RXR heterodimer and transcriptional
coactivators with HAT activity are instead recruited [20-23].
In addition, it has recently been reported that many HDAC-
regulated genes are also targeted by RAR {23].

Expression of RA-synthesizing and -degrading enzymes
and of RARs has been shown in the developing brain [26-31].
In transgenic mice carrying a reporter gene for RA signal acti-
vation, RA signaling is shown to be indeed active in embryonic
brain [31-33], and gene knockouts of RA-synthesizing and -
degrading enzymes and of RARs yield impaired development
of the CNS [27, 30, 34-38]. Thus, it is reasonable to hypothe-
size that RA signaling may be involved in the fate specification
of NPCs during’ development. Furthermore, although RA has
indeed been shown to induce nearonal differentiation of NPCs
[24. 39], the extent to which it participates in' differentiation
into other lineages remains to be fully elucidated.

Although histone acetylation has been shown to correlates
with gene activation, its precise molecular mechanisms are not
fully understood. In this study, we show that RA acts synergis-
tically with LIF to induce astrocyte differentiation of NPCs.
Synergistic activation of the gfap promoter was virtually abol-
ished by either deletion or mutation of a putative RARE in the
promoter. We also found that RA stimulation of NPCs facili-
tates STAT3 binding to the gfap promoter, probably through
the relaxation of chromatin caused by RA-induced histone
acetylation around the STAT3-binding site. Furthermore, as in
the case of RA stimulation, treatment with the HDAC inhibitor
valproic acid (VPA) increased histone acetylation in NPCs,
leading to enhanced STAT3 binding to the gfup promoter. Our
results therefore suggest that RA-induced histone acetylation
participates in astrocyte differentiation of NPCs by facilitating
STATS3 binding to an astrocyte-specific gene promoter.

MATERIALS ‘AND METHODS

NPC Culture

Pregnant ICR mice were used to prepare NPCs. The experimental
protocols described below were performed according to the ani-
mal experimentation. guidelines of Nara Institute of Science and
Technology. NPCs were prepared frotn telencephalons:of E14.5
mice and cultured as described previously [4, 13]. Briefly, the tel-
encephalons- were  triturated " in  Hank’s  balanced “salt solution
(HBSS) by mild pipetting with a -l pipet tip. Dissociated cells
were cultured for 4 days in N2-supplemented Dulbecco’s modi-
fied Eagle’s medium (DMEM) with F12 containing 10 ng/ml ba-
sic FGF (N2/DMEM/F12/bFGF: R&D Systéms' Inc., Minneapolis,
http://www.ndsystems.com) on culture dishes which had been
precoated with poly-L-ornithine and fibronectin (Sigma-Aldrich,
St: Louis, http://www.sigmaaldrich.com). Cells were detached in
HBSS and replated onto chamber slides, 60-nun culture dishes,
or 12-well plates (Nunc, Rochester, NY, http://wwsw.nuncbrand.-
com), precoated: as above, and. cultured in N2/DMEM/F12/bFGE.
RA. (1. uM; Sigma), LIF (50 ng/ml, Chemicon, Temecula; CA,
http://www.chemicon.com) and VPA. (1 -mM, Sigma) were added
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singly or in combination. as appropriate, to examine their effects
on differentiation of NPCs. Cells cultured on coated chamber
slides were washed with PBS. fixed in 4% paraformaldehyde in
PBS. and stained with anti-GFAP antibody (IDAKO. Glostrup.
Denmark, http://www.dake.com) and Cy3-conjugated second anti-
body (Jackson Immunorescarch Laboratories, West Grove, PA.
http://www jacksonimmuno.com). Nuclei were stained using bis-
benzimide H33258 fAuorochrome tiihydrochloride (Nacalai Tes-
que. Kyoto. Japan. www.nacalai.cojp/en). Stained cells were
visualized with fluorescence microscope (Axiovert 200M. Carl
Zeiss. Jena, Gemmany, http://www.zeiss.com}.

Reverse-Transcription Polvmerase Chain Reaction

Total RNA was isolated from NPCs that had been cultured with
LIF for 8 hours in the presence or absence of RA. Reverse tran-
scription was performed with SuperScript 11 reverse transcriptase
(Invitrogen, Carlsbad. CA. http://www.invitrogen.com) and poly-
merase chain reaction (PCR) reactions were performed using
Amplitag Gold (Applied BioSystems. Foster City. CA, http://
www.appliedbiosystems.com). The following primers were used:
gfap.  GFAP-S, 5-CACGAACGAGTCCCTAGAGC-3', and
GFAP-AS, 5-TCACATCACCACGTCCTTG-3"; g3pdh: G3PDH-
S, 5~ ACCACAGTCCATGCCATCAC-3'. and G3PDH-AS. 5'-
TCCACCACCCTGTTGCTGT A-3.

Promoter Assay

NPCs cultured for 4 days on 10-cm dishes as described above
were replated onto 12-well plates (Nunc) and transfected the next
day with a plasmid containing the firefly luciferase gene under
the regulation of the 2.5-kb gfap promoter (GFIL) {13}, the 1.9-
kb ¢fap promoter (GF1LB, Fig. 3A) [13]. or with a modified con-
struct in which nucleotide substitutions were introduced into the
GFIL sequences 5-TTCCGAGAA-3'. a STAT3-binding site
(GF1L-SBSPM) (4}, or 5-AGTTCAAGGTCA-3, a putative
RARE (GFIL-RAREPM. Fig. 3B). As an intemal control. the sea
pansy luciferase gene conjugated with human elongation factor-
1o promoter (R-Luc) was also cotranstected [13]. Transfection
was performed using Trans-IT LTl (Mirus Bio, Madison, W1,
www.mirusbio.com) according to the manufacturer’s procedures.
On the day after transfection. cells were stimulated with LIF (50
ng/mi) andfor RA (1 pM) for 8 hours and then solubilized. Lucif-
erase activity was measured according to the procedures recom-
mended for the Dual Luciferase:Reporter Assay System (Prom-
ega, Madison. WL, http://www. promega.com), using Wallac 1420
ARVO/Light (PerkinElmer Life and Analytical Sciences, Boston,
MA, http://www perkinelmer.com): luminometer: was. used for
detection. Firefly luciferase activity: was- divided by sea pansy
luciferase activity from the cotransfected control plasmid, R-Luc.

Chromatin Immunoprecipitation Assay

Chromatin. immunoprecipitation: was performed- according to a
protocol . published: by Upstate: Biotechnology . (Charlottesville,
VA, http://www.upstate.com),  with: minor. modifications.: Cells
were: exposed. to formaldehyde at a final: concentration of 1%,
added directly to: the tissue culture medium. The cells were: ceén-
trifuged to-a pellet after 10 min of formaldehyde exposure, lysed
in_lysis_buffer (1% SDS. 10 mM EDTA, 50 mM Tris-HCI {pH
8.1]) containing a protease. inhibitor: cocktail (Nacalai Tesque),
and then incubated for 10 min on ice. Cell lvsatés weie sonicated
using a microtip (Branson Ultrasonics, Danbury, CT. www.bran-
sonultrasonics.com} until the DNA fragments were 500-1,000
base pairs in length. These chromatin samples were diluted 1:10
with dilution buffer (1.1% Triton X-100, 0.11% NaDOC, 50 mM
Tris-HCI [pH 8.1], 167 mM NaCl), and 2.5% of the total volume
was stored as' input at' =20°C ontil use. Immunoprecipitation was
performed at 4°C overnight with 2 ug of an antibody against
STAT3, RARz, RARS, RXR (Santa Cruz Biotechnology. Inc..
Santa Cruz,” CA, http://www.scbt.com). or acetylated histone. H3
(Upstate ' Biotechnology) -after the samples were precleared: with
salmon sperm. DNA/protein - A-agarose: (Upstate . Biotechnology).
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Synergistic induction of astrocyte differentiation of neural precursor cells (NPCs) by retinoic acid (RA) and leukemia inhibitory factor

(LIF). NPCs were cultured with medium alone (A), RA (1 gM) (B), LIF (50 ng/ml) (C), or RA (1 uM) plus LIF (50 ng/ml) (D) for 2 days. The
cells were then stained with antibody against glial fibrillary acidic protein (GFAP: red) and with Hoechst 33258 (blue). Scale bar = 50 um. (E):
Percentage of GFAP-positive cells in total cells was calculated. (F): Total RNA was extracted from NPCs cultured as above with medium alone,
RA, LIF, or RA plus LIF, and was analyzed by reverse-transcription polymerase chain reaction using specific primers for gfap and g3pdh. (G):
gfap promoter assays were performed for cells transfected with a firefly luciferase gene reporter construct containing the 2.5-kb mouse gfap pro-
moter (GFIL) along with R-Luc, following incubation with or without RA and/or LIF for 8 hours. Data in graphs are mean £ SD.

Immune complexes were collected by salmon sperm DNA/protein
A agarose and washed successively with the following buffers:
low-salt buffer (0.1% SDS, 1% Triton X-100, 0.1% NaDOC.
1 mM EDTA, 50 mM Tris-HCI [pH 8.1], 167 mM NaCl). high-
salt buffer (0.1% SDS, 1% Triton X-100, 0.1% NaDOC, 1 mM
EDTA, 50 mM Tris-HCI [pH 8.1]. 500 mM NaCl). LiCl buffer
(0.25 M LiCl, 0.5% NP-40, 0.5% NaDOC, 1 mM EDTA, 10 mM
Tris-HCI [pH 8.1]), and TE buffer (10 mM Tris-HCl, 1 mM
EDTA [pH 8.0]). Inmune complexes were disrapted with direct
elution buffer (0.5% SDS, 5 mM EDTA, 10 mM Tris-HCI1 [pH
8.1], 300 mM NaCl) and the covalent links between immunopre-
cipitates and input chromatin were disrupted by incubation with
300 mM NaCl at 65°C for 4 hours or overnight. DNA was further
incubated with RNase and proteinase K (Nacalai Tesque), puri-
fied by phenol extraction, and ethanol precipitated. DNA pellets
were dissolved in 20 ul of H,O and used as a template for PCR
or quantitative PCR (qPCR). The following sets of primers were
used: GSS (5-TAAGCTGAAGACCTGGCAGTG-3') and GSAS

(5'-TGCTGAATAGAGCCTTGTTCTC-3') for PCR, GSSQ (5'-
TGACTCACCTTGGCATAGACAT-3') and GSASQ (5'-
CTGCTTTTATCCCAGGATGC-3') for gPCR of the STAT3-
binding site-containing region of the gfap promoter, GF-RARE-S
(5'-CACAGGAGGTGTGGTGGCTA-3") and GF-RARE-AS (5'-
GGTTTGTCAGCAACGCTGGA-3) for PCR, GF-RARE-SQ
(5'-GCTTAAGGCTGGAAGACACAG -3') and GF-RARE-ASQ,
(5'-CTGGATCTAGGACTTGCTTCGT-3') for gPCR of the
RARE-containing region of the gfap promoter.

RESULTS

RA and LIF Synergistically Induce Astrocyte
Differentiation of NPCs

As a first step toward testing the possibility that RA signaling
plays a role in fate specification of NPCs, we examined the
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Figure 2.

STAT3 is required for the synergy between retinoic acid (RA) and leukemia inhibitory factor (LIF). (A): Neural precursor cells

(NPCs) were transfected with an expression plasmid encoding STAT3Y7%F (DN-STAT3) or a control vector together with GF1L along with R-
Luc. The cells were incubated with or without RA (1 ;M) and LIF (50 ng/ml) for 8 hours. (B): NPCs were transfected either with GFIL or with
GFIL-SBSPM (mutated in the STAT3 recognition sequence), along with R-Luc, and incubated with or without RA (1 zM) and LIF (50 ng/ml)

for 8 hours. Data are mean + SD.

expression of RAR and RXR family genes in NPCs and found
that they were indeed expressed (supporting information Fig.
1). We next investigated the effect of RA on astrocyte differ-
entiation of NPCs. NPCs prepared from E14.5 mouse telen-
cephalons were cultured for 2 days with RA, with LIF, with
RA together with LIF, or left untreated. The cells were then
stained with an antibody against the astrocyte-specific marker
GFAP. As shown in Figure 1, a small number of GFAP-
positive astrocytes were induced in the presence of LIF,
whereas RA alone induced no GFAP-positive cells (Fig. 1A—
C, 1E). However, GFAP-positive astrocyte differentiation was
induced synergistically when the NPCs were treated simulta-
neously with RA and LIF (Fig. 1D, 1E). We also examined
another astrocytic marker, S1004, whose expression begins
earlier than that of GFAP in the course of astrocytic differen-
tiation [40]. In contrast to the case of GFAP, RA alone
induced S100f-positive cells in NPCs (supporting information
Fig. 2). This is probably because that S100f is an earlier
marker for astrocyte differentiation than GFAP [40]. There-
fore, this gene has already become competent to be induced
by either RA or LIF alone by this developmental stage,
although the precise mechanism is currently unknown.

www.StemCells.com

To unravel the mechanism whereby RA and LIF synergis-
tically induce GFAP-positive astrocyte differentiation of
NPCs, we next performed RT-PCR analysis. gfap mRNA
increased markedly in the costimulated condition with RA
and LIF compared to treatments with LIF or RA alone (Fig.
1F). indicating that RA acts at the transcriptional level to
enhance LIF-induced GFAP-positive astrocyte differentiation.

Given that RA affects gfap expression, we carried out a
reporter assay using the gfap promoter construct GF1L-pGL3
[4, 13]. As shown in Figure 1G, although the gfap promoter
was barely activated by RA alone, synergistic activation was
observed when the NPCs were treated with RA and LIF
simultaneously. These results indicate that RA and LIF syn-
ergistically induce astrocyte differentiation of NPCs.

STAT3 Is Essential for Synergistic Activation of the
Gfap Promoter by RA and LIF

STATS3 plays a critical role as a downstream molecule in [L-6
family cytokine-signaling pathways [4, 7, &, 13]. Therefore, to
investigate whether STAT3 is also essential for synergistic
activation of the gfap promoter by RA and LIF, we performed
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Figure 3. A retinoic acid response element (RARE) in the gfap promoter is essential for the synergistic activation by retinoic acid (RA) and
leukemia inhibitory factor (LIF). Neural precursor cells (NPCs) were transfected with either GF1L or GFILB (A), or GFIL-RAREPM (B), along

with R-Luc, and inc¢

r-test. *, p < .05; ##%, p < .005: NS, not significant (p = .143 in A, p =

bated with or without RA (1 gM) for 8 hours. Data are mean + SD. Statistical significance was examined by the Student’s
.248 in B). Chromatin immunoprecipitation assays for E14.5 forebrain-

derived NPCs (C) and freshly prepared P1 forebrain (D) were performed using anti-RARyz, RARp. RXR, and control IgG antibody, and followed
by polymerase chain reaction with primers targeted to a fragment including the RARE in the gfup promoter.

a reporter assay using GFI1L-pGL3 in combination with a
construct expressing a dominant-negative form of STAT3
(DN-STAT?3) in which tyrosine 705 of STAT3 is substituted
by phenylalanine [13]. As expected, expression of DN-STAT3
in NPCs suppressed the activation of the gfap promoter by
LIF (Fig. 2A). Furthermore, DN-STAT3 dramatically inhib-
ited the activation of the promoter induced by simultaneous
addition of RA and LIF. We have previously shown that a
STAT-binding site (TTCCGAGAA) located 1.5 kb upstream
of the gfap transcription initiation site is indispensable for
STAT3 to activate the gfap promoter. When this site was
mutated to CCAAGAGAA (Fig. 2B), activation of the gfap
promoter by combined treatment with RA and LIF, as well as

with LIF alone, was virtually abolished (Fig. 2B). Collec-
tively, these results reveal that the activation of STAT3 and
its binding to the cognate recognition site are essential for the
synergistic activation of the gfap promoter induced by RA
and LIF.

A RARE in the Gfap Promoter Is Critical for
Synergistic Activation Induced by RA and LIF

We identified a putative RARE site (AGTTCAAGGTCA)
located 2.5 kb upstream of the gfap transcription start site. To
determine whether this RARE is important for the synergistic
activation of the promoter by RA and LIF, we next tested the
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responsiveness of the deleted gfap promoter construct
GF1LB, which lacks a 0.6-kb fragment that spans the RARE
(Fig. 3A) [13]. It has been shown that, in the absence of
ligands, the RAR/RXR heterodimer functions as a transcrip-
tional suppressor by forming a complex with corepressor mol-
ecules such as N-CoR and SMRT [20, 24, 41, 42]. Consistent
with these findings, the responsiveness of GF1LB to LIF stim-
ulation was augmented relative to GFIL, probably due to de-
letion of the region containing the RARE. There was no fur-
ther augmentation of LIF-induced activation of GFILB by
RA stimulation (Fig. 3A). We also obtained similar results to
those with the deletion construct when nucleotide substitu-
tions were made in the RARE (AGTTTGGAGTCA, GFlL-
RAREPM) (Fig. 3B).

We next examined whether RAR/RXR indeed associates
with the region of the gfap promoter containing the RARE,
by chromatin immunoprecipitation (ChIP) assay using specific
antibodies against RARa, RARf, and RXR. As shown in Fig-
ure 3C and D, binding of RAR#, RARf, and RXR to the
RARE-containing region was detected in cultured NPCs and
in the forebrain at postnatal day 1 (P1) when astrocytogenesis
is intensively occurring [2, 43]. These results suggest that the
RARE in the gfap promoter plays a critical role in the syner-
gistic action of RA and LIF.

We then sought to examine whether RA signaling is in
fact activated in the Pl brain in vivo. To this end, we intro-
duced luciferase construct containing 3x RARE (pGL3-
RARE) to P1 forebrain by electroporation with or without a
plasmid expressing dominant negative form of RARw
(RAR403) in which transcriptional activation domain is
deleted [44]. On the following day, dissociated cells from the
forebrain were subjected to a reporter assay. As shown in sup-
porting information Figure 3, we observed an activation of
the reporter and this activation was completely inhibited by
the expression of RAR403, suggesting that RA signaling is
actually activated in vivo during astrocytogenesis.

RA Increases Histone H3 Acetylation Around the
STAT-binding Site in the gfap Promoter, Thus
Enhancing STAT3 Binding to the Promoter

Upon binding of RA to RAR/RXR, the transcriptional
repressor complex: has been shown to be replaced by. coactiva-
tor molecules, including p300/CBP, that possess histone ace-
tyltransferase activity [20, 41, 42}, Tn support of this, we con-
firmed RA-induced exchange of association factor with RAR«
by a _coimmunoprecipitation assay in the presence or absence
of RA:in.293T. cells. transfected with Myc-RARw, N-CoR-
FLAG; and-p300-HA expressing constructs: (supporting. infor-
mation Fig. 4). Since histone acetylation is considered to relax
chromatin- structure, ‘allowing gene' transcription' [16, 45], -we
hypothesized that the mechanism of synergistic  action of RA
and LIF on the gfap promoter might involve an alteration of
histone acetylation. To test this hypothesis, we carried out a
ChIP assay; using a specific antibody for acetylated histone
H3; in'NPCs stimulated with RA:“As shown' in" Figure 4B,
histone H3 acetylation was ‘enhanced not only in the' RARE-
containing region but also in the STAT site-containing region
of the gfap promoter in response to RA; this increased acety-
lation may enable STAT3 to bind more efficiently to the
relaxed promoter. Moreover, we observed an enhancement of
LIF-induced STAT3 binding to the gfup promoter when the
cells were costimulated with RA (Fig. 4C). Thus; these results
suggest that RA facilitates - STAT3 bindiig to " the promoter
through an'alteration’ in chromatin modification.

Since it has been shown that there' was an inverse correla-
tion bétweenr DNA ‘meéthylation status of the gfap promioter
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Figure 4. Retinoic acid (RA)-induced histone H3 acetylation in the
STAT site-containing region facilitates STAT3 binding to the gfap pro-
moter. (A): Schematic diagram of the gfap promoter showing the loca-
tions of the retinoic acid response element (RARE) and STAT3-
binding sequences. Arrows indicate the locations of primers used in
gqPCR for chromatin immunoprecipitation (ChIP) assays in (B) or (C).
Cells were stimulated with or without RA (1 4#M) and leukemia inhibi-
tory. factor (50 ng/mly for 20 minutes. ChIP assays were performed
using antiacetylated histone H3 and IgG antibodies (B), or anti-STAT3
and ' IgG antibodies (C), followed by polymerase chain reaction with
primers: targefed to fragments including the RARE or STAT3-binding
site in the gfap promoter as indicated. Data are mean + SD. Statistical
significance Was examined by the Student’s f-test. *, p < .05.

containing: STAT3  binding: site and the potential of cells to
express gfap [4, 46,47, we next examined whether methyla-
tion"of ‘the’ promoter region was' affécted by RA ‘stimulation
using bisulfite sequence method. However, in agreement with
previous repoits [4, 46, 47], almost all CpG sites at gfap pro-
moter had''become almost  demethylated in 4-day-cultured
NPCs, and this was not further changed even after additional
2-day culture with RA (data not shown).

Histone Acetylation Promoted by HDAC Inhibition
Mimics the Effect of RA on Astrocytic
Differentiation of NPCs

To further explore the ‘relationship between histone acetyla-
tion - and - astrocytic’ differentiation of NPCs, wé' sought fo
determine whether treatment with the. HDAC' inhibitor- val-
proic-acid (VPA; 2-propylpentanoic acid) [48] affects’ GFAP-
positive “astrocyte” differentiation of NPCs. "Although VPA
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Astrocyte Differentiation Enhanced by Retinoic Acid
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Figure 5. The histone deacetylases inhibitor valproic acid (VPA) promotes leukemia inhibitory factor (LIF)-induced astrocyte differentiation of

neural precursor cells. Cells were cultured with medium alone (A), VPA (1 mM) (B), LIF (50 ng/ml) (C), or VPA (1 mM) plus LIF (50 ng/ml)
(D) for 2 days, and then stained with an antibody against glial fibrillary acidic protein (GFAP; red) and with Hoechst 33258 (blue). Scale bar =
50 pum. (E): Percentage of GFAP-positive cells in total cells was calculated. Data are mean + SD. Chromatin immunoprecipitation assays were
performed using anti-acetylated histone H3 and IgG antibodies (F), or anti-STAT3 and IgG antibodies (G), and followed by polymerase chain
reaction with primers targeted to a fragment including the STAT3-binding sequence within the gfap promoter.

itself did not induce GFAP-positive cells, we observed that
VPA and LIF synergistically induced GFAP-positive astrocyte
differentiation of NPCs (Fig. 5SA-E), as in the case of RA and
LIF. We further confirmed that histone H3 acetylation around
the STAT3-binding site was increased by VPA treatment in
NPCs (Fig. 5F). Finally, we tested the association of STAT3
with the gfap promoter by ChIP assay, and found that STAT3
bound more effectively to the promoter in the presence of
both VPA and LIF than with LIF alone (Fig. 5G). Taken to-
gether, these results suggest that histone acetylation enhances
STATS3 binding to the gfap promoter and thereby plays an im-
portant role in astrocyte differentiation of NPCs that have
been synergistically induced by RA and LIF.

DiscussIoN

It was reported recently that, at relatively late gestation, RA
promotes astrocyte differentiation of NPCs induced by ciliary
neurotrophic factor (CNTF), a member of the IL-6 cytokine
family that activates the same gpl30-JAK-STAT pathway as

does LIF [49]. However, a mechanism to explain this function
of RA has yet to be presented. In this study, we have shown
that RA synergistically induces astrocyte differentiation of
NPCs in cooperation with LIF, a plausible explanation for
which is that RA enhances histone H3 acetylation around the
STAT3-binding site in the gfap promoter, thus making the
site more accessible to STAT3 (Fig. 6). Moreover, we found
that histone acetylation induced by VPA also promoted LIF-
induced astrocyte differentiation. Taken together, these results
indicate that RA-induced alteration of histone acetylation reg-
ulates astrocyte differentiation of NPCs by facilitating STAT3
binding to the astrocyte-specific gene promoter. In this con-
text, O'Donnell et al. [50] have recently shown that histone
acetylation induced by the ETS domain transcription factor
ELK-1 stimulates recruitment of nuclear factor IA to the c-fos
gene promoter. Taking their and our findings into considera-
tion, this type of mechanism (i.e., primary effectors trigger a
HAT relay switch, which facilitates the recruitment of addi-
tional transcription factors) may be widespread in histone
acetylation-associated gene activation.

We further found that RARo, RARS, and RXR associate
with a RARE-containing region of the gfap promoter, and
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