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RESULTS

TLX-Expressing Cells Are VZ-Specific Neural
Stem Cells

Taking advantage of a B-galactosidase (B-gal) reporter
that was knocked into the TLX loci, we examined
the expression pattern of TLX in embryonic brains of
TLX heterozygote mice. 5-Bromo-4-chloro-3-indolyl-g-
galactopyranoside (X-gal) staining revealed that TLX is
specifically expressed in the VZ of embryonic brains
(Fig. 1A). Immunostaining with a $-gal-specific antibody
showed similar VZ-specific staining pattern (Fig. 1B).
To examine more closely the expression pattern of
TLX during mammalian neural development, a TLX-
specific polyclonal antibody was developed. The
specificity of the TLX antibody was revealed by both
Western blot and immunofluorescence analyses. The
TLX antibody detected a 46-kDa protein specifically in
TLX stably transfected 3T3 cells (3T3-TLX), but not in
parental 3T3 cells that have no endogenous TLX ex-
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Fig. 1. Expression of TLX in the Ventricular Zone of E14.5
Brains

A, X-gal staining of B-gal enzymatic activity in coronal brain
sections from E14.5 TLX+/— mice. B, Antibody staining of
B-gal in brain sections from E14.5 TLX+/~ mice. Enlarged
images of the boxed regions were shown below the boxed
panels. C, Characterization of TLX-specific antibody. Poly-
clonal antibody specific for TLX was generated against
mouse TLX ligand-binding domain (amino acid residues 180-
385). The top panels are Western blot analyses using cell
lysates from 3T3, TLX-transfected 3T3 (3T3-TLX) cells, neural
stem cells (NSC), and E14.5 brains. The bottom panels are
immunofluorescence analysis of 3T3 and 3T3-TLX cells using
the TLX antibody (shown in red). D, Immunostaining of coro-
nal brain sections from E14.5 TLX+/— and TLX—/— mice.
Scale bar, 200 pm. Enlarged images of the boxed regions are
shown below the boxed panels.
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pression (Fig. 1C). Nuclear staining of TLX was also
observed in 3T3-TLX cells specifically, but not in 3T3
cells. The TLX antibody also recognized endogenous
TLX in neural stem cells and E14.5 brain lysates as
revealed in Western blot analyses (Fig. 1C). Immuno-
staining of embryonic brain sections using the TLX-
specific antibody revealed strong TLX expression in
the periventricular zone of E14.5 wild-type and TLX
heterozygous brains, whereas no staining was de-
tected in the TLX-null brains (Fig. 1D). These results
together indicate that TLX is specifically expressed in
the germinal zone of embryonic brains.

To determine the identity of the TLX-expressing
cells, we performed double immunostaining of embry-
onic brain sections using the TLX-specific antibody
and antibodies specific to neural precursors or differ-
entiated neurons. Previous studies suggested that
nestin is a common marker of proliferating neural pro-
genitors (15, 16). Immunohistological assessment of
E14.5 brain sections from TLX+/— mice revealed co-
localization of TLX and nestin in the VZ neural progen-
itor cells, with nuclear TLX staining and cytoplasm/
process-specific nestin staining (Fig. 2A). Cortical
neural progenitor cells are also marked by expression
of RC2, a radial glial marker (17-19). Colocalization of
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Fig. 2. TLX-Expressing Cells Are Nestin-Positive Embryonic
Neural Precursor Cells

The TLX-expressing cells are nestin (A} and RC2 positive
(B), but doublecortin (DCX, panel C) and NeuN (panel D) nega-
tive neural stem/progenitor cells in the VZ of mouse embryonic
brains. The boxed portions are enlarged and shown in the mid-
dle and right panels. Scale bars: A (left), 200 pm; A (middie), 20
um; scale bars in B are the same as in A; C (left), 500 um; C
(right), 50 pm; D (keft), 400 pm; D (right), 100 pm.
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TLX with RC2 (Fig. 2B) is evident throughout VZ, fur-
ther supporting that TLX is expressed in embryonic
neural precursor cells. In contrast, costaining of E14.5
brain sections with antibody specific to TLX and anti-
bodies for neuronal markers doublecortin (DCX) or
neuronal nuclei (NeuN) revealed distinct staining pat-
tern of TLX and the neuronal markers (Fig. 2, C and D).
The TLX-expressing cells are exclusively localized to
the VZ, whereas DCX and NeuN-positive cells are
specifically distributed to the intermediate zones and
cortical plates. These results suggest that the TLX-
expressing cells represent VZ-specific neural stem/
progenitor cells in embryonic brains.

To further examine whether the TLX-expressing
cells represent the actively dividing cells in the embry-
onic brains, we performed double staining of TLX and
5-bromodeoxyuridine (BrdU), a thymidine analog, on
brain sections from TLX+/— E14.5 mice pretreated
with BrdU. The analysis showed that TLX expression
corresponds to both BrdU-positive and BrdU-negative
cells in the embryonic brain germinal zone (Fig. 3A). In
addition to BrdU labeling, which specifically marks
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Fig. 3. Costaining of TLX and Proliferative Markers in Em-
bryonic Brains

A, Costaining of TLX and BrdU. Brain sections from mice
exposed to a single pulse of BrdU for 2 h before brain harvest
were costained with antibodies specific to BrdU (red) and TLX
(green). The right panel is the enlargement of the boxed region
in the left panel. Insets in the right panel are enlarged images of
the arrow-pointed cell shown in BrdU single staining (red), TLX
single staining (green), and merged image of double staining. B,
Costaining of TLX and Ki67. E14.5 brain sections were
costained with antibodies specific for Ki67 (red) and TLX (green).
The right panel (<40) is the enlargement of the boxed region in
the left panel (x10). The lower panels are the enlargements of
the boxed region in the x40 image panel.
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cells at S phase, we also stained E14.5 brain sections
with Ki67, a marker that labels all phases of the cell
cycle, except the GO/G1 phase (20). Cells that are
positive for both TLX and Ki67 staining were detected
in the VZ of E14.5 brains (Fig. 3B). Because Ki67 labels
a wider range of cells in the cell cycle, more cells were
costained with TLX and Ki67 than costained with TLX
and BrdU. A fraction of TLX-positive cells that are Ki67
negative was also detected in the VZ. These results
suggest that TLX-expressing cells are primarily those
actively dividing neural progenitors in cell cycle, but a
small proportion could represent quiescent or nondi-
viding cells in the VZ of embryonic brains.

TLX Regulates Cell Cycle Progression in
Embryonic Brains

To determine the role of TLX in embryonic brain de-
velopment, we analyzed developing brains of TLX
knockout mice. Serial Nissl staining of embryonic
brains of TLX—/— mice at E14.5 revealed reduced
areas of VZ and enlarged ventricles in TLX—/- brains,
compared with that in wild-type brains (Fig. 4, A and
B). The thinning of the VZ is more prominent in rostral
sections than that in caudal sections, with the biggest
differences in the ganglionic eminence of rostral sec-
tions (marked by dofted lines in panel 3).

The reduced areas of the VZ and the enlarged ventri-
cles are probably due to the hypocellularity of the VZ.
Therefore we determined whether there are decreased
numbers of nestin-positive cells in the VZ of TLX—/—
embryonic brains. Brain sections of wild-type and
TLX—/— E14.5 embryos were immunostained with nes-
tin-specific antibody. The number of nestin-positive cells
was reduced in TLX—/— E14.5 brains (Fig. 4C, quantifi-
cation in Fig. 4F), in good agreement with the reduced
areas of VZ in TLX—/— embryonic brains (Fig. 4, A and
B), suggesting that there are decreased numbers of neu-
ral precursors in the TLX—/— embryonic brains.

Programmed cell death (apoptosis) occurs during
normal brain development (21). Increased cell death
may contribute to reduced areas of VZ in TLX—/—
embryonic brains. Apoptotic cell death was examined
using terminal transferase dUTP nick end labeling
(TUNEL) assay in wild-type and TLX—/— brains (Fig.
4D, quantification in Fig. 4G). Counts of total numbers
of labeled cells revealed that cell death in transgenic
brains was not substantially more than that found in
wild-type mice, suggesting that the reduced neural
stem/progenitor cells in TLX—/— embryonic brains did
not result from increased apoptotic cell death.

Next we examined whether TLX affects cell prolif-
eration in the embryonic brain. We used BrdU to label
dividing neural precursor cells by exposing E14.5 em-
bryos to BrdU for 2 h before brain harvest. Immuno-
staining of embryonic brain sections with BrdU-spe-
cific antibody was performed to monitor cell
proliferation. Quantification of the BrdU-positive celis
in both wild-type and TLX—/— E14.5 VZ revealed a
significant decrease of total BrdU-positive cells in
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Fig. 4. Reduced Neural Progenitors and Cell Proliferation in E14.5 TLX—/— Brains

A, Nissl staining of coronal brain sections of E14.5 wild-type (WT) and mutant (MT) mice. The sections were divided into six
matched panels from rostral to caudal. B, Quantification of the area of the lateral ganglionic eminence of VZ in each section shown
in panel A, P value is indicated for statistical significance. C, Reduced neural progenitor cells in TLX—/— E14.5 brains as revealed
by nestin immunostaining (red) of E14.5 wild-type and TLX—/- brains. D, No significant increase of apoptotic cell death in
TLX—/— E14.5 brains. TUNEL assay of apoptosis (shown in green) in WT and TLX—/— E14.5 brains. DNA is counterstained with
Hoechst 33342 (blue). E, Decreased cell proliferation in TLX—/— E14.5 brains as revealed by BrdU immunostaining (red) of brain
sections from E14.5 wild-type and TLX—/— mice. F, Quantification of nestin-positive (nestin+) cells in WT and TLX—/— (MT) E14.5
VZ;*, P < 0.01. G, Quantification of TUNEL-positive cells in WT and TLX—/— (MT) E14.5 brains. H, Quantification of BrdU-positive

(BrdU+) cells in WT and TLX—/~ (MT) E14.5 VZ; *, P < 0.01

TLX—/— brains, compared with wild-type brains (Fig.
4E, quantification in Fig. 4H). These results suggest
that TLX plays a role in maintaining at least a subset of
proliferative neural precursors in embryonic brains.
To examine whether the reduced cell proliferation in
TLX—/— embryonic brains resulted from decreased
mitotic rates, neural progenitor cells were labeled by a
30-min pulse of BrdU in E14.5 brains. The fraction of
progenitor cells in S phase, a labeling index, was de-
termined by scoring the percentage of BrdU-labeled
neural progenitor cells (22). Progenitor cells were iden-
tified by Ki67 immunoreactivity (23, 24). Because the
length of S phase remains relatively constant whereas
the length of G1 phase regulates proliferation in mam-
malian cells (25), this labeling index provides an esti-
mation of cell cycle length. If the cell cycle is length-
ened, the relative fraction of cells labeled by a brief
BrdU pulse would decrease. Examination of random

fields chosen from eight brains (four wild-type and four
mutant brains) revealed that the TLX—/— neural pro-
genitor cells divided slower than did wild-type neural
progenitors (Fig. 5A, quantification in Fig. 5C).

To determine whether the decrease in the number of
VZ progenitor cells resulted from a reduction in the
fraction of progenitor cells that remained undifferenti-
ated, we examined cell cycle exit and reentry by scor-
ing the fraction of cells dividing after pulse labeling
with BrdU for 24 h before brain harvest. Cells that had
left the cell cycle were identified as BrdU+ and Ki67—,
and cells that remained in the cell cycle as BrdU+ and
Ki67~. At E15.5, there was about a 2-fold decrease in
the proportion of TLX mutant precursors that reen-
tered the cell cycle when compared with wild-type
neural precursors (Fig. 5B, quantification in Fig. 5D).
These studies suggest that TLX functions in embry-
onic neural precursors to influence the decision of
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Fig. 5. TLX Regulates Cell Cycle Progression

A, Increased cell cycle length in E14.5. TLX-/- brains as revealed by decreased progenitor BrdU labeling index. The
percentage of progenitor cells (Ki67, red) labeled with BrdU (green) after a 30-min BrdU pulse (BrdU+Ki67 +/Ki67 +) is reduced
in TLX mutant brains. Scale bar, 200 um. B, Reduced fraction of cells reentering cell cycles in E14.5 TLX—/— brains. Animals were
exposed to a single pulse of BrdU 24 h before being killed; sections were stained with antibodies to BrdU (green) and Ki67 (red).
Fraction of cells reentered cell cycle is calculated as BrdU+Ki67+ cells (cell reentered cell cycle)/ BrdU-+Ki67 + cells plus
BrdU +Ki67 — cells (cells left cell cycle). More cells have left cell cycle in the mutant than in wild-type brains. Scale bar, 50 pm.
C, Quantification of the percent of BrdU+Ki67+ cells out of Ki67+ cells in E14.5 TLX+/— (H) and TLX—/— (M) brains shown in
panel A; P < 0.01 by Student’s ¢ test. D, Quantification of fraction of BrdU+Ki67 + cells out of BrdU+ cells in E14.5 TLX+/— (H)
and TLX—/— (M) brains shown in panel B; P < 0.001 by Student’s t test. E, RT-PCR analysis of gene expression in wild type (WT)

and TLX—/— E14.5 brains. Cyc D1, Cyclin D1.

these cells to reenter the cell cycle instead of exiting
cell cycle and becoming differentiated.

What is the molecular basis of TLX-mediated cell
cycle regulation? To determine whether cell cycle-
related genes are regulated by TLX in embryonic
brains, mMRNAs were isolated from E14.5 wild-type and
from TLX—/— telencephelons, and RT-PCR analyses
were performed. As shown in Fig. 5E, the expression
of both the cyclin-dependent kinase inhibitor p21 and
the tumor suppressor gene pten was up-regulated
significantly in E14.5 TLX—/— telencephelons, sug-
gesting that TLX represses both p21 and pten gene
expression in embryonic brains. In addition, reduced
expression of cyclin D1, a downstream effector of pten
(26), was also detected. The up-regulation of a nega-
tive cell cycle regulator, p21, and the down-regulation
of a positive cell cycle regulator, cyclin D1, provides a
molecular mechanism for TLX-regulated cell cycle
progression in the germinal zone of embryonic brains.

Transient Knockdown of TLX Led to Outward
Migration of VZ Cells in Embryonic Brains

The relatively mild defect in TLX—/~ embryonic brains,
compared with the much more dramatic defect in
TLX—/— adult brains (4), could be due to a systematic
compensatory effect in embryonic stage to ensure
proper development or redundant molecules that play

overlapping roles in embryonic neural precursors. To
further explore TLX function in embryonic brains with
minimal systemic compensatory effect that could be
caused by the systematic TLX knockout, a transient
local knockdown approach was used by in utero elec-
troporation (27-29), in which plasmid DNAs expressing
TLX siRNAs were delivered directly into the VZ of intact
embryos. Five TLX sequence-specific siRNAs were
screened for the knockdown effect in vitro. Among the
siRNAs tested, siRNA 2 had the strongest inhibitory ef-
fect on TLX expression (Fig. 6, A and B) and was there-
fore chosen for the subsequent electroporation-based in
vivo studies. TLX siRNA-expressing DNA was introduced
into cerebral cortices through in utero electroporation at
E13.5, at a time when TLX expression is known to be
high (3). Electroporated brains were dissected out and
sectioned for analyses at E15.5. Cells that had taken up
the siRNAs were labeled green by expression of green
fluorescent protein (GFP) that was included in the vector
and thus could be readily visualized by fluorescence
microscopy. Electroporation of TLX siRNA led to a sig-
nificant increase in the number of cells that migrate from
VZ into intermediate zone and cortical plate 2 d after
transfection, compared with that resulting from the trans-
fection with control GFP vector (Fig. 6, C and D). The
effectiveness of in utero siRNA knockdown was con-
firmed by TLX immunohistochemistry on brain sections
from in utero electroporated embryos. Expression of TLX
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Fig. 6. In Utero Electroporation of TLX siRNA in Embryonic Brains

A, Luciferase assays to determine the repression effect of TLX siRNAs (1-5) using a luciferase reporter gene upstream of TLX
coding sequences, compared with control GFP siRNA (C). Results represent the means and sos of three replicates. B, siRNA
knockdown of TLX expression in Flag-tagged TLX-transfected human embryonic kidney 293 cells as revealed by Western blot
analysis. C, Control GFP siRNA; siTLX2: TLX siRNA 2. Anti-Flag antibody («Flag) detects the Flag-tagged TLX. Gapdh was
included as a loading control. C, pNUTS-GFP or pNUTS-TLX siRNA-GFP was introduced into E13.5 wild-type brains through in
utero electroporation. Brains were dissected out at E15.5 for analyses. Cells that had taken up the transfected DNAs were shown
green due to expression of a GFP marker. D, Quantification of control vector (C) and TLX siRNA-expressing vector (siTLX)-
electroporated cells (GFP+) in intermediate zone (IZ) and cortical plate (CP). E, Immunostaining of cells from pNUTS-GFP or
pNUTS-TLX-siRNA-GFP in utero electroporated embryonic brain sections.

siRNA-GFP led to dramatic decrease of TLX expression
as revealed by the significant loss of TLX immunostain-
ing, whereas expression of the control GFP vector had
no effect on TLX expression (Fig. 6E, upper left panels).

Another nuclear receptor, peroxisomal proliferator-
activated receptor-y (PPARYy), has also been shown to
regulate embryonic neural stem cells (30). To deter-
mine whether PPARy plays a similar role to that of TLX
in neural development, an in vivo knockdown experi-
ment was performed using PPARy-specific siRNA
electroporated into VZ of E13.5 brains. In contrast to
TLX siRNA, the PPARy-specific siRNA (30) did not
induce significant migration of VZ cells away from the
apical side of the ventricle (data not shown).

The outward migration of the cells affected by TLX
siRNA suggested that knockdown of TLX expression in
the VZ of embryonic brains could have caused neural

stem/progenitor cells to exit cell cycle and differentiate
into neurons, which then migrate outward. Alternatively,
siRNA knockdown of TLX expression could have in-
duced nondifferentiated neural precursor cells to migrate
out. To determine the possible mechanisms of the TLX
siRNA-mediated cell migration, immunostaining of sec-
tions of siRNA-electroporated brains was done to deter-
mine the identity of the transfected cells. The TLX siRNA-
transfected cells that migrated out of VZ lost the neural
progenitor marker nestin (Fig. 6E, upper right six panels)
and the proliferative marker Ki67 (Fig. 6E, lower left six
panels). Instead, these cells expressed the neuronal
marker, DCX (Fig. 6E, lower right six panels), indicating
cell cycle exit and neuronal differentiation. In contrast,
the control GFP vector-transfected cells that remained in
the VZ were both nestin positive and Ki67 positive and
lacked DCX expression (Fig. 6E). These results reinforce
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that TLX is an important regulator of embryonic neural
stem cells by controlling their cell cycle progression and
exit.

DISCUSSION

The data presented here indicate that TLX plays an im-
portant role in the regulation of cell cycle progression and
exit of embryonic neural stem cells. TLX is specifically
expressed in neural precursor cells in the germinal zones
of embryonic brains. Lack of TLX function during devel-
opment results in reduced cell proliferation and de-
creased numbers of nestin-positive neural progenitor
cells in the VZ of E14.5 brains. Both lengthened cell
cycles and reduced fraction of cells reentering cell cycle
could account for the reduced proliferation of progenitor
cells in E14.5 TLX—/~ brains. The increased expression
of a negative cell cycle regulator, p21, and decreased
expression of a positive cell cycle regulator, cyclin D1,
provide a molecular basis for the lengthened cell cycle
progression and reduced cell proliferation in the VZ of
TLX~/— embryonic brains.

What are the primary cellular functions exerted by TLX
in neural development? TLX could be required in early
neural progenitor cells to regulate proliferative divisions
and prevent neurogenesis under normal conditions. In
support of this hypothesis, our data show that both
knockout and transient siBNA knockdown of TLX led to
increased cell cycle exit and reduced cell proiiferation.
TLX could also act by regulating the types of divisions
that progenitor cells make. Early progenitor cells expand
by symmetric divisions establishing the surface area and
number of radial units in the cortex (31). Subsequently,
there is a steady increase in the number of differentiative
asymmetric divisions, establishing the number of neu-
rons per radial unit and the depth of the cerebral cortex.
Therefore the length of the cell cycle and the duration of
each phase of division are critical in controliing the size of
the cerebral cortex (32-34). Our data suggest that pro-
genitor cells in TLX-mutant animals go through fewer cell
cycles than that in their wild-type littermates, perhaps by
prematurely switching from symmetric divisions to
asymmetric divisions. TLX has also been shown to be
required to regulate the timing of neurogenesis in the
cortex (35) and to control patterning of lateral telence-
phalic progenitor domains during development (36). The
results presented here demonstrated unambiguously
that TLX regulates cell cycle progression and exit to
maintain embryonic neural stem cells in the undifferen-
tiated and proliferative state through controlling key cell
cycle regulator gene expression.

Interestingly, the defect in TLX mutant embryonic
brains is modest compared with the dramatic deficiency
in TLX-null adult brains. It is a surprise that there are still
rigorous cell proliferation and extensive numbers of nes-
tin-positive neural progenitor cells in the VZ of TLX-mu-
tant embryonic brains, in contrast to almost complete
loss of cell proliferation in TLX—/— aduit brains (4). These
results suggest that TLX may not be the sole regulator of
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neural stem cell maintenance during development. There
could be other molecules that play redundant roles in
neural stem cell regulation during embryogenesis. Alter-
natively, the organism could have a fail-safe mechanism
to compensate for the systemic TLX loss to ensure
proper development. To minimize the potential systemic
compensatory effect, we took a transient local knock-
down approach. Our observation that a significantly in-
creased number of VZ cells underwent outward migra-
tion upon transient local TLX knockdown reinforces an
important role of TLX in embryonic neural stem cells and
supports the compensatory possibility. in contrast to
siRNA knockdown of TLX, siRNA knockdown of another
nuclear receptor, PPARy, which is also expressed in
embryonic brains and has been shown to play a role in
embryonic neural stem cell regulation (30), did not cause
migration of the transfected cells, suggesting that
PPARy plays a distinct role from TLX in embryonic neural
stem cells.

The characterization of the TLX-expressing cells in the
embryonic brain provides a means to elucidate the mo-
lecular and celiular mechanisms underlying embryonic
neural stem cell proliferation and differentiation. Although
other factors are likely involved, TLX is an important
regulator of neural stem cells in the developing brain by
regulating the expression of key cell cycle regulators.

MATERIALS AND METHODS

Experimental Animals

All research animals are acquired and used in compliance
with federal, state, and local laws and institutional regula-
tions. All animals are maintained in accordance with the NIH
Guide for the Care and Use of Laboratory Animals. The
studies were approved by the institutional committee on an-
imal care.

Animal Handling and Brain Tissue Preparation

Strain-matched and age-matched mice were used in all ex-
periments. All animal experiments were performed in com-
pliance with institutional and NIH guidelines. TLX heterozy-
gous male and female mice were used for breeding to obtain
wild-type, TLX-heterozygous, and null embryos. Timed-preg-
nant mice were anesthetized with ketamine (120 mg/kg) and
xylazine {10 mg/kg). Embryonic brains were dissected and
fixed in 4% paraformaldehyde in 0.1 M PBS (pH 7.4) at 4 C
overnight, and cryoprotected in 7.5%, 15%, and 30% su-
crose in phosphate buffer at 4 C for 2 h, 2 h, and 24 h,
respectively. After cryoprotection, brain tissues were embed-
ded in OCT, frozen with dry ice, and stored at —80 C. Coronal
sections of forebrains (12 um) were cut on a cryostat and
mounted onto superfrost-plus slides (Fisher Scientific, Pitts-
burgh, PA).

BrdU Labeling

For BrdU labeling, timed-pregnant mice were injected with 50
mg/kg BrdU (Sigma Chemical Co., St. Louis, MO) in saline ip.
Animals were killed in 30 min (E14.5 injection), 2 h (E14.5 injec-
tion), or 24 h (E13.5 injection). Embryos were dissected and
sectioned as described above. Brain sections were pretreated
in 2 N HC! for 30 min at 37 C, followed by neutralization in 0.1 m
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borate buffer (pH 8.5) for 10 min and blocking with 10% normal
donkey serum for 1 h at room temperature, after which immu-
nohistochemistry was performed using a rat anti-BrdU mono-
clonal antibody (1:300, Accurate) and donkey antirat flucrescein
isothiocyanate or cyanine dye 3-conjugated secondary anti-
body (1:300, Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA). BrdU immunostaining was observed using a
Nikon Eclipse fluorescent microscope (TE2000-S) and imaged
using Spot Camera (version 4.0.8, Diagnostic Instruments, Ster-
ling Heights, MI). The number of BrdU-positive cells was
counted in the area of the lateral ventricle zones of E14.5 brains
with a minimum of six sections per embryo from five wild-type
and five mutant embryos. Cell densities were calculated by
dividing cell numbers by the area. Student’s t test was used to
determine the P value for statistical significance. All compari-
sons were made between littermates.

Immunohistochemistry, Nissl Staining, and LacZ
Staining

Brain coronal sections (12 um) from the same litter were used
for Nissl staining. The forebrain sections were divided into six
matched patterns from rostral to caudal between TLX mutant
mice and their littermate wild-type controls. Statistical anal-
ysis was performed with Student’s t test. For X-gal staining,
embryos were fixed in 4% paraformaldehyde in 0.1 m PBS
(pH 7.4) for 3 h, the 40-um frozen sections were fixed with
glutaraldehyde and paraformaldehyde and stained in (X-gal;
Life Technologies, Inc., Gaithersburg, MD} solution contain-
ing 20 mm K-ferricyanide, 20 mm K-ferrocyanide, 0.01% so-
dium deoxycholate, 0.02% Nonidet P-40, and 2 mm MgCl,.
For immunohistochemistry, 12-um brain sections were incu-
bated with antibodies, including mouse antinestin (1:1,000,
PharMingen, San Diego, CA), mouse anti-RC2 (1:30, Hybrid-
oma Bank}, rabbit anti-TLX (1:100, Shi laboratory), goat anti-
DCX (1:100, Santa Cruz Biotechnology, inc., Santa Cruz, CA),
mouse anti-NeuN (1:1000; Chemicon, Temecula, CA), rabbit
anti-Tuj1 (1:4000; Covance Laboratories, Inc., Madison, WI),
guinea pig anti-GFAP (1:500, Advanced Immunochemical
Inc., Long Beach, CA), rabbit anti-g-gal (1:3500, Cortex Bio-
chem, inc., San Leandro, CA), rabbit anti-Ki67 (Novocastra
Laboratories, Newcastle, UK; 1:100), mouse anti-Ki67 (No-
vocastra; 1:40), followed by incubation with cyanine dye 3 or
fluorescein isothiocyanate-conjugated secondary antibodies
(1:400, Jackson immunoResearch). Images were visualized
by a confocal microscope (Zeiss LSM510 Upright 2 photon;
Carl Zeiss, Thornwood, NY). Quantitative studies were based
on four or more replicates. Nestin-positive cells were counted
within the region of the lateral ganglionic eminence in E14.5
brains of nine wild-type and six TLX—/— embryos. Student's
t test was used to determine the P value for statistical sig-
nificance. All comparisons were made between littermates.

TLX Polyclonal Antibody Production, Western Blot, and
Immunofluorescence

The TLX antigen containing mouse TLX ligand binding domain
{amino acid residues 180-385) was produced in bacteria BL21
cells as His-tagged protein and purified using Ni-NTA Agarose
(QIAGEN, Hilden, Germany). Rabbit immunizations were per-
formed in the Animal Resource Center in City of Hope. The
anti-TLX serum was further purified using Suifolink Coupiing
Gel (Pierce Biotechnology, Inc., Rockford, IL). For Western blot,
TLX antibody was used at 1:1000 dilution; for immunofluores-
cence on 3T3 or 3T3-TLX cells, TLX antibody was also used at
1:1000 dilution.

In Utero Electroporation
TLX or PPARy siRNAs were cloned into pNUTs-GFP, a

mouse U6 promoter-based small RNA-expressing vector that
contains an ubiquitin promoter-driven enhanced GFP (a gift
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from David Baltimore, Caltech). pNUTs-GFP, pNUTs-GFP-
TLX siRNA, and pNUTs-GFP-PPAR~y siRNA vectors were
used in in utero electroporation analyses. The plasmids were
prepared at 5 ug/ul in H,O with either QIAGEN HighSpeed
plasmid maxi kit (QIAGEN) or NucleoBond plasmid purifica-
tion maxi kit (CLONTECH Laboratories, Inc., Palo Alto, CA).
The plasmids have the GFP reporter gene downstream of an
Ubiquitin promoter (pNUTS). For in utero electroporation,
mice at 12.5-d gestation were anesthetized with an ip injec-
tion of ketamine (120 mg/kg) and xylazine (10 mg/kg). The
uterine homs were exposed, and 1 pl plasmid DNA (5 ug/ul)
was microinjected by pressure using picospritzer iil (General
valve operation, Fairfield, NJ) through the uterus into the
lateral ventricles of embryos by pulled glass capillaries
(Drummond Scientific Co., Broomall, PA). Electroporation
was accomplished by holding the injected brain through the
uterus with forcep-type electrodes CY650-P5 (Protech Inter-
national, Inc., San Antonio, TX) and defivering square electric
pulses (five pulses; duration, 50 msec each; interval, 950
msec) to the embryos using electroporator CUY-21 (Protech
Intemational). The mice are allowed to survive 2 d before
being euthanized. Brains of embryos were harvested and
analyzed.

RT-PCR Analysis

Total RNA was isolated using Trizol reagent (Life Technolo-
gies, Inc)). For RT-PCR analysis, reverse transcription was
performed using Omniscript RT kit (QIAGEN). PCR primers
used were TCT CTATGT TCC AAAACC ATT CCAT and TTC
CCA AGC ACC TCATAC TAC CAG C for cyclin D1, ATATCC
AGA CAT TCA GAG CCA CAG G and GGA AAC ACA GAG
CTTGGG TTG GGA G for p21, GCT ACC AGA CTC TCA CAG
GAG CAAGC and TCAGAC TTT TGT AAT TTG TGA ATG CT
for pten, and TCT TCA CCA CCA TGG AGA AGG C and CTG
ACA ATC TTG AGT GAG TTG T for actin.

Luciferase Assay

TLX siRNA sequences were cloned into the pCSC vector {4).
The reporter vector was constructed by insertion of the TLX
coding region into the sicheck 2.2 vector (Promega) down-
stream of the Renilla luciferase reporter gene. Quantities of 0.64
g TLX siRNA expressing plasmids, 0.08 ug sicheck reporter
construct, and 2 ul Fugene 6 (Roche Clinical Laboratories, In-
dianapolis, IN) were mixed in 500 ul of cell culture media,
incubated at room temperature for 20 min, and added dropwise
to three wells of human embryonic kidney 293 cells in 48-well
plates. Reporter Renilla luciferase activity and intemal control
firefly luciferase activity were measured 48 h after transfection
using Dual Luciferase Assay kit (Promega). The reporter lucif-
erase activity was normalized with the internal control for trans-
fection efficiency and plotted on the y-axis.
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Astrocytes play important roles in brain development and injury response. Transcription factors STAT3 and
Smadl, activated by leukemia inhibitory factor (LIF) and bone morphogenetic protein 2 (BMP2), respectively,
form a complex with the coactivator p300 to synergistically induce astrocytes from neuroepithelial cells (NECs)
(K. Nakashima, M. Yanagisawa, H. Arakawa, N. Kimura, T. Hisatsune, M. Kawabata, K. Miyazono, and T.
Taga, Science 284:479-482, 1999). However, the mechanisms that govern astrogliogenesis during the determi-
nation of the fate of neural stem cells remain elusive. Here we found that LIF induces expression of BMP2 via
STAT3 activation and leads to the consequent activation of Smadl to efficiently promote astrogliogenic
differentiation of NECs. The BMP antagonist Noggin abrogated LIF-induced Smadl activation and astroglio-
genesis by inhibiting BMPs produced hy NECs. NECs deficient in suppressor of cytokine signaling 3 (SOCS3),
a negative regulator of STAT3, readily differentiated into astrocytes upon activation by LIF not only due to
sustained activation of STAT3 but also because of the consequent activation of Smadi. Our study suggests a
novel LIF-triggered positive regulatory loop that enhances astrogliogenesis.

Astrocytes are not only a structural component of the central
nervous system (CNS) (7) but also important participants in
the generation and regeneration of the CNS, for instance, in
the regulation of synaptic formation, neurotransmitter trans-
port, metabolic functions, and the response to CNS injury (7).
A recent study showed that glial fibrillary acidic protein
(GFAP)-positive reactive astrocytes contribute to tissue repair
and motor function restoration during the subacute phase of
CNS injury by forming glial scars (25). Astrocytes arise from
neural stem cells that also produce neurons and oligodendro-
cytes. Cytokines and growth factors play critical roles in the cell
fate specification of neural stem cells (31). Neuroepithelial
cells (NECs) isolated from mouse embryonic telencephalons
are rich in neural stem cells. Differentiation of NECs into
GFAP-positive mature astrocytes is induced by interleukin 6
(1L-6) family cytokines (e.g., leukemia inhibitory factor [LIF}
and ciliary neurotrophic factor) and bone morphogenetic pro-
tein (BMP) family cytokines (e.g., BMP2 and BMP4) (2, 8),
which activate distinct downstream transcription factors,
STAT3 and Smad1 (or Smad5 or Smad8), respectively (17, 36).
A molecular basis for the cooperative action of these two
cytokines is suggested to be the formation of a STAT3-Smadl
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complex with a coactivator, p300, that initiates astrocyte-spe-
cific gene expression (21, 22). Significant reductions in the
levels of GFAP-positive astrocytes were observed in mice de-
ficient in gp130, a STAT3-upstream signal-transducing recep-
tor component for IL-6 family cytokines (20), and in NECs
overexpressing Noggin, a BMP antagonist that inhibits Smadl
signaling (33). These results indicate the importance of cross
talk between STAT3 and Smad]l signaling pathways in astro-
gliogenesis, but the molecular mechanisms that govern astro-
gliogenesis are still largely unknown.

In an attempt to identify molecules crucial for the regulation
of cytokine-mediated astrogliogenesis, we prepared NECs
from embryonic day 14.5 (E14.5) mice and used DNA microar-
ray analysis to compare the gene expression profiles under
culture conditions with and without LIF and BMP2, an astro-
gliogenic combination of cytokines. Genes whose expression
was upregulated in response to LIF plus BMP2 included glial
cell lineage-related genes (STAT3, CD44, and AMOG [9, 15,
26]) and previously reported cytokine response genes in neural
precursor cells (1d1, 1d3, c-fos, C/EBPS, suppressor of cytokine
signaling 2 [SOCS2], and SOCS3 [4, 19, 39, 41]). Since SOCS3
is known as a negative regulator of the LIF-downstream tran-
scription factor STAT3, we focused on SOCS3.

Members of the SOCS family of proteins are known as
cytokine-inducible factors that negatively regulate the JAK-
STAT pathway (14). Representatives of the SOCS family
SOCSI1, SOCS2, and SOCS3 have a centrally located SH2
domain and a C-terminal SOCS box as their common feature.
Cytokine-induced SOCS proteins interact with their upstream
receptors and inhibit the activation of relevant members of the
STAT family of transcription factors, which attenuate signal
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transduction, thereby establishing negative feedback loops in
the cytokine response. In the present study, experiments on the
function of SOCS3 in NECs provided us with a clue to identify
a previously unsuspected signal-modifying mechanism govern-
ing astrogliogenesis: LIF induces expression of its cooperative
partner cytokine in astrocyte differentiation, i.e., BMP2, and
leads to consequent Smadl activation to efficiently form the
astrogliogenic transcription factor complex.

MATERIALS AND METHODS

Animals, cell culture, and cytokines. The Socs3 genc was conditionally deleted
by Cre recombinasc expressed under the control of the nestin gene promoter
(18). For experiments comparing the propertics of wild-type cells with thosc
of SOCS3-deficient cells. littermates were first obtained by crossing Nes-
creSocs3™™™™ mice (with a conditional knockout regulated by nestin cxpression)
and Socs3"™"* mice (wild type) and then genotyped according to a previous
report (18). Mice were treated according to the guidelines of the Center for
Animal Resources and Development, Kumamoto University. NECs were iso-
lated from the telencephala of E14.5 mice and cultured for 4 days in N2-
supplemented Dulbecco’s modified Eagle medium-F-12 containing FGF2 (10
ng/ml) as described previously (21). SOCS3-deficient mouse embryonic fibro-
blasts (MEFs) were maintained as described previously (16). Cytokines were
obtained from the following companics: FGF2 from Peprotech, LIF (ESGRO)
from Invitrogen. and BMP4 and Noggin/Fe chimera from R&D Systems. BMP2
was kindly provided by Astcllas Pharma Inc.

DNA microarray analysis. The Affymetrix GeneChip system was used to
identify cytokine response genes. NECs, maintained as described above, were
detached and replated on 10-cm-diameter dishes (1.5 % 107 cells/dish). On the
following day, cells were treated with both LIF and BMP2 (80 ng/ml cach) for
6 h. NECs culturcd in the absence of the cytokines were used as a control. Probes
were prepared using 3.5 g of purified poly(A) RNA and were hybridized with
murinc genome U74Av2 arrays according to the recommended protocol. After
the hybridization. DNA chips were processed by the fluidics station and scanner.
Affymetrix Microarray Suite 5.0 was used to compare the genc expression pro-
files of cytokine-treated NECs with those of untreated cells,. DNA microarray
data are available upon request.

Expression plasmids and RT-PCR analysis. The cDNA for mouse SOCS3 was
obtaincd hy reverse transcription-PCR (RT-PCR) using the oligonucleotides
listed below as deseribed previously (6) and was cloned into the pcDNA3.|
cxpression vector (Invitrogen). Other expression plasmids are described in our
previous reports (6, 21). Semiquantitative PCR was performed using KOD-plus
(Toyobo) or Phusion (Finzymes) DNA polymerase. Primer scquences used for
RT-PCR arc as follows: SOCS3-F, 5-CCGGAATTCATGGTCACCCACAGC
AAGTT-3": SOCS3-R, 5-TGCTCTAGATTAAAGTGGAGCATCATACT-3":
BMP2-F. 5'-AGAGATGAGTGGGAAAACGG-3': BMP2-R, 5'-GAAGTCCA
CATACAAAGGGT-3": GAPDH-F, 5-ACCACAGTCCATGCCATCAC-3":
GAPDH-R, 5'-TCCACCACCCTGTTGCTGTA-3".

Luciferase assay. NECs replated on 12-well plates were transfected using
TransIT-LT1 (Mirus) as described previously (21). MEFs were transfected using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. On
the day following the transfection, cells were treated with BMP2, BMP4, or LIF
(30 ng/ml) for 8 h. The GFAP promoter-luciferase reporter plasmid, GF1L-
pGL3, is described in our previous report (21). 4xB2wt-pGL3 and 4xB2mut-
pGL3 were made by subcloning two oligonucleotide repeats (wild-type, 5'-TCG
ACATCCTTCAGAGAATTCTGATCCTTCAGAGAATTCTGGGTAC-3": mutant,
5'-TCGACATCCCCAAGAGAATTCTGATCCCCAAGAGAATTCTGGGTAC-
3'; mutations arc underlined) in front of the junB minimal promoter with the
luciferase gence as described previously (37). These oligonucleotides contain two
repeats of a potential STAT3 binding site identified in the 5' region of the mouse
Bmp2 gene (boldfaced) and additional Sall and Kpnl sites at each cnd. As an
internal control. pEF-Rluc (21) or phRL-TK (Promecga) was used.

Antibodies and Western blot analysis. The following antibodics were used in
this study: anti-SOCS3 (1:50: catalog no. 18391; Immuno-Biological Laborato-
rics). anti-GFP (1:200 |catalog no. G6539; Sigma| and 1:500 [catalog no. 598:
MBL]). anti-GFAP (1:500 [catalog no. G3893: Sigma| and 1:1.000 [catalog no.
031223: Advanced ImmunoChemical]). nestin (1:1,000; catalog no. 556309: BD
Pharmingen), anti-phospho-STAT3 Tyr705 ( 1:500; catalog no. 9131: Cell Signal-
ing). anti-STAT3 (1:1,000; catalog no. sc482; Santa Cruz), anti-phospho-ERK1/2
Thr202/Tyr204 (1:500; catalog no. 9106: Cell Signaling), anti-ERK1 (1:1,000:
catalog no. sc93: Santa Cruz). anti-ERK2 (1:1,000: catalog no. scl54; Santa
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FIG. 1. SOCS3-deficient NECs readily differentiate into astrocytes
upon induction by LIF. (A) Enhanced astrogliogenesis in the SOCS3-
deficient neonatal mouse brain. Immunochistochemical analysis of
GFAP expression was performed using cryosection of wild-type and
Socs3-cKO mice at P1.5. Asterisks indicate fimbriae. Bar. 500 pm.
(B) NECs derived from wild-type and Socs3-cKO mice were cultured
in the absence (a and ¢) or presence (b and d) of LIF (80 ng/ml) for 2

days. Cells were fixed and stained with an anti-GFAP antibody (green).
Nuclei were stained with Hoechst 33258 (blue). Bar, 50 wm.

Socs3-cKO |

Cruz), anti-phospho-Smadl Scr463/465 (1:200 for immunocytochcmistry and
1:500 for Western blot analysis: catalog no. 06-702; Upstatc). and anti-Smad|
(1:1,000; catalog no. sc7153: Santa Cruz). Western blot analysis was performed as
described previously (6). For the repeated reprobing in Western blotting, WB
stripping solution (Nacalai Tesque) was used.

Immunostaining. For immunocytochcmistry, NECs cxpanded in the presence
of FGF2 were counted and replated on the appropriate culture dishes or cham-
ber slides. Six hours later, cytokines (LIF, 80 ng/ml; Noggin, 200 ng/ml) were
added as indicated. After the incubation, cells were fixed in 4% paraformalde-
hyde in phosphate-buffered saline (PBS) and stained as described previously (6).
For immunohistochemistry, postnatal day 1.5 (P1.5) mice were transcardially
perfused with a 4% paraformaldchyde PBS solution. Tsolated brains were post-
fixed with the paraformaldehyde solution lor 3 h and submerged in PBS over-
night. Tissues were then scrially submerged in PBS containing 10% and 20%
sucrosc for 24 h and embedded in OCT compound. Frozen tissuc was cut into
15-pm-thick sections using a cryostat. Nuclei were stained with Hoechst 33258
(Nacalai Tesquc).

RESULTS

S0OCS3-deficient NECs readily differentiate into astrocytes.
RT-PCR analysis confirmed that SOCS3 mRNA was induced
in NECs by LIF but not by BMP2 (data not shown). We
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analyzed the properties of NECs lacking the Socs3 gene in
astrogliogenesis. The complete loss of the Socs3 gene results in
embryonic lethality due to a placental defect (30). Therefore,
further analyses of the SOCS3 function in astrogliogenesis
were done with NECs prepared from E14.5 Socs3-conditional
knockout (Socs3-cKO) mice (18), in which Cre recombinase
was expressed under the control of the nestin promoter to
delete the loxP-flanked Socs3 locus specifically in neural pre-
cursor cells. In normal mouse development, GFAP-positive
astrocytes appear in the brain and spinal cord around the time
of birth. For Socs3-cKO mice on P1.5, we found that GFAP
immunoreactivity was significantly denser than that for normal
littermates (Fig. 1A).

NECs from E14.5 wild-type and Socs3-cKO mice were cul-
tured for 2 days in the absence or presence of LIF and stained
for GFAP. No immunoreactivity to GFAP was observed in
cultured NECs without LIF, regardless of the genotype (Fig.
1Ba and c). In the presence of LIF, GFAP immunoreactivity
was obvious in SOCS3-deficient cells but not in wild-type cells
(Fig. 1Bb and d). Considering the negative regulatory role of
SOCS3, this result seemed reasonable at first glance, but in fact
its interpretation was not as simple as was first thought: in
2-day cultures of wild-type NECs, GFAP-positive astrocytic
differentiation has never been observed, even with a sufficiently
high concentration of LIF, when BMP2 (or a BMP ligand) was
not added (21). The result shown in Fig. 1Bd resembled the data
obtained with the 2-day culture of NECs treated with LIF plus
BMP2 (21). It was thus presumed that BMP signaling is unex-
pectedly activated in the LIF-stimulated, SOCS3-deficient NECs.

SOCS3 deficiency leads to unexpected Smadl activation
following LIF stimulation. In LIF-stimulated SOCS3-deficient
NECs, we observed Smad1 activation, as detected by its serine
phosphorylation, with a certain lag time compared to the ex-
pected sustained activation of STAT3, Erkl, and Erk2 (Fig.
2A). Immunocytochemistry confirmed that phosphorylated
Smadl had accumulated in the nuclei of LIF-treated SOCS3-
deficient cells (Fig. 2B). Direct involvement of SOCS3 in the
Smad signaling pathway was excluded, because wild-type and
SOCS3-deficient cells exhibited comparable responses to
BMP2 and BMP4 (see Fig. S1A in the supplemental material).
In addition, overexpression of SOCS3 in NECs completely
suppressed GFAP promoter activation by LIF, whereas
SOCS3 did not have such a suppressive effect on BMP2-in-
duced activation (see Fig. S1B in the supplemental material).
When wild-type and SOCS3-deficient NECs were treated with
BMP2, phosphorylation of Smadl was detected within 30 min
at a comparable level (see Fig. S1C in the supplemental ma-
terial). Taken together, these findings implied that SOCS3
deficiency did not directly change the sensitivity of the cells to
BMP2. Western blot analysis showed that in SOCS3-deficient
NECs, phosphorylation of Smadl began to be detected at
around 3 h, peaked at around 6 h, and lasted until at least 12 h
after LIF treatment (Fig. 2A and data not shown). Since the
LIF-induced phosphorylation of Smadl occurred much more
slowly than that of STAT3, Erkl, and Erk2, it was suggested
that LIF has a potential to activate (presumably in an indirect
fashion) the Smad signaling pathway, which in normal cells is
suppressed by SOCS3. A possibility is that LIF induces the
production of BMP2 (and related BMP ligands, if any), which
is under negative feedback regulation involving SOCS3.
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FIG. 2. SOCS3 deficiency leads Lo unexpected Smadl activation
following LIF stimulation. (A) Phosphorylation of STAT3, ERK1/2,
and Smadl in response to LIF. Wild-type and SOCS3-deficient cells
were treated with LIF (50 ng/ml) for the indicated periods and solu-
bilized. Cell lysates were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and subjected to Western blot analysis
using the indicated antibodies by repeated reprobing. Arrow indicates
the phosphorylated form of Smadl. (B) Nuclear localization of Smad1
alter LIF treatment in SOCS3-deficient cells. Cells were either lell
untreated or exposed to LIF (50 ng/ml) and cultured for 6 h. The
phosphorylated form of Smad1 and nuclei were detected by the anti-
phospho-Smad]l antibody (red) and Hoechst 33258 staining (blue),
respectively. Background levels of signals are shown in the upper left
panel. Bar, 20 pm.

JAK-STAT signaling upregulates BMP2 production in NECs.
We therefore assessed mRNAs for BMP2 in NECs upon LIF
stimulation. As shown in Fig. 3A, BMP2 mRNA was upregu-
lated at 3 h after LIF stimulation, and this upregulation was
dramatically enhanced in the absence of SOCS3. Two identical
potential STAT3 binding sites (5'-TTCAGAGAA-3") were
found in the 5’ flanking region of the mouse Bmp2 gene (Fig.
3B). LIF treatment actually upregulated reporter expression
downstream of the potential STAT3 binding sites, and overex-
pression of SOCS3 or a dominant-negative form of STAT3
(DN-STAT3) inhibited this LIF-induced reporter activation
(Fig. 3C). Introduction of the mutation into this site (TTCAG
AGAA—CCAAGAGAA) abrogated responsiveness to LIF
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FIG. 3. LIF induces transcriptional activation of the Bmp2 gene. (A) The induction of BMP2 transcripts in response to LIF was analyzed by
RT-PCR. NECs were treated with LIF (50 ng/ml) for the indicated periods, and total RNAs were isolated. After the RT reaction, cDNA for BMP2
was amplified by PCR. cDNA for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was analyzed as a loading control. (B) Structures of the
mouse Bmp2 gene and reporter constructs used in this study. There are two identical potential STAT3 binding sites (5'-TTCAGAGAA-3') in the
5" region of the mouse Bmp2 gene. Details about the reporter plasmids are given in Materials and Mcthods. (C) SOCS3-dcficient MEFs were
cotransfected with 4xB2wt-pGL3 and phRL-TK together with or without the expression plasmid of SOCS3 or DN-STAT3. Data are means *
standard deviations (error bars) derived [rom each assay performed in triplicate. (D) SOCS3-deficient MEFs were cotransfected with 4xB2wt-
pGL3 or 4xB2mut-pGL3, together with phRL-TK. A luciferase assay was performed as for panel C.

(Fig. 4D). These results suggest the presence of a LIF-trig-
gered positive pararegulatory loop involving STAT3-mediated
induction of BMP2 expression and consequent activation of
Smadl, which leads to efficient formation of an astrogliogenic
nuclear complex containing STAT3, p300, and Smadl (21).
To confirm this hypothesis, NECs were stimulated for 6 h by
LIF in the presence of recombinant Noggin, which would block
the effect of endogenously produced BMP2. As shown in Fig.
4A, LIF-induced phosphorylation of Smadl in SOCS3-defi-
cient cells was canceled by the addition of Noggin. When
wild-type NECs were cultured for a much longer period (3
days) in the absence of LIF, a phosphorylated form of Smadl
was weakly detected (Fig. 4B), possibly due to endogenously
produced and accumulated BMP ligands. Importantly, the
amount of phosphorylated Smadl was significantly enhanced
by the addition of LIF, which was inhibited by Noggin (Fig. 4B).
We previously reported that, in 4-day NEC cultures, LIF
alone or BMP2 alone could induce differentiation of GFAP-
positive astrocytes, while medium alone had no such effect (6,
22, 38). Our interpretation was that this was due to accumu-
lation of BMP ligands that had been produced spontaneously
by NECs during the 4-day culture and that cooperate with
exogenously added LIF (22). Actually, RT-PCR analysis
showed that NECs express LIF and BMP2, though at relatively
low levels, and GFAP-positive astrocytic differentiation was

observed in a 16-day culture of NECs without exogenously
added LIF or BMP2 (22). As shown in Fig. 4C, Noggin sup-
pressed the differentiation of GFAP-positive astrocytes from
wild-type NECs in the 4-day LIF-containing culture. Qur cur-
rent results provide a revised interpretation for astrocytic dif-
ferentiation of NECs by LIF alone in the 4-day cultures: LIF
upregulated the expression of BMP2 and cooperated with the
accumulated BMP protein to induce astrocytes. SOCS3-defi-
cient NECs after 4-day culture with LIF displayed more-in-
tense GFAP immunoreactivity than wild-type cells, and this
immunoreactivity was reduced by Noggin (Fig. 4D). Notably,
the GFAP-expressing cells of these two different genotypes
represented morphologically distinct cell types: wild-type cells
showed an elongated bipolar morphology in most cases (Fig.
4C, left panel), while, in marked contrast, SOCS3-deficient
cells displayed a widespread and highly branched stellate mor-
phology (Fig. 4D, left panel). This morphological observation
could not simply be explained by the enhanced LIF-STAT3
signaling due to SOCS3 deliciency; it reminded us of a recent
report showing that BMP4 treatment of neural progenitors
leads to the appearance of GFAP-expressing cells with a wide-
spread stellate morphology having an increased number of
processes, whereas LIF treatment induces a bipolar or tripolar
morphology (1).
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after 6 h of incubation. Western blot analysis was performed as for Fig. 2A. Arrow indicates the phosphorylated form of Smad1. (B) Phosphor-
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ng/ml) together with or without Noggin (200 ng/ml). (C) Noggin suppressed the LIF-induced differentiation of GFAP-positive astrocytes from
wild-type NECs. NECs derived from wild-type mice were cultured with LIF (80 ng/ml) in the absence (left) or in the presence (right) of Noggin
(200 ng/mi). Cells were fixed and stained with an anti-GFAP antibody (green). Nuclei were stained with Hoechst 33258 (blue). Bar, 50 pm.
(D) Effects of Noggin on the morphological changes of SOCS3-deficient NECs after the 4-day culture with LIF. Noggin treatment and

immunostaining were performed as for panel C.

DISCUSSION

Our present study revealed a positive pararegulatory loop
involving STAT3-mediated induction of BMP2 expression and
subsequent Smadl activation (Fig. 5). This newly found loop
appears to function as a signal booster for astrogliogenesis
triggered by IL-6 family cytokines, in the sense that STAT3
induces Smad1 activation to form the astrogliogenic STAT3-
p300-Smad complex. Noggin treatment, which blocked the
pararegulatory loop and abrogated astrogliogenic differentia-
tion (Fig. 4C), indicated that this signal booster mechanism is
crucial for astrogliogenesis. In addition to this loop, a recent
study proposed the presence of a positive autoregulatory loop
of JAK-STAT signaling that involves STAT3-mediated up-
regulated expression of STAT1, STAT3, and gp130 (9) (Fig.
5). Both of these positive loops triggered by IL-6 family cyto-
kines are under the negative feedback regulation of SOCS3
(Fig. 5).

Although LIF and BMP2 cooperate in that they synergisti-
cally induce GFAP-positive astrocytes, they affect astrocyte
morphology differently (1). The morphological difference in
BMP-treated and LIF-treated neural progenitors has also been
reported previously (22, 29). LIF-stimulated SOCS3-deficient
cells in our current study (Fig. 4D) displayed a morphology

similar to that observed for cells under BMP stimulation (1). A
notable change in morphology was observed in the Noggin-
containing culture; LTIF-stimulated SOCS3-deficient NECs ex-
hibited a bipolar or tripolar shape (Fig. 4D, right panel) com-
pared to the widespread and well-branched shape without
Noggin (Fig. 4D, left panel). Our present study indicated that
the BMP-Smad pathway was activated, in addition to the LIF-
STAT3 pathway, in astrogliogenesis. Mechanisms for such
morphological changes may involve cytokine-inducible cy-
toskeletal rearrangements, such as BMP-induced activation of
LIM kinase 1, a key regulator of actin dynamics (5).

LIF has been reported to promote astrogliogenesis and,
paradoxically, to support neural stem cell renewal as well (11,
13, 27). Further molecular characterization of the pararegula-
tory loop clarified in this study may explain the differential
effect of LIF on neural precursor cells. In nonneural cell sys-
tems, it has recently been shown that STAT3 upregulates
transforming growth factor B1 expression in hepatocytes and T
cells, which is downregulated by SOCS3 (12, 24). Two other
groups have shown a negative effect of STATI and STAT3 on
Smad signaling through the transcriptional upregulation of
Smad7 (10, 40). In this sense, JAK-STAT signaling is supposed
to have two distinct roles as a modulator of transforming
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pararegulatory loop shown in this study. Asterisk indicates negative feedback. Blue arrows indicate the previously reported positive autoregulatory

loop of JAK-STAT signaling (9).

growth factor B superfamily signaling pathways, depending on
the cellular context.

Proteins of the SOCS family show broad spatial patterns of
expression in the developing and adult mouse CNS (28). Em-
ery et al. in 2006 reported properties of SOCS3-deficient neu-
ral precursor cells derived from E10.5 embryos by mating
Socs3 heterozygous mutant mice (4). In their report, Northern
blot analysis indicated that LIF-induced GFAP mRNA expres-
sion was potentiated in SOCS3-deficient cells, consistent with
our present observation. However, SOCS3-deficient cells cul-
tured in the presence of LIF grew as small aggregates (Fig. 6 in
reference 4) rather than displaying the widespread and highly
branched stellate morphology shown in our study (Fig. 4D).
The reason for this discrepancy is not known at the moment,
but different culture conditions and cell preparation proce-
dures may have influenced the expression of LIF-downstream
genes besides GFAP. It is of interest whether AMOG, which
was identified as a LIF response gene in our microarray study,
regulates cell-cell and cell-substrate interactions in NECs as in
human glioma cells (32). In contrast to SOCS3 (3), SOCS2 had
no inhibitory effect on LIF-induced astrocytic differentiation
(see Fig. S2 in the supplemental material). Considering the
previously reported role of SOCS2 in the neuronal cell lineage
(39), SOCS3 and SOCS2 appear to have different roles in the
brain depending on cell types and upstream cytokines.

In addition to the developing brain, SOCS3-upstream cyto-
kines function in tissues and organs under inflammatory con-
ditions. Injury in the adult spinal cord results in rapid expres-
sion of IL-6 family cytokines (35), followed by the induction of
SOCS3 (23). Okada et al. recently observed escalated accumu-
lation of reactive astrocytes in the injured spinal cords of
Socs3-cKO mice compared to wild-type mice (25). It is possible
that SOCS3 prevents the development and/or accumulation of

reactive astrocytes at the injured site by inhibiting both the
autoregulatory and the pararegulatory loop (see Fig. 5). Up-
regulation of BMP2 and BMP7 mRNAs was observed after
spinal cord injury (33, 34); the kinetics of this upregulation
were slow and biphasic (34), which may be attributed, in part,
to the IL-6 family cytokine-induced pararegulatory positive
loop involving BMP production found in the present study.
Further investigations to elucidate the orchestration of the
cytokine network would provide valuable clues not only for
fuller understanding of the regulation of neural stem cells but
also for the development of a therapeutic target for cytokine-
induced nerve degeneration and regeneration.
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The conceptual understanding of hippocampal function has been challenged recently by the finding that new granule cells are born
throughout life in the mammalian dentate gyrus (DG). The number of newborn neurons is dynamically regulated by a variety of factors,
Kainic acid-induced seizures, a rodent model of human temporal lobe epilepsy, strongly induce the proliferation of DG neurogenic
progenitor cells and are also associated with long-term cognitive impairment. We show here that the antiepileptic drug valproic acid
(VPA) potently blocked seizure-induced neurogenesis, an effect that appeared to be mainly mediated by inhibiting histone deacetylases
(HDAC) and normalizing HDAC-dependent gene expression within the epileptic dentate area. Strikingly, the inhibition of aberrant
neurogenesis protected the animals from seizure-induced cognitive impairment in a hippocampus-dependent learning task. We propose
that seizure-generated granule cells have the potential to interfere with hippocampal function and contribute to cognitive impairment
caused by epileptic activity within the hippocampal circuitry. Furthermore, our data indicate that the effectiveness of VPA as an antiepi-
leptic drug may be partially explained by the HDAC-dependent inhibition of aberrant neurogenesis induced by seizure activity within the

adult hippocampus.
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Introduction
The hippocampal subgranular zone contains cells that continue
to divide and differentiate into neurons throughout adulthood
(Gage, 2000). Adult neurogenesis can be enhanced by a number
of extrinsic factors, including exercise, enriched environment,
and learning (Kempermann et al., 1997; Gould et al., 1999; Van
Praaget al., 1999). Experimental insults, such as status epilepticus
(SE), can also cause a marked increase in adult neurogenesis
(Bengzon et al., 1997; Parent et al., 1997; Scott et al., 1998). It has
been speculated that seizure-induced neurogenesis contributes to
the deficits in hippocampal learning and memory that are asso-
ciated with SE (Stafstrom et al., 1993; Holmes, 1997; Parent,
2002; Parent and Lowenstein, 2002).

Valproicacid (VPA) (2-propylpentanoicacid) is a well known
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anticonvulsant and mood stabilizer (Henry, 2003). Recently,
VPA has been shown to directly inhibit histone deacetylases
(HDACs) (Gottlicher et al., 2001; Phiel et al., 2001). HDACs
belong to a family of enzymes that modify the N-terminal tails of
histones, altering the interaction between histones and DNA and
serving as an epigenetic regulator of gene expression. Huang
et al. (2002) reported that changes in glutamate receptor 2
(GluR2) and brain-derived neurotrophic factor (BDNF) after
pilocarpine-induced SE were associated with increased histone
acetylation in a promoter-specific manner. Both GluR2 and
BDNF contain a neuron-restrictive silencing element (NRSE),
which is a consensus 21 bp DNA binding site for the neuron-
restrictive silencing factor [NRSF, also called repressor element 1
(REI)-silencing transcription factor (REST)] (Chonget al., 1995;
Schoenherr and Anderson, 1995). NRSF transcripts are rapidly
induced in the hippocampus after seizures (Palm et al., 1998).
Recent work from our laboratory has shown that NRSF also func-
tions as an activator of gene expression in adult neural stem cells
to induce neurogenesis (Kuwabara et al., 2004). In undifferenti-
ated neural progenitors or in glial cells, NRSF can associate with
repressor proteins such as HDACs and/or methyl-DNA binding
proteins (such as methyl-CpG binding protein 2} to repress neu-
ronal gene expression (Naruse et al., 1999; Ballas et al., 2001).
Houwever, in neuroblasts, NRSF interacts with a noncoding RNA
with the same sequence as the NRSE to activate gene expression
and promote neuronal differentiation (Kuwabara et al., 2004).
We previously reported that VPA blocked the proliferation and
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induced neuronal differentiation of adult hippocampal neural
progenitor cells in vitro and in vive (Hsieh et al., 2004). This effect
of VPA was associated with a hyperacetylation of histones and an
upregulation of NRSF-regulated neuronal genes (Hsieh et al.,
2004).

Here we examined the effects of the HDAC inhibitor VPA on
kainic acid (KA)-induced seizures. We found that VPA inhibited
seizure-induced neurogenesis and reduced abnormal morpho-
logical changes of newborn neurons to the level seen in control
animals. The ability of VPA to inhibit seizure-induced neurogen-
esis was associated with increase in NRSF mRNA as well as altered
expression levels of several NRSF-regulated neuronal genes.
VPA treatment potently protected epileptic animals from
hippocampus-dependent cognitive impairment after KA-
induced seizures. The data presented support the notion that
increased neurogenesis after SE is essentially aberrant and might
contribute to pathological changes associated with epileptic ac-
tivity within the hippocampal circuitry.

Materials and Methods

Animals. Sixty adult female Fisher 344 rats (180-200 g) were used in this
study. To induce SE, rats were injected with KA (12 mg/kg, i.p.). Seizure
activity was monitored behaviorally, and only animals exhibiting 3 h of
continuous convulsive SE were included in these experiments. Five hours
after the onset of seizures, rats in the VPA groups received their first VPA
injection (150 mg/kg twice daily, i.p.) that has been shown previously to
inhibit HDAC:s in vivo (Shen et al,, 2005; Winkler et al., 2005). Control
animals received injections of identical volumes of saline. The day after
seizure induction, all rats received daily injections of bromodeoxyuridine
(BrdU) (50 mg/kg, i.p.) for 7 d. Rats in the proliferation group were killed
1 d after the last BrdU injection (controls, n = 8; KA, n = I'l). Rats in the
survival group survived for 4 more weeks (controls, n = 8; KA, n = 10).
VPA was injected twice daily throughout the entire length of the experi-
ment (7 d in the proliferation group and 5 weeks in the survival group).

In a separate experiment, six adult female Fisher 344 rats (180-200 g)
were chronically implanted with electroencephalographic/electromyo-
graphic (EEG/EMG) electrodes and allowed to recover from surgery for
3 weeks (see below). After habituation, rats were injected with KA, and,
5 h after the onset of SE, animals were injected with either VPA (300
mg/kg, i.p.) (n = 3) or saline vehicle controls (n = 3) and we began
EEG/EMG monitoring, which continued for 3 d. During the following
2 d, VPA (300 mg/kg, i.p.) or saline was injected once a day.

To obtain hippocampal RNA for reverse transcription (RT)-PCR (see
below), eight adult temale Fisher rats (180200 g) were injected with KA
alone or with KA after a “preinjection” with VPA (300 mg/kg, i.p.) or
trichostatin A (TSA) (1 mg/kg, i.p.) 1 h before the induction of SE. Rats
were killed 3 or 24 h after the onset of seizures. In a subsequent experi-
ment, VPA, TSA, or valpromide (100 mg/kg, i.p.) was given 5 h after
KA-induced seizure onset {plus saline and KA only controls), and the
hippocampi were harvested 24 h later. An additional six rats was used for
the KA time course RT-PCR (see Fig. 4A) and eight rats for the KA time
course Western blots (see Fig. 4 B).

Preparation of hippocampal tissue, RT-PCR, and Western blots. The
hippocampus of both hemispheres was dissected out and chopped into
1-mm-thick coronal slices (McItwain tissue chopper). The dentate gyrus
(DG), CA3, and CAl were carefully isolated using a dissection micro-
scope. RNA isolation from the obtained tissue and cDNA synthesis were
performed as described previously (Hsieh et al., 2004). Primer sequences
are available on request. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and B-actin were used as normalization controls. Western
blot analysis was performed essentially as described previously with slight
modifications (Hsieh et al., 2004). Protein lysates from the obtained
tissue were solubilized in standard radioimmunoprecipitation assay
buffer ahd homogenized by doing three pulses for 10 s each on ice at
setting 1 (Tissue Tearor; Biospec, Bartlesville, OK). Supernatants were
normalized for total protein concentration using a BCA protein assay kit
(Pierce, Rockford, IL) and separated by SDS-PAGE (NuPage 7% Tris~
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acetate gel; Invitrogen, Carlsbad, CA). Primary antibodies were rabbit
anti-REST (1:500; Upstate Biotechnology, Lake Placid, NY), rabbit anti-
GluR2/3 (1:500; Millipore, Temecula, CA), and mouse anti-GAPDH (1:
2500; Millipore). Secondary antibodies were anti-rabbit {1:750) or anti-
mouse (1:1000) horseradish peroxidase from Cell Signaling Technology
(Beverly, MA), and chemiluminescence signals were detected with ECL
plus detection kit (GE Healthcare, Little Chalfont, UK) and exposed to
film.

Immunohistochemistry. Animals were anesthetized with a ketamine/
xylazine mixture and perfused with 0.9% NaCl solution, followed by 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4. Brains were
postfixed in 4% PFA for 24 h and then transferred into 30% sucrose.
Forty micrometer coronal section series were cut using a sliding mic-
rotome. All staining was done with free-floating sections. For BrdU de-
tection, the sections were pretreated with 2N HCl for 30 min at 37°C and
washed in 0.1 M borate buffer, pH 8.5, for 10 min.

To determine the absolute number of BrdU-labeled cells and to visu-
alize the morphology of doublecortin (DCX)-positive cells, the peroxi-
dase method (ABC systern; Vectastain; Vector Laboratories, Burlingame,
CA) with biotinylated anti-rat and anti-goat antibodies and nickel-
intensified diaminobenzidine (Sigma, St. Louis, MO) as chromogen was
used. Immunofluorescent triple labeling was done as described previ-
ously (Jessberger and Kempermann, 2003). As primary antibodies, we
used ratanti-BrdU (1:500; Harlan Sera-Lab, Loughborough, UK), mouse
anti-neuronal neuclei (NeuN} (1:100; Millipore), goat anti-doublecortin
(1:250; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-S1008
(1:1000; Swant, Bellinzona, Switzerland), rabbit anti-Ki67 (1:250; Novo-
castra Laboratories, Newcastle upon Tyne, UK), and rabbit-anti-REST
(1:100; Upstate Biotechnology). To determine the extension of basal
dendrites arising from new neurons, we captured 12 images of the gran-
ule cell layer (GCL) spanning 250 um in length for each animal. Images
were exported into Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA),
and three zones starting from the inner border of the GCL and stretching
20 pm apart from each other were outlined. All processes in each zone
were counted.

For Fluoro-Jade B staining, sections were mounted on coated slides
and dried for 24 h at room temperature. The sections were rehydrated,
washed for 2 min in ddH,0, blocked in 0.06% potassium permanganate,
and incubated for 30 min in the staining solution with 0.0008% Fluoro-
Jade B (Millipore).

Cell counts. The total number of BrdU-positive cells was counted using
every 12th section (480 pm apart) from all animals. BrdU-positive cells
were counted throughout the rostrocaudal extent of the granule cell layer
using a 20X objective and a conventional bright-field microscope
(Eclipse E800; Nikon, Tokyo, Japan) as described previously (Kemper-
mann and Gage, 1999). Derived numbers were multiplied by 12 to obtain
total cell numbers per GCL.

One-in-12 series of sections from animals from the proliferation
group and the survival group (see Fig. 1) were double stained for Ki67/
DCX or BrdU and NeuN. Fluorescent signals were detected using a spec-
tral confocal microscope (Radiance 2100; Bio-Rad, Hercules, CA). All
analyses were performed in sequential scanning mode, and double label-
ing was confirmed by three-dimensional reconstructions of z-series.
From each animal, 50 Ki67-positive (proliferation group) or BrdU-
positive (survival group) cells were randomly picked throughout the
GCL and analyzed. Images were processed with Adobe Photoshop 7.0,
and only general contrast enhancements and color level adjustments
were performed.

Stereological counting of the hippocampal subfields was done as de-
scribed previously (Kempermann et al., 1997). Stereolnvestigator soft-
ware (MicroBrightField, Williston, VT) controlling an epifluorescence
microscope (Nikon Eclipse E600) was used. The grid size for the granule
cell layer was 150 um” and for the CA fields was 250 wm 2. The counting
frame size for the GCL was 10 pn * and for the CA fields was 15 wm . The
coefficient of error (Gundersen) was between 0.07 and 0.15 for the GCL
and 0,08 and 0.31 for the CA fields.

Behavioral analysis. All animals in the survival groups were tested in a
hippocampus-dependent object recognition task (controls, n = 8; KA,
n = 10). Rats were habituated to the testing room (45 min) and the empty
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testing chamber (5 min) for 3 d. The testing chamber was an opaque
plastic chamber (61 X 42 X 37 cm) with regular rodent bedding. On
testing day, the animals were set into the testing chamber for 1 min to
rehabituate. Then two identical objects were placed into the testing
chamber, and the rat was allowed to explore the objects for 15 min
(“familiarization”). After a 3 h delay, the rat was replaced into the testing
chamber again with one object identical to one used in the familiarization
phase and a new object (“testing”). The rats were given 15 min to explore
the familiar and new objects during the testing phase. The familiarization
and testing phases were filmed with a digital video camera for off-line
analysis. The analysis was done using the software developed by Robert E.
Clark (University of California, San Diego, La Jolla, CA) using a hand-
held game controller (Clark et al., 2000). The complete exploration time
during the familiarization was scored. During the testing phase, the first
30's of cumulative exploration time was scored. Two main criteria had to
be fulfilled to be scored as exploratory behavior: (1) the animal’s nose had
to point toward the object not farther away than one rat head’s length,
and (2) there had to be a movement of the whiskers. The testing chamber
and used objects were washed with 70% ethanol before the next rat was
tested. All of the objects used were made of plastic and did not differ in
overall size but differed in shape and color. Objects and positions in the
testing chamber were systematically counterbalanced between groups.

Recording of the EEG and EMG. EEG/EMG recordings were performed
as described previously (Beuckmann et al., 2004). Female Fisher 344 rats
(180-200 g; n = 3 per group) were anesthetized (50 mg/kg ketamine, 5
mg/kg xylazine, and 1 mg/kg acepromazine, i.p.), held in a stereotaxic
apparatus, and surgically implanted under sterile conditions with a min-
iaturized prefabricated block of recording electrodes. The electrode block
was lowered stereotaxically until the electrodes just penetrated the skull
and just touched the dura. This depth was critical to ensure that the lower
end of the electrode made electrical contact with the dura but did not
penetrate it. The electrode block was then affixed to the skull using a glass
ionomer dental cement (Ketac Cem, ESPE; 3M, St. Paul, MN). EEG
signals were recorded unilaterally from a fronto-occipital electrode pair,
positioned 1.5 mm rostral and 1.45 mm laterally from bregma, and 6.1
mm caudal and 1.45 mm lateral from bregma. EMG signals were re-
corded concurrently from two flexible wires, insulated except at the tips,
and implanted bilaterally by blunt dissection into the nuchal muscu-
lature. All rats recovered from the surgery and were habituated to the
recording conditions for 3 weeks before recording commenced.
Throughout the recording, the rats were tethered via a lightweight cable
that was attached to a counterbalanced arm (SMCLA; Instech Laborato-
ries, Plymouth Meeting, PA) mounted to the side of a standard shoebox
cage, with the top cut away. EEG/EMG signals were recorded under
controlled conditions (12 h light/dark cycle; 24 = 1°C) for 3 consecutive
days. Signals were digitized at 250 Hz, recorded to hard disk, and subse-
quently archived to optical media for off-line analysis. Concurrently with
EEG/EMG recording, the behavior of the rats was videotaped for 4 h.
Using customized display software, each 24 h EEG record was visually
screened in 20 s epochs for seizure epochs, the timing and duration of
each seizure was noted, and comparison was made against the behavior
of the rat from the synchronized video record during the initial period.
The display was in terms of 20 s epochs. Seizures were characterized as a
spike-wave pattern on the EEG, usually accompanied by atonic periods
or sustained rhythmic contractions on the EMG. Repetitive spike-wave
patterns were frequently observed, sometimes accompanied by rhythmic
slow activity. Fast waves of increasing amplitude and decreasing fre-
quency could also be seen. Subclinical seizures were typically evident on
the EEG record as a lower-amplitude abnormal wave pattern without
change to the EMG. Each seizure lasting for 2 s or more was noted, and
those that occurred within 5 s of each other were considered the same
seizure. Analysis was in terms of the total number and of the mean
duration of seizures during the 12 h dark and light periods.

Statistics. All statistical analyses were performed using Statview 5.0.1
(SAS Institute, Cary, NC). For all comparisons, ANOVA was performed
followed by Fisher’s post hoc test, when appropriate. Differences were
considered statistically significant at p < 0.05.

J. Neurosci., May 30, 2007 - 27(22):5967-5975 + 5969

Baseline

KA+saline (I3d) KA+VPA (3d)

EEG

EMG

35 1

[J KA+saline
B KA+VPA
30

251

201

10 1

Average number of spikes/20 sec

1 day 2 days 3 days

Figure 1.  Representative examples of EEG monitoring at baseline and spike-wave activity
characteristic of seizures in KA-treated animals receiving saline or VPA injections after 3 d.
Quantification of the average number of spikes per 20 s time period between VPA- and saline-
treated seizure animals at 1, 2, and 3 d, showing no significant difference between the two

groups.

Results

KA-induced subclinical seizures persist with VPA treatment
We used KA to induce SE in Fisher 344 rats, because they show
relatively little variance in their response to KA (Golden et al.,
1995). Seizures could be detected behaviorally within 1 h after KA
injection and lasted for at least 2-3 h. To examine whether VPA
affected seizure activity, we injected rats with either VPA or saline
5 h after initial seizure onset and started EEG monitoring. Both
groups showed similar, pronounced spike-wave epileptiform dis-
charges consistent with behavioral seizures during the first 24 h
(Fig. 1). Even after overt behavioral seizures subsided after the
first day, both seizure groups still showed spike wave activity
characteristic of subclinical seizures for up to 3 d of EEG/EMG
monitoring. Thus, VPA treatment in seizure animals did not sig-
nificantly affect seizure strength or frequency in the first 3 d after
KA injection compared with untreated seizure control animals.

VPA inhibits seizure-induced neurogenesis in the adult
dentate GCL

To examine the potential effects of VPA on seizure-induced neu-
rogenesis, we used the thymidine analog BrdU to label dividing
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cells and their progeny. The animals were
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To determine the phenotype of divid-
ing cells mediating the KA-induced in-
crease in cell proliferation in the presence
or absence of VPA, we analyzed proliferat-
ing progenitors (using Ki67 as a marker of
cycling cells) (Gerdes et al., 1983; Kee et
al., 2002) for their coexpression of DCX, a
marker for dividing neuroblasts and im-
mature neurons (Brown et al., 2003;
Couillard-Despres et al., 2005; Jessberger
et al., 2005) by confocal microscopy. The
number of Ki67-positive colabeling with
DCX increased in animals treated with
KA (Fig. 2K,L) (p < 0.01). However,
KA-injected animals treated with VPA did
not display an increase in DCX-Ki67 dou-
ble-positive cells and showed levels similar
to those in control and VPA-treated only
animals (Fig. 2L).

We next examined the number of
BrdU-labeled cells in the DG of animals in
the survival group. Reflecting the strong
increase in proliferation soon after SE,
there was a significant increase in the
number of BrdU-positive cells in KA-treated animals. Strikingly,
the seizure-induced increase in net neurogenesis was significantly
reduced with VPA treatment (Fig. 2 F-J). To identify the pheno-
type of BrdU-labeled cells 4 weeks after the last BrdU injection,
we determined the percentage of cells that were positive for BrdU
and positive for NeuN, a marker of mature neurons or 10083, a
Ca” " -binding protein expressed by astrocytes. We did not find
any significant differences in relative neuronal or glial differenti-
ation of newborn cells (data not shown). However, the absolute
number of BrdU-NeuN double-positive cells in the KA-treated
group was substantially increased compared with that in control
and VPA-alone animals (Fig. 3A-C). Notably, seizure animals
that had received VPA injections showed numbers of newborn
neurons that were comparable with those in control animals,
showing that VPA potently inhibited seizure-induced neurogen-
esis in the adult hippocampus.

VPA normalizes the morphology of newly generated dentate
granule cells after seizures

One of the characteristic changes seen after SE is the presence of
hilar basal dendrites arising from granule cells that fail to retract
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Figure 2.  VPA treatment blocks seizure-induced neurogenesis and prevents aberrant DCX-expressing progenitor cell activa-
tion. A—E, Number of BrdU-positive cells 1 d after the last BrdU injection, indicative of proliferative activity after SE (A). Represen-
tative BrdU staining of saline (B), VPA-treated (€), KA-injected (D), and KA-injected plus VPA-treated () animals killed 1d after
last BrdU injection. F—J, Number of BrdU-positive cells 4 weeks after the last BrdU injection, indicative of stable cell genesis after
SE(F). Representative BrdU staining of saline (G), VPA-treated (H ), KA-injected (), and KA-injected plus VPA-treated (/) animals
killed 4 weeks after last BrdU injection. K, Example of two DCX (red)/Ki-67 (green) colabeled cells (arrowheads} in the subgranular
zone (blue, NeuN) 8 d after SE. L, The percentage of DCX/Ki-67 colabeled cells is increased 8 d after SE compared with controls. VPA
treatment prevents aberrant DCX-pasitive progenitor cell activation. Scale bars: (in J) B-J, 100 wm; K, 20 m. *p << 0.01.

and extend their processes deep into the hilus (Buckmaster and
Dudek, 1999; Dashtipour et al., 2003; Shapiro and Ribak, 2006).
The presence of these hilar basal dendrites on dentate granule
cells as well as ectopic hilar granule cells after seizures could lead
to a recurrent excitatory circuitry (Ribak et al., 2000; Scharfman
et al., 2000). Therefore, we analyzed the extent of DCX-positive
basal dendrites reaching into the hilus. Confirming previous re-
sults (Dashtipour et al., 2003; Shapiro and Ribak, 2006), we
found a significant increase in the length and number of dendritic
processes reaching into the hilus 8 d after KA-induced seizures
compared with controls (Fig. 3E). VPA treatment of seizure ani-
mals almost completely prevented the formation of hilar basal
dendrites and normalized the morphology of newborn granule
cells similar to controls (Fig. 3E).

VPA inhibits seizure-mediated neurogenesis by regulating
changes in gene expression

The observation that there was a decrease in the number of new-
born neurens and normalized morphology after seizures with
VPA treatment led us to investigate how VPA acts to block the
detrimental effects of seizure-induced neurogenesis. The effect of
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KA-induced seizures on NRSF transcripts has been studied in the
adult brain (Palm et al., 1998). The researchers found increased
expression of NRSF in granular neurons of the DG 4 h after KA
treatment and increased expression in the pyramidal layers CA1-
CA4 24 h after KA treatment. In our experiments, a time course
RT-PCR after KA treatment was performed (Fig. 4A). Indeed,
NRSF mRNA levels were significantly increased in both the DG
and CA3 as early as 6 h after KA injection and remained elevated
throughout the course of the experiment (Fig. 4A). In other ex-
periments, NRSF levels returned to baseline at 3 d after KA treat-
ment, suggesting that there may be a critical period initially after
SE that NRSF regulation of direct downstream target genes is
occurring. NRSF protein levels appeared relatively unchanged in
control and KA-treated animals at various time points (3 h to
3 d), although there may be slightly increased NRSF protein levels

F&E _‘q“ (9‘ & \Q.'r_,e"“

VPA treatment abates the number of seizure-generated neurons and decreases the formation of hilar basal dendrites.
A-C, Compared with control animals (4), the number of new neurons (arrowheads) 4 weeks after the last BrdU injection is
dramatically increased after KA injection (B; red, BrdU; blue, NeuN; green, 5100/3). VPA treatment significantly reduced the
number of new neurons after SE (€). D, E, VPA treatment inhibited the formation of basal dendrites reaching into the polymorphic
cell layer (D). Representative examples of DCX-immunoreactive cells in saline (CON), VPA-treated (VPA), KA-injected (KA), and
KA-injected plus VPA-treated (KA VPA) animals killed 8 d after SE (E). Arrowheads point toward hilar basal dendrites. Scale bars: 4,
E,20 um. *p < 0.01.
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at the 1 d time point with KA treatment in
both DG and CA3 (Fig. 4B).

KA-induced seizures have been shown
to upregulate the expression of some
NRSF target genes, such as BDNF (Zafra et
al., 1990; Tongiorgi et al., 2004) and NaCh
IT (Gastaldi et al., 1997), and downregu-
late the expression of other genes, such as
GluR2 (Grooms et al., 2000; Sanchez et al.,
2001). We found that there are gene-
specific differences among various NRSF
target genes (i.e., GluR2, BDNF, synapsin
I) with respect to their upregulation or
downregulation after KA in the DG at 3
and 24 h (Fig. 4C). We also observed
GluR2 protein levels were down by 3 d
with KA treatment in both DG and CA3,
which has been suggested previously to be
one of the critical genes downregulated af-
ter seizures (Fig. 4 B) (Pollard et al., 1993;
Friedman et al., 1994). Interestingly, ani-
mals receiving both KA and either VPA
(K/V) or TSA (K/T) displayed high levels
of NRSF-regulated gene expression as
early as 3 h (as for BDNF and synapsin I)
and, in some cases, up to 24 h (as for
BDNF). In the case of GluR2, there was
downregulation of the message after KA
induction by 24 h, which was prevented
with VPA or TSA treatment (Fig. 4C). This
finding is consistent with results from
Huang et al. (2002), who demonstrated
that TSA prevented the downregulation of
GluR2 in CA3 after pilocarpine-induced
seizures (Huang et al., 2002). As for BDNF
(at3and 24 h) and synapsin (at 3 h), VPA
or TSA treatment in KA-injected animals
kept the mRNA levels high; however, the
level of synapsin I dropped back down to
baseline by 24 h. These results suggest that
NRSF and a subset of NRSF target genes
may be preferentially dysregulated after
KA-induced seizures and that VPA,
through HDAC inhibition, may function
to normalize these aberrant changes in
gene expression.

In the above experiments, animals
were first pretreated with VPA or TSA for
1 h before seizure induction to maximize the levels of HDAC
inhibitors during SE (as described previously by Huang et al.,
2002). In a follow-up study, we treated seizure rats with VPA
(K/V), TSA (K/T), or valpromide (K/M) 5 h after onset of SE,
which is identical to the paradigm for the neurogenesis and be-
havioral studies with the addition of a second HDAC inhibitor
(Fig. 4D). Similar to the pretreatment scheme, VPA and TSA
(although to a lesser extent) prevented the KA-induced down-
regulation of GluR2. Interestingly, the antiepileptic valpromide
(K/V), which is an amide analog of VPA but is not an HDAC
inhibitor (Gottlicher et al., 2001), does not block the downregu-
lation of GluR2 after KA treatment. Together, these data suggest
that VPA blocks seizure-induced neurogenesis via inhibiting
HDAGsS, possibly through modulation of NRSF activity and neu-
ronal target genes.
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