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Table 1 Neurotransmitter levels in prefrontal cortex, striatum and nucleus accumbens of wild-type and Slitrki-knockout mice

Prefrontal cortex Striatum Nucleus accumbens
wT KO WwT KO wT KO
NE 4210.3+115.4 4681.41+132.9* 74.1+t15.0 77.3113.5 2785.0£581.8 3578.6 £ 485.1
DA 2344.7 + 383.8 2340.1+307.2 99532.2 + 7476.2 93077.7 £ 2658.7 59585.6 £4392.2 60868.4 +3379.1
5-HT 2833.5+232.8 2941.8:178.2 2286.6 + 194.6 2163.6+73.4 3892.1 £ 360.6 4557.3 £ 330.7
DOPAC 776.4+%56.5 768.4 £ 50.0 21514.1+1881.1 17079.2 £ 1814.2 15644.7 £943.7 14946.5 £ 1055.8
MHPG 678.7 £ 30.5 853.31131.4 457.4+30.8 535.2+t78.8 636.3 £46.5 836.4 £ 101.1**

12359.5+£ 638.3
2037.9%125.6

HVA 1899.4 + 172.5 2406.8 £ 300.9
5-HIAA 3545.3%126.7 3680.3 + 269.1

3-MT 305.0 £ 33.1 278.6125.4 7883.1+622.9
Ach NA NA 2805.51 476.2
CH NA NA

8824.8 £ 642.5
2575.1+189.6
5208.9 £ 381.7
2262.5 + 266.1

12382.0+£657.8
21496 £170.3
6730.0 £ 196.0
2401.7 £270.7

10356.9+919.4
3265.3 + 246.4*~
5100.1 + 416.0
2218.41t151.5

210569.8+ 12868.8 177557.3 £+ 6655.4* 123583.5£5619.3 123616.8 £ 7070.0

Abbreviations: WT, wild type; KO, knockout; 3-MT, 3-methoxytyramine; 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT.
serotonin: HVA, homovanillic acid: Ach, acetylcholine; CH, choline; DA, dopamine; DOPAC, 3,4-dihydroxyphenylacetic
acid; MHPG, 3-methoxy-4-hydroxyphenylglycol: NA, not available; NE, norepinephrine.

*P<0.05; **P<0.01 (Student’s t-test).

Values are presented as mean + s.e.m. (pg/ug protein) of six animals.

test, whereas the drug had little effect on wild-type
mice (Figures 4a and b). In contrast, clonidine
treatment did not alter the locomotor activity of either
wild-type or Slitrk1-deficient mice (Figure 4c).

Discussion

In the present study, we developed Slitrk1-knockout
mice and analyzed their behavioral and neurochem-
ical phenotypes. Slitrki-deficient mice exhibited
elevated anxiety-like behavior in elevated plus-maze
test and increased immobility time in forced swim-
ming and tail suspension tests. The brains of Slitrk1-
deficient mice had increased levels of norepinephrine
and MHPG, and administration of clonidine, an
x2-adrenergic agonist, attenuated the anxiety-like
behavior of Slitrk1-knockout mice.

The results of the present study strongly suggest the
involvement of norepinephrine mechanisms in the
elevated anxiety-like behavior of Slitrki-knockout
mice. Recently, Hu et al. revealed that norepinephrine
is involved in the formation of emotional memory by
regulating AMPA-receptor trafficking, and injection of
epinephrine enhanced the formation of fear-condi-
tioned contextual memory.** The result also suggests
that the increased norepinephrine content of Slitrk1-
deficient mice contributes to the increased freezing in
the contextual fear-conditioning experiment (Figure 3e).
Slitrk1 protein is not abundant in the pons and
medulla oblongata, which contain noradrenergic
neuronal cell bodies, including those in the locus
coeruleus.”* Indeed, Slitrki-deficient mice lacked
overt abnormalities in noradrenergic neurons of the
locus coeruleus (Supplementary Figure S5). However,
Slitrk1 is produced abundantly in brain areas receiv-
ing projections of noradrenergic neurons, such as
cerebral cortex, hippocampus, amygdala, thalamus
and hypothalamus (Figure 1).** Although the mole-

Molecular Psychiatry

-238-

cular properties of Slitrk1 have not been clarified yet,
our present results indicate that it contributes to
noradrenergic neurotransmission.

In this study, Slitrki-deficient mice displayed not
only elevated anxiety-like behavior but also depres-
sion-like behavioral abnormality, characterized by
increased immobility time in forced swimming and
tail suspension tests (Figures 3g and h). The mono-
amine-deficiency hypothesis postulates that depres-
sion is caused by the deficiency in serotonin and/or
norepinephrine neurotransmission,” and compounds
that can inhibit reuptake of norepinephrine or
serotonin are widely used as antidepressants. In-
creased levels of norepinephrine and MHPG were
observed in Slitrki-deficient brain, suggesting an
altered status of the noradrenergic neurotransmission.
Although further analyses are needed to clarify the
causes and effects of the transmitter content abnorm-
ality, preclinical and clinical evidence suggests a
relationship between increased noradrenergic neuro-
transmission and symptoms associated with stress
and anxiety.***® Considering the anxiety-like behavior
in the Slitrki-deficient mice, the altered noradrener-
gic transmission may be involved in the appearance
of depression-like behavior.

As the noradrenergic system, the cholinergic sys-
tem is involved in fear and anxiety. Systemic
injection of mice with muscarinic antagonists
increases anxiety, whereas administration of nicotinic
agonists decreases anxiety, in the elevated plus-maze
test.?”*® Single injections of nicotine also decrease the
freezing response of rats in the contextual fear-
conditioning test.” Furthermore, clinical evidence
from patients with Alzheimer’s disease also supports
a relationship between the cholinergic system and
anxiety. Alzheimer’s disease is associated with de-
creased cholinergic levels, and roughly 33% of
patients with Alzheimer’s syndrome also suffer from
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Figure4 Administration of clonidine attenuated the elevated anxiety-like behavior of Slitrk1-knockout mice in the elevated
plus-maze test. Injection of clonidine increased the percentage of time spent in open arms (=14, P<0.05) (a) and entries
into open arms in Slitrki-deficient mice (/=10.5, P<0.05) (b), whereas the drug had no effect on locomotor activity (c).
*P<0.05, **P<0.01; Student’s t-test (parametric data), Mann-Whitney’s U-test (percentage data); and mean +s.e.m.; n=10
(saline) or 11 (clonidine) for wild-type mice and n=8 (saline) or 9 (clonidine) for knockout mice.

anxiety disorders. More importantly, treatment with
acetylcholinesterase inhibitors has decreased anxiety
in these patients.”® Therefore, the decreased choline
and acetylcholine levels of Slitrk1-deficient mice may
be important in their increased anxiety-like behavior.

Mutations in SLITRK1 are found in patients with
TS or TTM.”*** These two syndromes are believed to
belong to the OCD spectrum of diseases. However,
Slitrk1-deficient mice did not display any abnormal-
ities in the marble-burying behavior test (Supplemen-
tary Figure S4f), a paradigm used to detect QCD
symptoms as well as anxiety-like behavior in ani-
mals.**** Although the behavioral phenotypes of
Slitrk1-knockout mice are not fully consistent with
those of TS patients, these mice display some of the
phenomena of TS patients and may yield insight into
the pathogenesis of TS. Tic disorders including TS
often are associated with anxiety disorders, mood
disorders including major depression and pho-
bias.**** In the present study, Slitrki-deficient mice
displayed elevated anxiety-like behavior that was
attenuated by the administration of clonidine, a drug
frequently used to treat patients with TS. These
results suggest possible association of the elevated
anxiety-like behavior induced by the dysfunction of
Slitrk1 and the symptoms of TS.

In agreement with the behavioral abnormalities of
Slitrk1-deficient mice, SLITRK1 mutation in humans
seems to be associated with anxiety- or mood-related
disorders. For example, one proband diagnosed with
TS and ADHD demonstrated a frameshift mutation in
SLITRK1; the patient’s mother, who had TTM, had the
same mutation.” In addition, a patient with TTM and
SLITRK1 mutation also had mild anxiety and a
history of depression; her mother, who carried the

mutation, had a history of depression, low self-
esteem, and a fear of heights.” In the other case, a
patient with TTM and SLITRK1 mutation had no
other clinically significant mood, anxiety or behavior
problems; however, her father, who was a mutation
carrier, was formally diagnosed with TTM and social
phobia and a history of bulimia, and his sister, who
was not available for genetic testing, had also been
diagnosed with TTM and had a history of anxiety and
depressive disorders.” Combining these findings with
the results of present study, we hypothesize that
SLITRK1 may be involved in the control of anxiety,
fear and mood, which are closely related to TS and
TTM.

Human SLITRK1 is located on 13q31.1, a region
linked strongly with panic disorder, schizophrenia,
bipolar disorder and recurrent depressive disorder.**
Clinical studies suggest a relationship between norepi-
nephrine and behaviors of anxiety and fear, as well as
alterations in noradrenergic function in patients with
psychiatric disorders related to anxiety and stress,
panic disorder and posttraumatic stress disorder.**10:41
Further analysis of Slitrki-deficient mice will be
beneficial for understanding the pathogenesis of TS
and other related neuropsychiatric diseases.
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In this study, we generated mice lacking the gene for G-substrate,
a specific substrate for cGMP-dependent protein kinase uniquely
located in cerebellar Purkinje cells, and explored their specific
functional deficits. G-substrate—deficient Purkinje cells in slices
obtained at postnatal weeks (PWs) 10-15 maintained electrophys-
iological properties essentially similar to those from WT litter-
mates. Conjunction of parallel fiber stimulation and depolarizing
pulses induced long-term depression (LTD) normally. At younger
ages, however, LTD attenuated temporarily at PW6 and recovered
thereafter. In parallel with LTD, short-term (1 h) adaptation of
optokinetic eye movement response (OKR) temporarily diminished
at PW6. Young adult G-substrate knockout mice tested at PW12
exhibited no significant differences from their WT littermates in
terms of brain structure, general behavior, locomotor behavior on
a rotor rod or treadmill, eyeblink conditioning, dynamic character-
istics of OKR, or short-term OKR adaptation. One unique change
detected was a modest but significant attenuation in the long-term
(5 days) adaptation of OKR. The present results support the concept
that LTD is causal to short-term adaptation and reveal the dual
functional involvement of G-substrate in neuronal mechanisms of the
cerebellum for both short-term and long-term adaptation.

cerebellum | long-term depression | optokinetic response | Purkinje cell

he G-substrate purified from rabbit cerebellum is one of the

few preferred substrates for cGMP-dependent protein ki-
nase (PKG) (1-8). It is positioned at the downstream end of the
cascade linking nitric oxide (NO), soluble guanylate cyclase,
¢GMP, and PKG. The target(s) for NO is located within Purkinje
cells (9-12), where diffusing NO activates soluble guanylate
cyclase (13), which, in turn, enhances PKG activity (14). Immu-
nohistochemical studies have revealed that G-substrate is
uniquely concentrated in cerebellar Purkinje cells (2, 6. 7, 15,
16). In cerebellar slices, G-substrate in Purkinje cells is effec-
tively phosphorylated in response to a membrane-permeable
analogue of ¢cGMP that activates PKG (9). Phosphorylated
G-substrate acts as a potent inhibitor of protein phosphatase
(PP) 1 and PP2A (6-8). We now have generated G-substrate
knockout mice to investigate further the functional roles of
G-substrate at cellular and behavioral levels.

Each component of the NO-cGMP-PKG pathway has so far
been shown to be required for the induction of cerebellar
long-term depression (LTD) (12. 17-24). a characteristic form of
synaptic plasticity displayed by Purkinje cells (25). In LTD.
synaptic transmission from parallel fibers (PFs) to Purkinje cells
is persistently depressed after conjunctive stimulation of the PFs
and climbing fibers (CFs). CF stimuli can be replaced by
application of depolarizing pulses to the Purkinje cell membrane.
Peculiarly, NO is not required for LTD induction in young
cultured Purkinje cells (26), suggesting that the NO-cGMP-PKG

www.pnas.org/cgi/doi/10.1073/pnas.0813341106

pathway acts as a modulator whose requirement for LTD may
depend on various circumstances (27).

LTD has been considered to provide a cellular mechanism of
motor learning (25). Here, we report a distinctive age-dependent
deficit of LTD induction in G-substrate—deficient Purkinje cells;
LTD occurs at postnatal week (PW) 4 but diminishes at PW5-6
and then recovers at PW10 afterward. We also examined how the
age-dependent diminution of LTD is reflected in the age profile
of adaptation of optokinetic eye movement response (OKR), a
simple form of motor learning. OKR adaptation is an increase
of OKR gain induced by continuous oscillation of a screen
around a stationary animal and is abolished by gene knockout
(28) or pharmacological inhibition of neural NOS (28, 29). As
very recently reported, OKR adaptation (30), as well as
vestibulo-ocular reflex (VOR) adaptation (31), has 2 distinct
phases underlain by different neural mechanisms. The short-
term adaptation occurring during 1 h of training has its memory
site in the cerebellar cortex of the flocculus, whereas the
long-term adaptation accumulated during repeated 5-day train-
ing sessions is an event that takes place somewhere else, because
the latter is maintained even after a glutamate antagonist (31)
or lidocaine (30) has blocked cerebellar cortical activity. There
is some evidence indicating that long-term OKR adaptation has
its memory site in vestibular nuclear neurons (30).

In this study, we demonstrate in G-substrate knockout mice
that the short-term OKR adaptation diminishes in an age-
dependent manner in parallel with LTD amplitude reduction.
G-substrate knockout affects the LTD induction and short-term
OKR adaptation only temporarily around PW6: however, young
adult mice at PWI2 prove to be free of these deficits. We
demonstrate that they are also free of deficits in other motor
learning tasks, including eyeblink conditioning (32). motor
coordination (33), and adaptive locomotion (34). Eventually, a
significant depression of the long-term OKR adaptation is the
only deficit exhibited by PW12 G-substrate knockout mice. Thus,
the functional role of G-substrate gene is defined by its differ-
ential involvement in LTD-driven short-term OKR adaptation
and otherwise initiated long-term OKR adaptation.
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Fig. 1.

Generation of G-substrate knockout mice. (A) Gene structure of mouse G-substrate and targeting vector for the generation of G-substrate knockout

mice. (B) Confirmation of G-substrate knockout by Southern blot analysis. Restriction-enzyme-digested genomic DNA was subjected to Southern blot
hybridization analysis. The band shift attributable to the homologous recombination was confirmed by probing the blot with 32p.|abeled 3'- and 5'-probes, as
indicated in the figure. The removal of the selection marker, pgk-Neo cassette, was also confirmed by Southern blot analysis using the 32p.|abeled 3'-probe.

Results

Generation of G-Substrate Knockout Mice. The G-substrate gene
consists of 5 exons and 4 introns (Fig. 14). The initiation Met is
in exon 2, and the 2 PKG phosphorylation sites are in separate
exons (exons 3 and 4). For the generation of G-substrate
knockout mice. the G-substrate gene was disrupted by insertion
of DNA encoding a selection marker (pgk-neo cassette) and
tau-AFAP in the first coding exon (exon 2) (Fig. 14). Correct
recombination was confirmed by Southern blot analysis of ES
cells and F2 mice using 5'- and 3'-probes (Fig. 1B). The removal
of the pgk-neo cassette. the selection marker in ES cells, was
confirmed by Southern blot analysis (Fig. 18). Homozygous mice
deficient in G-substrate were obtained by mating heterozygous
mice and had normal Mendelian distribution, showing lack of
embryonic lethality. The homozygous G-substrate knockout
mice appeared to develop and reproduce normally.

In samples from WT mice, mRNA was observed as a single
band of 1.7 kb on Northern blot analysis: however, there was
complete absence of G-substrate mRNA and immunoreactivity
in the homozygous knockout mice [supporting information (SI)
Fig. S14 and B). Furthermore, no detectable G-substrate pro-
tein was observed in homogenates prepared from G-substrate
knockout mice as demonstrated by immunoblotting of immu-
noprecipitates obtained using G-substrate antibody (Fig. S1C).

The results suggest that the homozygous G-substrate gene
deletion led to a complete loss of the G-substrate mRNA and
protein expression in the cerebellum. No major morphological
changes were observed in the cerebellum or whole brain of
homozygote mice as assessed by light microscopy (Fig. 2.4 and
B). The layer structures of the cerebellum were indistinguishable
in WT and G-substrate knockout mice, as shown by Nissl
staining of cerebellar slices. There were no apparent changes in
the density, size, or shape of cerebellar Purkinje cells. In
G-substrate knockout mice, the shape and path of Purkinje cells
were easily visualized by fluorescence microscopy (Fig. 2C),
given that AFAP, a GFP derivative, was expressed in G-substrate
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knockout mice under the control of the G-substrate promoter
(Fig. 1). Primary and secondary dendrites and axon bundles were
observed with bright fluorescence. Furthermore, axon bundles
originating from Purkinje cells were clearly marked by AFAP.
These axons course to the deep cerebellar nucleus and vestibular
nucleus, as in normal mice.

Cerebellar LTD. In current clamp configuration with patch pi-
pettes, we recorded from 120 Purkinje cells in acute slices from
G-substrate knockout mice and from 118 Purkinje cells in acute
slices from WT littermates. We confirmed that there were no
statistically significant differences in membrane potential, mem-
brane resistance, time course of PF-evoked excitatory postsyn-
aptic potentials (EPSP), or waveform of complex spikes, except
for a modest difference in paired-pulse facilitation of PF-EPSPs
(Table S1). Stimulation of the white matter evoked full-sized CF
responses in an all-or-none manner, and there was no evidence
for multiple CF innervations of Purkinje cells.

Cerebellar LTD was induced by conjunction of PF stimulation
with depolarizing pulses at 1 Hz for 5 min (see Materials and
Methods). The induced LTD developed during the initial 20 min
and was followed by a slow phase proceeding for another 40 min
(Fig. 34). Because our provisional tests showed variation in the
expression of LTD in Purkinje cells deficient of G-substrate, we
paid special attention to the possible age-dependent variation of
LTD and examined mice at PW4 to PW15. As shown in Fig. 34,
WT Purkinje cells showed virtually identical average LTD time
courses throughout life up to PW15. The magnitudes of LTD
measured 41-50 min after the onset of 5 min of conjunction were
about 20%, on average (Fig. 34). In contrast, Purkinje cells
lacking G-substrate showed virtually normal LTD at PW4, which
then diminished to zero at PW6; thereafter it recovered to
normal levels from PW10 onward (Fig. 3B). The histogram in
Fig. 3C compares the LTD magnitude between G-substrate—
deficient and WT Purkinje cells from PW4 to PW15. There was
a significant difference in the LTD magnitude between the 2
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Fig. 2. Structures of cerebellum in WT and G-substrate knockout mice. (4)
Niss| staining of cerebellar slices obtained from WT and G-substrate knockout
mice. The thin sections (30 um) were obtained from paraformaldehyde-fixed
brain using a cryostat and were subjected to Nissl staining. (B) Hematoxylin
and Eosin staining of brain slices obtained from WT and G-substrate knockout
mice. (C) Fluorescence images of slices obtained from G-substrate knockout
mice. The frozen thin sections (20 ;um) were observed under a fluorescence
microscope. AFAP, a GFP derivative, was expressed under the control of the
G-substrate promoter.

genotypes of Purkinje cells (2-way factorial ANOVA: F_ 54 =
13.19, P = 0.004). The LTD magnitude in G-substrate knockout
mice showed a clear age-dependency (1-way ANOVA: Fs 4 =
2.91, P = 0.019), whereas the incidence and extent of LTD in WT
mice did not (Fs, 99 = 0.671, P = 0.647). The Dunnett post hoc
test in Fig. 3C revealed that the LTD magnitude in G-substrate
knockout Purkinje cells was significantly smaller than thatin WT
Purkinje cells at PW6 (P < 0.01) and PW5 (P < 0.05). LTD
magnitudes in G-substrate knockout mice were also smaller at
PW7 and PWS8 (Fig. 3C), but these decreases were not statisti-
cally significant (P > 0.05).

Dynamics and Short-Term Adaptation of OKR. First, we examined the
dynamic characteristics of the OKR (gain, phase, and screen
frequency dependence) using sinusoidal screen oscillations (15°
peak-to-peak, 0.11-0.33 Hz) in the light in 9 G-substrate knock-
out mice and 7 WT littermate mice at PW12 (Fig. S2). We
observed no differences in the gains of OKR between G-
substrate knockout and WT littermates (two-way repeated mea-
sures ANOVA: F), 14 = 0.082, P = 0.78). Then, we examined the
adaptation of OKR in 12 G-substrate knockout mice and 12WT
littermates at PW12. As shown in Fig. 44, no difference was
observed in the “start gain” of OKR measured by sinusoidal
screen oscillation (15° peak-to-peak, 0.17 Hz, maximum screen
velocity of 7.9°/sec) between the 2 genotypes at PW12. These
mice were subjected to 1-hr continuous screen oscillation with
the same stimulus parameters to induce short-term OKR adap-
tation. The “end gain” of OKR was measured immediately after
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Fig. 3. Age-dependent expression of cerebellar LTD in G-substrate—lacking
Purkinje cells. (A) Averaged time profile of 3 groups of WT Purkinje cells is
shown with different colors. The ordinate illustrates the rising slope of PF-
EPSPs relative to the average measured 5 min before conjunction, and the
abscissa illustrates time. The oblique-shaded band indicates the application of
conjunction of PF stimulation and depolarizing pulses. Number of Purkinje
cells tested is shown in brackets. Vertical bars, SEs. (8) Similar to A but for
G-substrate-deficient Purkinje cells. (C) Histograms showing LTD amplitude at
41-50 min for different PWs in WT and G-substrate-deficient Purkinje cells.
Filled columns are G-substrate knockout mice, and empty columns are WT
littermates. Vertical bars, SEs. The numbers of cells used for the experiments
are as follows: for WT mice, PW4 (12), PW5 (23), PW6 (14), PW7 (10), PW8 (14),
and PW10-15 (23); for G-substrate knockout mice, PW4 (10), PWS5 (9), PW6 (9),
PW7 (6), PW8 (11), and PW10-15 (29).

the 1-hr screen oscillation. The increase in the OKR gain during
the 1-hr screen oscillation ([end gain] — [start gain]) repre-
sents the magnitude of the short-term OKR adaptation. As
shown in Fig. 4B, no significant difference was detected in short-
term OKR adaptation in G-substrate knockout mice and WT
littermates at PW12 [Student’s ¢ test: £ (22) = 0.26, P = 0.797].
We also examined 14 G-substrate knockout mice and 10 WT
mice at PW6 (all different from the mice examined previously at
PW12). Fig 4C shows that there was no significant difference in
the start OKR gain between the 2 genotypes at PW6. However,
a significant difference was detected in the short-term OKR
adaptation between the 2 genotypes at PW6 (Fig. 4D): the
magnitude of short-term OKR adaptation was smaller in G-
substrate knockout mice than in WT mice [Student’s ¢ test: ¢
(22) = 2.094, P = 0.048]. Furthermore, examination of the mice
at PW4 and PWS5 revealed a low OKR gain and poor short-term
OKR adaptation for both G-substrate knockout and WT litter-
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Fig. 4. OKR gain and short-term OKR adaptation. Mice were subjected to
sinusoidal screen oscillation by 15° (peak-to-peak) at 0.17 Hz (maximum
velocity, 7.9%/sec) in the light for 1 hr, (A) Start OKR gain before 1-hr screen
oscillation at PW12. (B) OKR gain change obtained during 1-hr sustained
screen oscillation at PW12. (C) Similar to A but at PWe. (D) Similar to B but at
PW6. Filled columns represent G-substrate knockout (KO) mice, and empty
columns represent WT mice. Vertical bars, SEs. The number of mice used is
shown in brackets.

mates (data not shown). It appears that the OKR neuronal
circuit is immature at PW4 and PWS5, such that short-term OKR
adaptation occurs only rudimentarily. The results in Fig. 4 B and
D suggest that the OKR neuronal circuit has matured consid-
erably by PW6, although it might not be as complete as that at
PW12, and that it expresses a deficit caused by G-substrate
knockout. These interpretations are consistent with the results
shown in Fig. 3C (i.e., LTD attenuates at PW6 but recovers at
PW12).

Long-Term OKR Adaptation. Next, we examined long-term OKR
adaptation by carrying out 1 session of 1-hr screen oscillation per
day for 5 successive days. Fig. 54 shows that the daily gain
changes ([end gain] — [start gain]) did not show significant
differences between the WT and G-substrate knockout mice
throughout 5 days (two-way repeated measures ANOVA: Fy 13 =
0.019, P = 0.893). The increase in the daily gain recovered within
24 hr; however, the start gainbefore the 1-hr oscillation gradually
increased at days 2-5 compared with the start gain at day 1,
which we call long-term adaptation (30). Fig. 58 compares the
gain increase induced by long-term OKR adaptation between
the 2 genotypes. The gain increase of the G-substrate knockout
mice was smaller than that of the WT mice throughout the 5-day
session (two-way repeated measures ANOVA:F; 13 = 6.508, P =
0.024) (Fig. 5B). At the end of day 5, the start gain increased by
0.19 in G-substrate knockout mice, whereas it increased by 0.37
in the WT mice (Fig. 5B). Thus, G-substrate knockout mice are
characterized by a partial but significant decrease in the rate of
long-term OKR adaptation. The long-term OKR adaptation is
not an accumulation of residuals of short-term adaptation,
because the former remained intact with local application of
lidocaine to the flocculus (30), which blocks the latter. The
present results showing that, at PW12, long-term OKR adapta-
tion attenuates, whereas short-term OKR adaptation occurs
normally provide another line of evidence that the 2 types of
OKR adaptation are underlain by different neural mechanisms.

General Behavior. Behavioral tests described in this article were
carried out on young adult mice at PW12, unless otherwise
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Fig.5. Long-term adaptation of OKR. WT (n = 7) and G-substrate knockout
(KO) mice (n = 8) at PW12-15 were exposed to 1-hr sustained screen oscillation
every day for 5 days. The mice were kept in the dark, except during the screen
oscillation. (A) Daily OKR adaptation. The ordinate illustrates AGain, gain
changes obtained after 1-hr oscillation on each day. Filled columns are G-
substrate KO mice, and empty columns are WT littermates. (B) Cumulative
OKR gain changes induced through 5-day sessions. The ordinate illustrates
AGain, increases of the start gains on each day as measured from the start gain
at day 1. Hollow circles represent WT mice, and solid circles represent G-
substrate KO mice.

stated. The overall behavioral properties of G-substrate knock-
out mice were not different from those of WT mice (summarized
in Table S2). G-substrate knockout mice exhibited some de-
crease in locomotor activity in the open-field test; however, the
data did not reach statistical significance, except for the distance
moved in the dark condition (Fig. $3). The decreased distance
moved in the open field might imply an emotional change in
G-substrate knockout mice. However, we confirmed that G-
substrate knockout mice have normal sensory systems, and they
behaved normally in a variety of other emotional tests carried out
in the entire test battery (Table 52). A further detailed analysis
is required to identify the possible emotional change implied by
the open-field test results.

Rotor Rod Test and Gait Analyses. Motor coordination was exam-
ined in the G-substrate knockout and WT mice using the rotor
rod test at a speed of 8 rotations per min (rpm) (Fig. S4.4) and
12 rpm (data not shown). G-substrate knockout mice and WT
mice indistinguishably improved their retention time before
falling during repeated trials (two-way repeated measures
ANOVA: F, ¢ = 0.015, P = 0.907). Furthermore, the results
obtained 24 hr after the initial 10 trials at 8 rpm were not
different between WT and G-substrate knockout mice (data not
shown).

We examined the kinematics of gait using high-speed video
recordings during treadmill locomotion to characterize locomo-
tor movements. No significant differences were observed be-
tween WT and G-substrate knockout mice in terms of temporal
parameters such as step cycle duration, swing phase duration,
stance phase duration, and bisupport phase duration (Table S3).
As the treadmill speed increased, the step cycle duration and
stance phase duration decreased, although the swing phase
duration remained nearly constant in both lines of mice. The
angular excursions of the knee and ankle were similar in the WT
and knockout mice, although the joints stayed in slightly ex-
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tended positions in G-substrate knockout mice (Fig. $4 B and C).
G-substrate knockout mice did not show any appreciable ab-
normality in motor coordination and hind limb kinematics
during treadmill locomotion, and it is concluded that the gait in
G-substrate knockout mice is not ataxic.

Eyeblink Conditioning. This is a well-established form of cerebel-
lum-dependent motor learning (35), and some genetically mod-
ified mouse lines with impaired cerebellar LTD have been
reported to show abnormality in eyeblink conditioning (36-40).
In this study, G-substrate knockout mice acquired the task as
quickly as the WT mice in delay eyeblink conditioning tasks (Fig.
S5A4) and in trace eyeblink conditioning tasks (Fig. S3B).
Discussion

Homozygotic G-substrate—deficient mice survived and were
normal in terms of morphology of the cerebellum (Fig. 2) and
other brain areas, general behaviors (Table S1 and Figs. $2 and
§3), and reproduction. G-substrate knockout mice thus share a
disturbance-free phenotype with Purkinje cell-specific (PKGI)
knockout mice (24). This is partly because both PKG and
G-substrate are localized in Purkinje cells, but it is also because
the deletion of PKGI (24) or G-substrate (see Resulls) does not
cause multiple innervations of Purkinje cells by CFs, which may
lead to ataxia or seizure.

The temporary hiatus of LTD and short-term OKR adapta-
tion in G-substrate knockout mice around PW6 may suggest that
the NO-cGMP-PKG-G-substrate pathway becomes essential
during this crucial stage of development. At other times, it plays
an accessory role rather than an essential role. At the end of this
pathway, PKG-phosphorylated G-substrate acts as a potent
inhibitor of PP1 and PP2A (6-8). Complex involvement of PPs
in cerebellar LTD has been observed in cultured Purkinje cells:
myosin/moesin phosphatase (containing PP1 catalytic subunit in
its complex) plays a major role at 9-16 days in vitro (DIV) (41),
but at 22-35 DIV, PP2A takes over (42). Hence, it is possible
that, underlying the age profile of LTD (Fig. 3C), G-substrate
comes into play as a preferential inhibitor of PP2A with a delay
of 6 weeks, and then is probably replaced by PW10 with another
PP inhibitor, which is currently unknown. The results indicating
that G-substrate knockout attenuates both cerebellar LTD and
short-term OKR adaptation temporarily at the early stage of
development (Figs. 3C and 4D) conform to previous results
showing that blockade of LTD leads to impairment of short-term
OKR adaptation (28). Together, these results consistently sup-
port the current view that LTD is an essential mechanism of
cerebellum-dependent learning. In this context, a close associ-
ation was also reported very recently in mice lacking delphilin in
Purkinje cells, whose LTD induction and OKR adaptation were
both enhanced (43). Temporary diminution of LTD, which is
now shown to be associated with attenuation of short-term OKR
adaptation in G-substrate knockout mice, may also impair other
forms of motor learning such as motor coordination on the rotor
rod and eyeblink conditioning. We leave analyses of this asso-
ciation to future study until the dual-phase mechanism, which is
the basis of the present analysis of OKR adaptation, is also
defined for other forms of motor learning.

In G-substrate knockout mice at PW12, LTD induction and
short-term OKR adaptation occurred normally (Figs. 34 and
4B) but long-term adaptation was significantly impaired (Fig.
5B). This long-term adaptation is caused by a slowly developed
potentiation of synaptic transmission or an intrinsic excitability
in vestibular relay neurons (30). The partial impairment of
long-term VOR adaptation was also reported to occur in Pur-
kinje cell-specific PKGI-deficient mice with normal short-term
adaptation (24). Therefore, the NO-cGMP-PKG-G-substrate
cascade appears to play an essential role in the induction of
long-term VOR and OKR adaptations, which cannot be com-
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pensated for by another pathway. Long-term VOR and OKR
adaptations would share a common synaptic mechanism at
vestibular relay neurons (44). How the lack of G-substrate in
Purkinje cells impairs the adaptive mechanism in vestibular relay
neurons is presently unknown. Preliminary results suggest that
G-substrate undergoes intracellular translocation from the cell
nucleus to cytosol in response to the membrane-permeable
analogue of cGMP, 8-bromoguanosine 3": 5'-cyclic monophos-
phate (M.S. and S.E., unpublished observation). Recently, the
DARPP-32, a PP inhibitor in striatal neurons, was reported to
translocate to the cell nuclei, and the translocation was associ-
ated with increased histone H3 phosphorylation, an important
component of nucleosomal response such as transcription (45).
G-substrate translocation may lead to changes in the state of
protein phosphorylation in the nucleus and cytosol, or it may
affect transcription-translation systems. These effects poten-
tially affect molecular events in the axon terminals of Purkinje
cells, which would, in turn, act on vestibular relay neurons
transsynaptically.

Conclusion

We have shown that G-substrate knockout causes dual deficits
in motor learning. It attenuates cerebellar LTD and associated
short-term adaptation temporarily at the early stage of devel-
opment, consistent with the current view that LTD is an essential
mechanism of cerebellum-dependent learning, and it also per-
sistently impairs long-term adaptation of OKR. Otherwise, the
G-substrate knockout mice are surprisingly free of disturbances
in neuronal functions or behaviors. These mice provide a good
model for the investigation of cellular, molecular, and genetic
mechanisms underlying the short-term and long-term adapta-
tions of motor behaviors.

Materials and Methods

Isolation and Targeted Disruption of Mouse G-Substrate Gene. The cDNA for
mouse G-substrate was obtained from mouse cerebellum by PCR using the
primer sets based on human (6) and rat (7) G-substrate cDNA. Then, a mouse
C57BU/6 genomic library (46) constructed in a BAC plasmid was screened using
a random-primed cDNA probe for mouse G-substrate. Positive clones were
analyzed by restriction mapping and sequencing using a GPS system (NEB).

Thestandard technique for gene targeting (47) was used. Targeting vectors
were constructed in pBluescript to replace exon 2 of the G-substrate gene,
which encodes the initiation site Met, with the tau-AFAP-pgk-Neo cassette
(Fig. 1). Detailed methods for confirmation of positive clones and generation
of chimeric mice and mice harboring the knockout allele are provided in S/
Text and in Fig. 1. Total RNA was isolated from the cerebellum using Sepasol
(Nakalai Tesque) and was analyzed by Northern blotting analysis using a
32p-labeled mouse G-substrate probe (corresponding to nucleotides 129-608
of AF071562). The blots were hybridized in QuikHyb hybridization solution
(Stratagene) at 65 °C overnight and washed with 0.2 SSC containing 0.1%
SDS. The hybridization signals on the blots were analyzed using a phospho-
rimager BAS5000 (Fuji Film).

Immunohistochemistry. Paraformaldehyde-fixed brain slices were stained with
affinity-purified anti-G-substrate antibodies (7). Inmunoreaction was visual-
ized with Alexa Fluor 546-conjugated anti-mouse IgG (Molecular Probes).
Fluorescent image stainings were obtained using an FX1000 confocal fluores-
cence microscope (Olympus).

Immunoprecipitation and Immunoblots. Mouse cerebella were homogenized
in extraction buffer containing 50 mM Tris-HC! (pH 7.5), protease inhibitor
mixture (Roche Diagnostics), 25 mM B-glycerophosphate, and 1% Nonidet
P-40. The homogenates were centrifuged at 100,000 x g for 1 h, and the
resulting supernatants were then subjected to immunoprecipitation. Affinity-
purified rabbit anti-G-substrate antibodies against the amino terminus por-
tion or the carboxyl terminus portion of G-substrate were used for the
immunoprecipitation (7). Inmunoprecipitates were subjected to SDS/PAGE,
followed by immunaoblot analysis. The protein concentration was determined
by the method of Bradford (48) using BSA as the standard.
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Slice Experiments. Under general anesthesia by ether inhalation, mice were
decapitated and the cerebellum was excised. Sagittal slices of 300 ;2m thick-
ness were prepared from the vermis. The recording chamber was perfused
with oxygenated Ringer's solution containing 100 1:M picrotoxin at 30-31 °C.
Under an upright microscope, whole-cell patch-clamp recordings were per-
formed using borosilicate pipettes (resistance, 3-5 M(2). A Multiclamp700A
amplifier (Axon) and pClamp 9 software (Axon) were used. PFs were focally
stimulated through a glass pipette. To induce LTD, depolarizing pulses of 200
msec duration were applied to Purkinje cell membrane and adjusted (within
2 nA) to evoke at least 1 Ca?* spike. PFs were stimulated with double pulses
(each 0.1 msec in duration) paired at 50-msec intervals timed in such a way that
the first pulse fell 30 msec later than the onset of each depolarizing pulse. The
combination of double PF stimuli and a depolarizing pulse was repeated at 1
Hz for 5 min (300 pulses) in each trial of LTD induction.
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Behavioral Analysis. For this purpose, mice were backcrossed with C57BL/6 for at
least 5 generations. Protocols for all animal experiments were approved by the
animal experiment committees of the RIKEN Brain Science Institute, Okinawa
Institute of Science and Technology, and the other authors’ institutions. Maxi-
mum efforts were made to reduce the stress of the mice. Detailed methods for the
behavioral analyses, including general behaviors, eye movement, eyeblink con-
ditioning, and rotor rod and treadmill locomaotion, are provided in S/ Text.
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SUMMARY

During midgestation, mammalian neural precursor
cells (NPCs) differentiate only into neurons. Genera-
tion of astrocytes is prevented at this stage, because
astrocyte-specific gene promoters are methylated.
How the subsequent switch from suppression to
expression of astrocytic genes occurs is unknown.
We show in this study that Notch ligands are
expressed on committed neuronal precursors and
young neurons in mid-gestational telencephalon,
and that neighboring Notch-activated NPCs acquire
the potential to become astrocytes. Activation of
the Notch signaling pathway in midgestational
NPCs induces expression of the transcription factor
nuclear factor |, which binds to astrocytic gene
promoters, resulting in demethylation of astrocyte-
specific genes. These findings provide a mechanistic
explanation for why neurons come first: committed
neuronal precursors and young neurons potentiate
remaining NPCs to differentiate into the next cell
lineage, astrocytes.

INTRODUCTION

Fetal telencephalic neuroepithelial cell populations in mamma-
lian embryonic brain contain multipotent neural precursor cells
(NPCs) that can self-renew and give rise to the three major
central nervous system (CNS) cell types—neurons, astrocytes,
and oligodendrocytes. However, NPCs do not express multipo-
tentiality in early gestation, differentiating only into neurons at
midgestation; they gradually begin to display multipotentiality,
and differentiate into astrocytes and oligodendrocytes during
late gestation (Temple, 2001). The mechanisms driving this step-
wise process in the developing brain are poorly understood,
although cytokine-induced activation of the janus kinase (JAK)-

signal transducer and activator of transcription (STAT) pathway,
and changes in DNA methylation of astrocyte-specific gene
promoters, are thought to be intimately involved in the regulation
of astrogliogenesis (Fan et al., 2005; He et al., 2005; Takizawa
et al., 2001).

Since neurons are produced before NPCs gain the potential to
differentiate into astrocytes, pregenerated neurons are strong
candidates to confer astrogliogenic potential on NPCs. In this
context, it has been suggested that neuron-secreted cardiotro-
phin (CT)-1, a member of the interleukin (IL)-6 cytokine family
that activates the gp130-JAK-STAT pathway, induces astrocytic
differentiation of mouse NPCs at embryonic day (E) 13.5
(Barnabe-Heider et al., 2005). These findings do not, however,
exclude the possibility that, prior to E13.5, cortical precursors
undergo an intrinsic change, such as demethylation of astrocytic
gene promoters (Takizawa et al., 2001), that allows them to
respond to cytokines.

Notch receptors and their ligands, molecules best known for
influencing cell fate decisions through direct cell-cell contact
(Louvi and Artavanis-Tsakonas, 2006; Nye and Kopan, 1995;
Weinmaster, 1997), participate in a wide variety of biological
events, including fate decision of NPCs. Upon ligand binding,
the intracellular domain of Notch (NICD) is released from the
plasma membrane and translocates into the nucleus, where it
converts the CBF1(RBP-J)/Su(H)/LAG1 (CSL) repressor
complex into an activator complex. The NICD/CSL1 activator
complex targets genes such as Hes and Hesr (Hes-related
protein), which encode basic helix-loop-helix transcriptional
regulators that antagonize proneural genes, and thus neurogen-
esis (Bertrand et al., 2002; Kato et al., 1997). However, it is largely
unknown how the Notch signaling pathway is involved in neuro-
genic-to-gliogenic switching during CNS development.

Recently, it has been reported that nuclear factor | (NFI) A,
a member of a family of CCAAT box element-binding transcrip-
tion factors (Gronostajski, 2000), is both necessary and sufficient
to promote glial fate specification in embryonic spinal cord
progenitors in vivo (Deneen et al., 2006). Previous studies had
shown that adult mice deficient for NFIA or NFIB exhibited
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a reduction in cortical glial fibrillary acidic protein (GFAP),
a typical marker protein for astrocytes (das Neves et al., 1999;
Steele-Perkins et al., 2005), as well as a reduction in the number
of midline glia (Shu et al., 2003). It was further shown that E18.5
embryos lacking either NFIA or NFIB displayed a reduction in
spinal cord GFAP expression (Deneen et al., 2006), and that
misexpression of NFIA or NFIB was sufficient to accelerate
GFAP expression in astrocytic precursors by several days
in vivo and in vitro. These data indicate that NFIA/B promote
the terminal differentiation of astrocytes. Furthermore, gfap
expression is likely to be directly regulated by NFIA/B, as func-
tional NFI-binding sites have been identified in the promoter
(Cebolla and Vallejo, 2006). However, the precise relationships
between NFlIs and other factors, such as the JAK-STAT and
Notch signaling pathways and DNA methylation, in the regulation
of astrocyte differentiation of NPCs have not been elucidated.

Many studies have provided us with an integrated view of the
gliogenic switch, with multiple extrinsic and intrinsic mecha-
nisms acting in concert to induce gliogenesis when an appro-
priate number of neurons has been generated. Nevertheless,
how promoter methylation changes are induced, and why
neurons have to be produced first from NPCs during brain devel-
opment, remain outstanding questions. In this study, we provide
an explanation for the sequential differentiation of NPCs into
neurons and then astrocytes through the epigenetic modification
during embryonic brain development.

RESULTS

Neurons Confer Astrocyte Differentiation Potential

on NPCs via Notch Signal Activation

It has been suggested that neuron-secreted CT-1 induces astro-
cytic differentiation of mouse NPCs at E13.5. However, CT-1 and
leukemia inhibitory factor (LIF), which activates the same
signaling pathway as CT-1, failed to do so at an earlier stage
(E11.5), and did not evoke demethylation of the astrocyte-
specific gfap gene promoter (Figures 1A and 1D and data not
shown). We therefore sought to examine the involvement of
cell-to-cell interactions, in addition to that of secreted factors.
As a first step, we cocultured E11.5 NPCs with embryonic
cortical neurons, and found that they could differentiate into
GFAP-positive astrocytes in the presence of LIF (Figures 1B,
1B’, and 1D). Notch signaling is one of the most important medi-
ators of intercellular interaction during CNS development (Louvi
and Artavanis-Tsakonas, 2006). Several recent studies have
suggested that Notch1 is activated in proliferating NSCs (Toku-
naga et al., 2004; Androutsellis-Theotokis et al., 2006; Yoshi-
matsu et al., 2006), and may play a decisive role in promoting
glial development (Grandbarbe et al., 2003). When we performed
the same coculture experiment as above, but with a y-secretase
inhibitor (N-[N-(3,5-Diflucrophenacetyl-L-Alanyl)]-S-phenylgly-
cine t-butyl ester) to inhibit cleavage of NICD, which s indispens-
able for Notch signal activation (Androutsellis-Theotokis et al.,
2006), astrocytic differentiation was abolished (Figures 1C, 1C/,
and 1D). Moreover, ectopic expression of the intracellular-acting
Notch signal inhibitor DIf3 (Ladi et al., 2005) in E11.5 NPCs also
resulted in the inhibition of astrocytic differentiation in coculture
conditions (see Figure S1 available online). Using the TP1-Venus
Notch-activation reporter plasmid (Kohyama et al., 2005), we
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further confirmed that Notch signaling was indeed activated in
NPCs located in close contact with embryonic cortical neurons
(Figure S2). These data implicated Notch signaling in the embry-
onic neuron-induced potentiation of NPCs to differentiate into
astrocytes.

Activation of Notch Signal Is Sufficient for Acquisition

of Astrocyte Differentiation in NPCs

Next, we sought to determine whether Notch activation is suffi-
cient for astrocytic differentiation of midgestational NPCs.
E11.5 NPCs were infected with retroviruses engineered to
express either green fluorescent protein (GFP) alone or GFP
together with NICD (Takizawa et al., 2003). The following day,
LIF was added to the culture, and the cells were incubated for
an additional 3 days. In contrast to NPCs infected with control
virus, a dramatic induction of GFAP-positive astrocytic differen-
tiation was observed in NICD-expressing NPCs after LIF stimu-
lation (Figures 1F=1G), indicating that the activation of Notch
signaling enabled precocious astrocytic differentiation of midg-
estational NPCs that would otherwise differentiate only into
neurons. In the absence of LIF, no GFAP-positive cells were
observed in control or NICD-expressing NPCs (data not shown).
Thus, although these experiments demonstrated that Notch acti-
vation confers astrogliogenic potential on midgestational NPCs,
LIF stimulation was still required to induce differentiation of
NPCs into GFAP-positive astrocytes.

Since an inverse correlation exists between the potential of
NPCs to express gfap and the methylation status of the
STAT3-binding site within the gfap promoter (Fan et al., 2005;
Takizawa et al., 2001), we wished to determine whether NICD
expression induces demethylation of this site. Four days after
virus infection, GFP-positive cells were sorted by fluores-
cence-activated cell sorting (FACS) and their genomic DNA
was subjected to bisulfite sequencing. In freshly prepared
E11.5 NPCs, the STAT3 binding site was highly methylated
(Figures 1H and 1l), as has been shown previously (Takizawa
et al., 2001). The STAT3 site became slightly and spontaneously
demethylated in control virus-infected cells during the 4-day
culture. In marked contrast, demethylation was dramatically
accelerated in NICD-expressing NPCs (Figures 1H and 1l).
Another astrocyte-specific gene (S7008) promoter was also
demethylated by expression of NICD in these cells (Figure S3).
These results confirm that the activation of Notch signaling is
sufficient to endow E11.5 NPCs with the ability to differentiate
into astrocytes by inducing demethylation of astrocytic gene
promoters.

Committed Neuronal Precursors and Young Neurons,
Pregenerated from NPCs, Express Notch Ligands

It was previously shown that Notch signaling is activated in cells
adjacent to MASH1/NEUROGENIN (NGN)-expressing cells in
the fetal ventricular zones (VZs) (Tokunaga et al., 2004), and
that NGNs induce expression of the Notch ligand, DELTA LIKE
1 (DLL1), in neuronal precursors (Castro et al., 2006). Thus, to
obtain direct evidence for an interaction between NGN-express-
ing cells and NPCs through Notch signaling in vivo, we examined
spatiotemporal patterning of Notch activation and expression of
its ligand in the mouse embryonic forebrain. We observed that
Notch signal-activated cells existed in the cortical VZ at E11.5
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Figure 1. Pregenerated Neurons Potentiate NPCs to Differentiate into Astrocytes via Notch Signal Activation

(A and B) E11.5 NPCs labeled with GFP were cultured alone (A) or with embryonic cortical neurons (B) in the presence of LIF (80 ng/mi) for 4 days.

(C) Coculture as in (B) was performed in the presence of the y-secretase inhibitor, N-[N-(3,5-Diflucrophenacetyl-L-Alanyl)]-S-phenyliglycine t-butyl ester (DAPT).
After 4 days, the cells in (AHC) were stained with antibodies against GFP (green) and GFAP (red). Insets: H33258 nuclear staining of each field. (B’ and C')
B M-tubulin (blue) and H33258 nuclear staining (gray) are superimposed on (B) and (C). Scale bar = 50 um.

(D) GFAP-positive astrocytes in GFP-positive cells were quantified. Data represent means + SD (n = 3). Statistical significance was evaluated by one-way ANOVA
(™p < 0.01).

(E and F) E11.5 NPCs were infected with retroviruses engineered to express GFP alone (E) or GFP together with NICD (F), cultured for 24 hr in the presence of
bFGF, and then stimulated with LIF (80 ng/mi) for a further 3 days to induce astrocyte differentiation. The cells in (E) and (F) were stained with antibodies against
GFP (green) and GFAP (red). Scale bar = 50 um.

(G) GFAP-positive astrocytes in GFP control (pMY) and GFP-NICD-expressing cells were quantified. Data are shown as means + SD. Statistical significance was
examined by the Student t test ("p < 0.01).

(H) E11.5 NPCs were infected with GFP control (pMY) and GFP-NICD-expressing retroviruses, and were cultured for 4 days with bFGF. After cell sorting based on
GFP fluorescence, genomic DNA was extracted from the cells, and the methylation status of the STAT3 binding site and other CpG sites around this sequence in
the gfap promoter was examined by bisulfite sequencing. “E11.5" indicates the result obtained for freshly prepared NPCs from forebrain at E11.5. Closed and
open circles indicate methylated and unmethylated CpG sites, respectively.

() Methylation frequency of the CpG site within the STAT3 binding sequence in the gfap promoter. Data are shown as means + SD (n = 3). Statistical significance
was examined by the Student t test ("p < 0.05).
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Figure 2. NGN1-Postive Cells Expressing DLL1 and Notch Signal-
Activated Cells Are Mutually Exclusive

(A and B) E11.5 forebrain sections (B) from the region illustrated in (A) were
immunostained with antibodies against activated Notch (AcNotch, red) and
NGN1 (green). Arrows (AcNotch) and arrowheads (NGN1) indicate representa-
tives of each cell type. Notch activation and NGN1 expression were mutually
exclusive in these cells. LV, lateral ventricle. Scale bar = 20 um.

(C) High-magpnification view of boxed area in (B). Scale bar = 10 um.

(D) E11.5 forebrain sections were stained with antibodies against NGN1
(NGN1, green) and DLL1 (DLL1, red). DLL1 was expressed in NGN1-positive
differentiating neurons (arrowheads in [D}-[F] mark representatives). Scale
bar = 20 pm.

(E) High-magnification view of boxed area in (D). Scale bar = 10 um.

(F) Coexpression of DLL1 and NGN1 in these cells was confirmed by three-
dimensional digital imaging of a brain section immunostained as in (D). Scale
bar = 10 pum.

(G and H) E9.5 forebrain sections (12 pm) were stained with antibodies against
activated Notch (AcNotch, red) (G), or NGN1 (green) and DLL1 (red) (H). Scale
bar = 50 um.

(Il and J) H33258 staining of nuclel of cells in (G) and (H), respectively. No
Notch-activated or NGN1-positive cells were observed in VZ at E9.5. LV,
lateral ventricle.
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(Figures 2A=2C), but not yet at E9.5 (Figures 2G-2J). These
results suggest that the timing of Notch signal activation coin-
cides with the onset of demethylation of the gfap promoter
STAT3 binding site in vivo. Notably, most of the Notch-activated
NPCs appeared to be located adjacent to NGN1-expressing
cells, and Notch activation and NGN1 expression were mutually
exclusive in these cells (Figures 2A-2C). Since NGN1 is a proneu-
ral gene product, the expression of which is downregulated
when neurons become mature (Schuurmans et al., 2004), we
reasoned that cells expressing NGN1 at this stage are either
committed neuronal precursors or neurons at very early stages
of maturation (Kawaguchi et al., 2008). Furthermore, DLL1 and
another Notch ligand, JAGGED1 (JAG1) (Tokunaga et al,
2004; Xue et al., 1999), were expressed in NGN1-expressing
cells (Figures 2D-2F; Figures S4A-S4C), consistent with
previous reports that D//7 is expressed in migrating committed
neuronal daughters (intermediate progenitor and young neurons)
(Henrique et al., 1995; Castro et al., 2006; Campos et al., 2001;
Yoon et al., 2008; Kawaguchi et al., 2008). In agreement with
these observations, we found that a significant number of
NGN1-positive cells were also positive for T-box brain gene 2,
a marker of intermediate progenitor cells (Figures S5A-S5C).
On the other hand, Notch-activated NPCs appeared to be radial
glial cells, as judged by their morphology through immunostain-
ing with an anti-Nestin antibody (Figures S5D-S5L). Collectively,
these data indicate that committed neuronal precursors and
young neurons, pregenerated from NPCs, act as a trigger for
activation of Notch signaling in adjacent residual NPCs at midg-
estation.

It should be noted that, although Notch signaling is activated in
NPCs at E11.5 in vivo, these NPCs seemed not yet to have the
potential to differentiate into GFAP-positive astrocytes when
cultured in vitro (Figures 1A, 1C-1E, and 1G). This may be
because Notch signal activation had not been underway for
long enough to induce the demethylation of astrocytic gene
promoters before the NPCs were transferred to in vitro culture,
at which point the cell density became sparse compared with
that in the brain, leading to insufficient Notch signal activation
for the demethylation under these in vitro conditions.

Notch Activation Is Necessary for Astrocyte
Differentiation

We next asked whether the Notch downstream molecule, CSL, is
involved in Notch-induced demethylation of astrocytic gene
promoters in NPCs. To address this, we used CSL-deficient
mouse embryonic stem cells (MESCs) (Schroeder et al., 2003),
since GSL-deficient embryos die at around E9.5 before neuro-
genesis in the telencephalon. As has been previously shown,
mESC-derived NPCs recapitulate the sequential onset of
neuronal and glial differentiation observed in vivo in these
cultures (Shimozaki et al., 2005). As expected, at early times in
suspension culture, mMESC NPCs primarily differentiated into
neurons under differentiation-culture conditions, even in the
presence of LIF for 4 days (Figure 3A). After 2 weeks in suspen-
sion, wild-type (WT) mESC NPCs differentiated into GFAP-posi-
tive cells in response to LIF (Figure 3A). In CSL-deficient mESC
NPCs, however, no astrocytic differentiation induced by LIF
was observed, even after 2 weeks in suspension (Figure 3A).
Consistent with these results, the hypermethylated status of
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Figure 3. Requirement of CSL for Astrocytic
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(A) WT or CSL-deficient (CSL KO) mESCs were
cultured in serum-free medium without LIF (neural
spheroid, mESC-NPC culture) on poly-HEMA-
coated dishes to make suspended aggregates.
After 4 or 14 days, the aggregates were dissoci-
ated, seeded onto ornithine/fibronectin-coated
dishes (monolayer culture) with LIF (80 ng/ml),
and incubated for 4 days. Cells were stained with
antibodies against a neuronal marker, f-lll Tubulin
(Tuj1, green), and GFAP (red). LIF-induced GFAP-
positive astrocyte differentiation was observed in
WT, but not in CSL-deficient mESCs, even after
14 days in suspension. Scale bar = 50 pm.

(B) Bisulfite sequencing results for the CpG site
within the STAT3 recognition sequence (red) and
other CpG sites around this sequence of the
gfap promoter in WT and CSL-deficient mESC
NPCs cultured as in (A). Each cell type was
collected after 4 days In monolayer culture to
extract genomic DNA. Closed and open circles
indicate methylated and unmethylated CpG sites,
respectively.

(C) Methylation frequency of the CpG site within
the STAT3 binding sequence in the gfap promoter.
Data are shown as means = SD (n = 3). Statistical
significance was examined by the Student t test
("p < 0.05).

(D) E14.5 forebrain sections of dimethyl sulfoxide
(DMSO)- (upper panels) or LY411575 (lower
panels)-treated embryonic mice were stained
with antibodies against activated Notch (AcNotch
in left panels, red). Hoechst staining indicates
nuclei (right panels, blue). The white dotted line
marks the boundary between the intermediate
zone and VZ/SVZ in telencephalon. Scale bar =
50 pm.

(E) Bisulfite sequencing results for the CpG site
within the STAT3 recognition sequence (red) and
other CpG sites around this sequence of the
gfap promoter in telencephalon of DMSO- or
LY411575-treated embryos.

(F) Methylation frequency of the CpG site within
the STAT3 binding sequence in the gfap promoter.
Data are shown as means + SD (n = 3). Statistical
significance was examined by the Student t test
("p < 0.05).

(G) E11.5 NPCs were infected with GFP- or GFP-
NICD-expressing virus and cultured for 4 days.

After sorting of virus-infected cells based on GFP fluorescence, the expression level of each Dnmt gene was examined by RT-PCR.
(H) ChIP assay with specific antibodies for respective DNMTs from GFP- and GFP-NICD-expressing retrovirus-infected NPCs, cultured as in Figure 1G. Disso-
ciation of DNMT1 from the gfap promoter was observed in response to NICD expression.

the gfap promoter STAT3 site was maintained in CSL-deficient
mESC NPCs, compared with WT mESC NPCs (Figures 3B and
3C). Recently, it has been reported that CSL-deficient ESCs
are defective in neural precursor generation (Lowell et al.,
2008). However, we observed that NPCs can arise from CSL-
deficient mESCs in our culture conditions, which are based on
methods described previously (Shimozaki et al., 2005), as
judged by Nestin or Blli-tubulin staining (Figure 3A and data
not shown).

To determine whether the activation of Notch signaling is
necessary for demethylation of the astrocyte-specific gene

promoter in vivo, we administered the y-secretase inhibitor,
LY411575, to pregnant mice from 10.5 to 13.5 days postcoitum
(dpc) and examined the activation of Notch signaling, by immu-
nohistochemistry and by monitoring the methylation status of the
gfap promoter in E14.5 embryonic telencephalon. As expected,
the number of Notch signal-activated cells in the VZ of
LY411575-treated embryos was significantly lower than that in
control mice (Figure 3D). Moreover, many Blll-tubulin-positive
neurons were observed in the VZ of LY411575-treated embryos
compared with control mice, suggesting that the disruption of
Notch signaling in NPCs leads to an overproduction of neurons
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Figure 4. NFl Is a Downstream Molecule
of Notch Signaling in NPCs

(A) E11.5 NPCs were infected with GFP- (pMY,
closed bars) or GFP-NICD-expressing virus
(NICD, red bars) and cultured for 4 days. After sort-
ing of virus-infected cells based on GFP fluores-
cence, the expression level of Nfia and Nfib
mRNAs was examined by real-time RT-PCR.
Data are shown as means + SD (n = 3). Statistical
significance was examined by the Student t test
("p < 0.05).

(B) Expression level of Nfia mRNA in NPCs derived
from ES cells cultured as in (A) (14 days) was
examined by real-time RT-PCR. Data are shown
as means + SD (N = 3). Statistical significance
was examined by the Student t test (“p < 0.01).
(C) ChIP assay of E11.5 NPCs with an antibody

NICD against CSL. Binding of CSL to a region containing

GTGGGAA
X

r I

> " -
lgG aCSL Input

(Figure S6A). Consistent with this reduction of Notch signal acti-
vation, gfap promoter methylation was much higher in the
treated embryos than in the controls (Figures 3E and 3F).
Furthermore, when we purified NPCs from E14.5 embryos of
mice expressing an enhanced GFP (EGFP)transgene under the
NPC marker Sox2 gene promoter (D’Amour and Gage, 2003)
by FACS sorting, we observed that the gfap promoter in cells
from LY411575-treated embryos was hypermethylated
compared with its status in control mice (Figures S6B and
S6C). We conclude from these experiments that the activation
of Notch signaling is prerequisite for demethylation of the astro-
cyte-specific gfap promoter both in vitro and in vivo.

Notch Activation Impairs the Association

of Maintenance Methyltransferase with the gfap
Promoter in NPCs

To establish which DNA methyltransferases (DNMTs) participate
in NICD-induced demethylation of the gfap promoter, we next
examined the expression levels of one maintenance (DnmtT)
and two de novo (Dnmt3a and Dnmt3b) methyltransferase genes
by RT-PCR in control and NICD-expressing E11.5 NPCs.
Surprisingly, we found no significant differences in Dnmt expres-
sion between the two cell populations, although Dnmt3b expres-
sion decreased slightly in NICD-expressing NPCs (Figure 3G).
On the other hand, chromatin immunoprecipitation (ChIP) assays
with specific antibodies against the three DNMTs revealed that
DNMT1 and DNMT3a associated with the gfap promoter in the
control NPCs (Figure 3H). DNMT1 dissociated from the promoter
when Notch signaling was activated (Figure 3H), however,
implying that its dissociation may be in part responsible for the
Notch-induced demethylation. Moreover, NICD-induced deme-
thylation of the gfap promoter was not observed in the absence
of basic fibroblast growth factor (bFGF), which is essential for
proliferation of NPCs. The proliferation rates of control and
NICD-expressing virus-infected cells were similar, as judged

@ NFI

a CSL cognate sequence located ~2 kb upstream
of the Nfia transcriptional start site (arrow at right)
was detected in E11.5 NPCs.

(D) ChIP assay with an anti-NFl antibody from
GFP- and GFP-NICD-expressing retrovirus-
infected NPCs cultured as in Figure 1G. Binding
of NFl to the gfap promoter was observed In
response to NICD expression.

@ NFI

by bromodeoxyuridine uptake in the presence of bFGF, ruling
out the possibility that selective proliferation of NICD-expressing
NPCs occurred (data not shown). Notch-induced demethylation
of the astrocytic gene promoter is therefore apparently attribut-
able to passive demethylation: maintenance methylation of
genomic DNA, following DNA replication and cell division, fails
due to DNMT1 dissociation from the promoter.

NFI Acts as a Critical Molecule Downstream of the Notch
Signaling Pathway to Potentiate Astrocytic
Differentiation of Midgestational NPCs
A recognition sequence for NFI (Gronostajski, 2000), which is
known to play an important role in migration and differentiation
of astrocyte precursors (Deneen et al., 2006), has been identified
in the gfap promoter, and is conserved among human, rat, and
mouse (Krohn et al., 1999). We thus next examined whether
Nfi-family gene expression is upregulated by Notch activation,
and found that the expression of MNfia indeed increased
(Figure 4A). Moreover, its expression was reduced markedly in
NPCs from CSL-deficient mESCs compared with that in NPCs
from WT mESCs (Figure 4B). We also identified a consensus
CSL-binding sequence ~2 kb upstream of the Nfia transcription
start site, and binding of CSL to this region in NPCs was
confirmed (Figure 4C). Furthermore, Notch activation led to
binding of NFI to the gfap promoter (Figure 4D). To determine
whether NFIA expression depends on the activation of Notch
signaling, we examined NFIA expression by immunohistochem-
istry in the telencephalon of LY411575-treated embryos. The
area of the VZ occupied by NFIA-positive cells was significantly
reduced in LY411575-treated embryos (Figure S7), supporting
the scenario that NFIA expression is controlled by the activation
of Notch signaling in NPCs.

These results implied that NFl is involved in the Notch-induced
potentiation of NPCs to differentiate precociously into astro-
cytes. To test this notion, E11.5 NPCs were infected with
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Figure 5. NFI Functions as a Critical Down-
stream Molecule Mediating Notch Signaling
to Potentiate Astrocytic Differentiation of
Midgestational NPCs

(A and B) E11.5 NPCs were infected with retrovi-
ruses engineered to express GFP alone (A) or
GFP together with NFIA (B), cultured for 24 hr in
the presence of bFGF, and then stimulated with
LIF (80 ng/mli) for a further 3 days to induce astro-
cytic differentiation. The cells were stained with
antibodies against GFP (green) and GFAP (red).
Scale bar = 50 ym.

(C) GFAP-positive astrocytes in GFP control (pMY)
and GFP-NFlA-expressing (NFIA) cells were quan-
tified. Data are shown as means + SD. Statistical
significance was examined by the Student's t
test (*"p < 0.01).
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(D) E11.5 NPCs were infected with GFP control
(pMY) and GFP-NFlA-expressing (NFIA) retrovi-
ruses, and cultured for 4 days with bFGF. After
cell sorting based on GFP fluorescence, genomic
DNA was extracted, and the methylation status
of the STAT3 binding site in the gfap promoter
was examined by bisulfite sequencing. Closed
and open circles indicate methylated and unme-
thylated CpG sites, respectively.

(E) Methylation frequency of the CpG site within
the STAT3 binding sequence in the gfap promoter.
Data are shown as means + SD (N = 3). Statistical
significance was examined by the Student t test
(*p < 0.05).

(F) ChiIP assay with a specific antibody for DNMT1
from GFP- and GFP-NFIA-expressing retrovirus-
infected NPCs, cultured as in Figure 1G.

(G) E11.5 NPCs were infected with control and
DN-NFlA-expressing lentiviruses, and cultured
for 4 days with (JAG1-Fc) or without (CTRL)
JAG1-Fc in the presence of bFGF. A ChIP assay
was performed with a specific antbody for
DNMT1 from control (Vehicle) and DN-NFIA-
expressing (DN-NFIA) lentivirus-infected NPCs,
cultured as in Figure 5F. For quantification, real-

aDNMTI

Y NFIA

I

time PCR results using specific primers for the gfap promoter were indicated as the relative enrichment of DNMT1 compared with NPCs cultured without
JAG1-Fc. Data are shown as means + SD (N = 3). Statistical significance was evaluated by the Student t test (**p < 0.01).

retroviruses engineered to express NFIA, and cultured in the
presence of LIF. A dramatic induction of GFAP-positive astro-
cytic differentiation ensued (Figures 5A-5C). As was the case
for NICD, GFAP was not expressed in control or NFIA-express-
ing NPCs in the absence of LIF (data not shown). Furthermore,
gfap promoter demethylation and DNMT1 dissociation from
the promoter were both accelerated in NFIA-expressing NPCs
(Figures 5D-5F), as they were in NICD-expressing NPCs. These
results prompted us to hypothesize that NFIA is necessary for
the Notch-induced dissociation of DNMT1 from the gfap
promoter. To answer this question, control and dominant-nega-
tive NFIA (DN-NFIA)-expressing lentivirus-infected E11.5 NPCs
were cultured with JAG1-Fc, a soluble form of the Notch ligand
JAG1, for 4 days. We then performed ChIP assays to examine
the association of DNMT1 with the gfap promoter. In control
NPCs, JAG1-Fc treatment led to the dissociation of DNMT1
from the gfap promoter, as in the case of NICD expression
(Figure 5G). In contrast, we found that dissociation was virtually
inhibited in NPCs infected with DN-NFIA-expressing lentiviruses
(Figure 5G). Thus, these results indicate that NFIA is prerequisite

for the Notch-induced dissociation of DNMT1 from the gfap
promoter in NPCs. It is noteworthy that a consensus NFI binding
site is also present in the promoters of other astrocytic genes,
including S1008, aquaporind4, and clusterin (Saadoun et al.,
2005; Bachoo et al., 2004) (Figure S8A), and the anticipated
binding of NFI to these promoter regions was indeed observed
in NICD-expressing NPCs (Figure S8B). Furthermore, demethy-
lation of particular CpG sites within the three promoters was
induced in NFIA-expressing NPCs (Figures S9A-S9C). These
findings suggest that NFIA acts as a critical molecule down-
stream of the Notch signaling pathway to potentiate astrocytic
differentiation of midgestational NPCs.

NFIA Is Necessary and Sufficient for NPCs to Acquire
Astrocytic Potential In Vivo

Finally, we asked whether NFIA indeed plays a critical role in the
acquisition of astrocytic potential by NPCs in vivo. To this end,
we first stimulated E14.5 NPCs from WT and NFIA-deficient
mice with LIF to induce astrocyte differentiation. Since E14.5
NPCs have normally already gained the potential to become
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Figure 6. NFIA Is Necessary and Sufficient for the Expression of As-

trocytic Potential by NPCs In Vivo

(A and B) NPCs prepared from E14.5 WT (A) or NFIA-deficient (NFIA-KO [B])
mouse telencephalons cultured in the presence of LIF (80 ng/ml) for 4 days
to induce astrocytic differentiation. The cells were stained with antibodies
against plll-Tubulin (green) and GFAP (red), and with H33258 to identify nuclei
(blue). Scale bar = 50 pm.

(C) GFAP-positive astrocytes in total cells were quantified. Data are shown as
means + SD (n = 3). Statistical significance was evaluated by the Student t test
(**p < 0.01).

(D) Bisulfite sequencing results for the CpG site within the STAT3 recognition
sequence (red) and other CpG sites around this sequence of the gfap promoter
in telencephalon of WT or NFIA-deficient (NFIA-KO) mouse embryos. Closed
and open circles indicate methylated and unmethylated CpG sites, respec-
tively.

(E) Methylation frequency of the CpG site within the STAT3 binding sequence
in the gfap promoter. Data are shown as means + SD (n = 3), Statistical signif-
icance was examined by the Student t test (*p < 0.05).

(F-H) E14.5 forebrain sections of mice expressing GFP (H) and NFIA-GFP
(F and G) from plasmids introduced by exo utero electroporation at E11.5
were stained with antibodies against GFP (green) and GFAP (red). Scale
bars indicate 50 pm (F) or 20 um (G and H). (G) High-magnification view of
boxed area in (F). Hoechst staining indicates nuclei (blue).

GFAP-positive astrocytes in response to LIF, we observed astro-
cyte differentiation in the WT NPC culture. In marked contrast,
almost no GFAP-positive cells were observed in NFIA-deficient
NPCs. Moreover, the gfap promoter was significantly more

Developmental Cell
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highly methylated in E14.5 NFIA-deficient telencephalons than
it was in those of WT litters (Figures 6D and 6E), even though
Notch signal was clearly activated in the NFIA-deficient brain
(Figure S10). These results indicate that NFIA is indispensable
for the Notch signal-induced demethylation of astrocytic gene
promoters during brain development.

Using exo utero electroporation, we next examined whether
NFIA expression is sufficient for the induction of astrocyte differ-
entiation in the telencephalon. Misexpression of NFIA in E11.5
telencephalon led to precocious generation of GFAP-positive
cells at E14.5 (Figures 6F and 6G), indicating that NFIA is suffi-
cient for the production of astrocytes from NPCs in vivo. We
suggest that NFIA plays a decisive role in the Notch-induced
acquisition of astrocytic potential by NPCs.

DISCUSSION

We have shown in the present study that committed neuronal
precursors and young neurons derived from NPCs confer astro-
cytic differentiation potential on remaining NPCs through Notch
signal-induced demethylation of astrocyte-specific gene
promoters (Figure 7). The demethylation process is mediated
by Notch-induced NFIA, the binding of which to astrocytic
gene promoters leads to dissociation of DNMT1 from the
promoters. This does not imply that the activation of Notch
signaling alone is sufficient for NPCs to differentiate into astro-
cytes. It potentiates the process, but signals from astrocyte-
inducing cytokines are still required to induce differentiation.
All members of the IL-6 cytokine family, to which LIF and CT-1
belong, induce GFAP-positive astrocytic differentiation of
NPCs by activating STAT1 and/or STAT3 (He et al., 2005;
Barnabe-Heider et al., 2005). However, since STAT1 and
STAT3 are not capable of binding to methylated cognate
sequences (Fan et al., 2005; Takizawa et al., 2001), astrocyte-
specific gene promoters must first become demethylated to
enable |IL-6 cytokines to induce differentiation.

Here, we have shown that committed neuronal precursors and
young neurons pregenerated from NPCs express Notch ligands,
and provide a feedback signal to Notch-expressing residual
NPCs, to acquire astrocyte differentiation potential. In this
context, Yoon et al. (2008) have shown recently that the expres-
sion of DIIT and its critical regulator, Mindbomb-1 (Mib-1), is
restricted to migrating premature neurons and newborn
neurons, and that Mib-7-expressing neuronal daughters trans-
mit the Notch signal to neighboring NPCs. Moreover, Mib-1
conditional mutant mice display a complete abrogation of Notch
activation, which leads to impairment of NPC maintenance.
Together with our results, these data suggest that Notch
ligand-expressing, neuronally committed cells are an important
cellular source of the Notch signal in development. Such amech-
anism would provide an unanticipated level of crosstalk between
these different developing cellular populations, and ensure that
astrocytes begin to appear only after sufficient numbers of
neurons have been generated.

Although Notch signaling clearly enhances astrocyte differen-
tiation, the molecular mechanisms by which it activates glial
gene expression have been far from clear. Our results suggest
that NFl is one of the downstream target genes of the Notch
signaling pathway, and plays a critical role in the Notch-induced
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acquisition of astrocyte differentiation potential by NPCs.
Binding sites for NFI have indeed been identified, not only in
the gfap promoter, but also in other astrocyte-specific gene
promoters (Bachoo et al., 2004; Bisgrove et al., 2000; Gopalan
et al., 2006; Saadoun et al., 2005), and Nfia "~ mice show
reduced expression of these genes (Wong et al., 2007). It will
therefore be intriguing to establish the methylation status of
these gene promoters in Nfia mutant mice.

Since STAT1 and STATS3 are incapable of binding to methyl-
ated cognate sequences (Fan et al., 2005; Takizawa et al.,
2001), the gfap promoter should already be demethylated in
such cells as injury-induced reactive astrocytes, which are
competent to express GFAP in response to inflammatory cyto-
kines, including the IL-6 family. The existence of different
morphological subtypes of astrocytes, such as fibrous and
protoplasmic, has long been recognized, and protoplasmic
astrocytes are generally GFAP negative (Vaughn and Pease,
1967; Mori and Leblond, 1969; Raff et al., 1984; Raff, 1989).
Therefore, it remains unclear whether all astrocyte subtypes
derived from NPCs in various brain regions require the Notch-
induced demethylation of the gfap promoter reported here to
become astrocytes.

Although DNA methyltransferases have been well studied
biochemically, the molecular mechanism underlying active
DNA demethylation is poorly understood, and the existence of
DNA-demethylating enzymes is even debatable. A major
outstanding question about the stepwise development of
NPCs is how DNA methylation status is modulated to endow
these precursor populations with glial competency. In this study,
we have shown that demethylation of the gfap promoter, and
dissociation of DNMT1 from the promoter, is caused by the
expression of NICD or NFIA in NPCs in a sequential manner.
These results suggest that the binding of NFIA to astrocytic
gene promoters in Notch-activated NPCs protects the
promoters from DNMT1, and hence that NF| plays a critical regu-
latory role in the epigenetic switch toward astrocytogenesis. We
also suggest that demethylation of the gfap promoter is attribut-
able to passive, replication-dependent demethylation, It has
been reported previously that disruption of Dnmt1 in NPCs leads
to demethylation of astrocytic gene promoters and precocious

P 74

.MM/ Astrocyle

-

Figure 7. Schematic Representation of Notch Activa-
tion-Induced Potentiation of NPCs to Differentiate
into Astrocytes and Sequential Changes in the Differ-
entiation Potential of NPCs during Brain Development
At midgestation, an NPC divides asymmetrically and gener-
ates a committed neuronal precursor and ancther NPC (radial
glial cells). The committed neuronal precursors and young
neurons express Notch ligands and activate Notch signaling
in neighboring NPCs, conferring astrocytic differentiation
potential on NPCs through NFI expression, which leads to
demethylation of astrocyte-specific gene promoters. When
the NPCs receive a STAT-activating signal, they differentiate
into astrocytes at late gestation. The NPCs eventually become
multipotent adult-type NPCs.

Adu -ty pe
NPC

Late gestation ~ Adulthood

astrogliogenesis, which suggests that Dnmt1 is required for the
maintenance methylation of astroglial marker genes in NPCs
during the early developmental stage (Fan et al., 2005). Further-
more, virus-derived episomal vectors are demethylated at sites
where transcription factors bind with high affinity (Hsieh, 1999;
Lin et al., 2000), and replication-dependent demethylation of
specific sites in Xenopus embryos is strongly stimulated by the
transactivation domain of the triggering transcription factor (Mat-
suo et al., 1998). Thus, it is reasonable to hypothesize that
passive demethylation is attributable to transcription factors
that mask their cognate sites from DNMT1 action, although
these and our findings do not yet permit a precise definition of
the mechanism.

In summary, our present study offers a plausible explanation
for the transitions that occur during the stepwise process of
NPC fate specification, and we have suggested how committed
neuronal precursors and young neurons might “unlock” nearby
NPCs and allow them to differentiate into the next lineage: astro-
cytes. The activation of Notch signaling in midgestational NPCs
induces demethylation of astrocyte-specific genes. Notch
ligands are expressed in committed neuronal precursors and
young neurons, and Notch-activated NPCs undergo promoter
demethylation and acquire the ability to become astrocytes in
response to astrocyte-inducing cytokines.

EXPERIMENTAL PROCEDURES

Cell Culture

E11.5 NPCs and embryonic neurons were cultured as described previously
(Takizawa et al., 2001). Briefly, E14.5 cortical cells were cultured with bFGF
and cytosine arabinoside for 4 days in the eight well chamber slides (4 x 10"
cells per well). E11.5 NPCs labeled with EGFP (4 x 10” cells per well) were
cultured with the embryonic neurons prepared as above, or alone (8 x 10? cells
per well) in the chamber slides. Culturing of WT and CSL-deficient mESCs and
induction of MESC NPCs were conducted as described previously (Shimozaki
et al., 2005). To activate the Notch signaling pathway in Figure 5G, we used
JAG1-Fc (500 ng/ml; R&D Systems).

Plasmids

To express NICD (Takizawa et al., 2003) and NFIA (Deneen et al., 2006), we
used the retroviral vector pMY-IRES-GFP (Kitamura et al., 2003), which
contains an IRES-GFP cassette that allows identification of transduced cells.
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As DN-NFIA, we used the DNA binding domain of NFIA (NFIA-DBD) cloned by
PCR from mNFIA cDNA. The NFIA-DBD was cloned into the lentiviral vector
(Lois et al., 2002).

Immunostaining
All antibodies for immunostaining in this study and the procedures are
descried in Supplemental Experimental Procedures.

LY411575 y-Secretase Inhibitor Treatment

Pregnant mice were orally dosed with either 1 mg/kg LY411575 (Hyde et al.,
2006) or vehicle (dimethyl sulfoxide in sunflower oil) once a day from 10.5 to
13.5 dpc. Twenty-four hours after the last injection at 13.5 dpc, the embryos
at E14.5 were obtained for subsequent immunohistochemical analyses.

Bisulfite Sequencing

Cells expressing GFP alone, or GFP together with NICD or NFIA, were isolated
by FACSVantage (BD Biosciences), and their genomic DNAs were then
extracted. Bisulfite genomic sequencing was performed essentially, as previ-
ously described (Takizawa et al., 2001). Specific DNA fragments were ampli-
fied by PCR using primers described previously (Takizawa et al., 2001). The
PCR products were cloned into pT7Blue vector (Novagen), and 10-16 clones
randomly picked from each of three independent PCR amplifications were
sequenced.

ChIP Assay

ChiP assays were performed as described previously (Takizawa et al., 2001).
Coimmunoprecipitated DNA was used as a template for PCR with primers, the
sequences of which are available upon request. Antibodies used for the ChiP
assay were mouse anti-CSL (Institute of Immunology) and rabbit anti-NFI
(Santa Cruz Biotechonoly), -DNMT1, -DNMT3a, and -DNMT3b (Abcam).

In Vivo Electroporation

Embryonic exo utero surgery and electroporation were performed as
described previously (Muneoka et al., 1986; Saito and Nakatsui, 2001). DNA
solutions (pMYs or pMYs-Nfia, 2 mg/ml in PBS containing FAST Green)
were injected into the lateral ventricle of E11.5 telencephalons. Electronic
pulses of 28 V (50 ms) were charged six times at 950-ms intervals using
a square-pulse electroporator (CUY21EDIT; Nepa Gene Company).

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures and ten
figures and can be found with this article online at http://www.cell.com/
developmental-cell/supplemental/S1534-5807(09)00002-1/.
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