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ETHANOL-INDUCED NEURODEGENERATION IN NRSF/REST

NEURONAL CONDITIONAL KNOCKOUT MICE
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Abstract—The transcription regulator, neuron-restrictive
silencer factor (NRSF), also known as repressor element-1
silencing transcription factor (REST), plays an important
role in neurogenesis and various neuronal diseases such
as ischaemia, epilepsy, and Huntington’s disease. In these
disease processes, neuronal loss is associated with abnor-
mal expression and/or localization of NRSF. Previous stud-
ies have demonstrated that NRSF regulates the effect of
ethanol on neuronal cells in vitro, however, the role of

RSF in ethanol-induced neuronal cell death remains un-
lear. We generated nrsf conditional knockout mice using
he Cre-loxP system to disrupt neuronal expression of nrsf
nd its truncated forms. At postnatal day 6, ethanol signif-
cantly increased the expression of REST4, a neuron-spe-
ific truncated form of NRSF, in the brains of wild type
ice, and this effect was diminished in nrsf conditional

nockout mice. The apoptotic effect of ethanol was pro-
ounced in multiple brain regions of nrsf conditional mu-

ant mice. These results indicate that NRSF, specifically
EST4, may protect the developing brain from ethanol, and
rovide new evidence that NRSF can be a therapeutic tar-
et in foetal alcohol syndrome (FAS). © 2011 IBRO. Pub-

ished by Elsevier Ltd. All rights reserved.

ey words: nrsf conditional knockout, ethanol, apoptosis,
aspase-3, fetal alcohol syndrome.

The neuron-restrictive silencer factor (NRSF), also
known as repressor element-1 (RE-1) silencing tran-
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scription factor (REST), plays a key role in CNS devel-
opment (Ballas et al., 2005). NRSF binds to a consensus
21-bp site, the RE1 binding site/neuron-restrictive si-
lencer element (RE-1/NRSE) (Chong et al., 1995;
Schoenherr and Anderson, 1995), and recruits histone
deacetylase to depress the transcription of adjacent
genes (Naruse et al., 1999). The expression of nrsf is

igher in non-mature neuronal cells and lower during
eurogenesis (Chong et al., 1995; Schoenherr and An-
erson, 1995). The glutamate analog kainic acid in-
reased NRSF mRNA levels in various hippocampal and
ortical neurons in vivo, suggesting that NRSF has a
ole in neuronal activity-implied processes (Palm et al.,
998). NRSF dysfunction has been implicated in epi-

epsy (Spencer et al., 2006) and brain ischemia (Calde-
one et al., 2003; Formisano et al., 2007). Abnormal
uclear distribution of NRSF in neurons has been found

n Huntington’s disease (Zuccato et al., 2003, 2007).
RSF can recruit chromatin remodeling complex and
ct in concert in many physiological and pathological
rocesses. REST/NRSF-SWI/SNF complex interacts
ith DYRK1A to deregulate gene clusters involved in the
euronal phenotypic traits of Down syndrome (Lepag-
ol-Bestel et al., 2009). By recruiting Polycomb repres-
ive complexes (PRCs) NRSF can silence target genes
nd actively maintain not only stem cell pluripotency but
lso a state of ischemic tolerance in mature neurons
Zukin, 2010). Due to alternative splicing, nrsf produces
ifferent transcripts. REST4, a neuron-specific truncated

orm of NRSF, is a suppressor of NRSF (Shimojo et al.,
999; Tabuchi et al., 2002). However, in epilepsy,
EST4 independently regulates the expression of
PT-A (Spencer et al., 2006). The functions of REST4 in

he brain are much more complex.
Foetal alcohol syndrome (FAS) is a mental and physical

efect, the timing and frequency of alcohol consumption dur-
ng pregnancy are the major causes for a child developing
AS (Jones and Smith, 1973). Exposure of infant mice to
thanol (EtOH), a widely accepted model to study FAS, trig-
ers widespread apoptotic neuronal degeneration in the brain
nd results in a variety of neurobehavioral disturbances and
ven death (Olney et al., 2002a,b; Wozniak et al., 2004).

nfant mice are sensitive to EtOH and such sensitivity rapidly
iminishes after postnatal day 8 (P8) (Dobbing and Sands,
979; Hamre and West, 1993). So, the effect of ethanol on

he brain varies with development. It is reported that ethanol
nhances in vitro NRSF binding activity in neural stem cells
Tateno et al., 2006), which indicates that NRSF is involved in

he effect of ethanol on the developing brain. As a master

ts reserved.
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transcription factor in neuronal development, the function of
NRSF in this process attracted our interest.

Since nrsf deficiency causes embryonic lethality before
E11.5 (Chen et al., 1998), to facilitate our study of the role of
NRSF in ethanol-induced neuronal degeneration, the nrsf
gene was conditionally knocked out in the neurons of mice.
The effects of ethanol on neuronal death were studied in
mutant mice and wild type controls at postnatal day 6 (P6).

EXPERIMENTAL PROCEDURES

Animals

Generation and characterization of NSE-Cre transgenic mice.
The pNSE-Cre vector was constructed (Fig. 1A), in which the
promoter for transgene expression is the 1794 bp Ecl136II–HindIII
fragment from the rat neuron-specific enolase (NSE) gene (Forss-
Petter et al., 1990). Purified and linearized DNA was microinjected

Fig. 1. Generation of NSE-Cre transgenic mice. (A) Diagram of transge
in tissues of NSE-Cre transgenic mice detected by RT-PCR. (C) X
NSE-cre/ROSA26-Lac Z double positive mice and control mice. (a–h
Rosa26-LacZ mice as the negative control. (a–d, i) X-gal staining a
staining and immunohistochemical labeling with antibody against Neu

eferences to color in this figure legend, the reader is referred to the Web vers
into the pronuclei of fertilized mouse eggs isolated from superovu-
lated (C57BL/6 cross with DBA) F1 hybrid mice. Microinjected
eggs were implanted into pseudopregnant females to produce
transgenic mice. Transgenic founders were identified by polymer-
ase chain reaction (PCR) and crossed with wild-type C57BL/6
mice to establish the NSE-Cre transgenic mice. Tissue-specific
expression of Cre recombinase was verified with RT-PCR (re-
verse transcription-polymerase chain reaction). Further, NSE-Cre
mice were crossed with Rosa26-LacZ reporter mice to detect the
expression of lacZ in the brain.

Generation of nrsfflox/flox mice. The nrsf locus was targeted
y insertion of a loxP site in intron 1 and a pLoxpneo cassette in

intron 2. Thus, the second exon of the gene containing the start
codon was flanked with loxP sites and could be deleted by condi-
tionally expressed Cre recombinase. The vector design is shown in
Fig. 2A. Targeting vector DNA was electroporated into 129 mouse
embryonic stem cells (ES/CJ7). Positive clones were selected with
G418 and ganciclovir, and verified by PCR and sequencing. Recom-

ruction, prNSE: rat NSE promoter. (B) Expression of Cre recombinase
ing and immunohistochemical labeling of coronal brain sections of
s of NSE-cre/ROSA26-Lac Z double positive mice; (i, j) sections of
ohistochemical labeling with antibody against GFAP; (e–h, j) X-gal
bars: (a–c, e–g, i, j): 100 �m; (d, h): 20 �m. For interpretation of the
ne const
-gal stain
) Section

nd immun
N. Scale
ion of this article.
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binant ES cells were injected into mouse blastocysts to produce
chimeras. The chimeras were crossed with C57BL/6 mice to produce
heterozygous nrsf gene floxed offspring. Homozygotes were ob-
tained by intercrossing heterozygotes. PCR primers were as fol-
lows: 5= arm: primer 1: 5=-AATGCCTATTTCAGTTAGGAATGCC-3=;
primer 2: 5=-TGGCAGTACTCGCATGTAATCCTA-3=; 3= arm: primer
3: 5=-CGCCTTCTTGACGAGTTCTTCTGAG-3=; primer 4: 5=-CCAT-
GTCACTGGCACCTGTAACCTC-3=. The positions of primers 1–4
are indicated in Fig. 2A.

Generation of NSE-Cre� nrsfflox/flox mice and deletion of nrsf
n neuronal cells. To delete nrsf in neuronal cells, nrsfflox/flox mice
ere crossed with NSE-Cre transgenic mice, generating NSE-Cre�

nrsfflox/flox mice hereafter referred to as cKO mice. Knockout of nrsf
xon 2 in cKO mice deleted the initiation codon of nrsf/rest gene. The
eletion of the loxP-flanked fragment was confirmed by PCR and
alidated by sequencing (primer 5: 5=-TGTAGAACCCCAGCCCG-
ATTTGA-3=; primer 6: 5=-GTTTGGGGACAGAATGATACACT-3=).

The positions of primers 5 and 6 are indicated in Fig. 2A.
Primers used for quantitative RT-PCR analysis are listed in
Table 1.

Mice were group-housed under a 12-h light/dark cycle (on
between 7:00 AM and 7:00 PM) with unrestricted access to food
and water. The Institutional Animal Care and Use Committee
approved all animal experiments.

X-gal staining and immunohistochemistry

To examine Cre-mediated recombination in the brain, NSE-CRE
mice were crossed with ROSA26-lacZ reporter mice (Soriano,
1999). Brains obtained from their progeny were processed for
X-gal staining.

Tissues were collected from progeny mice anesthetized
with 10% chloral hydrate and perfused intracardially with 0.9%
NaCl followed by 4% paraformaldehyde in 0.1 M phosphate
buffer (PB, pH 7.4). The brain was removed and fixed in 4%
paraformaldehyde for 6 h, then immersed in 30% sucrose.
Frozen 30 �m sections were prepared on a freezing microtome
(Leica, Wetzlar, Germany). The washed tissues were incubated
in prewarmed (37 °C) 1% X-Gal with solution A, B, and C
(Sigma, St. Louis, MO, USA) in PBS (pH 8.0 – 8.5) (Weiss et al.,
1999) for 4 h or overnight, and the blue stain was monitored at
regular intervals. The sections were rinsed with PBS and im-
munohistochemically stained with the following antibodies, anti-
NEUN (1:200) (#MAB377, CHEMICON, CA, USA) or anti-GFAP
(1:200) (MS-1376, Lab Vision, MA, USA).

Ethanol treatment

The infant control and mutant mice at postnatal day 6 (P6) re-
ceived two s.c. injections of EtOH over a 2-h interval at a total
dose of 5, 6, or 7 g/kg (Ieraci and Herrera, 2006; Olney et al.,
2002a,b; Wozniak et al., 2004; Young et al., 2003). Mice receiving
saline under the same regimen were used as controls. Mice were
sacrificed 18 h after the first injection for immunohistochemistry
and Western blotting assays. Each experimental group was com-
prised of four to seven mice for immunohistochemical staining and
three to six per group for Western blot or quantitative RT-PCR
analysis.

Immunohistochemistry

Activated caspase-3 was examined using an immunohistochem-
ical method as reported previously (Bian et al., 2008). Briefly, mice
were anesthetized with 10% chloral hydrate and perfused intrac-
ardially with 0.9% NaCl followed by 4% paraformaldehyde in 0.1 M
phosphate buffer (PB, pH 7.4). The brain was removed and fixed
in 4% paraformaldehyde for 6 h, then immersed in 30% sucrose.

Frozen 50 �m sections were prepared on a freezing microtome
Leica, Wetzlar, Germany). Free-floating sections were washed in
.01 M phosphate-buffered saline (PBS, pH 7.2). Endogenous
eroxidase activity was quenched with 0.3% H2O2 for 30 min.

After blocking with 10% normal goat serum/0.3% Triton X-100 in
PBS for 1 h, sections were incubated with rabbit anti-cleaved
caspase-3 antiserum (D175, #9661, Cell Signal, MA, USA) at
1:400 dilution in PBS containing 1% normal goat serum and 0.3%
Triton X-100 for 2 h at 37 °C and then overnight at 4 °C. After PBS
washing, sections were incubated with biotinylated anti-rabbit sec-
ondary antibody (1:200 dilution; Vector Laboratories, CA, USA) at
37 °C for 30 min and avidin-biotin-peroxidase (1:200 dilution) at
37 °C for 45 min. Peroxidase activity was detected with 0.05%
Diaminobenzidine (Sigma, St. Louis, USA) in 0.05 M Tris buffer
(pH 7.6) with 0.03% H2O2. The primary antibodies were omitted in
egative controls.

Measurement of cleaved caspase-3 positive cells in
the hippocampus

For measurement of the density of cleaved caspase-3 positive
cells in the hippocampus, we performed total cell counting and
stereological counting under a light microscope in a double-blind
fashion. Four 50 �m sections were captured under a light micro-
cope, and positive-labelled cells were counted manually. Sec-
ions were selected every eight sections per mouse.

Fluorescence immunolabeling

For double fluorescence labeling, sections were stained with
rabbit polyclonal anti-cleaved caspase-3 (Asp175) (1:500)
(#9661, Cell Signal, MA, USA), rabbit polyclonal anti-NRSF
(1:200) (#ab21635, Abcam), mouse monoclonal anti-neuronal
nuclei (NeuN) (1:200) (#MAB377, CHEMICON, CA, USA),
mouse monoclonal anti-GFAP (1:100) (MS-1376, Lab Vision,
MA, USA). The sections were incubated with the primary anti-
bodies for 48 h at 4 °C. After washing with PBS, the sections
were incubated with anti-mouse IgG-FITC (1:50) (sc-2010,
Santa Cruz, USA) and anti-rabbit IgG-Texas Red (1:100) (sc-
2780, Santa Cruz, CA, USA) for 1 h at 37 °C. Finally, the
sections were incubated with 4’,6’-diamidino-2-phenylindole
(DAPI) at 1.5 �g/ml for 5 min at room temperature. After

ashing, sections were mounted on glass slides. Images were
btained using a Leica TCS SP2 confocal microscope (Leica,
etzlar, Germany). Positive cells were verified in x-y cross-

ection, as well as in x-z and y-z cross-sections produced by
rthogonal reconstruction from z-series.

Western blot

Mice were sacrificed 18 h after the first ethanol treatment. Brain
tissues were homogenized in lysis buffer (P0013B, Beyotime).
Homogenate was centrifuged at 13,000�g at 4 °C for 30 min.
The cell lysate was examined by Western blot analysis using
mouse anti-GAPDH (MAB2166, CHEMICON, CA, USA) and
rabbit anti-active caspase-3 (#9661, Cell Signal, MA, USA).
Western blot analysis was performed as described previously
(Cai et al., 2006).

Western blot results were analyzed using Quantity One 4.5.2
software (Bio-Rad, Hercules, CA, USA), and the error bar indi-
cates the statistical differences in three analytical results.

Real-time PCR

Real-time PCR was performed on a Rotor-Gene 3000 instru-
ment (Corbett Research, Sydney, Australia) using the Dynamo
SYBR Green qPCR Kit (Finnzymes, Espoo, Finland). For each
experiment, a standard curve for each primer set was gener-
ated and used to derive the relative amounts in the samples.

Melting curve analysis was carried out to confirm the specificity
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Fig. 2. Generation of nrsf conditional knockout mice. (A) Targeting strategy and vector design. A neomycin resistance (Neo) cassette flanked by loxP
sequences was inserted into intron 2 for positive selection, and the thymidine kinase gene (TK) was included for negative selection. A third loxP
sequence was inserted into intron 1. (B) Positive targeting events were identified by PCR with primer 1 and 2, 3 and 4, and sequencing. Primers 1
and 4 are located outside the targeting sequence and indicated by arrows in (A). Six homologous recombinant ES clones were obtained. (C)

Generation of floxed mice. Primers 1 and 2 were used for offspring genotyping. WT, nrsf�/� mice; het, nrsfflox/� mice; H, nrsfflox/flox mice.
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of the products between 65 and 95 °C with 0.2 °C increments.
The primer sequences are shown in Table 1. A BLASTN search
confirmed specificity of the chosen primer sequences for their
target genes. Thermal cycling conditions were: 95 °C for 2 min,
followed by 45 cycles of 94 °C for 10 s, 60 °C for 20 s, 72 °C for
20 s.

Results were analyzed using Rotor-Gene 5.0 software from
Corbett Research (Sydney, Australia). Program default settings
were used to define both the threshold value and baseline for
analysis of the raw data. Relative expression of target genes was
normalized against GAPDH. All experiments were carried out in
triplicate.

Data analysis

Data were analyzed by one-way ANOVA followed by Bonferroni
posthoc analysis and represented as the mean�SEM. Statistical
software was OriginPro 7.0 (OriginLab, MA, USA). P�0.05 was
considered statistically significant.

RESULTS

Generation of NSE-Cre transgenic mice and selective
deletion of nrsf in the neuron of cKO mice

The Cre-loxP strategy was adapted to knockout nrsf in
neuronal cells. First, NSE-Cre transgenic mice were cre-
ated, in which the rat NSE promoter drove Cre recombi-
nase expression (Fig. 1A). The transcriptional expression
of Cre recombinase was limited to the brain (Fig. 1B).

To determine the activity and specificity of the NSE
promoter in mouse brain, NSE-Cre transgenic mice were
crossed with ROSA26-lacZ reporter mice. Cre recombi-
nase activity was determined in offspring containing both
NSE-Cre and ROSA26-lacZ transgenes. As expected, X-
gal signals were obvious in the brain sections in which
Cre-mediated recombination occurred. The brain sections
were further immunostained with anti-NeuN or anti-GFAP
antibody, and the results show that Cre recombinase ac-
tivity is restricted to neurons (Fig. 1C).

The targeting vector construction for nrsf cKO is illus-
trated in Fig. 2A. Six recombinant ES cell clones were
obtained (Fig. 2B). After microinjection of recombinant ES

(D) Generation of nrsf conditional knockout mice. The nrsfflox/� mice
different tissues of NSE-Cre� nrsfflox/� mice served as templates for P
nrsfflox/� mouse brain. Genomic DNA extracted from the cortex of NSE
deleted allele. (E) Quantitative RT-PCR analysis of relative REST and
cre(�)H) (white bar) and NSE-Cre� nrsfflox/flox mice (cKO) (black ba
xtracted from the cortex (cortex), hippocampus (hip), and the remaini
xperiments; � P�0.05, �� P�0.01. The P6 infant mice were used in th

n the brain. The sections of hippocampus from cKO and WT mice we

able 1. Primers for real-time PCR

Gene Forward primer Reverse primer

GAPDH agtcaaggccgagaatgggaag aagcagttggtggtgcaggatg
Total

RESTs
tgtagaaccccagcccgtatttga ccgtcgtgtacgtgcagatgatg

NRSF cacctgcgagctggcgagaac cacattttaaatggcttctctcacctg
REST4 ctgcacgtacacgacggtcagcgag acatttaaatggcttctcacccaac
0 �m. For interpretation of the references to color in this figure legend, the re
clones and breeding, we obtained heterozygous F1 and
floxed homozygous offspring (Fig. 2C).

nrsfflox/� mice were crossed with NSE-Cre transgenic
ice. The expected nrsf fragment lacking exon 2 was
etected in the cortex, hippocampus, and remaining part of
he brains of NSE-Cre� nrsfflox/� mice, but not in nrsfflox/�

mice (Fig. 2D).
NSE-Cre� nrsfflox/� mice were intercrossed, and

NSE-Cre� nrsfflox/flox mice (cKO) were obtained follow-
ing Mendel’s law. The quantity of total nrsf mRNA in cKO
mice, relative to that in nrsfflox/flox mice (cre(�) H mice),

as 82%�0.03 in the cortex, 70%�0.03 in the hip-
ocampus, and 76%�0.05 in the remaining part of the
rain (Fig. 2E). The remaining part includes the thalam-
ncephalon, hypothalamus, and brain stem. Relative
mount of REST4 mRNA in the cKO mice was
8%�0.05 in the cortex, and 63%�0.04 in the hip-

pocampus (Fig. 2E). There is no specific change in the
cerebellum (data not shown).

To confirm the knockout of NRSF in neurons of cKO
mice, we did double fluorescence labeling using anti-
bodies against NRSF and neuronal marker NeuN. The
confocal imaging was conducted on the brain slices of
cKO and WT mice. NRSF positive signals were only
co-localized with NeuN in WT mice, but not in cKO mice
(Fig. 2F).

EtOH treatment induces the expression of REST4 in
wild type mice but not in cKO mice

The infant wild type mice at P6 were treated with ethanol at
a dose of 5 g/kg and sacrificed at 0, 5, 10 18, and 24 h.
Ethanol increased the expression of REST4 by 2.9-fold in
the cortex and 2.3-fold in the hippocampus over saline
controls, while the expression of full-length NRSF did not
change significantly (Fig. 3). However, in cKO mice, the
effect of 5 g/kg ethanol on REST4 expression was much
attenuated (Fig. 3).

Increasing apoptotic effect of ethanol in the brains
of cKO mice

The apoptotic effect of ethanol on neurons was indicated
by cleaved-Caspase 3. In the slices from P6 mouse
brains sampled 18 h after ethanol treatment, the
cleaved-Caspase 3 positive cells can be observed in the
hippocampus, cortex, and thalamencephalon. In the hip-
pocampus, with the increase of the dose of ethanol, the
cleaved Caspase 3 positive cells were increased both in
the cKO and control mice. However, the number of
positive cells were significantly higher in the slices of

ssed with NSE-Cre transgenic mice. Genomic DNA extracted from
ysis. Cor, cortex; Hip, hippocampus Oth, remaining part of NSE-Cre�

fflox/� (cre(�)) mice was used as a control. The arrowhead shows the
mRNA levels (normalized to GAPDH mRNA level) in nrsfflox/flox mice
mRNA includes all transcripts of the nrsf gene. RNA samples were
ther) of the brain. Bars represent means�SE from three independent
ent, n�4 for every group. (F) Confocol imaging study of NRSF protein
d with antibodies against NRSF (red) and NeuN (green); Scale bars:
were cro
CR anal
-Cre� nrs

REST4
r). REST
ng part (o
e experim
re staine
ader is referred to the Web version of this article.
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cKO mice than that of two types of control mice, and
about two-fold under the treatment of 7 g/kg EtOH (Fig.
4A, B). Increasing neuronal apoptosis was also con-
firmed by Western blot analysis of the cleaved Caspase
3; as the ethanol dose increased, the quantity of cleaved
Caspase-3 increased in the hippocampus (Fig. 4C).
Such an increase of apoptotic cells also occurred in the
cortex (Fig. 4D, E) and other areas (including the thal-
amencephalon, hypothalamus, and brain stem) in cKO
mice (data not shown). In the corpus striatum and cer-
ebellum, there are no obvious changes (data not show).
Ethanol induces apoptosis in neuronal cells but not in
glial cells (Bauer-Moffett and Altman, 1977; Goodlett et
al., 1990; Ikonomidou et al., 2000; Ryabinin et al., 1995;
West et al., 1986). To confirm whether the increased
apoptotic cells in cKO mice are restricted to neuronal
cells, confocal microscopic imaging was conducted on
the brain slices of ethanol-treated cKO mice. Cleaved
Caspase 3 positive signals were co-localized with the
neuronal marker NeuN (Fig. 5A–C), whereas the
cleaved Caspase 3 positive signals were not visible in
the GFAP-positive glial cells (Fig. 5D). Ethanol-induced
apoptosis was restricted to neurons in the brains of cKO
mice.

DISCUSSION

To elucidate the function of NRSF in the process of
EtOH-induced neuronal death, both NSE-Cre transgenic

Fig. 3. The effect of ethanol on NRSF and REST4 expression in P6 inf
and sacrificed at 0, 5, 10, 18, and 24 h after the first injection. NRSF
GAPDH expression. (A) The level of REST4 mRNA in the cortex. (B)
in the cortex. (D) The level of NRSF mRNA in the hippocampus. Bars r
time point in WT mice, n�5 per time point in cKO mice.
mice and nrsfflox/� mice were created. Cre recombinase
ctivity was determined in the brain of offspring contain-
ng NSE-Cre and ROSA26-lacZ transgenes, and most
eurons in the cortex and hippocampus expressed LacZ
Fig. 1C). In our conditional nrsf knockout mouse model,
xon 2 of nrsf is deleted specifically by neuronal ex-
ressed Cre recombinase. Since exon 2 is the common
egion in all isoforms reported in the literatures, all the
soforms of NRSF could not be produced in the neurons.
RSF widely exists in all types of cells in mouse brains
nd REST4 exists mainly in neurons, a 20%–30% re-
uction in nrsf expression was detected in the brains of
KO mice, while the reduction of rest4 expression was
ore pronounced in cKO mice (Fig. 2E). And the result
f immunohistochemical staining also indicated the loss
f NRSF in neurons of cKO mice (Fig. 2F). The expres-
ion of rest4, but not nrsf, is significantly up-regulated by
thanol in the brains of infant wild type mice (Fig. 3).
imilarly, increased expression of rest4 was reported in

he mouse model of epilepsy whilst the expression of
RSF/REST was increased to a lesser extent (Spencer
t al., 2006).

Neuronal apoptosis induced by ethanol was ob-
erved in multiple regions of the mouse brain, including
he cortex, hippocampus, and thalamencephalon. In
omparison with NSE-Cre� nrsf�/� mice (loxp(�)) or

NSE-Cre�nrsfflox/flox mice (cre(�)H), ethanol treatment
produced significantly more apoptotic cells in cKO mice.
The identification of the apoptotic cells as neurons but

ice and cKO mice. P6 infant WT mice were treated with 5 g/kg ethanol
T4 expression was detected by real-time RT-PCR and normalized to
of REST4 mRNA in the hippocampus. (C) The level of NRSF mRNA
means�SE from three independent experiments; ** P�0.01; n�3 per
ant WT m
and RES
The level
not glial cells in cKO mice was confirmed by confocal
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Fig. 4. Immunohistochemical studies and Western blot analysis of the cleaved caspase-3 after the EtOH treatment in different genotypes of P6 infant
mice. Samples were collected from P6 infant mice treated with different doses of ethanol (5, 6, and 7 g/kg) or saline. Brain sections were stained with
cleaved caspase-3 antibody. (A) Cleaved caspase-3 staining in the hippocampus after EtOH treatment. (a–c) From mice treated with 5 g/kg EtOH;
(d–f) 6 g/kg; (g–i) 7 g/kg; (j) saline control. Mouse genotypes are indicated above. Scale bar: 20 �m. (B) Statistical analysis of the number of activated
aspase-3 positive cells in the hippocampus of treated mice and control. Bars represent means�SE from three independent experiments; n�4–7 per
roup. (C) Western blot analysis of cleaved Caspase-3 in the hippocampus of mice treated with different doses of ethanol. (D) Cleaved caspase-3
taining in the cortex regions (a–e) of P6 infant mice treated with saline or 7 g/kg ethanol. (a) Saline; (e) Higher magnification view of (d). Scale bar:
0 �m (a–d); 100 �m (e). (E) Western blot analysis of cleaved Caspase-3 in the cortex of mice treated with ethanol. Loxp(�): NSE-Cre� nrsf�/�;

re(�)H: nrsfflox/flox; cKO: NSE-Cre� nrsfflox/flox; (C, D): n�3 every lane. * P�0.05, ** P�0.01.
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microscopic imaging. These results suggest that NRSF
(more likely REST4) plays an important role in protecting
neuronal cells from apoptosis induced by EtOH in infant
mouse brains. REST4 is a suppressor of NRSF (Shimojo
et al., 1999; Tabuchi et al., 2002); however, REST4 can
regulate gene expression independent of NRSF (Spen-
er et al., 2006). In this study, the expression of selected
RSF target genes and apoptosis-related genes was
etermined by real-time PCR (Data not shown). We did
ot find significant differences in the expression of apo-
tosis-related gene Bax, Bak, and Bcl-xl (Jurgensmeier
t al., 1998; Ruiz-Vela et al., 2005; Wei et al., 2001;
oung et al., 2003) in different genotypes. Glutamate

eceptors, GABA-A receptors (Garthwaite et al., 1988;
konomidou et al., 1999, 2000), and neuronal nitric oxide
ynthase (nNOS) (Bonthius et al., 2002; Pantazis et al.,
998) are implicated in EtOH-induced neuronal apopto-
is. The expression of these genes did not vary signifi-
antly. We also did not find significant differences in the
xpression of some sodium and potassium channels,

Fig. 5. Confocol microscopic study of EtOH-induced apoptosis in the b
in slices were stained with antibodies against cleaved Caspase-3 (red
region. (C) Hippocampus region. (D) Cells in slices were stained with
Scale bars: 10 �m (A–C); 20 �m (D).
hich are regulated by NRSF. Therefore, the pathway
for the protective function of NRSF and/or its truncated
forms in EtOH-induced apoptosis in P6 mice is still
under study.

There is an apparent inconsistency between our find-
ings and several previous studies in ischemic models.
Specifically, global ischemia increased the expression of
REST mRNA in CA1 pyramidal rat neurons after ischemic
onset and nrsf antisense RNA rescued CA1 neurons from
OGD-induced death (Calderone et al., 2003; Formisano et
al., 2007). The discrepancy may be explained by the fol-
lowing facts. First, the apoptotic insults are different so
perhaps, two stimuli may induce neuronal death through
different pathways. Secondly, animals of different ages
were used in the experiments. Adult mice were adopted for
ischemia modeling (Calderone et al., 2003; Formisano et
al., 2007) and infants at P6 for ethanol treatment (Hamre
and West, 1993). Thirdly, experiments with nrsf antisense

NA were acquired in vitro, whereas our experiment was
onducted in vivo. These results indicate that the nrsf gene

may have different functions depending on the stage of

sections were from cKO mice treated with 7 g/kg ethanol. (A–C) Cells
(green), and DAP1 (blue); (A) Cortex region, (B) Thalamencephalon
s against cleaved Caspase-3 (red), GFAP (green), and DAP1 (blue).
rain. The
), NeuN
neuronal development, injurious stimuli, and cellular envi-
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ronment, and that NRSF homeostasis is critical for cell
survival.

NRSF plays a key role in neuronal development and
maturation through epigenetic machinery; altered expres-
sion of NRSF or its truncated forms may change cellular
epigenetic patterns, thus producing long-term conse-
quences. In this paper, we find that ethanol can change the
expression of nrsf in the brain and apoptotic neuronal
degeneration induced by ethanol was much more pro-
nounced in multiple brain regions of nrsf conditional mutant
mice. This may shed light on the sequelae of FAS in
adulthood. Our nrsf/rest neuronal conditional knockout
mice will facilitate further research into the roles of NRSF in
many neural disorders.

Acknowledgments—This work was supported by grants from the
National Natural Science Foundation of China (30670438 and
30770659, 90919004), National 863 project (2008AA02Z126),
National Key Project (2010CB945501), the Science and Technol-
ogy Commission of Shanghai Municipality (06DZ19004), E-Insti-
tutes of Shanghai Municipal Education Commission (E03003),
and the Program for NCET to F.H. We thank Dr. Kehong Zhang for
kindly reviewing our work and Cactus Communications Pvt. Ltd
(www.editage.com) for providing English editing services.

REFERENCES

Ballas N, Grunseich C, Lu DD, Speh JC, Mandel G (2005) REST and
its corepressors mediate plasticity of neuronal gene chromatin
throughout neurogenesis. Cell 121:645–657.

Bauer-Moffett C, Altman J (1977) The effect of ethanol chronically
administered to preweanling rats on cerebellar development: a
morphological study. Brain Res 119:249–268.

Bian M, Yu M, Yang S, Gao H, Huang Y, Deng C, Gao Y, Sun F,
Huang F (2008) Expression of Cbl-interacting protein of 85 kDa in
MPTP mouse model of Parkinson’s disease and 1-methyl-4-phe-
nyl-pyridinium ion-treated dopaminergic SH-SY5Y cells. Acta
Biochim Biophys Sin (Shanghai) 40:505–512.

Bonthius DJ, Tzouras G, Karacay B, Mahoney J, Hutton A, McKim R,
Pantazis NJ (2002) Deficiency of neuronal nitric oxide synthase
(nNOS) worsens alcohol-induced microencephaly and neuronal
loss in developing mice. Brain Res Dev Brain Res 138:45–59.

Cai YQ, Cai GQ, Liu GX, Cai Q, Shi JH, Shi J, Ma SK, Sun X, Sheng
ZJ, Mei ZT et al (2006) Mice with genetically altered GABA trans-
porter subtype I (GAT1) expression show altered behavioral re-
sponses to ethanol. J Neurosci Res 84:255–267.

Calderone A, Jover T, Noh KM, Tanaka H, Yokota H, Lin Y, Grooms
SY, Regis R, Bennett MV, Zukin RS (2003) Ischemic insults dere-
press the gene silencer REST in neurons destined to die. J Neu-
rosci 23:2112–2121.

Chen ZF, Paquette AJ, Anderson DJ (1998) NRSF/REST is required in
vivo for repression of multiple neuronal target genes during em-
bryogenesis. Nat Genet 20:136–142.

Chong JA, Tapia-Ramirez J, Kim S, Toledo-Aral JJ, Zheng Y, Boutros
MC, Altshuller YM, Frohman MA, Kraner SD, Mandel G (1995)
REST: a mammalian silencer protein that restricts sodium channel
gene expression to neurons. Cell 80:949–957.

Dobbing J, Sands J (1979) Comparative aspects of the brain growth
spurt. Early Hum Dev 3:79–83.

Formisano L, Noh KM, Miyawaki T, Mashiko T, Bennett MV, Zukin RS
(2007) Ischemic insults promote epigenetic reprogramming of mu
opioid receptor expression in hippocampal neurons. Proc Natl

Acad Sci U S A 104:4170–4175.
Forss-Petter S, Danielson PE, Catsicas S, Battenberg E, Price J,
Nerenberg M, Sutcliffe JG (1990) Transgenic mice expressing
beta-galactosidase in mature neurons under neuron-specific eno-
lase promoter control. Neuron 5:187–197.

Garthwaite J, Charles SL, Chess-Williams R (1988) Endothelium-
derived relaxing factor release on activation of NMDA receptors
suggests role as intercellular messenger in the brain. Nature
336:385–388.

Goodlett CR, Marcussen BL, West JR (1990) A single day of alcohol
exposure during the brain growth spurt induces brain weight re-
striction and cerebellar Purkinje cell loss. Alcohol 7:107–114.

Hamre KM, West JR (1993) The effects of the timing of ethanol
exposure during the brain growth spurt on the number of cerebellar
Purkinje and granule cell nuclear profiles. Alcohol Clin Exp Res
17:610–622.

Ieraci A, Herrera DG (2006) Nicotinamide protects against ethanol-
induced apoptotic neurodegeneration in the developing mouse
brain. PLoS Med 3:e101.

Ikonomidou C, Bittigau P, Ishimaru MJ, Wozniak DF, Koch C, Genz K,
Price MT, Stefovska V, Horster F, Tenkova T et al (2000) Ethanol-
induced apoptotic neurodegeneration and fetal alcohol syndrome.
Science 287:1056–1060.

Ikonomidou C, Bosch F, Miksa M, Bittigau P, Vockler J, Dikranian K,
Tenkova TI, Stefovska V, Turski L, Olney JW (1999) Blockade of
NMDA receptors and apoptotic neurodegeneration in the develop-
ing brain. Science 283:70–74.

Jones KL, Smith DW (1973) Recognition of the fetal alcohol syndrome
in early infancy. Lancet 2:999–1001.

Jurgensmeier JM, Xie Z, Deveraux Q, Ellerby L, Bredesen D, Reed JC
(1998) Bax directly induces release of cytochrome c from isolated
mitochondria. Proc Natl Acad Sci U S A 95:4997–5002.

Lepagnol-Bestel AM, Zvara A, Maussion G, Quignon F, Ngimbous B,
Ramoz N, Imbeaud S, Loe-Mie Y, Benihoud K, Agier N et al (2009)
DYRK1A interacts with the REST/NRSF-SWI/SNF chromatin re-
modelling complex to deregulate gene clusters involved in the
neuronal phenotypic traits of Down syndrome. Hum Mol Genet
18:1405–1414.

Naruse Y, Aoki T, Kojima T, Mori N (1999) Neural restrictive silencer
factor recruits mSin3 and histone deacetylase complex to repress
neuron-specific target genes. Proc Natl Acad Sci U S A 96:
13691–13696.

Olney JW, Tenkova T, Dikranian K, Muglia LJ, Jermakowicz WJ, D’Sa
C, Roth KA (2002a) Ethanol-induced caspase-3 activation in the in
vivo developing mouse brain. Neurobiol Dis 9:205–219.

Olney JW, Tenkova T, Dikranian K, Qin YQ, Labruyere J, Ikonomidou
C (2002b) Ethanol-induced apoptotic neurodegeneration in the
developing C57BL/6 mouse brain. Brain Res Dev Brain Res
133:115–126.

Palm K, Belluardo N, Metsis M, Timmusk T (1998) Neuronal expres-
sion of zinc finger transcription factor REST/NRSF/XBR gene.
J Neurosci 18:1280–1296.

Pantazis NJ, West JR, Dai D (1998) The nitric oxide-cyclic GMP
pathway plays an essential role in both promoting cell survival of
cerebellar granule cells in culture and protecting the cells against
ethanol neurotoxicity. J Neurochem 70:1826–1838.

Ruiz-Vela A, Opferman JT, Cheng EH, Korsmeyer SJ (2005) Proapo-
ptotic BAX and BAK control multiple initiator caspases. EMBO Rep
6:379–385.

Ryabinin AE, Cole M, Bloom FE, Wilson MC (1995) Exposure of
neonatal rats to alcohol by vapor inhalation demonstrates speci-
ficity of microcephaly and Purkinje cell loss but not astrogliosis.
Alcohol Clin Exp Res 19:784–791.

Schoenherr CJ, Anderson DJ (1995) The neuron-restrictive silencer
factor (NRSF): a coordinate repressor of multiple neuron-specific
genes. Science 267:1360–1363.

Shimojo M, Paquette AJ, Anderson DJ, Hersh LB (1999) Protein

kinase A regulates cholinergic gene expression in PC12 cells:

http://www.editage.com


L. Cai et al. / Neuroscience 181 (2011) 196–205 205
REST4 silences the silencing activity of neuron-restrictive silencer
factor/REST. Mol Cell Biol 19:6788–6795.

Soriano P (1999) Generalized lacZ expression with the ROSA26 Cre
reporter strain. Nat Genet 21:70–71.

Spencer EM, Chandler KE, Haddley K, Howard MR, Hughes D, Bely-
aev ND, Coulson JM, Stewart JP, Buckley NJ, Kipar A et al (2006)
Regulation and role of REST and REST4 variants in modulation of
gene expression in in vivo and in vitro in epilepsy models. Neuro-
biol Dis 24:41–52.

Tabuchi A, Yamada T, Sasagawa S, Naruse Y, Mori N, Tsuda M
(2002) REST4-mediated modulation of REST/NRSF-silencing
function during BDNF gene promoter activation. Biochem Biophys
Res Commun 290:415–420.

Tateno M, Ukai W, Hashimoto E, Ikeda H, Saito T (2006) Implication
of increased NRSF/REST binding activity in the mechanism of
ethanol inhibition of neuronal differentiation. J Neural Transm
113:283–293.

Wei MC, Zong WX, Cheng EH, Lindsten T, Panoutsakopoulou V, Ross
AJ, Roth KA, MacGregor GR, Thompson CB, Korsmeyer SJ (2001)
Proapoptotic BAX and BAK: a requisite gateway to mitochondrial
dysfunction and death. Science 292:727–730.

Weiss DJ, Liggitt D, Clark JG (1999) Histochemical discrimination of
endogenous mammalian beta-galactosidase activity from that re-

sulting from lac-Z gene expression. Histochem J 31:231–236.
West JR, Hamre KM, Cassell MD (1986) Effects of ethanol exposure
during the third trimester equivalent on neuron number in rat
hippocampus and dentate gyrus. Alcohol Clin Exp Res
10:190–197.

Wozniak DF, Hartman RE, Boyle MP, Vogt SK, Brooks AR, Tenkova
T, Young C, Olney JW, Muglia LJ (2004) Apoptotic neurodegen-
eration induced by ethanol in neonatal mice is associated with
profound learning/memory deficits in juveniles followed by progres-
sive functional recovery in adults. Neurobiol Dis 17:403–414.

Young C, Klocke BJ, Tenkova T, Choi J, Labruyere J, Qin YQ, Holtz-
man DM, Roth KA, Olney JW (2003) Ethanol-induced neuronal
apoptosis in vivo requires BAX in the developing mouse brain. Cell
Death Differ 10:1148–1155.

Zuccato C, Belyaev N, Conforti P, Ooi L, Tartari M, Papadimou E,
MacDonald M, Fossale E, Zeitlin S, Buckley N et al (2007) Wide-
spread disruption of repressor element-1 silencing transcription
factor/neuron-restrictive silencer factor occupancy at its target
genes in Huntington’s disease. J Neurosci 27:6972–6983.

Zuccato C, Tartari M, Crotti A, Goffredo D, Valenza M, Conti L,
Cataudella T, Leavitt BR, Hayden MR, Timmusk T et al (2003)
Huntingtin interacts with REST/NRSF to modulate the transcription
of NRSE-controlled neuronal genes. Nat Genet 35:76–83.

Zukin RS (2010) Eradicating the mediators of neuronal death with a

fine-tooth comb. Sci Signal 3:pe20.
(Accepted 28 February 2011)


	Ethanol-induced neurodegeneration in nrsf/rest neuronal conditional knockout mice
	Experimental procedures
	Animals
	Generation and characterization of NSE-Cre transgenic mice
	Generation of nrsfflox/flox mice
	Generation of NSE-Cre+ nrsfflox/flox mice and deletion of nrsf in neuronal cells

	X-gal staining and immunohistochemistry
	Ethanol treatment
	Immunohistochemistry
	Measurement of cleaved caspase-3 positive cells in the hippocampus
	Fluorescence immunolabeling
	Western blot
	Real-time PCR
	Data analysis

	Results
	Generation of NSE-Cre transgenic mice and selective deletion of nrsf in the neuron of cKO mice
	EtOH treatment induces the expression of REST4 in wild type mice but not in cKO mice
	Increasing apoptotic effect of ethanol in the brains of cKO mice

	Discussion
	Acknowledgments
	References


