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Neural-restrictive silencer element (NRSE)/repressor
element-1 (RE1) regulates neuron-specific gene ex-
pression by binding the transcriptional factor REST/
NRSF which functions as a silencer in nonneuronal
cells. In neuronal cells, a truncated, neuronal-specific
REST/NRSF isoform, REST4, has been found but little
is known about its function. To address this, we inves-
tigated the effect of REST/NRSF and REST4 on the
activity-dependent activation of BDNF gene promoter
I (BDNFp-I) using cultured rat cortical neurons.
REST/NRSF markedly repressed the transcriptional
activation of BDNFp-I, whereas the effect of REST4
was weak, depending upon the NRSE/RE1 sequence.
In addition, REST4 enhanced the basal transcrip-
tional activity of BDNFp-I. Coexpression of REST4
with REST/NRSF competitively inhibited the silenc-
ing effect of REST/NRSF on the activation of BDNFp-I.
Although REST4 itself has a weak repressive effect on
activation of the BDNF gene via NRSE/RE1, it can
compete the silencing effect of REST/NRSF, suggest-
ing a primary role for REST4 in preventing the
neuron-specific gene from being inactivated by REST/
NRSF and allowing gene activation in response to a
variety of neuronal stimuli. © 2002 Elsevier Science
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Neuronal-restrictive silencer element (NRSE)/repressor
element-1 (RE1) is a 21-base-pair sequence found in a
number of neuron-specific genes including the SCG10
(1), type II sodium channel (2), N-methyl-D-aspartate
(NMDA) receptor (3), choline acetyltransferase (4) and
brain-derived neurotrophic factor (BDNF) genes (5).
The zinc finger transcription factor that binds to
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NRSE/RE1 is known as RE1-silencing transcription
factor (REST)/neuron-restrictive silencer factor (NRSF)
(6, 7). Since REST/NRSF can act as a silencer of
neuron-specific gene expression in nonneuronal tissues
and in undifferentiated neuronal progenitor cells (6, 7),
downregulation of REST/NRSF was thought to be re-
quired for the acquisition of terminally differentiated
phenotypes of neurons. Recently, it was demonstrated
that a small amount of full-length REST/NRSF protein
was apparently present in neurons and, furthermore, a
C-terminally truncated form of NRSF/REST, termed
REST4, was specifically expressed in neurons (8, 9).
REST4 has five zinc fingers, but its homo-oligomer
lacks DNA-binding ability (10). This truncated form is
suggested to be induced by neuronal activity via
kainate-induced seizure and to act as a negative mod-
ulator against REST/NRSF rather than a transcrip-
tional repressor of neuronal genes (8). Furthermore, it
was demonstrated that REST4 can form a hetero-
oligomer with full-length REST/NRSF, which inhibits
the silencing activity of REST/NRSF in a dominant
negative manner (11). At present, however, it is still
controversial whether REST4 acts as a transcriptional
repressor through a weak DNA-binding to NRSE/RE1
(8) or as a negative modulator through an interaction
with REST/NRSF (11).

The functions of REST/NRSF and REST4 have thus
far been analyzed using established cell lines like PC12
cell. To elucidate the physiological functions of these
proteins in neurons, we used a primary culture of rat
cortical neuronal cells (12). Our previous report on the
activity of NRSE-linked BDNF or the c-fos promoter
revealed a marked repressive effect of NRSE/RE1 on
BDNF promoter I and c-fos promoter activation in pri-
mary glial cells, but not in primary cortical neurons
(12). Furthermore, the overexpression of REST/NRSF
completely blocked the activation of BDNFp-I induced
by the calcium (Ca21) signals evoked via L-type
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voltage-dependent Ca channels (L-VDCC) through
the NRSE/RE1 sequence. These findings support the
usefulness of this reporter gene assay system in the
primary culture of rat cortical neurons for elucidating
the function of a series of REST/NRSF variants in
neurons.

So far, however, the effect of REST4 on gene activa-
tion in neurons has never been investigated. To clarify
the function of REST4, in this study, we overexpressed
REST4 in primary cultured rat cortical neurons and, in
particular, investigated whether or not REST4 could
affect the membrane depolarization-induced activation
of BDNF promoter I through NRSE/RE1 sequence and
modulate the silencing function of full-length REST/
NRSF in neurons.

MATERIALS AND METHODS

Plasmids and expression vectors. The construction of GL3-
SIL(11)-BDNFpI (termed SIL(11)BDNFpI), which carries a dupli-
cated NRSE upstream of BDNF promoter I, and the mutated NRSE
plasmid, pGL3-Sm(11)-BDNFp (termed Sm(11)BDNFpI), were de-
scribed previously (Fig. 1A and Ref. 12). The NRSEs used in this
study were derived from the SCG10 gene promoter (1) and two bases
(GG), conserved in all NRSE/RE1, were changed to TT for construct-
ing the mutated NRSEs. The myc epitope-tagged expression vectors,
pcDNA3-REST/NRSFmyc and pcDNA3-REST4/NRnVmyc, were con-
structed by the ligation of human REST/NRSF and REST4/NRnV
cDNA between the EcoRI and the XhoI sites of pcDNA 3.1/Myc-His
A (Invitrogen), respectively, and the DNA sequences were confirmed
by conventional sequencing using an ABI-PE 377 sequencer (Applied
Biosystems). Then, they were used for the expression of REST/NRSF
and REST4. The biological characteristics such as the subcellular
localization or DNA-binding ability of their myc-tagged proteins
were consistent with those of wild type REST/NRSF and REST4
(data not shown).

Cell culture. Primary cultures of cortical neurons were prepared
from the cerebral cortexes of 17- or 18-day-old rat (CRJ: SD) embryos
as described (13). Briefly, small pieces of cerebral cortex were treated
with 0.125% trypsin (DIFCO) and 1 mM EDTA for 15 min at 37°C
and thoroughly dissociated in Dulbecco’s modified eagle medium
(DMEM). After centrifugation, the cell pellet was treated with
0.004% DNase I (Sigma) and 0.03% trypsin inhibitor (Sigma) and the
suspended cells were seeded at 5 3 106 cells in a 60-mm culture dish
(Iwaki). The cells were grown for 48 h in DMEM medium containing
10% fetal calf serum, then the medium was replaced with serum-free
DMEM containing glucose (4.5 mg/ml), transferrin (5 mg/ml), insulin
(5 mg/ml), sodium selenite (5 ng/ml), bovine serum albumin (1 mg/ml)
and kanamycin sulfate (100 mg/ml) (TIS medium). To avoid the
proliferation of nonneuronal cells, cytosine arabinoside (Sigma) was
also added at 2 mM.

DNA transfection and luciferase assay. DNA transfection of cor-
tical neurons was carried out at 3 DIV after culture, and the proce-
dure was performed as described (14). As an internal control vector,
we used pRL-EF1a carrying the human elongation factor 1a pro-
moter upstream of the Renilla luciferase gene. The calcium
phosphate/DNA precipitates were prepared with 3 mg of luciferase
reporter plasmid DNA (pGL3-SIL(11)-BDNFpI/pRL-EF1a or pGL3-
Sm(11)-BDNFpI/pRL-EF1a 5 25) plus 5 mg of expression vector
(pcDNA3-REST/NRSFmyc, pcDNA3-REST4/NRnVmyc or pcDNA
3.1/Myc-His A as an empty vector (Invitrogen)). The cell lysates for
luciferase assay were prepared 12 h after treatment with 25 mM
KCl. The procedure for the dual luciferase assay was provided by the
supplier (Promega).
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RESULTS AND DISCUSSION

Repression of BDNF Promoter Activity by REST4

We have already reported that the silencing effect of
NRSE was observed only in nonneuronal cells, and
not in primary cortical neurons when a duplicated
NRSE was linked upstream of BDNF-pI (termed
SIL(11)BDNFpI), as illustrated in Fig. 1A (12). REST/
NRSF, as shown in Fig. 1B, has 9 zinc finger motifs,
whereas REST4 has only 5, which were identical to the
first five zinc finger motifs of full-length REST/NRSF.
To investigate whether REST/NRSF and REST4 affect
the membrane depolarization-induced SIL(11)BDNFpI
activation, we co-transfected SIL(11)BDNFpI as a re-
porter vector, with the vector expressing REST/NRSF
or REST4, into primary cultured rat cortical neurons.
As shown in Fig. 2A, the increase of transcription
driven by SIL(11)BDNFpI was observed on stimula-
tion with 25 mM KCl in the absence of REST/NRSF,
but the coexpression of REST/NRSF strongly sup-
pressed this increase even at 1 mg of REST/NRSF vec-
tor plasmid, which was consistent with the previous
report (12). In contrast, the coexpression of REST4
allowed the transcriptional activation but a slight,
dose-dependent reduction of activation was observed
(Fig. 2B, see the columns at 1KCl). When 25 mM KCl
was not administered, the co-expression of REST4
slightly increased the basal transcription (Fig. 2B, see
the columns at 2KCl).

NRSE-Mediated Effect of REST4

We next examined whether the effect of REST4
on the transcriptional activation of BDNFp-I
was mediated by the cis-element, NRSE/RE1, or
not. When NRSE-free (BDNFpI), NRSE-linked
(SIL(11)BDNFpI) and mutated NRSE-linked BDNF
promoter I (Sm(11)BDNFpI) were transfected only
with empty vector plasmid, transcriptional activation
induced by KCl-treatment was commonly observed
(Figs. 3A and 3B). Under the expression of REST/
NRSF, however, repression of the transcriptional acti-
vation was observed with SIL(11)BDNFpI but not
with BDNFpI and Sm(11)BDNFpI (Fig. 3A, see the
columns at 1KCl). These findings indicate that the
silencing effect of REST/NRSF on the transcriptional
activation of BDNFp-I is mediated by NRSE, which is
consistent with the previous report (12). On the other
hand, a weak silencing effect was detected using
SIL(11)BDNFpI but not BDNFpI or Sm(11)BDNFpI
when REST4 was expressed (Fig. 3B), indicating that
NRSE was also required for the weak repressive effect
of REST4. As was already pointed out in Fig. 2B,
furthermore, a slight increase in the basal transcrip-
tion of SIL(11)BDNFpI was also detected when
REST4 was expressed (see the legend to Fig. 3). These
findings indicate that the effect not only of REST/
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NRSF but of REST4 on the BDNF gene promoter I
activity is mediated by NRSE/RE1.

Competitive Effect of REST4 on the REST/NRSF-
Mediated Silencing Effect

It has already been reported that REST4 acts as a
dominant negative factor rather than as a transcrip-
tional repressor because it interacts with REST/NRSF
(11). Here we examined whether REST4 competes
with REST/NRSF for the transcriptional activation
of BDNFp-I. As shown in Fig. 4, the expression of
REST/NRSF repressed the membrane depolarization-
induced activation driven by SIL(11)BDNFpI but the
repression was partially abolished when the REST4
was coexpressed with REST/NRSF. This competitive
recovery of transcriptional activation increased depen-
dent on the concentration of REST4 vector plasmid.
Even though REST4 was expressed in excess on addi-
tion of the REST4 vector plasmid at more than 5 mg,
the silencing effect of REST/NRSF was not completely
abolished (data not shown).

In the present study, we first demonstrated that the
effect of the REST/NRSF splice form, REST4, on the
transcriptional activation of the NRSE-linked BDNF
promoter I was repressive in rat cortical neurons and
was mediated by NRSE/RE1 sequence (Figs. 2 and 3).
However, the extent of the repression induced by
REST4 was weak, compared with the strong repression

FIG. 1. Reporter vectors and the structure of REST/NRSF and R
two reporter vectors were constructed by the duplicated insertion of
to TT as shown by dots) upstream of BDNF promoter I. The constr
between full-length and splice variants of REST/NRSF. Full-length
finger at the C-terminal end, whereas REST4 has only 5 zinc finger
and an additional 12 amino acid residues derived from the neuron-s
neuron-specific exon is represented by an open square.
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of REST/NRSF (Fig. 2). Using a gel-mobility assay,
Palm et al. (8) reported that REST4 had no activity to
bind to NRSE/RE1. However, Lee et al. (10) recently
reported that REST4 can form homo-oligomers but
only the monomer binds to NRSE/RE1 at a lower DNA-
binding affinity than that of REST/NRSF. Therefore,
the weak repression caused by REST4 through NRSE/
RE1 sequence might be due to the DNA-binding of
the REST4 monomer to NRSE/RE1, which could be
brought about by the overexpression of REST4 in the
transfected cortical neurons.

Using a gel-mobility assay, on the other hand, Shi-
mojo et al. (11) reported that the DNA-binding of
REST/NRSF to NRSE/RE1 sequence was competitively
inhibited by REST4. Using DNA transfection, in the
present study, we clearly demonstrated the competi-
tive interaction between REST/NRSF and REST4 in
primary rat cortical neurons, in which REST4 played a
dominant negative role as a competitor against the
silencing function of full-length REST/NRSF (Fig. 4). It
was also reported that the interaction of REST4 with
REST/NRSF resulted in the formation of a hetero-
oligomer complex, which might prevent the binding of
REST/NRSF to NRSE/RE1 as a dominant negative
action (11). Although it is still uncertain whether this
competitive action of REST4 in neurons is due to a
competitive binding of the REST4 monomer to NRSE/
RE1 or to a dominant negative action of REST4 via the

4. (A) The structure of SIL(11)BDNFpI and Sm(11)BDNFpI. The
G10-derived NRSE or its mutated form (the base substitution of GG
ion of these vectors was described previously (12). (B) Comparison
ST/NRSF has 8 zinc fingers in the N-terminal portion and one zing

ains that are identical to the corresponding region of REST/NRSF
ific exon (8). The zinc finger is represented by a closed square. The
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FIG. 2. Repression of depolarization-induced BDNF promoter activation by REST/NRSF and REST4. pcDNA3-REST/NRSFmyc and
pcDNA3-REST4/NRnVmyc, which express myc-tagged REST/NRSF (A) and myc-tagged REST4 (B), respectively, were cotransfected with
SIL(11)BDNFpI reporter vector into rat cortical neurons 3 days after culture. Cells were stimulated with 25 mM KCl 16 h after transfection,
and cell lysates were prepared 12 h later. Total DNA plasmid (5 mg) was an expression vector containing the amounts indicated.
Transcriptional activation was indicated as a fold-increase of the control in which REST/NRSF or REST4 was not transfected. Data represent
the mean 6 SEM (n 5 3–4). The same tendency was observed in at least two independent experiments.
FIG. 3. NRSE-mediated effect of REST/NRSF and REST4. Expression vectors used and the time schedule for DNA transfection and KCl
stimulation were as described in the legend to Fig. 2. NRSE-free promoter, BDNFpI, SIL(11)BDNFpI and Sm(11)BDNFpI were transfected
as the reporter vectors with myc-tagged REST/NRSF (A) or myc-tagged REST4 (B). Transcriptional activity was indicated as a fold-increase
of each control in which the KCl stimulation was omitted. Data represent the mean 6 SEM (n 5 3–4). The same tendency was observed
in at least two independent experiments. The basal transcriptional activities (arbitrary unit) of unstimulated samples (B) were 1.15
(1REST4, 1BDNFp), 1.0 (2REST4, 1BDNFp), 2.92 (1REST4, 1SIL(11)BDNFp), 1.67 (2REST4, 1SIL(11)BDNFp), 2.29 (1REST4,
1Sm(11)BDNFp) and 1.25 (2REST4, 1Sm(11)BDNFp), respectively.
418
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formation of a hetero-oligomer with REST/NRSF, it
seems unlikely that the competitive binding of REST4
to NRSE/RE1 accounts for the competitive action of
REST4 (Fig. 4), because the DNA-binding affinity of
REST4 to NRSE/RE1 is quite low compared to that of
REST/NRSF (8–11). In addition, the fact that the co-
expression of REST4 increased the basal transcrip-
tional activity of SIL(11)BDNFpI but not BDNFpI
(Fig. 2 and see the legend to Fig. 3) seems to support a
dominant negative action of REST4 through NRSE/
RE1 sequence. The enhancing effect of REST4 on basal
transcription was demonstrated with the choline acet-
ylesterase gene (11). In any case, however, it can be
speculated that the expression of REST4 in neurons
primarily prevents the neuron-specific gene promoters
from being repressed by REST/NRSF, whose expres-
sion was slightly detected in neurons (8, 9), allowing
the transcriptional activation of these genes in re-
sponse to a variety of stimuli in neurons.

The REST/NRSF-mediated transcriptional repres-
sion is due to the interactions with the transcriptional
corepressors, mSin3 and CoREST, which interact with
the N-terminus and the C-terminus of REST/NRSF,
respectively, to recruit histone deacetylase (HDAC)
(15, 16). This raises the possibility that the action of
REST4, which is devoid of the binding domain with
CoREST, interferes with the interaction between full-

FIG. 4. Competitive inhibition of NRSF-repressive activity by
REST4. Expression vectors used and the time schedule for DNA
transfection and KCl stimulation were as described in the legend to
Fig. 2. The SIL(11)BDNFp was used as a reporter plasmid. Tran-
scriptional activity was indicated as a fold increase of the control in
which REST4 and REST/NRSF were not transfected. Data represent
the mean 6 SEM (n 5 3–4). The same tendency was observed in at
least two independent experiments.
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length REST/NRSF and HDAC, resulting in a disrup-
tion of heterochromatin. The BDNF gene has its own
natural NRSE, which is located between exons I and II
of the BDNF gene (5). REST4 may play a role in keep-
ing the BDNF gene promoters open by excluding
HDAC molecules, allowing the transcriptional activa-
tion of the BDNF gene in response to the Ca21 signals
evoked in neurons.
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