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Abstract The e¡ect of RNA interference (RNAi) induced by
synthetic small interfering RNAs (siRNAs) on proliferating
mammalian cells appears to last for approximately 3^7 days
after its induction. Here we show that the RNAi activity induced
by a synthetic 21-nucleotide siRNA duplex in postmitotic neu-
rons, mouse primary hippocampal neurons and neurons that
di¡erentiated from mouse embryonal carcinoma P19 cells per-
sists for at least 3 weeks, suggesting long-lasting RNAi activity
in mammalian neurons. In addition, we also show that an apo-
ptotic (or antiviral) pathway triggered by long dsRNAs is gen-
erated during neuronal di¡erentiation of P19 cells, by which the
sequence-speci¢c RNAi activity involving long dsRNA appears
to be masked.
- 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Double-stranded RNAs (dsRNAs) induce sequence-speci¢c
posttranscriptional gene silencing or RNA interference
(RNAi) in various kinds of species including £ies, worms,
protozoa, vertebrates and higher plants (reviewed in [1^4]).
DsRNAs introduced or generated in cells are digested by an
RNase III-like enzyme, Dicer, into 21^25-nucleotide (nt)
RNA duplexes [5^8], and the resultant duplexes, referred to
as small interfering RNA (siRNA) duplexes, function as se-
quence-speci¢c mediators of RNAi in the RNA-induced si-
lencing complexes (RISCs) [7,8]. In mammalian cells except
for a part of undi¡erentiated cells [9^12], however, long
dsRNAs (s 30 bp) trigger a rapid and non-speci¢c RNA deg-
radation involving the sequence-non-speci¢c RNase, RNase L
[13], and a rapid translation inhibition involving the interfer-
on-inducible, dsRNA-activated protein kinase, PKR [14], in-
stead of induction of RNAi: these rapid responses to long
dsRNAs may mask the sequence-speci¢c RNAi activity in

di¡erentiated mammalian cells. Elbashir et al. [15] have dem-
onstrated that synthetic 21-nt siRNA duplexes can induce se-
quence-speci¢c RNAi activity in cultured mammalian cells
without triggering the rapid and non-speci¢c RNA degrada-
tion and translation inhibition. RNAi induction by synthetic
siRNA duplexes has not only allowed us to analyze the mo-
lecular mechanism of mammalian RNAi, but also provided us
with a powerful reverse genetic tool for suppressing the ex-
pression of a gene of interest in various mammalian cells [16].
The persistence of RNAi activity appears to be an impor-

tant parameter when considering the e¡ect of RNAi on the
regulation of the expression of genes in cells, particularly in
mammalian cells [17,18]. Previous studies indicated that the
RNAi activity induced by synthetic siRNA duplexes persisted
for approximately 3^7 days in cultured mammalian cells
[12,19,20]. However, it should be noted that these observa-
tions were obtained from experiments using proliferating
mammalian cells. Therefore, it is conceivable that whenever
cell division occurs, the number of RISCs carrying siRNA
duplexes decreases in those cells.
A neuron is known as a terminally di¡erentiated and cell

cycle-arrested cell. RNAi activity in mammalian neurons has
been reported [21,22], but the duration and features of RNAi
in neurons are still unknown. In this study, we investigated
RNAi activity induced by synthetic siRNA duplexes in mouse
primary hippocampal neurons and neurons that di¡erentiated
from mouse embryonal carcinoma P19 cells by treatment with
retinoic acid. The results indicated that the RNAi activity in
the neurons persisted for at least 3 weeks, whereas undi¡er-
entiated P19 cells studied as proliferating cells lost the RNAi
activity by day 5 after its induction.

2. Materials and methods

2.1. Cell culture
Primary culture of dissociated hippocampal neurons was carried

out as described previously [23,24] with minor modi¢cations. Brie£y,
mouse E17 embryonic hippocampal tissue (ICR mouse strain) was
isolated, treated with 90 U/ml papain (Worthington) at 37‡C for 15
min, and gently dissociated with pipetting. The dissociated hippocam-
pal neurons were seeded into polyethyleneimine-coated 24-well culture
plates at a density of approximately 5U105/cm2. The cells were grown
at 37‡C in a 1:1 mixture of Dulbecco’s modi¢ed Eagle’s medium and
Ham’s F-12 medium (Invitrogen) supplemented with 5% fetal bovine
serum (Invitrogen), and 5% heat-inactivated horse serum (Invitrogen)
in a 5% CO2-humidi¢ed chamber. Transfection as described below
was carried out 4 h after seeding the neurons onto culture plates.
After a 2-day incubation, 10 WM cytosine arabinoside (Ara-C) (Sigma)
was added, and further incubation at 37‡C was carried out.
P19 mouse embryonic carcinoma cells were grown at 37‡C in

K-MEM (Sigma) supplemented with 10% fetal bovine serum (Sigma),
100 U/ml penicillin (Sigma) and 100 Wg/ml streptomycin (Sigma) in a
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5% CO2-humidi¢ed chamber. For induction of neuronal di¡erentia-
tion of P19 cells, the cells were cultured in the presence of 5U1037 M
all-trans-retinoic acid (RA) (Sigma) in bacterial-grade Petri dishes for
4 days. After a 4-day incubation, aggregated cells were collected, dis-
sociated into single cells by treatment with trypsin^EDTA and seeded
into poly-L-lysine-coated 24-well culture plates at a density of 1U105

cells/cm2 in the normal medium described above. After a 1-day incu-
bation, the medium was changed to the Neurobasal (Invitrogen) me-
dium containing B27 supplement (Invitrogen), 0.5 mM glutamine, and
10 WM Ara-C (Sigma); thereafter, the medium was changed every
2 days. Transfection was carried out over 240 h after RA treatment.

2.2. Synthetic oligonucleotides
RNA and DNA synthetic oligonucleotides were obtained from Pro-

ligo and Sigmagenosis, respectively. Preparation of RNA duplexes
was performed as described previously [25]. The sequences of siRNA
synthesized newly were as follows: ssRLa1: 5P-UGGCUUCCAAG-
GUGUACGAUU-3P, asRLa1: 5P-UCGUACACCUUGGAAGCCA-
UU-3P.
The GFP-22 and non-silencing siRNAs and the silencer GAPDH

siRNA were purchased from Qiagen and Ambion, respectively.

2.3. In vitro transcription
For preparation of a 200-bp-long dsRNA against the Photinus lu-

ciferase gene, a plasmid containing the region from positions 434 to
633 in the pGL3-control vector (Promega) was constructed. Brie£y,
the region was ampli¢ed by polymerase chain reaction (PCR) with the
following primers: 5P-TGGAGGTACCTTACGCTGAGTACTTCG-
3P and 5P-GCGACCGCGGCATACTGTTGAGCAATTC-3P, and the
resultant PCR product was digested with KpnI and SacII and inserted
into the pBluescript vector (Stratagene). In vitro transcription with
the plasmid as a template was carried out using MEGAscript T7 and
T3 kits (Ambion). Duplex formation was carried out as described
previously [25].

2.4. Transfection and luciferase assay
Reporter plasmids and siRNA duplexes were cotransfected into

primary hippocampal neurons and undi¡erentiated P19 cells using
Lipofectamine 2000 (Invitrogen), and into di¡erentiated neuronal
P19 cells using NeuroPORTER transfection reagents (Gene Therapy
Systems) according to the manufacturers’ instructions with minor
modi¢cations. In the case of introduction of just siRNA duplexes
into the neurons, the transfection was carried out using GeneSilencer
siRNA transfection reagent (Gene Therapy Systems) according to the
manufacturer’s instructions. Before the transfection, the culture me-
dium was replaced with 0.5 ml of the fresh medium without antibi-
otics, and to each well (24-well culture plates), 0.25 Wg of pGL3-con-
trol plasmid (Promega), 0.05 Wg phRL-TK plasmid (Promega), and
0.2 Wg of siRNAs were applied. In the case of targeting the GFP gene,
0.25 Wg of pEGFP-C1 (BD Biosciences), 0.25 Wg of pDsRed2-C1 (BD
Biosciences), 0.2 Wg of GFP-22 siRNA (Qiagen) were applied. The
cells were incubated for 4 h at 37‡C. After the 4-h incubation, 0.5
ml of the fresh culture medium without antibiotics was added, and
further incubation at 37‡C was carried out. For medium change, a
half volume of the medium was changed with the fresh medium at 10
days after transfection in primary hippocampal neurons, and every
2 days in di¡erentiated P19 cells. When transfection e⁄ciency was
examined using the pEGFP-C1 plasmid and Cy3-labeled siRNA du-
plexes, it appeared that the present procedures yielded approximately
5^8% and 60^70% transfected neurons using the plasmid and siRNA
duplexes, respectively (data not shown).
In order to maintain the exponential cell growth of undi¡erentiated

P19 cells, the cells were collected 24 h after transfection, counted using
a hemocytometer, and divided into two portions. One portion was
subjected to preparation of cell lysate followed by luciferase expres-
sion assay, and other portion was diluted and grown in 6-well culture
plates containing the medium without antibiotics. Thereafter, the
number of cells was counted when the luciferase assay was carried
out. The expression of luciferase was examined using a Dual-Lucifer-
ase reporter assay system (Promega) according to the directions pro-
vided by the manufacturer.

2.5. Reverse transcription (RT) PCR
Total RNA was isolated from the cultured cells using Trizol reagent

(Invitrogen). RT for synthesizing the ¢rst-strand cDNAs was carried

out using oligo(dT) primer and SuperScript II reverse transcriptase
(Invitrogen) according to the manufacturer’s instructions, and the
resultant cDNAs were subjected to a real-time PCR using the Light-
Cycler thermal cycler system (Roche) with a LightCycler FastStart
DNA Master SYBR Green I kit (Roche) according to the manufac-
turer’s instructions. PCR primers were designed so that they can span
exon^intron junctions on the transcripts of genes. The sequences of
the primers are available upon request. The expression levels of the
genes examined were normalized to that of the control Gapdh gene.

2.6. TdT-mediated dUTP biotin nick end labeling (TUNEL)
Genomic DNA breaks were examined by TUNEL using an Apo-

ptosis Screening Kit (Wako) according to the manufacturer’s instruc-
tions. The assay was carried out 48 h after transfection with dsRNAs.

3. Results

3.1. Long-lasting RNAi activity in primary hippocampal
neurons

In order to induce RNAi in postmitotic neurons, we pre-
pared primary hippocampal neurons from E17 mouse em-
bryos, and introduced synthetic 21-nt siRNAs targeting the
exogenous reporter gene, Photinus luciferase, together with a
pGL3-control plasmid carrying the Photinus luciferase gene
and a phRL-TK plasmid carrying the Renilla luciferase gene
as a control into the neurons. For realizing an e⁄cient RNAi
induction, we used the La2 siRNA duplex having the poten-
tial for inducing a strong RNAi activity in cultured mamma-
lian cells [25]. As shown in Fig. 1, the La2 siRNA duplex can
speci¢cally and strongly inhibit the expression of Photinus lu-
ciferase in the primary hippocampal neurons, which agrees
with the previous study using cultured mammalian cells,
HeLa and NTera2D1 cells [25]. The most important point
to note in this experiment is that the duration of the RNAi
activity in the neurons was quite a long, i.e. a strong RNAi
activity lasted for at least 3 weeks after induction of RNAi.
To further con¢rm this, we examined RNAi activities induced
by the RLa1 siRNA duplex targeting the Renilla luciferase
gene present in phRL-TK plasmid (see supplementary Fig.
s1A), the GFP-22 siRNA duplex (Qiagen) targeting the GFP
gene present in pEGFP-C1 plasmid (see supplementary Fig.
s1B) and the silencer GAPDH siRNA duplex (Ambion) tar-
geting the endogenous Gapdh gene (Fig. 1C) in the primary
hippocampal neurons. Consistently, all the results demon-
strate that long-lasting RNAi activity occurs in the neurons.
We also add that little or no morphological change of the
primary hippocampal neurons used was observed during the
experiments (see supplementary Fig. s1C). To our knowledge,
this is the ¢rst report on the longest duration of RNAi activity
in the former RNAi activities induced by synthetic siRNA
duplexes in mammalian cells.

3.2. Long-lasting RNAi activity in P19 neurons
To further con¢rm such a long-term e¡ect of RNAi in other

neurons and to examine the properties of RNAi during neuro-
nal di¡erentiation, we investigated RNAi in P19 cells, a
mouse embryonal carcinoma cell line, which can be induced
by RA to di¡erentiate into neuroectodermal derivatives in-
cluding neuron and glia [26], and in this study, we used P19
cells that di¡erentiated into neurons over 240 h after RA
treatment and a 3-day treatment with Ara-C as terminally
di¡erentiated and cell cycle-arrested neurons (provisionally
named ‘P19 neurons’). Additionally, the expression pro¢le
of genes related to neuronal di¡erentiation in P19 neurons
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appears to be similar to that in E17 hippocampal neurons (see
supplementary Fig. s2).
We introduced the La2 siRNA duplex together with the

pGL3-control and phRL-TK plasmids into P19 neurons and
undi¡erentiated P19 cells as in the primary hippocampal neu-
rons (Fig. 1). As shown in Fig. 2, the La2 siRNA duplex can
speci¢cally inhibit the expression of Photinus luciferase in ei-
ther P19 neurons or undi¡erentiated P19 cells, suggesting that
there is no signi¢cant di¡erence in RNAi activity between P19
neurons and undi¡erentiated P19 cells. Next we examined the
duration of RNAi activity in P19 neurons and undi¡erenti-
ated P19 cells. The expression levels of the luciferase genes
were examined at various hours after induction of RNAi.
When undi¡erentiated P19 cells were examined, a strong

RNAi activity was detected for 2 days after RNAi induction;
thereafter, the cells gradually lost the activity and lost it com-
pletely by day 5 (120 h) after the induction (Fig. 3A). Note
that the RNAi activity is being lost with an increase in the
number of the cells (Fig. 3B). Therefore, these observations
agree with results of previous studies using proliferating mam-
malian cells [12,19]. In contrast to the results of undi¡erenti-
ated P19 cells, P19 neurons, like primary hippocampal neu-
rons, revealed a long-lasting RNAi activity. When RNAi was
induced in P19 neurons, a strong RNAi activity lasted for as
long as 18 days after the induction (Fig. 3C). We must men-
tion that the maintenance of P19 neurons for as long as 18
days after RNAi induction was a limit in culture under our
current condition. Taken all together, our present data suggest
that once RNAi is induced in mammalian neurons, a long-
lasting RNAi activity occurs.

3.3. Signi¢cant di¡erence in response to long dsRNAs between
undi¡erentiated P19 cells and P19 neurons

Undi¡erentiated P19 cells appear to allow long dsRNAs to
trigger sequence-speci¢c gene silencing, i.e. RNAi [11]. In this
study, we have shown that synthetic 21-nt siRNA duplexes
can induce RNAi in either undi¡erentiated or di¡erentiated
P19 cells (Figs. 2 and 3): an authentic RNAi pathway occurs
in either of the cells. These observations raise the question
whether P19 neurons (di¡erentiated P19 cells), like undi¡er-
entiated P19 cells, allow long dsRNAs to induce the sequence-
speci¢c RNAi activity. To address this, a 200-bp-long dsRNA
against Photinus luciferase (detailed in Section 2) was pre-
pared and cotransfected with the pGL3-control and phRL-
TK plasmids into either di¡erentiated or undi¡erentiated
P19 cells. When the long dsRNAs were introduced into un-
di¡erentiated P19 cells, consistently, sequence-speci¢c gene
silencing of Photinus luciferase was observed without induc-
tion of cell death (Fig. 4A). In contrast, when P19 neurons
were used, excessive cell death was observed the day after

6

Fig. 1. Persistence of RNAi activity in postmitotic neurons. The
La2 siRNA duplex against the Photinus luciferase gene [25] or a
non-silencing siRNA duplex (Qiagen) together with pGL3-control
and phRL-TK plasmids carrying Photinus and Renilla luciferase re-
porter genes, respectively, were cotransfected into mouse primary
hippocampal neurons. RNAi activity was examined every week up
to 3 weeks after RNAi induction. A: Absolute Photinus and Renilla
luciferase expressions. The expression levels are plotted in arbitrary
luminescence units (a.u.). B: Ratios of normalized target (Photinus)
luciferase activity to control (Renilla) luciferase activity are indi-
cated: the ratios of luciferase activity determined in the presence of
the La2 siRNA duplex are normalized to the ratios obtained in the
presence of the non-silencing siRNA duplex. Open and solid bars
indicate the data in the presence of the non-silencing siRNA and
La2 siRNA duplexes, respectively. Data are averages of at least
three independent experiments. Error bars represent standard devia-
tions. C: Gene silencing of the endogenous Gapdh gene. The silencer
GAPDH siRNA duplex (40 nM) (Ambion) was transfected into pri-
mary hippocampal neurons using GeneSilencer siRNA transfection
reagent (Gene Therapy Systems). Total RNA was extracted from
the neurons at indicated days after transfection and subjected to
cDNA synthesis with reverse transcriptase followed by real-time
PCR. The expression level of Gapdh was normalized to that of the
hydroxymethylbilane synthase (Pbgd) gene as a control, and the re-
sultant expression level in the presence of the silencer GAPDH si-
RNA duplex was normalized to the expression level determined in
the presence of non-silencing siRNA duplex (Qiagen). The resultant
normalized ratios are indicated. Data are averages of three indepen-
dent experiments. Error bars represent standard deviations.
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transfection of the long dsRNAs. Note that although the ob-
served ratio of normalized target (Photinus) luciferase activity
to control (Renilla) luciferase activity was below 0.2 in the
presence of the long dsRNAs in P19 neurons (Fig. 4A), the
expression level of the control (Renilla) luciferase was signi¢-
cantly lower than those in the presence of synthetic 21-nt
siRNA duplexes (Fig. 4B), which appeared to be due to ex-
cessive cell death triggered by the long dsRNAs. To further

Fig. 2. RNAi activities induced by synthetic siRNAs in undi¡erenti-
ated (A) and di¡erentiated (B) P19 cells. The La2 siRNAs [25] or a
non-silencing siRNA duplex (Mock) (Qiagen) together with pGL3-
control and phRL-TK plasmids were cotransfected into either undif-
ferentiated or di¡erentiated (neurons) P19 cells. Pre¢xes attached to
the name of La2 siRNA, i.e. ds, ss, and as, represent double-
stranded (duplex), and sense- and antisense-stranded siRNAs, re-
spectively. Twenty-four hours after transfection, cell lysate was pre-
pared and dual luciferase assay was carried out. Ratios of normal-
ized target (Photinus) luciferase activity to control (Renilla)
luciferase activity are indicated: the ratios of luciferase activity de-
termined in the presence of the siRNAs are normalized to the ratios
obtained for a control in the absence of siRNA (No siRNA). Data
are averages of at least three independent experiments. Error bars
represent standard deviations.

Fig. 3. Persistence of RNAi activity in undi¡erentiated and di¡eren-
tiated P19 cells. A: RNAi activity in undi¡erentiated P19 cells.
RNAi activity was examined every 24 h up to 132 h after RNAi in-
duction. Ratios of normalized target (Photinus) luciferase activity to
control (Renilla) luciferase activity are indicated as in Fig. 1. Open
and solid bars indicate the data in the presence of the non-silencing
siRNA and La2 siRNA duplexes, respectively. Data are averages of
at least three independent experiments. Error bars represent stan-
dard deviations. B: Growth of undi¡erentiated P19 cells. The dual
luciferase assay was carried out as in A, and the number of cells
was counted immediately before preparation of cell lysate. Data in-
dicate the mean number of cells at each time after RNAi induction.
Error bars represent standard deviations. C: RNAi activity in P19
neurons. RNAi activities were examined up to 432 h (18 days) after
RNAi induction. Ratios of normalized target (Photinus) luciferase
activity to control (Renilla) luciferase activity are indicated as in A.
Open and solid bars indicate the data in the presence of the non-si-
lencing siRNA and La2 siRNA duplexes, respectively. Data are
averages of at least three independent experiments. Error bars repre-
sent standard deviations.
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con¢rm the induction of cell death (apoptosis) by the long
dsRNAs, we examined the cells transfected with the long
dsRNAs and siRNAs by using a TUNEL assay. As shown
in Fig. 5, the results consistently indicate that while neither
the siRNAs nor the long dsRNAs can induce apoptosis in
undi¡erentiated P19 cells, either P19 neurons or primary hip-
pocampal neurons undergo apoptosis in the presence of the
long dsRNAs, but not in the presence of siRNA duplexes. We

next examined the levels of expression of the PKR and RNase
L genes involved in such an apoptotic pathway [13,14,27]. The
results of a real-time RT-PCR of the genes indicate that both
the genes were rapidly expressed in the course of neuronal
di¡erentiation of P19 cells (Fig. 6), and that the expression

Fig. 4. Response to long dsRNAs in undi¡erentiated and di¡erenti-
ated P19 cells. A: Induction of RNAi by long dsRNAs. Two-hun-
dred-bp-long dsRNA targeting Photinus (LdsRNA) and the La2
(siRNA) and non-silencing (Mock) siRNA duplex as a positive and
negative control, respectively, were cotransfected with pGL3-control
and phRL-TK plasmids into either undi¡erentiated (UD P19) or
di¡erentiated (P19 neuron) P19 cells. Twenty-four hours after trans-
fection, dual luciferase assay was carried out. Ratios of normalized
target (Photinus) luciferase activity to control (Renilla) luciferase ac-
tivity are indicated as in Fig. 1. Data are averages of at least three
independent experiments. Error bars represent standard deviations.
Note that excessive cell death was observed in P19 neurons, but not
in undi¡erentiated P19 cells after transfection with long dsRNAs.
B: Absolute Renilla luciferase expression. The expression levels of
Renilla luciferase were plotted in arbitrary luminescence units (a.u.).

Fig. 5. Apoptosis induced by long dsRNAs in postmitotic neurons.
The La2 siRNA duplex (siRNA) and 200-bp-long dsRNAs
(LdsRNA) were transfected into primary hippocampal neurons (A),
P19 neurons (B) and undi¡erentiated P19 cells (C). The amounts of
dsRNA transfected are indicated. Forty-eight hours after transfec-
tion, double-stranded DNA breaks were examined by TUNEL. The
absorbance was measured at 490 nm with a spectrophotometer.
Data are averages of at least three independent experiments. Error
bars represent standard deviations.
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levels of the genes in primary hippocampal neurons were sig-
ni¢cantly higher than those in undi¡erentiated P19 cells (date
not shown). Consequently, the data presented here indicate
that primary hippocampal neurons and P19 neurons, unlike
undi¡erentiated P19 cells, are sensitive to the long dsRNAs,
which induce an apoptotic pathway and appear to mask the
sequence-speci¢c RNAi activity involving the long dsRNAs in
those cells.

4. Discussion

4.1. Long-term e¡ect of RNAi on mammalian neurons
The persistence of RNAi activity is an important parameter

in the application of RNAi to mammalian cells. While the
e¡ect of RNAi on proliferating mammalian cells appears to
last for approximately 3^7 days, our present study demon-
strates that the RNAi activity induced by synthetic 21-nt si-
RNA duplexes persists for at least 3 weeks in mammalian
neurons. Since a neuron does not undergo cell division, and
since mammalian RNAi appears not to require a new supply
of siRNAs involving RNA-dependent RNA polymerases
[28,29], the present data suggest that the RISCs containing

siRNA duplexes are most likely stable in mammalian neurons,
and that the absence of cell division, due to which the number
of RISCs in neurons appears unchanged, probably contrib-
utes to such a long-term e¡ect of RNAi activity on neurons.
Under our culture conditions, although the number of neu-
rons became fewer as the culture duration increased, we could
detect a strong RNAi activity in the cells for as long as
3 weeks; if the culture conditions were improved, or if neu-
rons in vivo were used, a longer e¡ect of RNAi activity, that
is, more than 3 weeks, could be observed.
It is of interest to examine whether such a long-lasting

RNAi activity in neurons participates in the long-term regu-
lation of the expression of genes associated with neuronal
functions, for example, long-term changes in synaptic plastic-
ity. In order to evaluate such a possibility, more extensive
studies must be conducted.

4.2. Generation of an apoptotic pathway involving long dsRNAs
during neuronal di¡erentiation

Most mammalian cells are sensitive to the long dsRNAs
that are more than 30 bp; such long dsRNAs trigger rapid
and non-speci¢c RNA degradation and rapid translation in-
hibition, namely, the interferon-induced antiviral response,
and triggers apoptosis of cells [13,14,27], whereas a part of
undi¡erentiated mammalian cells appear to be resistant to the
long dsRNAs; in such cells, the long dsRNAs can induce
sequence-speci¢c RNAi activity without inducing apoptosis
[11,12]. In this study, we have shown that P19 cells change
the nature of their response to the long dsRNAs, that is, from
being resistant to being sensitive, during neuronal di¡erentia-
tion. We have further demonstrated that the RNase L and
PKR genes involved in non-speci¢c RNA degradation and
translation inhibition, respectively, are rapidly expressed in
the course of neuronal di¡erentiation of P19 cells. Consis-
tently, primary hippocampal neurons appear to possess a sim-
ilar response against the long dsRNAs to P19 neurons. There-
fore, these observations suggest that an antiviral response or a
neuronal apoptotic pathway, which is triggered by the long
dsRNAs, is generated in the course of the neuronal di¡eren-
tiation, and also that the loss of RNAi induction by the long
dsRNAs in the neurons is probably due to the formation of
such rapid responses to the long dsRNAs. Additionally, since
PKR is known to control the activation of several transcrip-
tion factors such as NF-UB, p53, or STATs [30], and since the
activation of NF-UB occurs during the di¡erentiation of P19
cells [31,32], it may be possible that PKR could participate in
not only the antiviral response but also the regulation of the
expression of genes during the neuronal di¡erentiation. Apo-
ptosis involving the long dsRNAs may also play a role in
elimination of cells in which an aberrant RNAi could occur,
other than the removal of virus-infected cells. In the brain,
such an apoptotic elimination of neurons possessing an ab-
normal RNAi might contribute to the formation of proper
neuron networks.
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Fig. 6. Expression pro¢les of the PKR (A) and RNase L (B) genes
during neuronal di¡erentiation of P19 cells. The expression levels of
PKR (A) and RNase L (B) were examined by real-time PCR. The
expression levels of the genes are normalized to that of the Gapdh
gene examined as a control, and plotted when the expression level
of either PKR or RNase L in undi¡erentiated P19 cells (before
treatment with RA; 0 h) is given as 1.
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