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In vivo and in vitro motoneuron survival depends on the support of neurotrophic factors. These factors activate signaling pathways
related to cell survival or inactivate proteins involved in neuronal death. In the present work, we analyzed the involvement of the nuclear
factor-�B (NF-�B) pathway in mediating mouse spinal cord motoneuron survival promoted by neurotrophic factors. This pathway
comprises ubiquitously expressed transcription factors that could be activated by two different routes: the canonical pathway, associated
with IKK�/IKK� kinase phosphorylation and nuclear translocation RelA (p65)/p50 transcription factors; and the noncanonical pathway,
related to IKK� kinase homodimer phosphorylation and RelB/p52 transcription factor activation. In our system, we show that neu-
rotrophic factors treatment induced IKK� and IKK� phosphorylation and RelA nuclear translocation, suggesting NF-�B pathway
activation. Protein levels of different members of the canonical or noncanonical pathways were reduced in a primary culture of isolated
embryonic motoneurons using an interference RNA approach. Even in the presence of neurotrophic factors, selective reduction of IKK�,
IKK�, or RelA proteins induced cell death. In contrast, RelB protein reduction did not have a negative effect on motoneuron survival.
Together these results demonstrated that the canonical NF-�B pathway mediates motoneuron survival induced by neurotrophic factors,
and the noncanonical pathway is not related to this survival effect. Canonical NF-�B blockade induced an increase of Bim protein level
and apoptotic cell death. Bcl-xL overexpression or Bax reduction counteracted this apoptotic effect. Finally, RelA knockdown causes
changes of CREB and Smn protein levels.

Introduction
Neuronal survival and apoptosis play a critical role in the devel-
opment of the nervous system by eliminating superfluous neu-
rons and ensuring proper connections. One family of molecules
that plays a role in the maintenance of neuronal survival, block-
ing apoptosis, is the transcription factor nuclear factor-�B (NF-
�B) (Bhakar et al., 2002). Inhibition of NF-�B activity causes
neuronal death in a variety of neurodegenerative models (Kou-
lich et al., 2001); reduced NF-�B activity has been involved in

disorders such as Alzheimer disease, Parkinson disease, and amyo-
trophic lateral sclerosis (Mattson et al., 2000).

NF-�B is a ubiquitously expressed transcription factor system
that consists of homodimers and heterodimers of five structurally
related proteins: RelA/p65, RelB, c-Rel, p50, and p52, of which
the p50/RelA heterodimer is the most abundant and widely ex-
pressed. RelA, RelB, and c-Rel contain domains that activate tran-
scription without the help of other NF-�B subunits (Kaltschmidt et
al., 2005). NF-�B is held in an inactive form in the cytosol by inter-
action with the inhibitor protein I�B (Hayden and Ghosh, 2004).
There are distinct NF-�B activation pathways. The most frequently
observed is the canonical pathway that consists of the transcription
factor dimer RelA/p65, and is typified by the phosphorylation of
I�B� on serine 32/36 residues and proteasome degradation. Liber-
ated RelA/p65 translocates to the nucleus, resulting in gene induc-
tion or gene repression. Canonical pathway activity depends on the
catalytic subunits IKK� and IKK� of the I�B kinase complex (IKK)
(Perkins, 2007).

In the nervous system, NF-�B is activated by a variety of neu-
rotrophic factors (NTFs). NF-�B promotes neuroprotection or
neurodegeneration, but also regulates neuronal functions such as
neurite growth (Kaltschmidt et al., 2005; Gallagher et al., 2007;
Gutierrez et al., 2008). In the present work, we investigated
whether NF-�B signaling mediates the survival effect induced by
NTFs on the spinal cord motoneurons (MNs). The large variety
of neurotrophic molecules that can support MN survival in vivo
and in vitro indicates that developing and postnatal MNs depend
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on a cooperation of these molecules that is
so far not fully understood (Oppenheim,
1996; Holtmann et al., 2005). NTFs pro-
moting MN survival in vivo and in vitro
belong to different gene families and acti-
vate several signaling pathways (Soler et
al., 1999; Dolcet et al., 2001). To maintain
MNs alive in culture, we (Gou-Fabregas et
al., 2009) and others (Arce et al., 1999) use
a cocktail of NTFs to achieve the maximal
cell survival rates. We analyze the intracel-
lular mechanisms involved in MN sur-
vival induced by the NTF cocktail. Using
a primary culture of embryonic mouse
MNs and reducing the protein level of sev-
eral NF-�B family members, we demon-
strate that the NF-�B canonical pathway
is involved in the survival process. We
show an apoptotic cell death effect on
MNs when the canonical pathway is
blocked; cell death is abolished when the
antiapoptotic Bcl-xL protein is overex-
pressed or when proapoptotic Bax protein
is reduced. Finally, we show that RelA
knockdown causes CREB and Smn pro-
tein reduction, suggesting the involve-
ment of NF-�B signaling in the regulation
of these proteins.

Materials and Methods
Mouse MN isolation and culture. MN cultures
were prepared from embryonic day 12.5
(E12.5) CD1 male and female mouse spinal
cords, essentially as described previously (Arce
et al., 1999; Gou-Fabregas et al., 2009), with
modifications. Briefly, mouse embryo spinal
cords were dissected and the dorsal half re-
moved. Ventral cords were chopped and incu-
bated in GHEBS buffer (137 mM NaCl, 2.7 mM

KCl, 22.2 mM glucose, 25 mM HEPES buffer,
pH 7.4, and 20 IU/ml penicillin plus 20 mg/ml
streptomycin) containing trypsin (Sigma; final
concentration 0.025%) for 10 min at 37°C, fol-
lowed by mechanical dissociation, then col-
lected under a 4% bovine serum albumin
(BSA) cushion. The largest cells were isolated
by centrifugation (10 min at 520 � g) on an
Iodixanol (OptiPrep, Axis-Shield) density gra-
dient. Iodixanol solution (11.5%) was freshly
prepared in GHEBS. At the end of this proce-
dure, cells were again centrifuged through a
BSA cushion. The collected cells were pooled in
a tube containing culture medium and plated
at various densities (see MN culture and sur-
vival evaluation). Cultured MNs enriched by
Iodixanol were clearly identified by morphological criteria (Gou-
Fabregas et al., 2009). All of the procedures were in accordance with the
Spanish Council on Animal Care and approved by the University of
Lleida Advisory Committee on Animal Services.

Isolated MNs were plated in four-well tissue culture dishes (Nunc,
Thermo Fisher Scientific) for survival experiments (15,000 neurons per
well), or for Western blot analysis (70,000 cells per well). Wells were
coated with polyornithine/laminin as described previously (Soler et al.,
1998). Culture medium was Neurobasal (Invitrogen) supplemented with
B27 (Invitrogen), horse serum (2% v/v), L-glutamine (0.5 mM), and
2-mercaptoethanol (25 �M).

Measures of MN survival and apoptotic cell death. MN survival evalua-
tion was performed as described previously (Arce et al., 1999), with mod-
ifications. Briefly, cells were plated in complete medium containing a
cocktail of recombinant NTFs (1 ng/ml BDNF, 10 ng/ml GDNF, and 10
ng/ml CNTF; PeproTech). Three hours after plating, medium was re-
placed and complete medium containing lentiviral particles (see below)
was added. Twenty hours later, medium was washed and fresh medium
containing NTFs was added. Photomicrographs of different microscopic
areas from each dish were performed (four central areas per well, three
wells for each condition), and we counted the number of large phase-
bright neurons with long neurite processes present in the photomicro-
graphs. The number of cells present in each dish was considered our

Figure 1. Effect of NTFs on IKK phosphorylation and p65 nuclear translocation. A, Representative microscopy images of 24 and
72 h cultured spinal cord MNs in the presence (right panels) or the absence (left panels) of NTFs (10 ng/ml CNTF, GDNF, HGF, BDNF).
Arrows indicate surviving cells. Arrowheads indicate dying cells. The percentage of cell survival was measured as described in
Materials and Methods. Values of the graph are the mean of the percentage of cell survival for each condition of nine wells from
three independent experiments � SEM (error bars). Asterisk indicates significant differences between data from the experiments
using one-way ANOVA test and Bonferroni’s post hoc multiple comparisons (*p � 0.01). B, Protein extracts of NTF-stimulated (10
min) or nonstimulated cultures were probed with an anti-phospho-IKK (P-IKK) antibody by Western blot analysis. Membranes
were stripped and reprobed with an antibody against IKK, used as a loading control. C, Cells were cultured in the presence or the
absence of the NTF cocktail. Twenty-four hours later, cultures were fixed and immunofluorescence was performed using an
anti-RelA antibody. Representative confocal images of p65 (red) and Hoechst nuclear staining (blue). D, MN cultures were stimu-
lated with NTFs in the presence or the absence of 25 �M LY294002, or left untreated, and protein extracts were probed with P-IKK
and anti-phospho-Ser473 Akt antibodies. LY294002 was pretreated for 45 min before NTF stimulation. Membranes were stripped
and reprobed with an antibody against IKK or Akt, respectively. Graph values in B and D represent measures of phospho-IKK versus
total IKK from three independent experiments � SEM.
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initial 100%. Photomicrographs and counts were performed at indicated
times in the same microscopic areas as the initial count. Survival was
expressed as the percentage of cells counted with respect to the initial
value (100%). Survival experiments performed in nontransduced cul-
tures were performed as described in text and figure legends.

For apoptotic nuclear morphology assessment, cells were fixed in 4%
paraformaldehyde and 100% methanol, and stained with 0.05 �g/ml
Hoechst 33258 for 30 min at room temperature. Uniformly stained nu-
clei were scored as healthy, viable cells, whereas condensed or fragmented
nuclei were considered as dead cells. For survival and cell death quanti-
fication experiments, we used an Olympus IX71 microscope equipped
with epifluorescence optics.

Immunofluorescence of RelA nuclear translocation. To determine RelA
translocation to the nucleus, cells were incubated for 24 h in the presence
or absence of the NTF cocktail. The cultures were fixed in 4% parafor-
maldehyde and 100% methanol, incubated overnight at 4°C with a poly-
clonal anti-RelA antibody (1:100; Santa Cruz Biotechnology), and
further incubated with an anti-rabbit secondary antibody conjugated
with Alexa Fluor 488 (Invitrogen) for 1 h at room temperature protected
from light. Nuclear staining was obtained with Hoechst 33258, as de-
scribed above. Micrographs were obtained using a FluoView 500 Olym-
pus confocal microscope.

Western blot analysis. Western blot analysis was performed as de-
scribed previously (Pérez-García et al., 2004). Cells were rinsed in ice-
cold PBS, pH 7.2, after stimulation or lentiviral transduction. Total cell
lysates were collected and resolved in SDS-polyacrylamide gels and trans-
ferred onto polyvinylidene difluoride Immobilon-P transfer membrane
filters (Millipore), using a GE Healthcare semidry Trans-Blot according
to the manufacturer’s instructions. The membranes were blotted with
the specific antibodies: anti-Bax (1:1000); anti-Cleaved Caspase-3 (1:
1000); anti-RelA (1:1000); anti-phospho-IKK (1:1000); anti-Ser 32/36
I�B� (1:500); anti-phospho-serine 473-Akt (1:1000); anti-CREB (1:
1000); or anti-phospho-CREB (1:1000) from Cell Signaling Technology;
anti-Bcl-xL (1:3000) or anti-Smn (1:5000) from BD Transduction Labo-
ratories; anti-IKK� (1:1000) or anti-IKK� (1:1000) from Calbiochem;
anti-RelB (1:1000) (C-19), anti-I�B� (1:1000), or anti-Akt (1:1000)
from Santa Cruz Biotechnology; or anti-Bim (1:500) from Stressgen,
following the instructions of the providers. Unless stated otherwise, to
control the specific protein content per lane, membranes were reprobed
with a monoclonal anti-�-Tubulin antibody (1:50000, Sigma), as de-
scribed by the provider. Blots were developed using the Super Signal
chemiluminescent substrate (Pierce) or the ECL Advance Western Blot-
ting detection kit (GE Healthcare).

NF-�B inhibitor SN50, the inactive control peptide SN50M, and the
proteasome inhibitor MG132 were purchased from Calbiochem. The PI
3-kinase inhibitor LY294002 was from Tocris Bioscience.

Plasmids and production of lentiviral particles. Lentiviral-based vectors
for RNA-interference-mediated gene silencing (FSVi) were performed as
described previously (Encinas et al., 2008). FSVi consisted of a U6 pro-
moter for expression of short-hairpin RNAs (shRNAs) and the Venus
variant of green fluorescent protein (GFP) under the control of an SV40
promoter for monitoring transduction efficiency. Lentiviruses were
propagated in HEK293T cells using the polyethyleneimine (PEI, Sigma)
cell transfection method. Twenty micrograms of the above plasmids con-
taining the shRNAs or the empty vector, 13 �g of pSPAX2, and 7 �g of
pM2G were transfected to HEK293T cultures. Cells were allowed to pro-
duce lentivirus for 4 d. Then the medium was centrifuged at 1200 � g for
5 min, and the supernatant was filtered using a 45 �m filter. The medium
containing the lentiviruses was stored at 4°C. Biological titers of the viral
preparations, expressed as the number of transducing units per milliliter
(TU/ml), were determined by transducing HEK293T cells in limiting
dilutions. After 48 h, the percentage of GFP-positive cells was measured,
and viruses at 4 � 10 5 to 1 � 10 6 TU/ml were used for the experiments.
For lentiviral transduction, MNs were plated in four-well dishes and 2 h
later the medium containing lentivirus (2 TU/cell) was added. The me-
dium was changed 20 h later and infection efficiency was monitored in
each experiment by directly counting GFP-positive cells. The frequency
of infection rose 99%. RNA interference efficiency was monitored by
Western blot analysis using specific antibodies.

The following sequences were used for generation of shRNAs: Bax:
5�-GCAGCTGACATGTTTGCTGAT-3�; IKK�: 5�-CAGGCTCTTT-
CAGGGCAT-3�; IKK�1: 5�-GCTGCACATTTGAATCTGTAT-3�; IKK�2:
5�-GCTCTTAGATACCTTCATGAA-3�; scrambled IKK control: 5�-
GCTCTCTTGAAGGTTGATGTA-3�; RelA: 5�-AGATCTTGAGCTCG-
GCAGTG-3�; RelB: 5�-GCATGCGCTTCCGCTACGAGT-3�. shRNAs of
IKKs and RelA have been described by Dolcet et al. (2006).

Statistical analysis. All experiments were performed at least three
times. Values were expressed as mean � SEM. The data obtained from
the independent experiments were used for statistical analysis. We used
one-way ANOVA to assess survival differences between groups for vari-
able treatment. If the ANOVA test was statistically significant, we per-
formed post hoc pairwise comparisons using the Bonferroni test; p values
lower than 0.05 were considered significant.

Results
Neurotrophic factor stimulation induces NF-�B pathway
activation on spinal cord MNs
Addition of NTFs to culture medium induces neuronal survival
through the activation of intracellular pathways. One of the well
known pathways activated after NTFs stimulation is the PI 3-ki-
nase/Akt [for review, see Airaksinen and Saarma (2002) and
Chao (2003)]. However, NTFs can also activate other pathways
that are crucial for the neuronal physiology. In some neuronal
populations, the NF-�B pathway is activated by cytokines and is
responsible for cell survival and/or neurite outgrowth (Maggir-
war et al., 1998; Gallagher et al., 2007). Because no information
exists about the involvement of the NF-�B pathway mediating
MN survival, we decided to analyze this subject in our MN model.
Spinal cord MNs respond to a variety of NTFs; requirements for
these factors vary depending on the MN subpopulations and the
developmental period (Holtmann et al., 2005). Our previous
work (our unpublished results and Gou-Fabregas et al., 2009)
and that of others (Arce et al., 1999) showed that using a cocktail
of NTFs enhanced MN survival compared to the survival rate

Figure 2. Effect of NTFs on I�B and p65 phosphorylation. A, Representative Western blots
for total IkB� (left) and phospho-Ser 32/36 IkB� (right) in protein extracts of MNs treated with
NTFs in the presence or the absence of 5 �M MG132. Time 0 indicates the basal level of total or
phospho-IkB�. B, Representative Western blot for phospho-Ser536 RelA and total RelA in
protein extracts of cultures stimulated (20 min) or nonstimulated with NTFs. Graph indicates the
increase of RelA phosphorylation compared with the total RelA protein. C, MNs were cultured in
the presence of NTFs and the NF�B inhibitor SN50 (20 �M) or its inactive control SN50M (20
�M). Cell survival was evaluated 3 d after treatment. Graph values are the mean of the percent-
age of cell survival for each condition of nine wells from three independent experiments � SEM
(error bars). Asterisk indicates significant differences between data from the experiments using
one-way ANOVA test and Bonferroni’s post hoc multiple comparisons (*p � 0.001).
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obtained by each NTF separately. Thus,
we decided to analyze the role of the
NF-�B pathway when optimal survival
conditions were present in the culture
medium. The maximal survival level ob-
tained was when we added to the medium
the following cocktail: 1 ng/ml BDNF, 10
ng/ml CNTF, and 10 ng/ml GDNF (our
unpublished results and Fig. 1).

After 72 h in the presence of NTFs,
�100% of MNs were alive; only �20% of
MNs survived in the absence of NTFs (Fig.
1). To analyze the ability of NTFs to acti-
vate the NF-�B pathway, we tested both
IKK phosphorylation and RelA nuclear
translocation. The IKK protein complex
becomes phosphorylated and activated in
response to the stimuli that induce NF-�B
pathway activation (Delhase et al., 1999).
Using an anti-phospho-IKK antibody (P-
IKK), we evaluated IKK phosphorylation
after 10 min of NTFs stimulation. We ob-
served that NTF stimulation increases
IKK phosphorylation level as compared to
nonstimulated cultures, indicating that
NTFs were able to induce IKK phosphor-
ylation (Fig. 1B).

After IKK and I�B phosphorylation,
NF-�B complex is released, relocates to
the nucleus, and binds to the �B DNA ele-
ments, resulting in gene induction or gene
repression (Perkins, 2007). To analyze the
effect of NTF treatment on RelA transloca-
tion to the nucleus, MNs were cultured for
24 h in the presence or absence of NTFs.
Using an anti-RelA antibody, immunofluo-
rescent confocal images showed that NTF
treatment induced nuclear relocation of
RelA (Fig. 1C). However, in the absence of
NTFs, RelA is maintained primarily in the
cytoplasm. The percentage of MNs with
RelA localized in the nucleus of NTF-treated
cultures was 85 � 6.6%, whereas in the ab-
sence of NTFs, the percentage of cells with
RelA localized in the nucleus was only
17.3 � 3.3%. Together, these results indi-
cate that NTF treatment induces NF-�B
pathway activation in MNs. We mentioned
above that one of the main intracellular
pathways related to NTF-induced neuronal survival is the PI 3-ki-
nase/Akt. To examine whether this pathway has a role in NF-�B
activation in MNs, we used the PI 3-kinase inhibitor LY294002 and
analyzed IKK phosphorylation by Western blot. When 25 �M

LY294002 was present in the culture medium, the level of IKK phos-
phorylation was 50% reduced when compared to the NTF-treated
controls (Fig. 1D). This result shows that PI 3-kinase blockade re-
sults in IKK phosphorylation decrease, suggesting the involvement
of this pathway in NF-�B activation after NTF treatment.

NTFs induce canonical NF-�B pathway activation
At least two pathways to activate NF-�B exist: canonical and
noncanonical. The canonical pathway depends upon the phos-
phorylation status of the two kinases IKK� and IKK�, which

together with the regulatory subunit NEMO/IKK� constitute the
catalytic part of the IKK complex; activation of the noncanonical
pathway depends on the phosphorylation of an IKK� ho-
modimer. The most frequently observed is the canonical path-
way, which is induced in response to various stimuli. This
pathway is typified by the rapid phosphorylation of the IKK com-
plex, I�B degradation, the release of the RelA/p50 complex, and
its translocation to the nucleus (Li et al., 1999; Perkins, 2007). To
analyze the activation of the canonical pathway in our experi-
mental model, we first examined whether NTFs induced I�B en-
dogenous protein reduction. Western blots showed a clear
decrease in total I�B protein after 30 – 45 min followed by a char-
acteristic resynthesis of I�B� that was evident after 60 min of
NTF treatment (Fig. 2A).

Figure 3. Effect of IKK� or IKK� knockdown on MN survival in the presence of NTFs. Mouse MNs were transduced with lentivirus
containing the shIKK�1, shIKK�2, shIKK�, or empty vector (Ctrl) constructs. A, Representative microscopy images of 3 d shIKK�-,
shIKK�-, or Ctrl-transduced cultures: phase contrast (left) and GFP (right). GFP indicates green fluorescent protein-expressing cells in the
same microscopic field. B, MNs were transduced with shIKK�1, shIKK�2, shIKK�, or Ctrl for 5 d. Total cell lysates were probed by Western
blot with an anti-IKK�or an anti-IKK�antibody. For the loading control, membranes were reprobed using an antibody against�-Tubulin.
Graph values are the mean of the percentage of IKK� or IKK� protein level in MNs transduced with shIKK�1, shIKK�2, or shIKK�
compared to the Ctrl from three independent experiments. C, Cells were transduced with shIKK�1, shIKK�2, shIKK�, or Ctrl constructs and
cultured in the presence of NTFs. A time course cell survival evaluation was performed, and the percentage of surviving MNs was measured
as described in Materials and Methods. Graph values are the mean of the percentage of cell survival for each condition of nine wells from
three independent experiments � SEM (error bars). Asterisk indicates significant differences between data from the experiments using
one-way ANOVA test and Bonferroni’s post hoc multiple comparisons (*p�0.001). Bottom, Representative Western blots of IKK�or IKK�
protein decrease at different time points after shIKK� or shIKK� lentiviral transduction.
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In the canonical pathway, NF-�B is activated by phosphory-
lation of I�B� on serine residues 32 and 36 (Hayden and Ghosh,
2004). To ascertain whether NTFs increases I�B� phosphoryla-
tion in these serine residues, protein extracts from MNs treated
with NTFs for times ranging from 30 to 60 min were analyzed by
Western blot and probed with an anti-I�B phosphoserine 32/36
antibody. To observe better I�B phosphorylation, we avoid the
proteasome-mediated degradation of I�B by adding the protea-
some inhibitor MG132 in the culture medium. As we show in
Figure 2A, NTFs promoted a marked increase in phosphoserine
I�B� within 30 min, confirming the activation of the canonical
NF-�B signaling pathway.

Finally, we also analyzed RelA serine phosphorylation using
an anti-phosphoserine 536 RelA antibody. This serine phosphor-
ylation in RelA is mediated by IKK complex (Perkins, 2007).
Twenty minutes after NTF stimulation, we observed a clear in-
crease of phosphor-serine 536-RelA compared to the nonstimu-
lated controls (Fig. 2B). All these findings together strongly
suggest the activation by NTFs of the canonical NF-�B signaling
pathway in MNs.

Effect of IKK� or IKK� inhibition on
the NTF-induced MN survival
To assess the requirement for NF-�B sig-
naling in the NTF-induced MN survival,
we inhibited several different steps in the
NF-�B signaling network. First, we phar-
macologically inhibited the NF-�B path-
way using the SN50 inhibitor peptide, a
cell-permeable peptide that blocks the
nuclear localization sequence of p50
(Lin et al., 1995). To this end, cultures
were treated with NTFs and 20 �M SN50
or its inactive control peptide SN50M,
and 3 d later MN survival was evaluated.
The presence of NF-�B inhibitor in the
culture medium significantly decreased
MN survival induced by NTF treatment
when compared with its inactive control
(Fig. 2C).

To further assess the relevance of the
NF-�B pathway to mediating NTF-
induced MN survival, we performed
lentiviral-based knockdown of IKK� and
IKK�. First, we generated two shRNA se-
quences targeting two specific sites of
mouse IKK� (shIKK�1 and shIKK�2)
and generated lentiviral particles contain-
ing the shRNAs. MNs were isolated from
E12.5 mouse embryos and maintained in
the presence of the NTFs. Two hours after
plating, culture medium was changed and
medium containing NTFs and lentivirus
of shIKK�1 or shIKK�2 or shRNA empty
vector control was added. Twenty hours
later, the medium was washed and re-
placed by fresh medium supplemented
with NTFs. As shown in Figure 3A, the
frequency of transduction rose to 99% of
the cells present in the culture dish (GFP-
positive cells monitored by fluorescence
microscope). After 5 d, Western blot anal-
ysis of cultures transduced with lentivirus
carrying shIKK�1 or shIKK�2 exhibited a

strong reduction of IKK� protein compared with the control
cultures transduced with the empty vector (Ctrl) (Fig. 3B). The
low levels of IKK� were maintained throughout the experiment
(data not shown). MNs transduced with these lentiviral construc-
tions were used for a time course survival analysis of the effect of
endogenous IKK� knockdown in NTF-supplemented cultures.
To assess cell survival, we calculated the percentage of cells pres-
ent in the tissue culture dish at various days after transduction
compared to the number of cells counted in the same micro-
scopic fields at the beginning of the experiment. Cultures trans-
duced with the empty vector control showed a level of cell
survival �100% from day 1 to day 6 (end of the experiment) (Fig.
3B). Control survival experiments using a scrambled RNA con-
trol vector for the shIKK knockdown were also performed. When
cells were transduced with the scrambled shIKK, cell survival was
similar to the empty vector controls (3 d after transduction:
86.3 � 4.8% and 93.3 � 2.8%, respectively; 5 d after transduc-
tion: 82.2 � 0.5% and 80.8 � 3.8%, respectively). Time course
survival experiments demonstrated that when IKK� protein level
was reduced, cell survival dramatically decreased from day 4 to

Figure 4. RelA knockdown reduced NTF-promoted MN survival. A, Representative microscopy images of 3 d shRelA-transduced
MNs: phase contrast (left) and GFP (right) of the same microscopic field. Western blot analysis of RelA protein levels after 0, 3, 4, or
5 d of shRelA transduction. Protein extracts were collected at the different time points and analyzed using an antibody against RelA
protein. Membranes were reprobed with an antibody against �-Tubulin, used as a loading control. B, Representative microscopy
images of the same microscopic field of 0, 3, or 5 d shRelA-transduced cultures of MNs. Arrows indicate surviving cells. Arrowheads
indicate dying or dead cells. The graph in B represents the percentage of surviving MNs at several time points after shRelA or empty
vector transduction, as described in Materials and Methods. Graph values are the mean of the percentage of cell survival for each
condition of nine wells from three independent experiments�SEM (error bars). Asterisk indicates significant differences between
data from the experiments using one-way ANOVA test and Bonferroni’s post hoc multiple comparisons (*p � 0.001).

Mincheva et al. • The NF-�B Pathway Mediates Motoneuron Survival J. Neurosci., April 27, 2011 • 31(17):6493– 6503 • 6497



day 6 (80.6 � 5.5% and 6.9 � 1.7%, re-
spectively) (Fig. 3B). We also generated a
shRNA sequence targeting specific sites of
mouse IKK� (shIKK�). After 5 d of lenti-
viral transduction, IKK� protein level was
reduced in shIKK� cultures compared to
empty vector control cells (Fig. 3A), and
this reduction was maintained through
the end of day 6 (data not shown). We also
performed survival experiments after
IKK� protein knockdown, following the
same cell-counting protocol described
above and in Materials and Methods.
Results showed that MN survival was
compromised when endogen IKK� was
reduced. The percentage of survival of
shIKK� cultures decreased gradually
from day 1 to day 6 (Fig. 3B). Western
blots of IKK protein reduction revealed
that IKK� dropped abruptly at day 5 after
transduction and IKK� decreased gradu-
ally from the day 2. Together, all these re-
sults demonstrated that both IKK� and
IKK� contribute to NTF-induced MN
survival.

RelA, but not RelB, inhibition causes
cell death in NTF-maintained MNs
Active binding to specific DNA sequences
is performed by heterodimers or ho-
modimers of NF-�B subunits. The most
prominent and extensively studied dimer
is that of RelA (also called p65) and p50,
which is activated in the canonical path-
way; RelB and p52 form a dimer that participates in the nonca-
nonical scheme (Perkins, 2007). To determine which of these
pathways is involved in MN survival, we analyzed the effect of
RelA or RelB knockdown. We generated shRNA targeting specific
sites of mouse RelA (shRelA) or RelB (shRelB) sequences. As
shown in Figures 4 and 5, the frequency of transduction was near
100% of the cells present in the culture (GFP-positive cells mon-
itored by fluorescence microscopy). When analyzed by Western
blot using specific antibodies, the level of RelA or RelB proteins in
shRelA- or shRelB-transduced cultures, respectively, was clearly
reduced in comparison to the empty vector control cells. Figure
4A shows a time course analysis of RelA protein reduction; and
Figure 5C shows RelB protein reduction (day 5 after transduc-
tion). We performed survival experiments following the same
protocol described above. Reduction of endogen RelA protein
caused MN cell death (Fig. 4B); nevertheless, RelB protein
knockdown had no effect on MN survival (Fig. 5C). After 6 d
of transduction, no surviving cells were found in shRelA-
transduced cultures, whereas in shRelB at the same time period
the percentage of cell survival was similar to empty vector control
cultures (�90%). These results strongly suggest that NTFs in-
duce MN survival through activation of the NF-�B canonical
pathway, but not by the noncanonical pathway. The activation of
the noncanonical pathway was shown by Western blot using an
antibody against the p100 and the cleaved form p52. When cells
were stimulated by NTFs, we observed the presence of a band
corresponding to p52, whereas in non-NTF-stimulated protein
extracts, p52 was absent in three independent experiments (Fig.
5A). Thus we demonstrated that even though the noncanonical

pathway is activated by NTFs, its activation is not involved in the
survival-promoting effect of these factors on MNs.

Inhibition of the NF-�B pathway causes apoptotic cell death
Trophic factor deprivation induces apoptotic cell death in MNs
(Soler et al., 1999; Dolcet et al., 2001). It is also known that in
some neuronal models, inhibition of NF-�B activation induces
apoptosis (Piccioli et al., 2001); and NF-�B regulates antiapop-
totic gene transcription (Tian et al., 2005). To determine whether
NF-�B pathway inactivation induces apoptotic cell death in our
cultured cells, we analyzed both the presence of apoptotic nuclei
and the activity of Caspase-3 as indicators of classical apoptosis.
To this end, MNs were transduced using the following lentiviral
constructs: shIKK�, shIKK�, shRelA, or the empty vector con-
trol; 24 h later, medium containing lentiviral particles was
washed and replaced by fresh medium containing NTFs. Five
days later, we measured Caspase-3 activity by Western blot using
a specific antibody (Fig. 6A). As expected, shIKK�-, shIKK�-,
and shRelA-transduced cultures showed an increase of the
activation-specific Caspase-3 fragment (p17). Control cultures
also displayed activation of Caspase-3 when deprived of NTFs
(data not shown).

To further analyze the apoptotic origin of the cell death ob-
served, we counted the number of nuclei showing apoptotic mor-
phology, using Hoechst 33258 staining (Fig. 6B). After 5 d of
transduction, the percentage of apoptotic cells was increased in
shIKK�, shIKK�, and shRelA compared to the empty vector con-
trol treatment. Around 50% of the cells that received shIKK�
showed this particular morphology, which was the highest pro-

Figure 5. RelB protein is not implicated in mouse MNs survival. A, Representative Western blot for p100/p52 in protein extracts
of cultures stimulated (20 min) or nonstimulated with NTFs. The same membrane was reprobed with an antibody against
�-Tubulin, used as a loading control. B, Microscopic images of 5 d shRelB-transduced MNs: phase contrast and GFP (left and right,
respectively). Total cell lysates of transduced cells (shRelB or empty vector control, Ctrl) were collected 5 d after transduction and
probed with an anti-RelB antibody by Western blot; the membrane was reprobed with an antibody against �-Tubulin, used as a
loading control. C, Cell survival was evaluated at 3 or 6 d after shRelB or control transduction. Graph represents the mean of the
percentage of cell survival for each condition of nine wells for three independent experiments � SEM (error bars).
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portion of apoptotic nuclei. shIKK� or shRelA treatment also
induced a significant increase of apoptotic nuclei (13 � 3.9% and
25.7 � 3.9%, respectively). Thus, when the NF-�B pathway was
inactivated, the dying cells displayed apoptotic nuclear morphol-
ogy, characterized by chromatin condensation and shrinkage of
the nucleus even in the presence of NTFs. Control experiments of
nontransduced cultures also showed an increase of the percent-
age of apoptotic nuclei when deprived (NTF-supplemented cul-
tures: 7 � 1.2%; NTF-deprived cultures: 55 � 3%), confirming
that in our system NTF deprivation induces apoptotic cell death.
Together these results demonstrated that inhibition of the NF-�B
pathway induced apoptotic cell death in NTF-maintained MNs.

Bcl-xL overexpression or Bax knockdown protects MN cell
death after IKK�, IKK�, or RelA inhibition
We show here that NTFs induce MN survival through the NF-�B
pathway. When this pathway is blocked, the consequence is an
apoptotic cell death even in the presence of NTFs. The same type
of cell death is observed when MNs are deprived of NTFs (see
above and our unpublished results). In other neuronal models,
this apoptotic cell death could be blocked by overexpression or
inhibition of antiapoptotic or proapoptotic proteins (respec-
tively). Because Bcl-xL is one of the strongest antiapoptotic pro-
teins present in the nervous system (González-García et al.,

1995), we decided to overexpress human
Bcl-xL (hBcl-xL; kindly provided by Dr.
J. X. Comella, Institut de Recerca Hospital
Vall d’Hebron, Barcelona, Spain) in our
cell model. Thus, shIKK�, shIKK�,
shRelA, or the empty vector control MN
cultures were cotransduced with a lentivi-
ral vector carrying an expression con-
struct containing the human Bcl-xL gene.
Twenty hours after cotransduction, me-
dium containing lentiviral particles was
washed and replaced by fresh medium
containing NTFs. By Western blot analy-
sis, we observed that Bcl-xL was overex-
pressed after 5 d of lentiviral transduction
(Fig. 7). To determine the effect of Bcl-xL

overexpression in these cultures, survival
experiments were performed after 3 and
5 d as described above. As observed in Fig-
ure 7A, Bcl-xL significantly rescued cells
from the death effect caused by IKK�,
IKK�, or RelA protein level reduction.

To establish whether NTF cocktail in-
creased Bcl-xL protein levels in our exper-
imental paradigm, we analyzed changes of
this protein in the presence or the absence
of NTFs. MNs were isolated and cultured
for different time periods. Western blot
analysis of protein extracts obtained from
cultures with or without NTFs was per-
formed using a specific antibody against
Bcl-xL. Results showed that the level of
Bcl-xL protein was clearly reduced in
NTF-deprived cultures compared to
NTF-treated cells (Fig. 7B). Thus, we pro-
ceeded to evaluate whether NF-�B path-
way inhibition induces changes in Bcl-xL

protein level. Western blot analysis of
protein extracts from 5 d cultures trans-

duced with shIKK�, shIKK�, shRelA, or empty vector control did
not show significant differences in Bcl-xL protein, indicating that
in our system NF-�B inhibition neither increased nor reduced
Bcl-xL (Fig. 7C). Finally, we checked whether Bcl-xL overexpres-
sion affected IKK�, IKK�, or RelA protein expression in shRNA-
transduced cultures. Protein extracts were analyzed by Western
blot and results revealed that Bcl-xL overexpression did not affect
IKK� or IKK� (Fig. 7D) or RelA (data not shown) protein level.

To further confirm that apoptosis was controlling the cell
death process caused by NF-�B pathway blockade and that
increasing the cellular antiapoptotic mechanisms could rescue
MNs from death caused by NF-�B inhibition, we reduced the
levels of the proapoptotic member of the Bcl-2 family, Bax.
Bax has been related to mitochondrial dysfunction and apo-
ptosis (Wei et al., 2001). Thus, after plating, we transduced
MNs with a shRNA targeting specific sites of mouse Bax se-
quence (shBax) or left them untransduced; after 3 d, cultures
were cotransduced or transduced (respectively) with shIKK�,
shIKK�, shRelA, or the empty vector control (considered as
time 0 of the experiment; see diagram in Fig. 8). Using a spe-
cific antibody, we found that Bax protein level was signifi-
cantly reduced after 3 d of shBax transduction. After 3 and 5 d
of shIKK�, shIKK�, or shRelA cotransduction, cell survival
was evaluated as described in Materials and Methods (Fig. 8).

Figure 6. IKK�, IKK�, or RelA protein knockdown causes apoptotic cell death. A, MNs were transduced with shIKK�, shIKK�,
shRelA, or empty vector (Ctrl) constructs and cultured in the presence of NTFs. After 5 d, total cell lysates were analyzed by Western
blot using an antibody against Cleaved Caspase-3. Membranes were reprobed with an antibody against �-Tubulin, as a loading
control; or antibodies against IKK�, IKK�, or RelA as protein reduction control. B, Five days after transduction, cultures were fixed
and stained using Hoechst nuclear dye. Representative microscopy images of Hoechst staining of apoptotic (b) or nonapoptotic (a)
nuclear morphology. The graph in B represents the percentage of apoptotic nuclei present in shIKK�-, shIKK�-, shRelA-, or
Ctrl-transduced cultures; values are the mean of six wells for each condition from three independent experiments � SEM (error
bars). Asterisk indicates significant differences between data from the experiments using one-way ANOVA test and Bonferroni’s
post hoc multiple comparisons (*p � 0.05; **p � 0.001), compared to the empty vector control.

Mincheva et al. • The NF-�B Pathway Mediates Motoneuron Survival J. Neurosci., April 27, 2011 • 31(17):6493– 6503 • 6499



Results showed that in cultures cotrans-
duced with shBax and shIKK� or shRelA
(Fig. 8A) or shIKK� (data not shown),
survival percentage was significantly in-
creased compared with cultures with no
Bax cotransduction. As described above
for Bcl-xL protein, IKK� or RelA reduc-
tion did not change Bax protein level
(Fig. 8B).

Effect of NF-�B pathway inhibition on
Bim protein level
It has been demonstrated that during ap-
optosis, Bim, the BH3-only member of
Bcl-2 family, can directly or indirectly ac-
tivate the proapoptotic Bax and the subse-
quent mitochondrial apoptotic pathway.
Moreover, Bim displaces Bcl-xL in the
mitochondria and promotes Bax translo-
cation during TNF�-induced apoptosis
(Zhang et al., 2008). In this context, we
decided to analyze whether Bim protein
levels changed when the canonical NF-�B
pathway was knocked down. Thus, MNs
were transduced with shRelA, and pro-
tein extracts were collected 5 d after
transduction. By Western blot analysis
using an antibody against BimEL, we ob-
served that Bim protein level increased
in shRelA cultures compared with the
empty vector control condition (Fig.
9A). These results strongly suggest that
after canonical NF-�B signaling inhibi-
tion, Bim increase can induce the apo-
ptotic cell death observed.

RelA knockdown causes Smn
protein decrease
Smn (survival motor neuron) protein is
a ubiquitously expressed protein with
nuclear and cytoplasm functions. Its de-
ficiency causes the neurodegenerative dis-
ease spinal muscular atrophy. This disease
is characterized by the specific loss of ven-
tral horn spinal cord MNs (Sumner, 2006). Because the NF-�B
pathway is involved in MN survival, we wanted to know whether
the NF-�B signaling pathway might be affecting the Smn protein
level. MNs were transduced with shRelA, and cell extracts were
collected 4 d after transduction and analyzed by Western blot
using a specific antibody against Smn. Results obtained showed
that after RelA knockdown, Smn protein levels were reduced
compared with the empty vector control cultures (38 � 6%
and 100%, respectively). It has been previously described that
the transcription factor CREB (cAMP-response element-
binding) regulates Smn protein expression (Majumder et al.,
2004). In this context, we decided to evaluate changes in CREB
phosphorylation and protein level. MNs were transduced with
shRelA, and 4 d later, cell extracts were collected. Western blot
analysis using specific antibodies against CREB and phospho-
CREB demonstrated that the endogenous CREB protein level
was reduced (Fig. 9B). All these results together suggest that
CREB and Smn protein expression is dependent on NF-�B
signaling pathway activity.

Discussion
In the present work, we demonstrate that the canonical NF-�B
pathway mediates cell survival in a primary culture of isolated
mouse embryonic MNs. Reducing protein level of several mem-
bers of the NF-�B signaling pathway revealed that these proteins
are essential to the ability of NTFs to promote MN survival. In-
hibition of I�B kinases or the DNA-binding subunit RelA caused
a very substantial reduction of MN survival and induced apopto-
tic cell death. However, reduction of RelB protein did not affect
MN survival. The NF-�B pathway could be activated by two dif-
ferent routes: the canonical or classical and the noncanonical.
The canonical pathway is characterized by the activation and the
translocation of p50/RelA heterodimers to the nucleus, whereas
the noncanonical pathway results from p52/RelB heterodimers
activation and translocation (Perkins, 2007). It is known that
p52/RelB have affinity for �B elements distinct from p50/RelA,
and might therefore regulate a distinct subset of NF-�B target
genes. It is also believed that the subunit composition of the
complexes may vary depending on factors such as the develop-

Figure 7. Bcl-xL overexpression protects MNs from apoptotic cell death caused by IKK�, IKK�, or RelA interference. Mouse MNs
were cotransduced with lentivirus containing the hBcl-xL construct plus shIKK�, shIKK�, shRelA, or the empty vector (Ctrl) or
transduced with shIKK�, shIKK�, shRelA, or Ctrl lentivectors, and survival was measured as indicated in the diagram. A, Graphs
represent the mean of the percentage of cell survival for each condition mentioned above of nine wells from three independent
experiments � SEM (error bars). Asterisk indicates significant differences between data from the experiments using one-way
ANOVA test and Bonferroni’s post hoc multiple comparisons (*p � 0.001). B, Total cell lysates from different time points (0, 24, 48,
and 72 h) of nontransduced cultures treated with or without NTFs were analyzed by Western blot using an antibody against Bcl-xL.
The same membrane was reprobed with an antibody against �-Tubulin as a loading control. C, Protein extracts of 5 d transduced
(shIKK�, shIKK�, shRelA, or Ctrl) cultures were probed with an anti-Bcl-xL antibody by Western blot. Membrane was reprobed
with an antibody against �-Tubulin, as a loading control. D, Total cell lysates of 5 d cotransduced cultures with hBcl-xL plus shIKK�
or shIKK� or cultures transduced with shIKK�, shIKK�, or Ctrl were probed with antibodies against IKK� or IKK� by Western blot.
The same membranes were reprobed with an antibody against �-Tubulin as a loading control.
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mental state of the neurons and their location within the nervous
system. In our culture system, we reduced RelA or RelB proteins
to analyze the involvement of the canonical or the noncanonical
NF-�B pathway on MN survival. Our results clearly demon-
strated that RelA reduction caused cell death, whereas RelB did
not, indicating that only the canonical pathway is involved in
NTF-induced MN survival, even though both pathways are acti-
vated in MNs after NTF treatment. The noncanonical signaling is
characterized by IKK�-dependent processing of p100 to p52
(Xiao et al., 2004), whereas both IKK� and IKK� are associated
with the activation of the canonical pathway (Perkins, 2007). The
phosphorylation of these two kinases induces RelA release and
translocation to the nucleus. In the present work, we show that
NTF stimulation induces IKK phosphorylation, I�B� serine phos-
phorylation and degradation, and RelA translocation to the nucleus,
indicating the activation of the canonical pathway. We also show
p100 processing, demonstrating that NTFs also activate the non-
canonical signaling. After IKK� or IKK� knockdown, we ob-
served reduction of cell survival and increase of apoptotic cell
death. However, when RelB protein level was reduced, MN sur-
vival was not affected. This result reinforced the initial hypothesis
that NF-�B canonical pathway mediates MN survival and the cell
death effect observed by IKK� knockdown is due to its role in the
canonical signaling activation.

The NF-�B canonical pathway has been related to cell survival
during development. In fact, IKK� (Li et al., 1999) or RelA (Beg et

al., 1995) knock-out mice show embry-
onic lethality accompanied with a massive
degeneration of the liver by apoptosis.
The role of the canonical pathway during
the development of the nervous system
has been revealed by IKK� and IKK�
double-deficient mice. The double knock-
out demonstrated that both kinases are es-
sential for NF-�B activation and have an
important role in protecting neurons
against excessive apoptosis during develop-
ment (Li et al., 2000). These authors also
postulated that both IKKs might have a ge-
netic redundancy during nervous system
development.

NF-�B has been studied more exten-
sively in the immune system; however, it is
known that in some neuronal populations
NF-�B activity induces cell survival. Early
indications that NF-�B activation pro-
motes neuronal survival came from stud-
ies of embryonic hippocampal cells under
stressing conditions (Cheng et al., 1994;
Mattson et al., 1997), but there are other
examples: in cerebellar granule cells,
trophic factor withdrawal induces NF-�B
inactivation (Kovács et al., 2004) and
NF-�B activity contributes to promote
survival in sympathetic NGF-dependent
neurons (Maggirwar et al., 1998). Thus,
strong evidence suggests that the NF-�B
pathway regulates cell survival of the cen-
tral and peripheral nervous systems. Here
we show for the first time that NF-�B is
one of the central survival pathways of
embryonic spinal cord MNs. It is also
known that NF-�B activity is related to

other neuronal functions such as neurite outgrowth (Gallagher et
al., 2007; Gutierrez et al., 2008), suggesting an important role of
this pathway in neuronal development and probably in some
neuronal diseases (Mattson and Meffert, 2006). For example,
genes regulating NF-�B pathway activity have been related to a
novel form of lower motor neuron disease (Maystadt et al., 2007),
indicating that indirect NF-�B deregulation might be involved in
neuronal diseases. The loss of NF-�B activation could remove
protection of neurons against apoptosis and thereby compro-
mise survival. The recent description that IKK� regulates
pathogenesis of Huntington’s disease by inducing cleavage of
the mutated huntingtin (Khoshnan et al., 2009) suggests a
direct involvement of NF-�B in neurodegenerative disorders.
In our hands, when we knock down RelA, Smn protein level
decreases. Smn protein is important during MN embryonic
development (Schrank et al., 1997), and Smn reduction causes
the lower MN neurodegenerative disorder spinal muscular
atrophy (Sumner, 2006). The disease is characterized by the
specific degeneration of MNs when Smn is reduced. The mo-
lecular mechanisms involved in this process are still unknown,
and several hypotheses have been proposed. Here we show for
the first time that the NF-�B pathway could regulate Smn
protein level. In shRelA cultures, we also observed a decrease
of CREB protein. It is also known that CREB protein increases
SMN promoter activity (Majumder et al., 2004), suggesting
the role of CREB in the molecular regulation of Smn level.

Figure 8. Bax protein knockdown rescues MNs from cell death caused by IKK� or RelA interference. MNs were transduced with
shBax or nontransduced; 3 d later, they were cotransduced or transduced with shIKK�, shRelA, or empty vector (Ctrl). Bax protein
reduction was analyzed by Western blot using a specific antibody (see diagram). A, Cell survival was measured as described in
Materials and Methods. Graphs represent for each condition the mean percentage of survival of nine wells from three independent
experiments � SEM (error bars). Asterisk indicates significant differences between data from the experiments using one-way
ANOVA test and Bonferroni’s post hoc multiple comparisons (*p � 0.001). B, Protein extracts were collected from 5 d transduced
cultures (shIKK�, shRelA, or Ctrl) and analyzed by Western blot using an anti-Bax antibody. Membranes were reprobed with an
anti-�-Tubulin antibody as a loading control.
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The relevance of the NF-�B pathway to
cell survival is related to the induction of
target genes whose products inhibit some
aspects of the apoptotic machinery. In some
cell lines and primary cultures, NGF or TNF
induced an increase of Bcl-xL protein level
through the activation of the NF-�B path-
way (Bui et al., 2001). In our system, the
NTF cocktail also increased the levels of Bcl-
xL. Bcl-xL protein increases when MNs are
maintained in the presence of NTFs, but not
when NTFs are absent in the culture me-
dium. However, we did not observe differ-
ences in Bcl-xL levels when NF-�B was
blocked by shIKK�, shRelA, or shIKK�,
indicating that the NF-�B pathway is not
directly regulating Bcl-xL protein level.
However, when Bcl-xL protein was in-
creased by overexpression, the apoptosis
caused by NF-�B pathway blockade, was
completely abolished. In the same line of ev-
idence, we show that Bax protein reduction
is able to rescue cells from apoptosis when
NF-�B is reduced. Thus, from these results
we can conclude that the NF-�B pathway
could be regulating at least a Bcl-xL up-
stream mechanism associated with NF-�B
activity. Our work demonstrates that the
NF-�B family of proteins is necessary for
MN survival; knockdown of these proteins
probably deregulates gene expression of
proteins that exert their function upstream
of the mitochondria. It has been recently
demonstrated that the BH3-only protein,
Bim, displaces Bcl-xL in the mitochondria
and promotes Bax translocation during
TNF�-induced apoptosis in PC12 cells
(Zhang et al., 2008). In our model, we ob-
served in shRelA-treated cultures an in-
crease of Bim protein level, suggesting that
this protein could be regulating the apoptotic cell death process
caused by the blockade of NF-�B signaling.

In summary, our results demonstrate that NF-�B can mediate
NTF-induced cell survival in developing MNs and regulate the
expression of proteins involved in MN neurodegenerative disor-
ders. We describe in Figure 9C a schematic model showing the
proposed mechanism of the effect of NTF treatment on the NF-�B
pathway through the activation of PI 3-kinase and the later expres-
sion of Smn, CREB, and Bim proteins.
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