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Bone morphogenetic proteins (BMPs) have been implicated in the generation and postnatal differentiation of cerebellar
granule cells (CGCs). Here, we examined the eventual role of BMPs on the survival of these neurons. Lack of depolar-
ization causes CGC death by apoptosis in vivo, a phenomenon that is mimicked in vitro by deprivation of high potassium
in cultured CGCs. We have found that BMP-6, but not BMP-7, is able to block low potassium-mediated apoptosis in
CGCs. The neuroprotective effect of BMP-6 is not accompanied by an increase of Smad translocation to the nucleus,
suggesting that the canonical pathway is not involved. By contrast, activation of the MEK/ERK/CREB pathway by BMP-6
is necessary for its neuroprotective effect, which involves inhibition of caspase activity and an increase in Bcl-2 protein
levels. Other pathways involved in the regulation of CGC survival, such as the c-Jun terminal kinase and the phospha-
tidylinositol 3-kinase (PI3K)-Akt/PKB, were not affected by BMP-6. Moreover, failure of BMP-7 to activate the MEK/
ERK/CREB pathway could explain its inability to protect CGCs from low potassium—-mediated apoptosis. Thus, this study
demonstrates that BMP-6 acting through the noncanonical MEK/ERK/CREB pathway plays a crucial role on CGC survival.

INTRODUCTION

Cerebellar granule cells (CGCs) are generated in the ex-
ternal granule layer and migrate to the internal granule
layer (Ryder and Cepko, 1994). During their postnatal mi-
gration, CGCs require excitatory inputs for proper differen-
tiation and development. Otherwise, CGCs die by apoptosis
(Burgoyne and Cambray-Deakin, 1988; Wood ef al., 1993).
This situation can be mimicked in vitro in primary cultures
of CGCs. These neurons undergo spontaneous apoptosis
when they grow in the presence of low potassium concen-
tration (5 mM KCl [K5]). By contrast, if they grow in the
presence of high potassium concentrations (25 mM KCI
[K25]) or N-methyl-p-aspartate (NMDA), they develop and
survive (Gallo et al., 1987; Xifro et al., 2005).

BMPs have been described to have an important role
during differentiation of CGCs. For instance, BMP-2 and -4
are able to prevent Shh-induced proliferation, thereby allow-
ing granule neuron differentiation (Rios et al., 2004). Expres-
sion of granule cell markers such as mathl or Zic has been
reported to be controlled by BMPs (Aruga et al., 1994; Ben
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Arie et al., 1997). Accordingly, Alder et al. (1999) have dem-
onstrated that exposure of neural cells to BMPs induces CGC
phenotype, whereas CGC differentiation is greatly impaired
in BMP receptors conditional knockout mice (Qin et al.,
2006). Moreover, Smad 1 and BMP-4 expression and protein
levels peak during CGC differentiation and migration to-
ward the internal granule cell layer (IGL; Angley et al., 2003).
Besides its role in CGC differentiation, several reports have
suggested that BMPs have an antiapoptotic effect in many
cell types (Izumi et al., 2001; Wang et al., 2001; Harvey et al.,
2004), which opens the possibility that they could be also
involved on regulation of CGC survival (Yabe et al., 2002).
Moreover, the eventual antiapoptotic effects of BMPs in the
developing cerebellum and the mechanisms involved re-
main largely unknown.

BMPs signals via two types of receptors (type I, BMPRI;
type II, BMPRII) that are expressed as homomeric as well as
heteromeric complexes (ten Dijke et al., 1994; Massague,
1998). When BMPRs are activated by BMPs, intracellular
signaling is mainly triggered by phosphorylation of the
receptor-regulated Smad (R-Smad; Smad 1, 5, or 8) and their
subsequent binding to Smad 4. The heterotrimer R/R-
Smad/Smad 4 then translocates to the nucleus where it
activates the expression of specific genes (Miyazono, 1999).
Some reports have suggested that BMPs can also activate
other intracellular pathways to exert their cellular functions.
For instance, BMP-2 induce the differentiation of osteoblasts
by activating the PI3K/Akt pathway (Ghosh-Choudhury et
al., 2002). BMP-7 activates the extracellular signal-regulated
kinase kinase/extracellular signal-regulated kinases (MEK/
ERK) pathway and protein kinase C (PKC) in cortical neu-
rons in vitro (Cox et al., 2004). On the other hand, contro-
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versial studies exists about the activation of stress-activated
kinases (SAPK) by BMPs in different cell types (Izumi et al.,
2001; Hallahan et al., 2003; Lemonnier et al., 2004).

In this study, we show that BMP-6 protects against
K5-induced CGC apoptosis through inhibition of caspase-3
activation and elevation of B-cell leukemia/lymphoma-2
(Bcl-2) protein levels, which suggests a novel role for
BMPs in developing cerebellum. In addition, we provide
strong evidence that this effect is independent of the
traditional BMPs signaling pathway associated to Smad
activation. Our results show for the first time that BMP-
6-mediated antiapoptotic effect is mediated through acti-
vation of the MEK/ERK/cAMP-response element-binding
protein (CREB) pathway.

MATERIALS AND METHODS
Cell Culture

Granule cell cultures were prepared from dissociated cerebella of 8-d-old
Wistar rats as previously described (Balazs et al., 1988). Cells were plated (3 X
10° cells/mm?) in DMEM with GlutaMAX (Invitrogen, Carlsbad, CA) and 25
mM KCl (K25) supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 25,000 U penicillin, and 25 mg streptomycin (PAN Biotech, Aidenbach,
Germany). Cytosine-B-p-arabinofuranoside, 10 uM, was added to the cultures
24 h after plating to prevent proliferation of nonneuronal cells. Neurons were
plated onto poly-L-lysine—coated 24-well plates for measurement of cell via-
bility and immunocytochemistry, on 60-mm culture dishes for RNA extrac-
tion and Western blotting, on six-well plates for measurement of
caspases-3 activity, and on 100-mm plates for subcellular fractionation. At
6 d in vitro (DIV) neurons were deprived from serum and/or potassium
(K5 or K25) and cultured in the absence or presence of BMP-6 (100 ng/ml)
or BMP-7 (30 ng/ml; Sigma-Aldrich, St. Louis, MO). In some experiments,
cells were preincubated with the MEK inhibitors PD98059 or U0126 (Cal-
biochem, LaJolla, CA) before replacing the medium. The experimental
procedures were performed in accordance with guidelines of the Comissié
d’Btica en 'Experimentacié Animal i Humana of the Universitat Au-
tonoma de Barcelona.

Fluorescent Analysis of Apoptotic Nuclei

Apoptosis was assessed by nuclear DNA staining with Hoechst 33258. Twenty-
four hours after treatment, cells were washed twice in Tris-buffered saline
(TBS) fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for
45 min at 4°C and stained with 1 pg/ml Hoechst 33258 (Molecular Probes,
Eugene, OR) for 5 min. Nuclear DNA staining was observed with an inverted
microscope (Eclipse TE-2000-E; Nikon, Melville, NY). At least 1000 cells were
individually examined for each experimental condition. Condensed and/or
fragmented nuclei were considered as apoptotic nuclei. Data are given as
mean * SEM of values obtained in three or four independent experiments
performed in duplicate. Results are expressed as the percentage of apoptotic
nuclei versus total nuclei.

Caspase Activity

Cells were incubated for 10 h in K5 in the presence or absence of BMP-6 (100
ng/ml), BMP-7 (30 ng/ml), staurosporine (1 uM), or K25. Cells were collected
and pelleted by centrifugation at 1000 rpm for 3 min at 4°C. The supernatant
was discarded, and cells were washed with PBS at 4°C and centrifuged at
12,300 rpm at 4°C for 3 min. Caspase activity was determined following the
protocol of ENZCHEK Caspase-3 Assay Kit (Molecular Probes). Fluorescence
intensity was measured with a microplate reader (Synergy HT; BioTek In-
struments, Burlington, VT). Data are mean = SEM of the values obtained in
four independent experiments performed in duplicate.

Immunocytochemistry

Neurons were incubated in K5 or K25 in the absence or presence of BMP-6
(100 ng/ml) or BMP-7 (30 ng/ml) for 1 h (for Smad localization) or 10 h (active
caspase 3 fragment). Then, CGC cultures were washed with PBS and fixed
with 4% paraformaldehyde (wt/vol in PBS) at 4°C for 45 min. Afterward, they
were washed twice with PBS, blocked with 5% fetal calf serum and 3% bovine
serum albumin (BSA) in TBS (blocking buffer), and then incubated overnight
at 4°C with antibodies against the active form of caspase-3 (Cell Signaling,
Beverly, MA) or Smad 1, Smad 4 (Upstate Biotechnology, Lake Placid, NY), or
Smad 5 (Santa Cruz Biotechnology, Santa Cruz, CA; 1:100 dilution in 5% BSA
in TBS with 0.1% Tween 20 [TBS/T]). Cultures were then thoroughly washed
with TBS/T and incubated with a fluorescein isothiocyanate—conjugated
secondary antibody (1:500 dilution) in 5% BSA-TBS/T at room temperature
for 1 h. After several washes, fluorescence was visualized under an inverted
microscope for cleaved caspases-3 staining or confocal microscope (TCS 4D;
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Leica, Deerfield, IL) to determine Smad subcellular localization. Three inde-
pendent experiments were performed in duplicate.

Subcellular Fractionation

CGCs were exposed to a low potassium medium (K5) and with or without
BMP-6 (100 ng/ml), BMP-7 (30 ng/ml), or K25 for 1 h. Neurons were washed
once with PBS at 4°C, resuspended in PBS, and centrifuged at 1000 rpm at 4°C
for 5 min. Pelleted cells were resuspended in buffer containing 0.01 M HEPES,
pH7.9,0.01 M MgCl, 0.01 M KCl, 0.5 mM DTT, 0.1% NP-40, 1 mM PMSEF, 10
pg/ml aprotinin, 20 ug/ml leupeptin, and 1 mM activated orthovanadate and
incubated on ice for 5 min. Afterward, cells were centrifuged at 4000 rpm at
4°C for 30 s. The resulting supernatant was the cytosolic fraction. Pelleted
nuclei were incubated at 300 rpm at 4°C for 30 min with buffer containing
high salt (0.01 M HEPES, pH 7.9, 25% glycerol, 0.42 M NaCl, 0.2 mM EDTA,
0.5 mM DTT, 1 mM PMSF, 10 ug/ml aprotinin, 20 ug/ml leupeptin, and 1
mM activated orthovanadate) to isolate nuclear proteins. Then, samples were
centrifuged at 12,300 rpm at 4°C for 15 min. The resulting supernatant was
considered as the nuclear fraction. Proteins were stored at —80°C. Both
subcellular fractions were subjected to Western blotting analysis.

Immunoblotting

CGC cultures were washed with PBS, and total protein was extracted by
incubating neurons in lysis buffer containing 20 mM Tris, pH 7.5, 1% Nonidet
P-40, 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, 10 ug/ml aprotinin, 20 ug/ml
leupeptin, and 1 mM activated orthovanadate. Cell lysates were centrifuged
at 12,000 rpm for 10 min at 4°C. Proteins (25 ug for total lysates and 5 ug for
subcellular fractions) were resolved on 10% SDS-PAGE gels and transferred
to nitrocellulose membranes (Amersham Biosciences, Uppsala Sweden).
Membranes were washed with TBS/T and incubated in blocking buffer for 1 h
(5% of nonfat dry milk in TBS/T) to block nonspecific binding. Blots were
washed and incubated at 4°C overnight with primary antibodies against
BMPRIa, BMPRIb, Smad 5, c-jun N-terminal kinase (JNK), and histone H1
from Santa Cruz Biotechnology; BMPRII, tubulin, panAkt, Bcl-2, Ras, and
Rap-1 from BD Biosciences (San Diego, CA; Smad 1 and 4 from Upstate
Biotechnology; GAPDH from Ambion (Austin, TX); phospho Akt (Ser*’3),
phospho-p44/42 MAP kinase and p44/42 MAPK, and phospho-CREB
(Ser'*3) and CREB from Cell Signaling; active JNK from Promega (Madison,
WI) and actin from Sigma Aldrich, diluted (1:1000 for all, except Smad 1 and
Bcl-2 1:500, active JNK 1:2500, and GAPDH and actin 1:40,000) in blocking
buffer. Blots were then washed and incubated at room temperature for 1 h
with horseradish peroxidase-conjugated secondary antibodies (BD Bio-
sciences) diluted 1:5000 in blocking buffer. Immunoreactive bands were visu-
alized using the ECL Western blotting detection reagent (Amersham Bio-
sciences) and quantified by a computer-assisted densitometer. Tubulin and
actin were used as loading control, and GAPDH and histone H1 were used to
assess the purity of cytosolic and nuclear fractions, respectively.

Reverse Transcription-Polymerase Chain Reaction

Total RNA was extracted from CGCs cultured in K25 every 2 DIV with Trizol
(Invitrogen) accordingly to manufacturer’s instructions. Total RNA, 1 ug, was
converted to first-strand cDNA using the SuperScript II Reverse Transcriptase
(Invitrogen) following the manufacturer’s instructions. The resulting cDNA
was subjected to PCR analysis. PCR cycling parameters were as follows: 94°C
for 2 min for one cycle, followed by 94°C for 30 s, 60°C for 30 s, and 72°C for
60 s for 40 cycles; 72°C for 5 min with BMPRIa, BMPRIb, BMPRII, and 18s
primers and 94°C for 2 min for one cycle, followed by 94°C for 30 s, 60°C for
30 s, and 72°C for 45 s for 35 cycles and 72°C for 5 min with Smad 1, 4, and
5 primers. The PCR products were stained with SYVR Safe (Invitrogen). A
sample without RNA was used as negative control, and neonatal rat brain
RNA was used as a positive control (results not shown). The sequences of
specific primers are as follows: BMPRIa: (sense) 5 CAG CTA CGC AGG ACA
ATA GA 3, (antisense) 5° AGC TGA GTC CAG GAA CCA GT; BMPRIb:
(sense) 5" AAG TGT TCT TCA CCA CGG AG 3’, (antisense) 5° AGG CCG
TAA CTT CTT CAT GC 3’; BMPRIL: (sense) 5" GCT TCG CAG AAT CAA
GAA CG 3/, (antisense) 5" GTG GAC TGA GTG GTG TTG TG 3'. 18s: (sense)
5 TCA AGA ACG AAA GTC GGA GG 3, (antisense) 5° GGA CAT CTA
AGG GCATCA CA 3'; Smad 1: (sense) 5' GAA CTA GAC CAG CCGCTA TG
3’, (antisense) 5’ GTG GTG GTA GTT GCA GTT CC 3'; Smad 4: (sense) 5’ GTT
CAG GTA GGA GAG ACC TT 3, (antisense) 5" TAA AGG CTG TGG GTC
CGC AT 3’; and Smad 5: (sense) 5' GCC AAG CAA GTG TGT CAC TA 3/,
(antisense) 5" TAG GCA ACA GGC TGA ACA TC.

Ras and Rap1 Activity Assay

Ras and Rapl activation was determined by measuring p2lras.GTP and
Rapl.GTP after a pulldown assay. p21ras-GTP and Rapl-GTP were fished
with c-raf-RBD-glutathione S-transferase (GST) and Ral-GDS-GST, respec-
tively (expression plasmids were kindly provided by Dr. Néstor Gémez,
Universitat Autdbnoma de Barcelona, and Dr. Michel Fournier, Université
d’Orléans) conjugated to glutathione-Sepharose beads (Amersham Pharmacia
Biotech). Cell lysate, 400 ug, was incubated with 30 ul of 50% slurry suspen-
sion in binding buffer (20 mM Tris, pH 7.5, 1% NP-40, 200 mM NaCl, 2.5 mM
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MgCl,, 10 mM NaF, 10 ug/ml aprotinin, 20 pg/ml leupeptin, and 1 mM
NazVO,) at 4°C for 90 min. After incubation, the beads were washed, resus-
pended in sample buffer, and heated at 95°C for 5 min to release the coupled
proteins. Samples were subjected to 12% SDS-PAGE electrophoresis, trans-
ferred to nitrocellulose membranes, and detected by immunoblotting using
monoclonal anti-Ras (BD Biosciences; 1:1000) and monoclonal anti-Rap1 (BD
Biosciences; 1:1000) antibodies.

Electrophoretic Mobility Shift Assay

Cells were processed as described for subcellular fractionation. CREB re-
sponse element (CRE-like) consensus sequence was labeled with y-32P using
T4 polynucleotide kinase by following Promega’s protocol. Labeled oligonu-
cleotides were purified with Sephadex G-25 column (Sigma-Aldrich). Nuclear
extracts, 10 ug, were used for DNA protein-binding assay. Unspecific binding
was blocked by using 1 ug of poly(dI-dc) (poly(deoxyinosinic-deoxycytidylic
acid; Sigma-Aldrich). The binding medium contained 50 mM HEPES, pH 7.5,
5% glycerol, and 1 mM EDTA. In each reaction 20,000 cpm of radiolabeled
probe was included. Samples were incubated for 20 min at room temperature.
Bound and unbound probes were resolved on 6% polyacrylamide gels with a
running buffer containing 45 mM Tris-borate, pH 8.3, and 1 mM EDTA.
Radioactive signals were developed on Hyperfilm ECL films (Amersham
Biosciences) after 1-2 d of exposure at 80°C.

Lentiviral Vectors

Constructs for RNA interference experiments were cloned into the pSUPER.
retro.puro plasmid (OligoEngine, Seattle, WA). Specific oligonucleotides of
the Bcl-2 sequence and the scrambled sequence as a control are as follows:
shRNA Bcl-2: (forward) gatccccGAATCAAGTGTTCGTCATAttcaagagaTAT-
GACGAACACTTGATTCttttt, (reverse) agctaaaaaGAATCAAGTGTTCGT-
CATAtctcttgaaTATGACGAACACTTGATTCggg; and shRNA scramble, which
does not recognize any rat coding sequence: (forward) gatccccAGAACAC-
GACGGAACAAGALttcaagagaTCTTGTTCCGTCGTGTTCTttttt, (reverse) agcta-
22aaaAGAACACGACGGAACAAGA(tctcttgaaTCTTGTTCCGTCGTGTTCTggg.
Oligonucleotides were obtained from Invitrogen and were cloned between BglIl/
HindIII sites of pPSUPER retro.puro plasmid. Lentiviral constructs were achieved
by digesting EcoRI-Clal sites from pSUPER-sh to replace H1 promoter with
H1-short hairpin RNA (shRNA) cassette in pLVTHM.

Lentiviruses were propagated using methods described previously (Nal-
dini ef al., 1996; Zufferey et al., 1998). Briefly, human embryonic kidney 293T
(HEK293T) cells were seeded at a density of 2.5 X 10° cells in 100-mm dishes.
The next day, cells were transfected with 20 ug pLVTHM derived constructs,
15 ng pSPAX2, and 8 ug pM2G. The transfection was routinely performed by
the calcium phosphate transfection method (Cullen, 1987). Cells were allowed
to produce lentiviruses for 48 h. After 48 h, the medium was centrifuged at
1200 X g for 5 min, and the supernatant was concentrated at 141,000 X g for
120 min and then resuspended in 50 ul PBS containing 1% BSA. Lentiviruses
were stored at —80°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 72 h of infection, the
percentage of green fluorescent protein (GFP)-positive cells was determined
by using a cytometer, and viruses at 1 X 10° TU/ml were used in the
experiments.

Viral Infection

Herpes virus simplex (HSV) with green fluorescent protein (HSV-GFP) or
mCREB (a dominant-negative mutant of CREB that lacks Ser 133; tagged with
GFP [HSV-MCREBGFP]) were provided by Dr. Nestler (Mount Sinai School
of Medicine, New York, NY) (Han et al., 2006). Cells were infected at 4 DIV
with HSV-MCREB or HSV-GFP (control), and at 6 DIV cells were deprived
from serum and/or potassium (K5 or K25) and treated with or without BMP-6
(100 ng/ml). Nuclei condensation and chromatin fragmentation was moni-
tored at 24 h in neurons expressing GFP.

Lentiviral infection was performed at the day of plating. Cells remained in
contact with the lentivirus for 5 h, and then the medium was replaced with
DMEM with GlutaMAX (Invitrogen) containing K25 supplemented with 10%
heat-inactivated FBS, 25,000 U penicillin, and 25 mg streptomycin. At 6 DIV
treatments were performed as described above, and activation of caspase-3
and chromatin condensation was assessed at 10 and 24 h, respectively.

Statistical Analysis

Statistical significance was determined by one-way ANOVA followed by
Tukey multiple comparison test. p < 0.05 was considered statistically
significant.

RESULTS

BMP-6 Protects against K5-induced Apoptosis in Mature
CGCs

Previous studies have described that BMPs are able to pro-
mote cell survival in the CNS (Ilantosca ef al., 1999; Izumi et
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al., 2001; Wang et al., 2001; Gratacos et al., 2002; Yabe et al.,
2002; Chang et al., 2003). Before studying the eventual effect
of BMP-6 on survival of cultured CGCs under proapoptotic
conditions, we analyzed the expression of BMP receptors
and Smad proteins at different days in vitro (DIV). Protein
and mRNA for BMPR types Ia, Ib, and II were detected at all
DIV in cultured CGCs (Supplemental Figure S1, A and B).
When we examined the expression levels of R-Smads (Smad
1 and 5) and Smad 4, we found expression of those Smads at
all DIV (Supplemental Figure S1A). We did not find any
significant differences in protein levels of those smads when
monitored by Western blot (Supplemental Figure S1B).
These data suggest that cultured CGCs should be able to
form active heterotetrameric receptor complexes capable of
mediating BMPs signaling.

To address the eventual effect of BMPs on CGC survival in
proapoptotic conditions (K5-containing medium), neurons
were grown in K25, and medium was switched to low
potassium conditions (K5) in the presence or absence of
BMPs at 6 DIV. When cultures were treated with BMP-6, the
number of condensed or fragmented nuclei was reduced by
45% (Figure 1). By contrast, no reduction of condensed nu-
clei was observed in cultures treated with BMP-7 or -2
(Figure 1 and data not shown).

Because caspase-3 is involved in K5-mediated CGC apo-
ptotic death (Armstrong et al., 1997; Moran et al., 1999; Xifro
et al., 2006), we wondered whether the prosurvival effect of
BMP-6 was due to inhibition of caspase-3 activity. To this
aim, we determined the presence of active caspase-3 and the
DEVDase activity in our cultures. As shown in Figure 2, the
number of immunoreactive cells for active caspase-3 as well
as DEVDase activity was increased in CGC cultures when
medium was switched from K25 to K5. Treatment with
BMP-6 significantly reduced both the number of immuno-
reactive cells for active caspase-3 (Figure 2, A and B) and
caspase activity in the cultures (Figure 2C). By contrast, and
in agreement with the absence of effects on chromatin con-
densation, the addition of BMP-7 neither reduced the num-
ber of immunoreactive cells for active caspase-3 (Figure 2, A
and B) nor the K5-mediated caspase activation (Figure 2C).

Inhibition of Caspase Activity by BMPs Is Not Mediated
by Nuclear Traunslocation of Smads

The effects of BMPs are thought to be canonically mediated
by nuclear translocation of the complex Smad 4/Smad 1 or
5, which can act as coactivators or corepressors of gene
transcription (Miyazono et al., 2005). Because we detected
the presence of Smad 1, 4, and 5 proteins in our culture
system (Supplemental Figure S1), we then tested whether
smad translocation could be observed in mature CGCs after
BMPs treatment. For this purpose, we analyzed by confocal
microscopy the localization of Smad 1, 4, and 5 in CGCs 1 h
after switching the medium to K5 containing vehicle or
BMPs. We found the presence of Smad 1, 4, and 5 in the
cytoplasm as well as in the nucleus of CGCs in all conditions
tested (Figure 3A and Supplemental Figure S2, A and B).
These results, which were confirmed by subcellular fraction-
ation and Western blot analysis, revealed no significant dif-
ferences on nuclear phospho-Smad 1 levels in the presence
or absence of BMPs. Similar results were obtained for Smad
4 (Supplemental Figure S2C). Altogether, these data indicate
that the antiapoptotic effect of BMP-6 is not due to an in-
crease in the nuclear translocation of Smad proteins, sug-
gesting the involvement of a noncanonical pathway.
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Figure 1. BMP-6 protects against low potassium—induced apopto-
sis in CGCs. Cerebellar granule cells cultures (6 DIV) were placed in
serum-free medium containing 25 mM (K25) or 5 mM (K5) KCl and
when indicated, BMP-6 (100 ng/ml) or BMP-7 (30 ng/ml). Chroma-
tin condensation was assayed 24 h later by staining with Hoechst
33258. (A) Condensed or fragmented nuclei were counted and rep-
resented as percentage versus total nuclei. Results are the mean *
SEM from three independent experiments performed in triplicate.
**p < 0.01 and *p < 0.05 versus K5. (B) Fluorescence photomicro-
graphs of representative fields from 7 DIV cultures treated as indi-
cated. Yellow arrows show condensed nuclei.

K5 + BMP-7

BMP-6 Induces MEK/ERK Pathway Activation

Because PI3K/Akt has been described to be responsible for
the inhibition of K5-mediated apoptosis of CGCs observed
with K25, IGF-1, or NMDA (D'Mello et al., 1993; Subrama-
niam et al., 2003; Xifro et al., 2005), we decided to explore the
role of this prosurvival pathway on the antiapoptotic effect
of BMP-6 in CGCs. We examined the time course of Akt
phosphorylation in CGCs when the medium was switched
to K5 in the presence of vehicle or BMP-6. A reduction on
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Akt phosphorylation was observed in K5-cultured cells,
which was not reverted by BMP-6 treatment (Figure 4A).
These results suggest that the PI3K/Akt pathway is not
involved in the BMP-6 neuroprotective effect in CGCs.

Besides the activation of survival promoting signal path-
ways, blockade of K5-mediated apoptosis of CGCs have
been also associated to inhibition of the JNKs. For instance,
pharmacological or synaptic activity-dependent inhibition
of JNKs activity is able to reduce K5-mediated apoptosis
(Watson et al., 1998; Harris et al., 2002; Xifro et al., 2006).
However, inhibition of JNKs activity does not seem to be
involved in BMP-6 antiapoptotic effect. Western blot analy-
sis of phospho-]JNK showed that treatment with BMP-6 was
not able to reduce K5-mediated phosphorylation of JNK
(Figure 4B).

The regulation of the MEK/ERK pathway has a more
controversial role on the survival of CGCs. Although the
MEK/ERK pathway has been described to mediate survival
in CGCs, it is still unclear whether K5-induced apoptosis of
CGCs is associated to an increase or decrease of MEK/ERK
activation (Lafon-Cazal et al., 2002; Subramaniam et al., 2005;
Zhu et al., 2005). The activity of the MEK/ERK pathway can
be estimated by determining the phosphorylation of ERK.
CGCs showed a significant decrease in ERK phosphoryla-
tion the first 2 h after switching the medium to K5. BMP-6
was able to increase the phosphorylation of ERK beyond the
levels observed in K25 cells. Inhibition of MEK with
PD98059 returned pERK to K5 levels (Supplemental Figure
S4). That increase was significantly different to the levels of
phosphorylated ERK observed in K5 (Figure 4C). By con-
trast, the activation of MEK/ERK in K5-treated cells was not
affected by BMP-7 (Supplemental Figure S3A).

MEK/ERK Pathway Mediates BMP-6 Neuroprotection in
CGCs

Because BMP-6 activates the MEK/ERK pathway in CGCs,
we next examined whether MEK/ERK activation was in-
volved in its antiapoptotic effect. For this purpose we used a
specific MEK inhibitor, PD98059. As shown in Figure 5,
preincubation of CGCs with PD98059 for 1 h abolished the
antiapoptotic effect of BMP-6, measured as number of cells
presenting condensed or fragmented chromatin (Figure 5, A
and B). Moreover, the MEK inhibitor was also able to block
the BMP-6-mediated reduction of cells immunoreactive for
active caspase-3 (Figure 5, C and D) and caspase activity
(Figure 5E). Similar results were obtained with another MEK
inhibitor U0126 (Supplemental Figure S5). All these data
support the notion that MEK/ERK activity is essential for
the antiapoptotic effect of BMP-6 in cultured CGCs. Activa-
tion of monomeric G-proteins, such as Rap-1 or Ras, have
been described to participate in the regulation of the MEK/
ERK pathway in response to survival stimuli in CGCs
(Obara et al., 2007). Pulldown assay followed by Western
blot analysis revealed activation of Rapl in BMP-6—treated
CGC cell lysates (Figure 5F). By contrast, activation of Rap-1
was neither observed in BMP-7 nor in K5 cultured CGCs
(Supplemental Figure S3E). Furthermore, we found that Ras
was similarly activated by both BMP-6 and -7 but not in K5
conditions (Supplemental Figure S3D).

¢AMP Response Element-Binding Protein Acts
Downstream of the MEK/ERK Pathway in
BMP-6—treated CGCs

CREB has a key role on the survival of CGCs (Bonni et al.,
1999; Monti et al., 2002; Yabe et al., 2002; Zhong et al., 2004; Jia
et al., 2007). It is well known that CREB is phosphorylated
and activated by the MEK/ERK pathway. In this context, we
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ing 25 mM (K25) or 5 mM (K5) KCl and when 0
indicated, with BMP-6 (100 ng/ml) or BMP-7
(30 ng/ml). Activation of caspase-3 was as-
sessed 10 h later by immunocytochemistry
against its active fragment (A and B) and by an
activity assay (C). Both approaches were per-
formed in three independent experiments by
triplicate. **p < 0.01 and *p < 0.05 versus K5.

KCl 25mM (K25)
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BMP-7 30 ng/mL

next addressed the question whether CREB activation was
necessary for the survival effect of BMP-6 in CGCs. There-
fore, we analyzed CREB phosphorylation in K5 cultures by
Western blot in the presence or absence of BMP-6 and/or the
MEK inhibitor PD98059. As shown in Supplemental Figure
S3B, the level of CREB phosphorylation at serine 133 was
significantly decreased after KCl deprivation compared
with K25 conditions. Addition of BMP-6 to deprived cul-
tures was able to reverse the K5-mediated decrease on
CREB phosphorylation, maintaining the level of phospho-
CREB similar to that of K25-treated CGCs (Figure 6A).
The effect of BMP-6 was dependent on MEK/ERK activa-
tion because the addition of PD 9059 reduced phospho-
CREB levels to K5 levels. By contrast, BMP-7 did not affect
CREB phosphorylation (Supplemental Figure S3B). These
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results suggest that MEK/ERK pathway mediates CREB
activation in BMP-6—treated cells. Accordingly, when we
analyzed the CREB DNA binding activity by electro-
phoretic mobility shift assay (EMSA) assay with a probe
containing a CRE-like consensus sequence, we observed
that BMP-6, but not BMP-7, rescued the CREB-binding
activity that was abolished in K5 conditions and that
inhibition of MEK was able to revert the BMP-6 effect
(Figure 6B and Supplemental Figure S3C).

These experiments suggested that MEK/ERK-mediated
activation of CREB could be involved in the neuroprotective
effect of BMP-6 in CGCs. Therefore, we asked whether ex-
pression of a mutated inactive form of CREB could block the
neuroprotective effect of BMP-6. We used an HSV-GFP or
HSV-MCREBGEFP to infect CGCs (Carlezon et al., 2005). Sub-
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cellular localization of HSV-GFP and HSV-MCREBGFP was
clearly different. Although GFP alone seemed to be ex-
pressed in all subcellular compartments, the MCREBGFP
fusion protein seemed to have a more nuclear localization
(Figure 6D), suggesting that it was exerting its function as a
nuclear CREB inhibitor. To evaluate the role of CREB in the
BMP-6-mediated neuroprotection, we infected the cells
with the virus at 4 DIV and performed the potassium depri-
vation at 6 DIV. The number of apoptotic nuclei in cells
expressing GFP was determined 24 h later. We found that
inhibition of CREB blocked K25- and BMP-6—-mediated neu-
roprotection (Figure 6, D and E), supporting the notion that
CREB is involved in the prosurvival effect of BMP-6 in
CGCs.
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Figure 3. BMP associated Smads are localized in the cytoplasm
as well as in the nucleus of cultured CGCs. Cerebellar granule
cells cultures (6 DIV) were placed in serum-free medium con-
taining 25 mM (K25) or 5 mM (K5) KCl, and BMP-6 (100 ng/ml)
or BMP-7 (30 ng/ml). (A) After 1 h, cells were subjected to
immunocytochemistry for Smad 1. Representative microphoto-
graphs of confocal microscope images are shown for each treat-
ment. Hoechst staining was used to visualize cell nuclei (merge).
Yellow and red arrows, cytoplasmic and nuclear localization,
respectively. (B) Representative Western blots of phosphorylated
and total Smad 1 in cytosolic (C) and nuclear (N) fractions.
Histone H1 and GAPDH were used to monitor the purity of
nuclear and cytosolic fractions, respectively. (C) Ratio between
phosphorylated and total Smad 1 in the nuclear fraction. Results
are the mean * SEM of three independent experiments. No
significant differences were observed.

BMP-6 Activation of CREB Mediates Caspase-3
Inhibition by Increasing Bcl-2 Protein Levels

To further investigate the role of CREB activation on BMP-
6-mediated neuroprotective effect, we determined the pres-
ence of active caspase-3 by Western blot in cells infected
with HSV-GFP or HSV-MCREBGFP. As shown in Figure 7A,
HSV-MCREBGFP was able to block the effect of BMP-6 on
cleaved caspase-3. By contrast, the presence of HSV-GFP did
not affect the levels of cleaved caspase-3 observed in BMP-
6—treated cells.

The Bcl-2 (Xiang et al., 2006) is a CREB-regulated gene that
has been reported to inhibit caspase activation and apopto-
sis. Western blot analysis indicated that BMP-6 significantly
increased Bcl-2 protein levels compared with K5 conditions

Molecular Biology of the Cell
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(Figure 7B). When the MEK/ERK pathway was inhibited
with PD98059, a clear reduction in BMP-6-mediated in-
crease in Bcl-2 was observed. A similar inhibition was ob-
served in K5-cultured CGCs treated with BMP-6 after HSV-
MCREBGEFP infection. To further explore the importance of
Bcl-2 in BMP-6-mediated neuroprotection, we used lentivi-
ruses to block the endogenous synthesis of Bcl-2. Although
viral-mediated neurotoxicity was kept to minimum levels,
an increase in caspase-3 cleavage and apoptosis was ob-
served in K5 and K25 cultures (Figure 7, D and F). We found
higher levels of the caspase-3 active form in the presence of
Bcl-2 shRNA than in scramble shRNA in BMP-6-treated
cells (Figure 7, C-E). In conclusion, silencing Bcl-2 expres-
sion reverses the BMP-6-mediated neuroprotective effect in
CGCs (Figure 7F).

DISCUSSION

BMPs have previously been proposed to induce the gener-
ation of cerebellar granule cells progenitors (Alder et al.,
1999) and to regulate their postnatal differentiation during
their migration toward the internal granular layer (Qin et al.,
2006). Although CGCs differentiate, they require excitatory
inputs from the mossy fibers and trophic support from
extracellular factors to survive (Gallo et al., 1987; Burgoyne
and Cambray-Deakin, 1988; Wood et al., 1993; D’Mello et al.,
1997). At present, it is largely unknown the effect of BMPs on
CGC survival. Because cultured CGCs provide an in vitro
system to explore the molecular factors involved on CGC
survival during their postnatal migration from the external
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to the internal cellular layer in the cerebellum, we took
advantage of them to test the effect of BMPs on CGC sur-
vival and to explore the molecular mechanisms involved.

Biological actions of BMPs are triggered by binding to
homomeric as well as heteromeric receptor complexes con-
taining BMPRI and /or BMPRII and signaling through Smad
proteins (Miyazono et al., 2005). Although several reports
have shown a role of BMPs on cell fate and development in
the cerebellum, few data exist about the expression of both
BMPRs and Smad proteins in the postnatal rodent. Angley et
al. (2003) showed the presence of BMP-4 and Smad 1 in the
postnatal cerebellum (Angley et al., 2003), whereas no re-
ports have addressed the study of BMPR and other Smads.
In our CGC cultures we detected the expression of BMPRI,
BMPRIIL, Smad 1, 4, and 5, suggesting that CGC cultures
could be sensitive to BMPs.

CGCs in culture need to be depolarized or cultured in the
presence of trophic factors to survive. Thus, CGCs die by
apoptosis when cultured in a low-potassium (K5; nondepo-
larizing) medium. When potassium deprivation apoptosis
was triggered in mature cultures (6 or 7 DIV), the addition
of BMP-6, but not BMP-2 or -7, was able to block the effect
of K5 on condensed chromatin nuclei and activation of
caspase-3. Importantly, these data show that members from
the same BMPs subfamily (BMP-6 and -7) could have different
roles on the SNC. By contrast, Yabe et al. (2002) reported that
both BMP-6 and -7 were able to promote the survival of
CGCs. The fact that they used immature CGCs could explain
the discrepancy with our results. In agreement with different
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Figure 5. ERK pathway activation has a key role in BMP-6 neuro-
protection. At 6 DIV, CGC cultures were placed in a serum-free

medium and treated with high (K25) or low (K5) potassium with or
without BMP-6. The MEK inhibitor PD98059 (50 uM) was added 1 h
before the treatment. (A and B) Chromatin condensation was assayed
24 h later by staining with Hoechst 33258. Condensed nuclei were
counted and represented as percentage versus total nuclei. Results are
the mean + SEM from three independent experiments performed in
triplicate. (C and D) The presence of the active form of caspase-3 was monitored 10 h after treatment by immunocytochemistry (see Materials
and Methods). Quantification of positive immunostained cells was performed by triplicate in four experiments. Results are the mean + SEM.
(E) Caspase activity was determined by a fluorometric method after 10 h (see Materials and Methods). Results are the mean + SEM from three
independent experiments performed in duplicate. (F) Cell lysates of indicated treatments were subjected to a pulldown assay with
GST-Ral-GDS. Rapl was detected by Western blotting. Two additional assays gave similar results. **p < 0.01 and *p < 0.05 versus K5;
**p < 0.01 and *p < 0.05 versus BMP-6 + PD.
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effects of BMP-6 and -7 on CGCs, Yabe and coworkers found Our results may also explain the increase in CGC apopto-
that BMP-6, but not BMP-7, promoted neurite outgrowth. sis in Bmprla and Bmprlb double knockout mutants (Qin et
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Figure 6. CREB mediates BMP-6 neuroprotective effect. Mature CGC cultures (6 DIV) were placed in a serum-free medium and treated with
high or low potassium (K25 or K5) with or without BMP-6 and the MEK inhibitor, PD98059 (50 uM). (A) Phospho-CREB and total CREB levels
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assays gave similar results. (C-E) Cells were infected at 4 DIV with HSV-GFP or HSV-MCREBGEFP and treated as described at 6 DIV. A
representative Western blot showing the decrease in CREB activation in HSV-MCREBGEFP infected CGC cultures is shown in C. Data
represent the mean and SEM (between brackets) from four independent Western blots. (D) Representative microphotographs of non-treated
and infected cells. Condensed or fragmented nuclei of GFP-expressing cells were determined with Hoechst 33258 24 h after treatment. Data
represent the percentage of condensed or fragmented nuclei versus total nuclei in GFP-expressing cells (E). Results are the mean + SEM from
three to five independent experiments performed in duplicate. **p < 0.01 and *p < 0.05 versus K5; *p < 0.05 versus K5 + BMP-6; #p < 0.01
versus K5 + BMP-6 + HSV-MCREBGEFP; *# K25 + HSV-MCREBGEFP.
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Figure 8. BMPs role during postnatal cerebellum development. BMPs and their receptors are
expressed in embryonic and postnatal cerebellum and have different roles in the generation,
migration, and differentiation of CGCs. (A) BMP-6 and -7 are necessary for the generation of CGC
precursors at embryonic days 14 and 15 in the proliferation zone of the rhombic limb (Alder et al.,
1999; Qin et al., 2006). In the external granule cell layer (EGL), BMP-2 allows CGC precursors to
enter their differentiation program by antagonizing sonic hedgehog-mediated signaling (Gao et
al., 2006). CGCs complete their differentiation during the migration from the EGL toward the
internal granule cell layer (IGL). It has been reported that BMP-4, which is expressed in the EGL
and in migrating CGCs, promotes the differentiation of CGCs in culture. Lack of afferent stimu-
lation during CGC migration toward the IGL causes apoptotic death. Our results show that
BMP-6 promotes CGC survival in culture, suggesting that it could be an important factor
regulating CGC survival during their migration toward IGL. (B) Schematic representation of the
mechanisms involved in BMP-6-mediated neuroprotection of K5-mediated CGC apoptosis.
BMP-6 activates the MEK/ERK/CREB/Bcl-2 pathway leading to inhibition of caspase activation
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al., 2006). The neurotrophic effect of BMP-6 on CGCs sup-
ports previous reports showing that BMP-6 is a neurotrophic
factor for mesencephalic-, septal cholinergic-, and calbindin-
positive striatal neurons (Jordan et al., 1997; Nonner et al.,
2001; Gratacos et al., 2002). Also, BMP-6 has been reported to
reduce ischemia-induced brain damage in rats (Wang ef al.,
2001). These data indicate that besides their effects on pro-
liferation and differentiation of CGCs (Alder et al., 1999;
Angley et al., 2003; Qin et al., 2006), BMPs have also a
protective role against apoptosis mediated by synaptic ac-
tivity deprivation. Thus, the presence of BMPs in the post-
natal cerebellum could facilitate the development and mat-
uration of CGCs by acting through different mechanisms.
It is well established that canonical BMPs signaling is
mediated by BMP receptors activation followed by nu-
clear translocation of Smad protein complexes (formed by
R-Smads and CoSmad), which in turn modulate gene
expression. Unexpectedly, when we analyzed the subcel-
lular distribution of Smads proteins in CGC cultures we
observed the presence of both R-Smads and CoSmads in the
cytosol and nucleus in all conditions, but their localization was
unchanged when cells were treated with BMPs. We could not
detect changes on R-Smads and CoSmads protein levels in the
nuclear fraction after the addition of BMP-6 or -7. These
results contrast with a previous study showing that BMP-4 is
able to promote Smad 1 nuclear translocation in CGC cul-
tures (Angley et al., 2003). Thus, the key question was to
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induced by K5 resulting in protection (reduced) of K5-mediated apoptosis.

know the mechanism involved on the neuroprotective effect
mediated by BMP-6 in CGCs.

A great insight in the molecular mechanism that control
CGC survival has aroused during the last decade from stud-
ies using cultured CGCs. Nowadays, it is well accepted that
the PI3K-Akt/PKB (Datta et al., 1997; D’Mello et al., 1997),
MEK/ERK (Borodinsky et al., 2002; Lafon-Cazal ef al., 2002;
Xifro et al., 2005) and the JNK pathways are directly in-
volved (Watson et al., 1998; Coffey et al., 2002; Xifro et al.,
2006). Our results indicate that neither PI3K nor JNK path-
ways are involved in neuroprotective effect of BMP-6 be-
cause no changes in the activation of both pathways were
observed in CGCs in K5 conditions in the presence or ab-
sence of BMP-6. Several studies suggest that an early in-
crease in ERK activation is involved in the neuroprotection
provided by extracellular factors to CGCs cultured in K5
(Bonni et al., 1999). On the other hand, some reports also
suggest that delayed activation of ERK is associated to CGC
death in K5 (Subramaniam et al., 2003). Thus, neuroprotec-
tion in K5 conditions would probably need an early positive
and a delayed negative regulation of the ERK pathway. This
has been already described for IGF-1-mediated neuropro-
tection (Subramaniam et al., 2005). Accordingly, we have
observed that addition of BMP-6 induced an early activation
of MEK/ERK determined by ERK phosphorylation. Al-
though it remains to be studied whether BMP-6 treatment
would block the delayed K5-mediated increase in ERK phos-

5061



B. Barneda-Zahonero ef al.

phorylation, the fact that pharmacological inhibition of MEK
was able to block the BMP-6-dependent decrease in apo-
ptotic cell number and caspase activity, clearly indicates that
BMP-6 protects CGCs from potassium- and serum depriva-
tion-induced apoptosis by a MEK/ERK signaling-depen-
dent mechanism.

However, the link between BMP-6 and MEK/ERK activa-
tion remains unclear. Several reports have suggested that
activation of the monomeric G-proteins Ras and Rap-1 are
involved in MEK/ERK pathway activation (Gao et al., 2006;
Je et al., 2006; Marampon et al., 2008). Recently, it has been
described that several prosurvival factors activate MEK/
ERK in a Ras- and/or Rap-1-dependent manner in cultured
CGCs (Obara et al., 2007). A pioneer study (Yue ef al., 1999)
suggested that BMPs activation of MEK/ERK in epithelial
cells was mediated by Ras. In this context we have observed
that both BMP-6 and -7 are able to active Ras. By contrast,
BMP-6, but not BMP-7, is able to activate Rap-1. The differ-
ential activation of Rap-1 by BMP-6 and -7 could explain
why BMP-6, but not BMP-7, is able to promote the activation
of the MEK/ERK pathway. Our data support a previous
report suggesting a selective activation of MEK/ERK by
Rap-1 in PC12 cells (York et al., 1998).

One of the main targets of the MEK/ERK pathway is
CREB. CREB activation has been implicated in synaptic
plasticity, learning, and memory and cell survival (Lonze
and Ginty, 2002; Carlezon et al., 2005). Moreover, CREB
activation has been reported to be a necessary step in CGC
survival and differentiation during the postnatal develop-
ment (Monti et al., 2002; Zhong et al., 2004). In this context,
we have observed that BMP-6, but not BMP-7, activates
CREB via the MEK/ERK pathway and this activation is
required for the decrease in caspase-3 activity. Several mech-
anisms could be involved in caspase-3 inhibition. Bcl-2 is an
antiapoptotic protein positively regulated by CREB at the
transcriptional level (Xiang et al., 2006). It has been also
reported that Bcl-2 has a key role preventing cell death in
cultured CGCs (Tanabe et al., 1997). Accordingly, we de-
scribe that inhibition of caspase-3 activation by BMP-6 is
mediated by MEK/ERK/CREB-dependent increase of Bcl-2
levels.

In summary, our results demonstrate that BMP-6 protects
CGCs from apoptosis induced by potassium deprivation of
excitatory stimuli by a noncanonical pathway involving
MEK/ERK/CREB signaling. Activation of this pathway
leads to an increase in the antiapoptotic protein Bcl-2 and
inhibition of caspase-3 activation (Figure 8, A and B). Our
data suggest that BMPs, apart from the previously reported
actions on CGC progenitor cells generation and differentia-
tion, has a third biological role as promoters of CGC sur-
vival. Moreover, the failure of another BMP subfamily mem-
ber as BMP-7 to promote survival of CGCs, indicates the
functional diversity and complexity of closed-related BMPs
in the CNS.
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