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Characterization of a Neurotrophin Signaling Mechanism
that Mediates Neuron Survival in a Temporally

Specific Pattern
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The temporally specific nature of neurotrophic factor-induced responses is a general feature of mammalian nervous system develop-
ment, the mechanisms of which remain to be elucidated. We characterized a mechanism underlying the temporal specificity by which
BDNF selectively promotes the survival of newly generated, but not mature, granule neurons of the mammalian cerebellum. We found
that BDNF specifically induces the extracellular signal-regulated kinase 5 (ERK5)-myocyte enhancer factor (MEF2) signaling pathway in
newly generated granule neurons and thereby induces transcription of neurotrophin-3 (NT-3), a novel gene target of MEF2. Inhibition of
endogenous ERK5, MEF2, or NT-3 in neurons by several approaches including disruption of the NT-3 gene in mice revealed a requirement
for the ERK5-MEF2-NT-3 signaling pathway in BDNF-induced survival of newly generated granule neurons. These findings define a
novel mechanism that underlies the antiapoptotic effect of neurotrophins in a temporally defined pattern in the developing mammalian

brain.
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Introduction

The neurotrophins comprise a family of secreted proteins that
promote the survival of distinct neuronal populations in the de-
veloping mammalian nervous system (Bothwell, 1995; Ip and
Yancopoulos, 1996; Lewin and Barde, 1996). Because of the es-
tablished importance of the neurotrophins in neuronal survival
during development and their potential to promote recovery of
neurons after injury in the adult nervous system (Jelsma and
Aguayo, 1994; Lindsay, 1994; Yuen and Mobley, 1996), there has
been a great deal of interest in characterizing the intracellular
mechanisms by which the neurotrophins suppress neuronal ap-
optosis (Kaplan and Miller, 2000).

The granule neurons of the cerebellar cortex represent an at-
tractive cell type for characterizing the molecular control of neu-
ronal survival and death, because these processes have been ex-
tensively studied at a cellular and developmental level in these
neurons (Williams and Herrup, 1988). Cerebellar granule neu-
rons are generated within the external granular layer (EGL) and
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then migrate into the internal granule layer (IGL) (Altman and
Bayer, 1997; Hatten and Heintz, 1995). After their migration into
the IGL, granule neurons undergo maturation that includes the
elaboration of dendrites within the IGL and the formation of
synapses with Purkinje neurons in the molecular layer. Newly
generated granule neurons in the EGL and IGL undergo develop-
mentally regulated apoptosis (Wood et al., 1993).

Early investigations into the role of the neurotrophins in neu-
ron survival in the developing cerebellum revealed that BDNF
suppresses apoptosis of cultured primary granule neurons (Segal
et al., 1992; Lindholm et al., 1993). In contrast, the addition of
neurotrophin-3 (NT-3) to cultured cerebellar granule neurons
does not suppress apoptosis (Segal et al., 1992; Lindholm et al.,
1993), an observation that cast doubt on a pro-survival role for
NT-3 in granule neurons until the gene knock-out data became
available. Genetic evidence in mice indicates that both BDNF and
NT-3 play important roles in regulating the survival of cerebellar
granule neurons (Schwartz et al., 1997; Bates et al., 1999). Still,
significant questions remain on the relative roles and relationship
of the actions of BDNF and NT-3 in promoting the survival of
granule neurons. On the one hand, the BDNF—/— and CNS-
specific NT-3—/— mice have very similar cerebellar phenotypes,
each displaying a phenocopy of the morphological abnormality
of the vermis and increased apoptosis of newly generated granule
neurons (Schwartz et al., 1997; Bates et al., 1999). In contrast,
inactivation of the major BDNF and NT-3 receptors, TrkB and
TrkC, respectively, shows a small increase in apoptosis of granule
neurons but a dramatic increase in apoptosis in mice with inac-
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tivation of three of the four TrkB and TrkC alleles (TrkB—/—,
TrkC+/—, or TrkB+/—, TrkC—/—), suggesting that these neu-
rotrophin receptors collaborate to promote granule neuron sur-
vival (Minichiello and Klein, 1996).

Closer examination of the genetic evidence in mice indicates
that BDNF suppresses apoptosis of newly generated granule neu-
rons in the EGL and IGL before their maturation (Schwartz et al.,
1997). However, beyond this developmental time window,
BDNEF continues to exert biological effects on developing granule
neurons that contribute to their maturation (Gao et al., 1995).
These observations raise the important question of what intracel-
lular mechanisms confer on BDNF the ability to promote the
survival of granule neurons in a temporally specific manner. The
temporal specificity of the biological effects of a neurotrophic
factor is a general feature of mammalian brain development,
whose underlying mechanisms remain to be elucidated.

Primary granule neurons cultured from the rodent or murine
cerebellum recapitulate many aspects of their development in
vivo, including the temporally specific profile of granule neuron
maturation (Powell et al., 1997). Recent microarray analyses of
cultured granule neurons and the developing cerebellum reveal
that the temporal changes of gene expression profiles in cultured
granule neurons faithfully mimic those observed in vivo, validat-
ing cultured primary granule neurons as a good model of devel-
opmentally regulated events in the intact cerebellum (Diaz et al.,
2002). Consistent with this interpretation, BDNF suppression of
apoptosis of cultured granule neurons declines with maturation
(Skaper et al., 1998). These results suggest that investigation of
BDNF-induced survival of granule neurons should yield insight
into the mechanisms underlying the temporal specificity of the
pro-survival effect of BDNF.

The intracellular mechanisms by which BDNF promotes the
survival of neurons are beginning to be characterized. BDNF
enhances the survival of cerebellar granule neurons via the extra-
cellular signal-regulated kinasel/2 (ERK1/2) and Akt signaling
pathways (Meyer-Franke et al., 1998; Bonni et al., 1999). Akt and
the ERK1/2-activated kinases, the Rsks, promote cell survival in
part by a transcription-independent mechanism by phosphory-
lating and thereby inactivating the apoptotic protein BAD (Bonni
et al., 1999). In addition to direct inactivation of the cell death
machinery, transcription-dependent mechanisms also seem to
play a prominent role in neurotrophin-induced cell survival
(Bonni et al., 1999; Riccio et al., 1999). In particular, the ERK1/
2-Rsk signaling pathway promotes neuronal survival by activat-
ing the transcription factor cAMP response element-binding
protein (CREB) (Bonni et al., 1999). Whether the temporal spec-
ificity of the pro-survival effect of BDNF-induced granule neuron
survival is explained by a difference in BDNF activation of the
ERK1/2 or Akt signaling pathway or if it is conferred by addi-
tional BDNF-induced signals remained to be characterized.

Neurotrophins activate multiple signals downstream of the
Trk receptors in addition to the ERK1/2 and Akt signaling cas-
cades (Kaplan and Miller, 2000). However, the biological roles of
many of the neurotrophin-induced signals remain to be eluci-
dated. Among these signals, the ERK1/2-related kinase ERK5 has
been reported in one study to mediate NGF-induced survival of
PNS sensory neurons (Watson et al., 2001), but its role in the
survival of neurons in the developing mammalian brain re-
mained unknown. A major substrate of ERK5 is the transcription
factor myocyte enhancer factor 2 (MEF2), a member of the su-
perfamily of transcription factors containing a MADS box (Black
and Olson, 1998). The MEF2 proteins have established roles in
myogenesis, but their high expression in neurons suggests that
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these transcription factors also play important roles in the devel-
oping brain (Lyons et al., 1995; Lin et al., 1996; Mao et al., 1999).
Consistent with this conclusion, MEF2 mediates neuronal
activity-dependent cell survival (Mao et al., 1999; Gaudilliere et
al., 2002; Okamoto et al., 2002). However, the role of MEF2, if
any, in neurotrophin-induced cell survival and how MEF2 might
mediate neurotrophin-induced neuronal survival remained to be
characterized.

In this study, we investigated the mechanisms by which BDNF
promotes the survival of granule neurons in an age-specific man-
ner. BDNF robustly promoted the survival of newly generated
granule neurons but failed to promote the survival of mature
granule neurons. Surprisingly, BDNF induced the ERK1/2 and
Akt signaling pathways in both populations of granule neurons,
suggesting that additional signals confer on BDNF the temporal
specificity of the survival response. We found that BDNF selec-
tively induces the ERK5-MEF2 signaling pathway in newly gen-
erated granule neurons. We also identified the NT-3 gene as a
novel direct target of MEF2 that is induced by BDNF in granule
neurons in an age-specific manner. Finally, activation of the en-
dogenous ERK5-MEF2—-NT-3 signaling module in granule neu-
rons was found to mediate BDNF-induced survival of newly gen-
erated granule neurons. Together, our findings define a novel
mechanism that confers on BDNF the ability to promote the
survival of granule neurons in a temporally defined manner. In
addition, our results illuminate the relationship of two major
neurotrophic factors in the developing cerebellum, suggesting
that NT-3 functions downstream of BDNF in the promotion of
cerebellar granule neuron survival during the time window of
peak developmentally regulated granule neuron apoptosis.

Materials and Methods

Plasmids and mutagenesis. The expression plasmids that contain
MEF2CR24L, MEF2A-TA, CREBM1, and MEK1KA97 have been de-
scribed previously. The pCEFL expression plasmids containing ERK5,
MEKS5AA, and MEK5DD were kindly provided by Dr. S. Gutkind (Na-
tional Institute of Dental and Craniofacial Research, Bethesda, MD). The
NT-3 promoter-luciferase reporter genes were constructed by inserting
fragments of the NT-3 promoter in pGL-2. Mutation of the NT-3 pro-
moter was performed using QuikChange Site Directed Mutagenesis Kit
(Stratagene, La Jolla, CA) according to the manufacturer’s protocol, and
mutations were confirmed by sequencing and restriction analysis. Gran-
ule neuron cultures were prepared from cerebella of postnatal day 6 rat
pups, as described previously (Bonni et al., 1999). Neurons were placed
on polyornithine-coated plates and grown in BME (Sigma, St. Louis,
MO) supplemented with 10% calf serum (Hyclone Laboratories, Logan,
UT), 25 mm KCl, 2 mm glutamine, penicillin, and streptomycin. One day
after cultures were prepared (P6 + 1DIV), they were treated with the
antimitotic agent cytosine-f-p-arabinofuranoside (10 um) to prevent
the proliferation of non-neuronal cells. Genes were introduced into cer-
ebellar granule neurons using a calcium phosphate transfection method,
as described previously (Konishi et al., 2002).

Indirect immunofluorescence. Indirect immunofluorescence was per-
formed as described previously (Konishi et al., 2002). In transfected cul-
tures, B-galactosidase was detected by incubating fixed cerebellar cul-
tures with a mouse monoclonal antibody to -galactosidase (dilution,
1:500; Promega, Madison, WI), followed by a goat anti-mouse secondary
antibody that was conjugated to Cy3 (dilution, 1:500; Amersham). Cul-
tures were also stained with the DNA dye bisbenzimide (Hoechst 33258).
Cell counts were performed by a blinded observer.

Immunoprecipitations and Western blot analyses. Immunoprecipita-
tions and Western blot analyses were performed as described with the
following modifications (Bonni et al., 1999). In the experiments in Figure
2A, lysates of cerebellar granule neurons were immunoblotted using
rabbit polyclonal antibodies that recognize the phosphorylated form of
ERKS specifically (dilution, 1:1,000; BioSource, Camarillo, CA) in TBST
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containing 3% BSA, and 5% milk at 4°C for 12 hr. Antibody binding was
detected by ECL with a secondary antibody conjugated to horseradish
peroxidase (dilution 1:20,000). Total ERK5 was detected with rabbit
polyclonal antibodies (dilution 1:1,000; Calbiochem, La Jolla, CA).

In vitro kinase assays. Cerebellar granule neuron cultures maintained
in full medium were switched to BME and left untreated or treated with
BDNF (100 ng/ml) for 15 min. Lysates were prepared from these cultures
in a buffer containing 20 mm Tris, pH 7.5, 5 mm EGTA, 25 mm
B-glycerophosphate, 1% Triton X-100, 150 mm NaCl supplemented with
2mm DTT, 1 mm NaVOs;, 1 mm PMSF, and 1% aprotonin. Lysates were
subjected to immunoprecipitation by incubating with 10 ul of anti-
ERKS5 antibody (Calbiochem) for 2 hr at 4°C, followed by 20 ul of protein
A-sepharose for 2 hr. Immunoprecpitates were washed three times with a
buffer containing 20 mm Tris, pH 7.5, 500 mm NaCl, and 0.05% Tween
20, and 2 mm DTT and then subjected to an in vitro kinase reaction for 30
min at 30°C in 30 pl containing 4 mwm Tris, pH 7.5, 2 mm MgCl,, 20 um
cold ATP, 15 uCi [32]-P-y-ATP, and 1 ug of GST-MEF2A. Reaction
products were separated by PAGE and subjected to autoradiography.
Immunoprecipitated ERK5 did not induce the phosphorylation of glu-
tathione S-transferase (GST).

Reverse transcription-PCR and Northern blot analyses. Cerebellar granule
neurons (15 X 10°) were plated on polyornithine-coated 6-cm plates. RNA
was extracted from harvested cells using TRIzol reagent (Invitrogen, San
Diego, CA) according to the manufacturer’s protocol, precipitated, and re-
suspended in a small volume of DEPC-treated water. Two nanograms of
RNA were subjected to reverse transcription (RT)-PCR using the Invitrogen
Superscript RT-PCR system. The primers for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were reverse 5'-CATGTCAGATCCACAA-
CGG-3' and forward 5'-TGCTGGTGCTGAGTATGTCG-3'. The primers
for NT-3 were reverse 5'-TCTGAAGTCAGTGCTCGGAC-3" and forward
5'-GGTCAGAATTTCCAGCCGATG-3'. Reverse transcription was per-
formed at 50°C for 30 min. PCR consisted of an initial 2 min at 95°C, fol-
lowed by either 33 (NT-3) or 25 (GAPDH) amplification cycles of 95°C for
30 sec, 55°C for 30 sec, and 72°C for 1 min, followed by a final incubation of
72°C for 10 min after the last cycle. PCR products were separated on 3%
agarose/Tris-acetate EDTA gels and detected with ethidium bromide.

DNA-binding assays. DNA-binding assays were carried out as de-
scribed previously (Bonni et al., 1997). Double-stranded oligonucleotide
probes corresponding to the wild-type and mutant MEF2-binding site
from the NT-3 promoter were labeled with [32]P-y-ATP using T4
polynucleotide kinase (New England Biolabs, Beverly, MA) and purified.
For DNA binding reactions, 2 X 10° cpm of probe was incubated with 2
pg of total protein extract from 293T cells that were transfected with
vector or a MEF2A expression plasmid, in the presence or absence of cold
wild-type or mutant competitors, for 20 min at room temperature in
DNA-binding buffer (5 mm HEPES, pH 7.9, 0.5 mm spermidine, 100 um
EGTA, 1 mm DTT, 20 pg/ml poly dIdC, 600 ug/ml BSA, and 7% glycer-
ol). Reaction products were separated by electrophoresis on a nondena-
turing 4% acrylamide gel and analyzed by autoradiography.

Conditional knock-out mice. All animals were housed and cared for
according to Institutional Animal Care and Use Committee guidelines.
Mice carrying an allele of NT-3 with exon II flanked by loxP sites have
been described and were obtained from Jackson Labs. Nestin-Cre recom-
binase transgenic mice were generously provided by Dr. Philip Hinds
(Harvard Medical School, Boston, MA). Female homozygous floxed
NT-3 mice were intercrossed with male heterozygous floxed NT-3 mice
carrying a single copy of the Nestin-Cre recombinase transgene. Geno-
types were confirmed by PCR analysis of total genomic DNA. Primary
cerebellar granule neurons were cultured from postnatal day 5 mice and
plated at a density of 1 X 10°/well in polyornithine-coated 96-well plates
in BME (Sigma) supplemented with 10% calf serum (Hyclone), 25 mm
KCl, 2 mm glutamine, penicillin, and streptomycin. One day after cul-
tures were prepared (P6 + 1DIV), they were switched to BME supple-
mented with 25 mm glucose, 2 mum glutamine, penicillin, and streptomy-
cin and 10 uMm of the mitotic inhibitor cytosine-B-p-arabinofuranoside,
in the presence or absence of neurotrophic factors as detailed in the
legend for Figure 6.
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Results

BDNEF promotes the survival of cerebellar granule neurons in
an age-specific manner

To investigate the mechanisms that might confer temporal spec-
ificity to the BDNF-induced survival response in granule neurons
of the developing cerebellum, we first characterized BDNF en-
hancement of survival of newly generated granule neurons iso-
lated from postnatal day 6 rat pups and cultured for 3 d in vitro
(P6 + 3DIV) or mature granule neurons (P6 + 7DIV). As ex-
pected, BDNF robustly reduced the rate of apoptosis of newly
generated granule neurons that had been deprived of full survival
medium (Fig. 1A). However, BDNF failed to promote the sur-
vival of mature granule neurons (Fig. 1A). The difference in the
survival response of newly generated and mature granule neu-
rons to BDNF was not because of the nonspecific failure of ma-
ture granule neurons to respond to survival factors, because both
populations of neurons underwent little apoptosis in full survival
medium (Fig. 1A). These data suggest that BDNF enhancement
of granule neuron survival in primary cerebellar cultures occurs
in a temporally defined manner that mimics the pattern of
BDNF-induced granule neuron survival in vivo.

In recent studies, the phosphatidylinositol 3-kinase (PI3K)-
Akt and the ERK-Rsk kinase pathways have emerged as critical
mediators of BDNF-dependent neuron survival (Meyer-Franke
etal., 1998; Bonnietal., 1999). To determine whether a difference
in the activation of these signaling pathways in newly generated
and mature granule neurons might account for the differential
BDNEF survival response at the two ages, we examined the activa-
tion of ERK1/2 and Akt in the two populations of granule neu-
rons. Surprisingly, immunoblotting of cerebellar granule neuron
lysates using phospho-specific antibodies revealed little differ-
ence in the ability of BDNF to induce phosphorylation of ERK1/2
and Akt on sites that reflect their activation in mature and newly
generated granule neurons (Fig. 1 B,C). These data indicate that
although BDNF selectively promotes the survival of newly gener-
ated granule neurons, both newly generated and mature granule
neurons are responsive to BDNF. In addition, these data suggest
that other BDNF-induced signals, in addition to the PI3K—Akt
and ERK—Rsk kinase cascades, are required for BDNF to promote
neuron survival in a temporally defined manner.

The ERK5-MEF?2 signaling pathway mediates BDNF-induced
survival of newly generated granule neurons

We next considered the possibility that a signaling pathway that is
distinct from the ERK1/2-Rsk and PI3K-Akt cascades might
confer on BDNF the ability to selectively promote the survival of
newly generated granule neurons. Recent reports suggest that the
ERK1/2-related kinase ERK5 mediates neurotrophin-induced re-
sponses, including BDNF-induced transcription in cortical neu-
rons and NGF-induced survival of sensory neurons in the PNS
(Kamakura et al., 1999; Cavanaugh et al., 2001; Watson et al.,
2001). However, the role of ERK5 in the pro-survival function of
neurotrophins in the developing mammalian brain remained to
be characterized.

To determine whether the ERK5 signaling pathway plays a
role in regulating BDNF-induced survival, we first asked whether
BDNEF stimulates the activity of ERK5 in newly generated granule
neurons. BDNF induced the rapid phosphorylation of ERK5 on
sites that reflect its activation as determined by immunoblotting
of granule neuron lysates using phospho-specific ERK5 antibod-
ies (Fig. 2A). In other experiments, BDNF stimulated the kinase
activity of ERKS5 in granule neurons as determined by in vitro
kinase assays of ERK5 immunoprecipitated from granule neuron
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Figure 1.  BDNF promotes survival of cerebellar granule neurons in a temporally defined manner.
A, Newly generated (P6 + 3DIV) or mature (P6 + 7DIV) cerebellar granule neurons were deprived of
survival factors and left untreated (control) or treated with BDNF (100 ng/ml) or with full survival
medium containing 30 mm KCland 10% serum (conditioned medium, CM). After 48 hr, cultures were
fixed and subjected toimmunofluorescence. Percentage of apoptosis is shown as mean = SEM. BDNF
significantly reduced apoptosis in newly generated cerebellar granule neurons (ANOVA; p << 0.0005;
n = 3) but had no effect on apoptosis of mature granule neurons. Full survival medium reduced
apoptosis of both newly generated and mature cerebellar granule neurons (ANOVA; p << 0.0001;n =
3). B, BDNF induces the phosphorylation of ERK1/2 and Akt in both newly generated and mature
cerebellar granule neurons. Newly generated (P6 -+ 3DIV) and mature (P6 + 7DIV) cultures of cere-
bellar granule neurons were deprived of survival factors for 1 hr and then treated with BDNF (100
ng/ml) for the indicated periods. In B, immunoblotting was performed with an antibody that specif-
ically recognizes ERK1/2 when phosphorylated within the TEY motif (B, top; Promega) or with an
antibody that recognizes ERK1/2, regardless of the phosphorylation state (B, bottom; New England
Biolabs). In C;immunoblotting was performed with an antibody that recognizes Akt when phosphor-
ylated at serine 478 (C, top; New England Biolabs) or with an antibody that recognizes Akt, regardless
of phosphorylation state (C, bottom; New England Biolabs).

lysates (Fig. 2B). BDNF triggered ERK5 phosphorylation in
newly generated granule neurons but failed to effectively induce
ERK5 phosphorylation in mature granule neurons, suggesting
that BDNF stimulates the ERK5 signaling pathway in granule
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neurons in an age-specific manner (Fig. 2C). Interestingly, the
total level of ERKS5 increased with age in granule neurons (Fig.
2C), suggesting an even more striking age-associated difference
in the ability of BDNF to induce ERK5 phosphorylation in gran-
ule neurons.

We next determined the role of BDNF-activated ERKS5 in
BDNF-induced survival of newly generated granule neurons. We
tested the effect of a dominant interfering form of the ERK5
activator MEKS, in which two key regulatory residues have been
replaced by alanines (MEK5AA) (Marinissen et al., 1999), on
BDNF-induced survival. Cultures of newly generated cerebellar
granule neurons were transfected with an expression plasmid
encoding MEK5AA or a control vector together with an expres-
sion plasmid encoding [-galactosidase. Transfected cultures
were deprived of survival factors and left untreated or treated
with BDNF. After 2 d, cultures were fixed and subjected to indi-
rect immunofluorescence using an antibody to 3-galactosidase
and the DNA dye bisbenzimide (Hoechst 33258) to label the
nuclei. A determination of cell death in transfected neurons was
made on the basis of the presence or absence of nuclear pyknosis
and fragmentation and the integrity of the neurites as visualized
by B-galactosidase. We found that the expression of MEK5AA
reduced significantly BDNF-induced survival of newly generated
granule neurons (Fig. 2 D). MEK5AA specifically blocks the acti-
vation of ERK5 (Marinissen et al., 1999), and in granule neurons
the expression of MEK5AA failed to inhibit BDNF activation of
ERK1/2, as determined by immunocytochemistry experiments
using an antibody that specifically recognizes the activated form
of ERK1/2 (see legend to Fig. 2 D). Together, these results suggest
that BDNF activates ERK5 in granule neurons in a temporally
defined manner and, once activated, the ERKS5 signaling pathway
confers on BDNF the ability to mediate the survival of newly
generated granule neurons.

We next examined the mechanism by which ERK5 mediates
BDNF-induced granule neuron survival. Members of the MEF2
family of transcription factors are thought to be physiological
substrates of ERK5 (Marinissen et al., 1999). In neurons, electri-
cal activity induces MEF2-dependent survival via the p38MAPK
signaling pathway (Mao et al., 1999). In contrast, BDNF-induced
granule neuron survival occurs independently of the p38MAPK
signaling pathway. The expression of a dominant interfering
form of the p38MAPK activator MKK6 (MKK6KA) in granule
neurons that reduces activity-dependent cell survival (Mao et al.,
1999) failed to inhibit BDNF-induced cell survival (data not
shown). Nevertheless, we considered the possibility that BDNF
might induce MEF2-dependent survival of newly generated gran-
ule neurons owing to the ability of BDNF to activate ERK5 in
these neurons.

We expressed two dominant interfering forms of MEF2,
MEF2CR24L and MEF2A-TA, in cerebellar granule neurons (Fig.
3A) to block endogenous MEF2 function. MEF2CR24L is a mu-
tant MEF2C protein that contains a mutation within its con-
served DNA-binding region (Molkentin et al., 1996). MEF2A-TA
isamutant MEF2A protein in which threonines 312 and 319 have
been replaced with alanine (Zhao et al., 1999). MEF2CR24L and
MEF2A-TA act as dominant-negative MEF2 proteins by distinct
mechanisms. Whereas MEF2CR24L forms dimers with endoge-
nous MEF2 proteins that then fail to bind to the MEF2 response
element (MRE) within MEF2-responsive genes, MEF2A-TA
competes with endogenous MEF2s for binding to the MRE
within MEF2-responsive genes. However, once bound to DNA,
MEF2A-TA fails to activate transcription because MEF2A-TA
cannot undergo phosphorylation at the critical regulatory sites of
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Figure2. ERKSis activated in newly generated granule neurons and is necessary for BDNF-
mediated survival. A, BDNF activates ERK5 in newly generated granule neurons. Granule neu-
rons were deprived of survival factors and left untreated or treated with BDNF, as in Figure 18,
for the indicated periods. Inmunoblotting was done with a phospho-ERK5 antibody that rec-
ognizes ERKS that is phosphorylated within the TEY motif (top; BioSource) or with an antibody
that recognizes ERK5, regardless of phosphorylation state (bottom; Calbiochem). B, BDNF stim-
ulates ERK5 kinase activity. Granule neurons (P6 + 5DIV) were deprived of survival factors and
left untreated or treated with BDNF (100 ng/ml) for 15 min. Immunoprecipitated ERK5 was
subjected to an in vitro kinase assay using GST-MEF2A as substrate. C, BONF induces ERK5
phosphorylation in newly generated, but not in mature, cerebellar granule neurons. Newly
generated (P6 + 4DIV or + 5DIV) or mature (P6 + 8DIV) granule neurons were treated with
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threonines 312 and 319 in response to extracellular stimuli. We
found that the expression of both dominant interfering forms of
MEF2 reduced significantly BDNF-induced survival of newly
generated granule neurons (Fig. 3B). These results suggest that
MEF2-dependent transcription is required for BDNF-induced
granule neuron survival.

Because MEF2A is the most highly expressed member of the
MEF2 family in newly generated granule neurons (Mao et al.,
1999), we assessed the specific role of MEF2A in the BDNF-
induced survival response. Using a U6 promoter-based DNA
template method expressing MEF2A hairpin RNAs (hpRNAs)
that specifically reduced endogenous MEF2A expression in cere-
bellar granule neurons (Gaudilliere et al., 2002), we found that
the MEF2A hpRNAs significantly reduced BDNF enhancement
of neuronal survival (Fig. 3C). This was not due to a non-specific
effect of productive hpRNAs because the expression of hpRNAs
targeted to the unrelated gene cyclin dependent kinase 2 (Cdk2)
was found to have little effect on BDNF-induced neuronal sur-
vival (see legend of Fig. 3C). Together, these results suggest that
endogenous MEF2A mediates BDNF enhancement of the sur-
vival of newly generated granule neurons.

NT-3: a novel target of the ERK5-MEF2 signaling pathway
The results suggesting that MEF2-dependent transcription is re-
quired for BDNF-induced granule neuron survival led us next to
investigate the mechanism by which the ERK5-MEF2 signaling
pathway mediates BDNF-induced neuron survival. As a first step
toward identifying the set of MEF2-induced genes that might
promote the survival of neurons, we performed computer-aided
searches to identify genes that contain within their promoters
conserved potential MEF2-binding sites (MREs). By sequence
gazing, we found that the promoter of the NT-3 gene contains a
potential MRE at nucleotide —1026 upstream of the transcrip-
tional start site that is conserved in the human and rat NT-3
genes. Consistent with the possibility that NT-3 might representa
novel target of MEF2, BDNF has been reported to induce the
expression of NT-3 in granule neurons (Leingartner et al., 1994).
Because BDNF induces the activation of ERK5 in granule neu-
rons in a temporally defined manner and the ERK5-MEF2 sig-
naling pathway mediates BDNF-induced survival of newly gen-
erated granule neurons, we determined the temporal profile of
BDNF induction of NT-3 gene expression. We found that BDNF
stimulated the expression of the late response gene encoding
NT-3 in newly generated granule neurons but failed to induce
NT-3 expression in mature granule neurons (Fig. 4A). In con-
trast, BDNF induced transcription of the immediate early gene

<«

BDNF, as in Figure 18, for 30 min. Inmunoblotting was done with the phospho-ERK5 antibody
(top), the ERK5 antibody (second panel), the phospho-Akt antibody (third panel), and the Akt
antibody (bottom). D, ERK5 mediates BDNF-induced granule neuron survival. Cerebellar gran-
ule neurons (P6 + 5DIV) were transfected with a dominant-negative MEKS (MEK5AA) or its
control vector together with an expression plasmid encoding 3-galactosidase. Transfected
cultures were deprived of survival factors and left untreated or treated with BONF (100 ng/ml).
After 2 d, cells were fixed and analyzed for cell survival and death. Percentage of survival is
shown as mean == SEM. BDNF significantly increased survival of vector-transfected cerebellar
granule neurons (ANOVA; p < 0.001; n = 3) but not MEK5AA-expressing granule neurons. To
determine the specificity of MEKSAA in granule neurons, we tested the effect of MEK5AA on
BDNF-induced phosphorylation of ERK1/2 immunocytochemically using the phosphoERK1/2
antibody. In two experiments, nearly 80% of vector-transfected, BDNF-treated granule neurons
displayed phosphoERK1/2 immunoreactivity. The expression of a dominant interfering form of
MEK1 (MEKTKA97) reduced the number of phosphoERK1/2-positive cells to 37%. However, the
expression of MEK5AA failed to reduce BDNF activation of ERK1/2, because 77% of MEKSAA-
expressing granule neurons were phosphoERK1/2 positive.
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in Figure 2D. BDNF significantly increased survival of vector-transfected cerebellar granule
neurons (ANOVA; p << 0.001; n = 3) but not of MEF2CR24L- or MEF2A-TA-expressing granule
neurons. C, Knockdown of MEF2A inhibits BDNF-induced granule neuron survival. Granule
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c-fos in both newly generated and mature granule neurons (Fig.
4A). The temporal profiles of BDNF-induced granule neuron
survival, BDNF-induced NT-3 expression, and BDNF-induced
ERKS5 activation correlated tightly (Fig. 1 A, 2C, 4A, B), suggest-
ing that NT-3 may be a direct target of the ERK5-MEF?2 signaling
pathway.

In transient transfection assays in cerebellar granule neurons,
we found that BDNF stimulates the expression of a luciferase
reporter gene controlled by ~1 kb of the NT-3 promoter in newly
generated granule neurons but not in mature neurons, suggesting
that BDNF induces NT-3 transcription in a temporally defined
manner (Fig. 4C) (data not shown). Deletion mapping revealed
that a region of ~250 bp between —1087 and —838 bp 5’ to the
transcription start site that contains the potential MEF2-binding
site (MRE) is necessary for BDNF-induced expression of a NT-3
promoter-luciferase reporter construct (Fig. 4C).

In DNA-binding assays, the MEF2 protein MEF2A, when ex-
pressed in 293T cells, formed a complex with a radiolabeled NT-3
promoter, MRE (Fig. 4D). The protein-DNA complex was dis-
rupted by competition with a consensus MRE but not with a
mutant MRE, and the complex was supershifted with an anti-
MEF2A antibody (Fig. 4 D). Likewise, we found that the radiola-
beled NT-3 promoter MRE formed a specific protein—-DNA com-
plex when incubated with lysates of cerebellar granule neurons.
Formation of the granule neuron-derived protein—-DNA complex
was competed by wild-type MRE but not mutant MRE and was
supershifted by the anti-MEF2A antibody (Fig. 4 D). Together,
these results suggest that endogenous MEF2A in granule neurons
binds the NT-3 promoter MRE.

We next determined the role of endogenous MEF2 in BDNF-
induction of NT-3 transcription in granule neurons. We first
tested the effect of a mutation of the NT-3 MRE known to disrupt
MEF2 binding in vitro on the ability of BDNF to stimulate NT-3
promoter-mediated transcription. Whereas BDNF stimulated
the expression of a reporter gene controlled by the wild-type
NT-3 promoter, BDNF failed to effectively induce the NT-3 pro-
moter containing the mutant MRE, suggesting that MEF2 bind-
ing to the NT-3 promoter MRE is critical for BDNF induction of
NT-3 transcription (Fig. 4 E). We also tested the effect of the two
dominant interfering forms of MEF2 (Fig. 3A) on the BDNF-
induced NT-3 response. We found that both MEF2CR24L and
MEF2A-TA significantly reduced the ability of BDNF to stimu-
late NT-3 promoter-mediated transcription (Fig. 4F). These re-
sults suggest that MEF2 binds to the NT-3 MRE and thereby
mediates BDNF-induced NT-3 transcription in cerebellar gran-
ule neurons.

To determine whether BDNF-activated ERKS5 is required for
BDNF-induced NT-3 expression in newly generated granule
neurons, we tested the effect of the dominant interfering form of
MEKS5, MEK5AA, on the BDNF-induced response. We found
that the expression of MEK5AA in newly generated granule neu-

<«

neurons (P6 + 2DIV) were transfected with the U6 control vector or the U6/MEF2A plasmid
encoding MEF2A hairpin RNAs, together with the 3-galactosidase expression plasmid. After
2d, cells were changed to medium without survival factors or were supplemented with BDNF
(100 ng/ml). After 1 d, cells were fixed and subjected to immunofluorescence. Percentage of
survival is shown as mean = SEM. BDNF significantly increased survival of U6-transfected
cerebellar granule neurons (ANOVA; p << 0.0005; n = 3) but not of MEF2A hpRNA-expressing
transfected granule neurons. BDNF-induced survival was significantly reduced in MEF2A
hpRNA-expressing neurons (percentage of survival, 16.3 = 1.8; p << 0.01; ANOVA; n = 3) but
not in Cdk2 hpRNA-expressing neurons (percentage of survival, 32.3 = 4.7; n = 3) when
compared with U6-transfected granule neurons (percentage of survival, 40.7 = 1.5;n = 3).
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rons inhibited BDNF-induction of NT-3
promoter-mediated transcription (Fig.
4G). Together, these findings implicate
the ERK5-MEF2 pathway as a develop-
mentally regulated signaling module that
mediates BDNF-induced NT-3 expres-
sion in newly generated granule neurons.

MEF2 and CREB cooperate to mediate
BDNF-induced NT-3 transcription
Although the activation of MEF2 is re-
quired for BDNF-induced NT-3 tran-
scription (Fig. 4), in transient expression
assays, we found that MEF2A, when tar-
geted to the DNA-binding site of the heter-
ologous transcription factor GAL4 just up-
stream of the TATA box of a reporter gene,
mediated BDNF-induced reporter tran-
scription only to a modest level (data not
shown). These results suggested that MEF2
might cooperate with other transcription
factors to mediate BDNF-induced NT-3
transcription.

The MEF2A transcriptional response
to neurotrophins in the absence of other
transcription factors is similar to the
neurotrophin-induced CREB response
under similar circumstances (Ginty et al.,
1994; Bonni et al., 1995). Interestingly, to
mediate neurotrophin-induced transcrip-
tion of the immediate early gene c-fos,
CREB cooperates with serum response
factor (SRF), a member of the MADS su-
perfamily of transcription factors that in-
cludes the MEF2 proteins (Bonni et al.,
1995). These observations raised the in-
triguing possibility that MEF2, in an analo-
gous manner to SRF at the c-fos promoter,
might cooperate with CREB or a related
protein at the NT-3 promoter to mediate
BDNF-induced NT-3 transcription.

Remarkably, the 250-bp region of the
NT-3 promoter that is required for
BDNF-induced NT-3 transcription con-
tains, in addition to the MRE, a conserved
potential CREB-binding sequence (CRE).
In DNA-binding assays, extracts of cere-
bellar granule neurons formed two pro-
tein—-DNA complexes when incubated
with the putative NT-3 CRE. The appear-
ance of the two complexes was disrupted
by competition with a 10-fold excess of
unlabeled probe containing the wild-type

CRE or on incubation with an anti-CREB antibody. In contrast,
competition with an excess of unlabeled probe containing a mu-
tant CRE or incubation with an anti-MEF2A antibody had no
effect on formation of the protein—-DNA complexes (Fig. 5A).
Together, these data suggest that endogenous CREB in granule

neurons binds the NT-3 promoter CRE.

To determine the role of endogenous CREB in BDNF induc-
tion of NT-3 transcription, we tested the effect of a point muta-
tion in the NT-3 promoter CRE known to disrupt CREB binding
in vitro on the ability of BDNF to stimulate NT-3 promoter-
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Figure4. NT-3:anovel target of the BDNF-induced ERK5-MEF2 signaling pathway in newly generated granule neurons. 4,8,
BDNF induces the expression of NT-3 mRNA in newly generated, but notin mature, cerebellar granule neurons. In 4, P6 + 3DIVand
P6 + 7DIV cerebellar granule neurons were deprived of survival factors for 4 hrand treated with BDNF for the indicated periods. In
B,P6 + 5DIV, P6 + 7DIV, or P6 + 9DIV granule neurons were treated with 10 ug/ml insulin in the presence or absence of BDNF
for 24 hr. RNA was isolated and subjected to RT-PCR with primers specific for c-fos (Fig. 4 A only), NT-3, or GAPDH. C, BDNF activates
NT-3 promoter-dependent transcription. NT-3—luciferase reporter constructs containing nucleotides —1087 to +91 or nucleo-
tides —838 to +91 relative to the NT-3 transcription start site of the NT-3 promoter were transfected in newly generated
cerebellar granule neurons (P6 + 3DIV). After 6 hr, cells were treated without or with BDNF (100 ng/ml) for 20 hr, and luciferase
activity was determined. Shown are mean == SEM luciferase values normalized relative to uninduced —1087/+ 91 reporter. BDNF
significantly induced the — 1087 NT-3—luciferase reporter gene (ANOVA; p << 0.0001; n = 5) but not the —838 NT-3—luciferase
reporter. D, The NT-3 promoter contains a MEF2-binding site. Extracts from cerebellar granule neurons (CGN; P6 + 3DIV) were
incubated in the presence or absence a 30 bp oligonucleotide containing the putative NT-3 MRE, with or without a 10-fold excess
of an oligonucleotide containing a consensus MRE (10x WT MRE), an oligonucleotide containing a mutant MRE does not bind MEF2
(10x Mut MRE), or a polyclonal antibody against MEF2A (left). Similar reactions were performed with extracts from 293T cells
overexpressing MEF2A (right). FP, Free oligonucleotide probe. £, The MRE is required for BDNF induction of NT-3 transcription in
response to BDNF. A NT-3—luciferase reporter gene containing nucleotides — 1117 to +91 of the NT-3 promoter with either the
wild-type MRE (WT MRE) or a point mutation of the MRE (Mut MRE) that abolished MEF2 binding in vitro were introduced to P6 +
3DIV granule neurons, as in C. After transfection, cells were analyzed as in C. BDNF induced the wild-type — 1117 NT-3—luciferase
reporter significantly (ANOVA; p << 0.0001;n = 5) but not the Mut MRE — 1117 NT-3—-luciferase reporter gene. F, Granule neurons
were transfected with the —1087 NT-3—luciferase reporter gene together with an expression plasmid encoding MEF2A-TA or
MEF2CR24L or the control plasmid. Transfected cultures were analyzed as in Figure 4C. BDNF induced the NT-3 promoter signifi-
cantly in control-transfected cultures (ANOVA; p << 0.0005; n = 3) but not in MEF2A-TA- or MEF2CR24L-expressing granule
neurons. G, Activation of the ERK5 pathway is required for BDNF-induced NT-3 transcription. Newly generated granule neurons (P6
+ 3DIV) were transfected, as in C, with the —1087 NT-3—luciferase reporter gene and with an expression vector encoding
dominant-negative MEK5 (MEK5AA) or its control vector and analyzed as in C. BDNF significantly induced the NT-3 reporter in
vector-transfected cultures (ANOVA; p << 0.005; n = 4) but not in MEK5AA-expressing granule neurons.

mediated transcription. Whereas BDNF induced the activity of
the wild-type NT-3 promoter, BDNF failed to effectively stimu-
late the NT-3 promoter containing a mutant CRE, suggesting
that, in addition to MEF2, the binding of CREB to the NT-3
promoter is necessary for BDNF-induced NT-3 transcription
(Fig. 5B). In other experiments, a dominant interfering form of
CREB, in which the key regulatory site of serine 133 is replaced
with an alanine (CREBM1), significantly inhibited BDNF induc-
tion of NT-3 promoter-mediated transcription (Fig. 5C).
Neurotrophins are thought to induce the phosphorylation of
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Figure 5.  MEF2 cooperates with CREB to mediate BDNF-induced NT-3 transcription. A, The
NT-3 promoter contains a CREB-binding sequence. Extracts from cerebellar granule neurons
(CGN; P6 + 3DIV) wereincubated in the presence or absence a 30 bp oligonucleotide containing
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against either CREB or MEF2A. FP, Free oligonucleotide probe. B, The CRE is required for BDNF-
induction of NT-3 transcription in response to BDNF. An NT-3—-luciferase reporter gene contain-
ing nucleotides — 1087 to +91 of the NT-3 promoter with either the wild-type CRE (WT) or a
point mutation of the CRE (Mut CRE) that abolished CREB binding in vitro was introduced to P6
-+ 3DIV granule neurons and analyzed as in Figure 4C. BONF induced the wild-type —1087
NT-3—luciferase reporter significantly (ANOVA; p < 0.005; n = 6) but not the Mut CRE — 1087
NT-3—luciferase reporter gene. (, Dominant-negative CREB prevents BDNF induction of NT-3.
Granule neurons were transfected with the —1087 NT-3—luciferase reporter gene together
with an expression plasmid encoding CREBM1 or a control plasmid. Transfected cultures were
analyzed as in Figure 4C. BONF induced the NT-3 promoter significantly in control-transfected
cultures (ANOVA; p << 0.0005; n = 3) but not in CREBM1-expressing granule neurons. D, The
ERK1/2 pathway is necessary for BDNF-induced NT-3 transcription. Newly generated granule
neurons (P6 + 3DIV) were transfected as in Figure 4C with the — 1087 NT-3-luciferase re-
porter gene and an expression vector encoding dominant-negative MEK1 (MEKTKA97) or its
control vector and analyzed as in Figure 4C. BDNF significantly induced the NT-3 reporter in
vector-transfected cultures (ANOVA; p << 0.05; n = 3) but notin MEK1KA97-expressing granule
neurons.

CREB at serine 133 via the ERK1/2—Rsk signaling pathway (Shay-
witz and Greenberg, 1999; Finkbeiner, 2000; Lonze and Ginty,
2002). We found that expression of the dominant interfering
form of the ERK1/2 activator MEK1 (MEK1KA97) also reduced
the ability of BDNF to induce the NT-3 promoter (Fig. 5D).
Together, our results suggest that on BDNF stimulation of newly
generated granule neurons, the ERK1/2 and ERKS5 signaling
pathways trigger the activation of CREB and MEF2. Once acti-
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vated, MEF2 and CREB cooperate at the promoter of the NT-3
gene and thereby induce NT-3 transcription.

NT-3 mediates BDNF-induced survival of newly generated
cerebellar granule neurons

Our results suggest that BDNF triggers the activation of the
ERK5-MEF?2 signaling pathway in newly generated granule neu-
rons and thereby stimulates NT-3 transcription and granule neu-
ron survival in a temporally specific manner. Although NT-3
alone is not sufficient to promote the survival of cultured granule
neurons (Segal et al., 1992; Lindholm et al., 1993), mice with a
CNS-specific knock-out of the NT-3 gene display a phenocopy of
the cerebellar defects observed in the BDNF knock-out mice,
including the increased apoptosis of newly generated granule
neurons (Bates et al., 1999). Together, these observations raised
the possibility that NT-3 might mediate the age-specific BDNF
survival response.

We first examined the effect of a mouse monoclonal antibody
that specifically neutralizes NT-3 on BDNF-dependent survival
of cerebellar granule neurons. We found that BDNF failed to
effectively promote the survival of granule neurons in the pres-
ence of the neutralizing antibody to NT-3 (Fig. 6A). A control
mouse monoclonal antibody that neutralizes ciliary neurotro-
phic factor failed to inhibit the BDNF survival response (Fig. 6 A).
In other experiments, we confirmed that the NT-3 neutralizing
antibody acts specifically as this antibody failed to block the
BDNF-triggered immediate responses in neurons including
BDNEF-induced ERK1/2 phosphorylation (data not shown). To-
gether, these results suggest that NT-3 is required for BDNF-
induced survival of granule neurons.

To establish the importance of NT-3 in the developmentally
regulated BDNF enhancement of granule neuron survival, we
tested the ability of BDNF to promote the survival of newly gen-
erated granule neurons obtained from mice in which the NT-3
gene is disrupted in a CNS-specific pattern. BDNF robustly pro-
moted the survival of newly generated granule neurons cultured
from nt3+/+ mice (Fig. 6 B, C). In contrast, we found that BDNF
failed to effectively support the survival of newly generated gran-
ule neurons cultured from nt3—/— littermates (Fig. 6B,C).
Whereas BDNF treatment of the nt3+/+ granule neurons led to
areduction of apoptosis of over 50%, BDNF reduced apoptosis of
nt3—/— granule neurons by just over 20% (Fig. 6 B,C). In con-
trast to the relative inability of BDNF to promote the survival of
nt3—/— granule neurons, neuronal activity promoted the sur-
vival of granule neurons from nt3—/— mice as effectively as that
of granule neurons from wild-type mice (data not shown). In
other experiments, we found that exogenous NT-3 almost com-
pletely rescued the ability of BDNF to promote the survival of the
nt3—/— granule neurons (Fig. 6D). Together, these findings
demonstrate the specific requirement for NT-3 in BDNF-
induced survival of newly generated granule neurons.

Discussion

We have characterized a signaling mechanism that mediates the
survival of neurons in a temporally defined manner in the devel-
oping mammalian brain. The neurotrophin BDNF promotes the
survival of newly generated, but not mature, cerebellar granule
neurons. Although activation of the ERK1/2—Rsk and PI3K-Akt
signaling cascades is required for BDNF-induced neuron survival
(Meyer-Franke et al., 1998; Bonni et al., 1999), these two path-
ways alone do not seem to contain the temporally specific signal
necessary for BDNF to promote the survival of granule neurons.
Rather, we found that BDNF induces the ERK5-MEF2 pathway
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Figure 6.  NT-3is required for BDNF-induced survival of newly generated cerebellar granule

neurons. A, Newly generated cerebellar granule neurons (P6 + 5DIV) were deprived of survival
factors and left untreated or treated with BDNF (100 ng/ml; Control) or together with a mouse
monoclonal neutralizing antibody specific to NT-3 (anti-NT-3; 200 ng/ml; R&D) or with a control
neutralizing antibody specific to ciliary neurotrophic factor (anti-CNTF; 200 ng/ml; R&D). Two
days later, cultures were fixed and analyzed for cell survival and death. Percentage of survival is
shown as mean = SEM. BDNF significantly promoted the survival of granule neurons in control
or anti-CNTF-treated cultures (ANOVA; p << 0.001; n = 3) but not in the presence of the
anti-NT-3 antibody. B, (, NT-3 is necessary for BDNF-mediated neuron survival. Cultures of
newly generated cerebellar granule neurons (P5 + 1DIV) from mice with disruption of the NT-3
gene generated by CRE-mediated recombination of floxed NT-3 alleles were deprived of sur-
vival factors and left untreated or supplemented with increasing amounts of BDNF (0, 25, or 50
ng/ml). After 3 d, cultures were fixed and analyzed for cell survival and death. Shown in B are
percentages of apoptosis for matched wild-type littermates (nt3+/+; closed symbols) and
knock-out littermates (nt3—/—; open symbols). Shown in Cis mean percentage of reduction
inapoptosis == SEM for 25 ng/ml (25) or 50 ng/ml (50) BDNF relative to untreated cultures. The
survival effect of BDNF is significantly reduced in NT-3 knock-out (nt3 —/—) cultures relative to
wild-type controls (nt3+/+) (ANOVA; p < 0.01; n = 3). D, Exogenous NT-3 rescues BDNF-
mediated neuron survival in NT-3 knock-out cells. Cultures of newly generated cerebellar gran-
ule neurons (P5 + 1DIV) were prepared from nt3+/+ ornt3—/— mice and were deprived of
survival factors or treated with 50 ng/ml BDNF alone (BDNF) or 50 ng/ml BDNF plus 50 ng/ml
NT-3 (BDNF+NT-3). After 3 d, granule neuron cultures were fixed and analyzed for cell survival
and death. Shown is mean percentage of reduction in apoptosis = SEM relative to untreated
cultures. The addition of NT-3 together with BDNF led to a significantincrease in survival of NT-3
knock-out (nt3—/—) granule neurons relative to BDNF alone (ANOVA; p << 0.001; n = 4) but
not of nt3+/+ granule neurons.

and thereby stimulates transcription of the neurotrophin NT-3
specifically in newly generated granule neurons. Disruption of
each endogenous component of the ERK5-MEF2-NT-3 signal-
ing pathway was found to abrogate the ability of BDNF to pro-
mote the survival of newly generated granule neurons. We also
found that the NT-3 gene represents a convergence point for the
ERK5-MEF2 and ERK1/2-Rsk—CREB signaling pathways, be-
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cause CREB and MEF2 cooperate to mediate BDNF-induced
NT-3 transcription. Together, our findings suggest that the
ERK5-MEF?2 signaling pathway acts a switch to confer temporal
specificity to the pro-survival function of BDNF and links the
sequential actions of the two major neurotrophic factors, BDNF
and NT-3, in developing cerebellar granule neurons.

The ERK5-MEF2 signaling pathway joins the ERK1/2—-Rsk—
CREB and PI3K-Akt signaling pathways as important mediators
of BDNF-induced survival of neurons in the developing CNS
(Kaplan and Miller, 2000; Meyer-Franke et al., 1998). Our results
indicate that the activation of each of these three major pathways
is required for BDNF-promoted survival of newly generated cer-
ebellar granule neurons, suggesting that these pathways act in a
nonadditive manner. Consistent with this idea, we have found
common points of convergence on which these signals act to
enhance neuronal survival. For example, our results suggest that
both ERK5 and ERK1/2 induce the Rsk-mediated phosphoryla-
tion of BAD at serine 112 and thereby inhibit a component of the
cell death machinery directly (Bonni et al., 1999) (data not
shown). In addition, we have found that the transcription factors
MEF2 and CREB cooperate to mediate BDNF induction of NT-3
transcription in newly generated granule neurons leading to their
survival, suggesting that the ERK5-MEF2 and ERK1/2-Rsk—
CREB signaling pathways converge on the NT-3 promoter. The
possibility also remains that both the ERK5 and ERK1/2 signaling
cascades collaborate to induce the activation of CREB in granule
neurons. In future studies, it will be important to determine the
extent of the dependence of BDNF responses on the cooperativity
of CREB and MEF2 by characterizing the set of genes that require
both CREB and MEF2 activation in BDNF-treated neurons.

Our findings illustrate the possibility of how the participation
of several signaling cascades in mediating the pro-survival func-
tion of a neurotrophic factor might allow these signals to mediate
distinct neurotrophic factor-induced responses. In the case of
granule neurons, the activation of the ERK5-MEF2-NT-3 signal-
ing module occurs selectively in newly generated but not in ma-
ture granule neurons and may, thus, act as a switch to confer on
BDNEF the ability to specifically promote the survival of newly
generated granule neurons. The subsequent developmental un-
coupling of ERKS5 activation from BDNF may allow BDNF to
exert distinct biological effects at the later stages of granule neu-
ron development. Therefore, it will be interesting in future stud-
ies to determine the role of the ERK1/2 and PI3K—Akt signaling
pathways in the biological responses of mature granule neurons
to BDNF.

In this study, we have characterized NT-3 as the first identified
pro-survival target gene of MEF2 in neurons. Our study estab-
lishes a requirement for NT-3 in BDNF-induced granule neuron
survival. However, although critical, NT-3 is neither the sole nor
sufficient pro-survival target of the ERK5-MEF?2 signaling path-
way in neurons. The addition of NT-3 did not protect neurons
against apoptosis induced by the expression of the dominant
interfering form of MEK5 (MEK5AA) (data not shown). There-
fore, additional antiapoptotic targets of the ERK5-MEF2 path-
way that remain to be identified are required to function together
with NT-3 to effectively mediate BDNF-induced neuronal
survival.

Although a critical role for BDNF in the enhancement of cer-
ebellar granule neuron survival has been established by both in
vitro and genetic evidence in mice (Lindholm et al., 1993;
Schwartz et al., 1997), the role of NT-3 in the regulation of cere-
bellar granule neuron survival in early studies was less clear. The
addition of NT-3 to cultured cerebellar granule neurons does not
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promote the survival of the granule neurons, indicating that
NT-3 is not sufficient to promote granule neuron survival (Segal
et al., 1992; Gao et al., 1995). However, the results of the CNS-
specific knock-out of the NT-3 gene in mice (Bates et al., 1999)
and our finding that NT-3 is required for BDNF-induced granule
neuron survival suggest that, although not sufficient, NT-3 plays
a critical role in the survival of granule neurons in the developing
cerebellum by mediating BDNF enhancement of neuronal
survival.

Our results provide new insights into the understanding of the
relationship of the two major neurotrophic factors, BDNF and
NT-3, in the developing cerebellum. Supporting our results of a
requirement for NT-3 in BDNF enhancement of granule neuron
survival are the observations that disruption of the BDNF gene or
the CNS-specific disruption of the NT-3 gene in mice leads to a
very similar phenotype in the developing cerebellum, including
an increase in apoptosis of newly generated granule neurons
(Schwartz et al., 1997; Bates et al., 1999). However, knock-out
studies of the major BDNF and NT-3 receptors TrkB and TrkC,
respectively, reveal that loss of TrkB or TrkC leads to a modest
increase in apoptosis of granule neurons, but combined loss of
three of the four TrkB and TrkC alleles (TrkB—/—, TrkC+/— or
TrkB+/—, TrkC—/—) leads to a greater rate of apoptosis of gran-
ule neurons (Minichiello and Klein, 1996), suggesting that TrkB
and TrkC act synergistically to promote granule neuron survival.

Disparities in the cerebellar phenotypes of the neurotrophin
ligand and receptor knock-outs may be explained in part by the
observation that a small fraction of the TrkB and TrkC knock-out
mice reach maturity and may, thus, reflect the existence of mod-
ifier genes that alter neurotrophin function in the CNS. In addi-
tion, neurotrophins are known to interact with multiple Trk re-
ceptor subtypes with varying affinities, leading to some
discordance in the phenotype of ligand and receptor knock-outs
(Bothwell, 1995; Farinas et al., 1998). Importantly, closer exam-
ination of these genetic studies reveals that the increase in apo-
ptosis in the receptor knock-outs was measured at P12
(Minichiello and Klein, 1996), whereas in the ligand knock-outs
the increase in apoptosis is maximal at P8 (Schwartz et al., 1997;
Bates et al., 1999) and in the BDNF —/— mice there is little
evidence of increased apoptosis at P14 (Schwartz et al., 1997).
These observations raise the possibility that differences in the
ligand and receptor knock-out phenotypes may reflect distinct
relationships between BDNF and NT-3 in suppressing granule
neuron apoptosis at different developmental time points. To-
gether with the genetic data of both the ligand and receptor
knock-outs, our findings suggest the following model: NT-3 acts
downstream of BDNF to mediate the ability of BDNF to promote
the survival of newly generated granule neurons in a develop-
mentally specific time window, one that occurs during the peak of
developmentally regulated granule neuron apoptosis. However,
the relationship between BDNF and NT-3 evolves with further
development of the cerebellum. BDNF and NT-3, and perhaps
other factors, subsequently act in a synergistic manner to pro-
mote the survival of granule neurons at these later stages of
development.

Beyond the enhancement of neuronal survival, the neurotro-
phins regulate multiple aspects of the maturation of neurons. A
recurring theme in brain development is that distinct neurotro-
phic factors act on a particular population of developing neurons
in a sequential manner (Verdi and Anderson, 1994; Davies,
1997). In the developing cerebellum, the biological effects of
BDNF and NT-3 on granule neuron development are thought to
occur sequentially (Segal et al., 1992). Our results indicating that
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NT-3 is also required for the survival of cerebellar granule neu-
rons on exposure to BDNF suggests that the transcription-
dependent mechanism of BDNF-induced survival mediated by
MEF2 might couple the process of neuronal survival to neuronal
differentiation.
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