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SUMMARY

Survival and maturation of dorsal root ganglia sensory neurons during development depends on
target-derived neurotrophins. These target-derived signals must be transmitted across long distances
to alter gene expression. Here we address the possibility that long-range retrograde signals initiated
by target-derived neurotrophins activate a specialized transcriptional program. The transcription
factor MEF2D is expressed in sensory neurons; we show that expression of this factor is induced in
response to target-derived neurotrophins that stimulate the distal axons. We demonstrate that MEF2D
regulates expression of an anti-apoptotic bcl-2 family member, bcl-w. Expression of mef2d and bcl-
w is stimulated in response to activation of a Trk-dependent ERK5/Mef2 pathway, and our data
indicate that this pathway promotes sensory neuron survival. We find that mef2d and bcl-w are
members of a larger set of retrograde response genes, which are preferentially induced by
neurotrophin stimulation of distal axons. Thus activation of an ERK5/MEF2D transcriptional
program establishes and maintains the cellular constituents of functional sensory circuits.
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INTRODUCTION

Nerve growth factor (NGF) and brain derived neurotrophic factor (BDNF) can elicit a wide
variety of cellular responses, including proliferation, migration, survival, axonal outgrowth,
synapse formation and plasticity (Segal, 2003; Chao et al., 2006; Reichardt, 2006). Some of
this diversity reflects the two classes of neurotrophin receptors, Trk receptor tyrosine kinases
and p75NTR (Casaccia-Bonnefil et al., 1999; Patapoutian and Reichardt, 2001), as Trks and
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p75NTR induce distinct responses (Yano and Chao, 2000; Lee et al., 2001; Roux and Barker,
2002; Lu et al., 2005; Hempstead, 2006). However, cellular localization of Trk receptor
activation could further specify responses (Ginty and Segal, 2002; Segal, 2003). Neurotrophins
were first identified as target-derived trophic factors that bind receptors on axon terminals
(Levi-Montalcini, 1968) and elicit both local and long-range effects. Rapid responses initiated
at axon terminals by neurotrophins influence direction and extent of axonal growth through
kinases, phosphatases and G-proteins that quickly modulate cell morphology or intracellular
trafficking (Segal, 2003; Reichardt, 2006). Axon terminal Trk receptors also stimulate long-
term changes (Lom and Cohen-Cory, 1999) that depend on transcriptional programs involving
factors such as CREB, c-fos, FOXO, NFAT, and MEF2 (Segal et al., 1992; Finkbeiner et al.,
1997; Graef et al., 2003; Shalizi et al., 2003; Gan et al., 2005; Zhou and Snider, 2006). These
long-term responses to distal axon neurotrophin stimulation require retrograde signaling from
the axon terminal to the cell body. Location of neurotrophin stimulation is important for rapid
local responses, for example, neurotrophin stimulation reorients axonal growth towards a
trophic factor (McCaig et al., 2000; Markus et al., 2002; Zhou and Snider, 2006). However, it
is less clear whether location of neurotrophin stimulation also specifies long-term
transcriptional responses.

Here we consider whether transcriptional responses to neurotrophins depend on location of
stimulation. NGF in the skin promotes survival, axonal growth and differentiation of
nociceptive neurons of dorsal root ganglia (Chen et al., 1999), while BDNF promotes survival
and differentiation of dorsal root ganglia neurons that innervate specialized touch receptors
(Carroll et al., 1998; Watanabe et al., 2000; Gonzalez-Martinez et al., 2005). Therefore, to
identify transcriptional programs that utilize spatial information, we focus on survival of
developing dorsal root ganglion neurons in response to NGF and BDNF stimulation of distal
axons. We show the transcription factor MEF2D and the anti-apoptotic Bcl-2 family member
Bcel-w (Bcl-212) are expressed in sensory neurons and are regulated by target-derived
neurotrophins and retrograde signaling pathways. Bcl-w and mef2d are members of a set of
retrograde response genes preferentially induced by neurotrophin stimulation of distal axons
compared to neurotrophin stimulation of cell bodies. We demonstrate that neurotrophin-
induced expression of bcl-w is regulated by ERK5 and MEF2D. Thus, target-derived
neurotrophins differentially activate a MEF2 transcriptional program that regulates sensory
neuron survival.

Materials and Methods

Cell cultures

Compartmented chamber cultures (Campenot cultures) were prepared as described previously
(Heerssen et al., 2004). Briefly, dorsal root ganglia (DRGs) from embryonic day 15 (E15) rats
were dissected and plated in the center compartment of a Teflon divider (Camp10, Tyler
Research, Canada) (Campenot, 1982). Cultures were maintained in media consisting of DMEM
with 5% horse serum, 1% penicillin-streptomycin, and 0.3 uM cytosine arabinoside (AraC) at
37°C, 7.5% CO,; neurotrophins were added to the cell body compartment at 10 ng/ml BDNF
(Peprotech) and 10 ng/ml NGF (Peprotech) and to the axon compartment at a concentration of
100 ng/ml BDNF and 100 ng/ml NGF (100 ng/ml NGF+BDNF) for 3 days. On Day 4, media
was replaced and the 0.3 uM AraC omitted. On Day 6, neurotrophins were removed from the
cell body compartment and reduced to 1 ng/ml in axon compartments for 3—4 days (unless
otherwise specified). For each experiment, vehicle control (100 ng/ml BSA in PBS) or
neurotrophins (100 ng/ml NGF+BDNF in vehicle, NGF or BDNF individually) were applied
to distal axon or cell body compartments for the indicated time.

Mass cultures consisting of 2.5x10° DRG neurons were grown on laminin coated p35 culture
dishes for 2 days in neurotrophin-enriched (100 ng/ml NGF+BDNF) media with 0.3 uM AraC,
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followed by 3 days in 10 ng/ml neurotrophins without AraC. Mass cultures were changed to
serum and neurotrophin-free media for 2 hours and then stimulated for the indicated time with
neurotrophins (100 ng/ml NGF+BDNF) or vehicle control.

Luciferase Assays

Plasmids

Reagents

COS cells were maintained in DMEM containing 10% fetal calf serum and 1% penicillin-
streptomycin at 37°C, 5% CO,. Firefly luciferase reporter plasmids were transfected into COS
cells or DRG neurons using FUGENE 6 (Roche) or by nucleofection (Amaxa Biosystems),
respectively, together with TK-pRL, which expresses Renilla luciferase and serves as an
internal control. Firefly and Renilla luciferase activity was assessed 72 hours after cell
transfection. The results shown represent the average of 8 independent experiments, with three
replicates each.

3XMRE-Luc, MEF2-VP16 plasmids were described previously (Flavell et al., 2006). plenti-
hU6BX RNAI plasmids and TK-pRL were from Cellogenetics (Baltimore, MD) and Promega
(Madison, WI), respectively. The bcl-w plasmid was the generous gift of Susan Cory (The
Walter and Eliza Hall Institute of Medical Research). To generate the bcl-w promoter construct,
we cloned the 2.5kB upstream of the bcl-w transcription starting site into the pGL3-basic
luciferase plasmid. The dominant negative MEKS5 (S311A, T315A) and constitutively active
MEKS5 (S311D, T315D) were obtained from S. Gutkind (NIH). The siRNA against MEF2D
was designed and inserted in a lentiviral system as described previously (Flavell et al., 2006).

We used the following antibodies: MEF2D (1:2500 for Western blot and 1:500 for
immunostaining; BD Transduction Labs), Bcl-w (1:500; Chemicon), GFP (1:1000; Roche),
pan-actin (1:1000; Cell Signaling), phospho-ERKS5 (1:1000; Cell Signaling), ERK5 (1:500;
Cell Signaling), phospho-ERK1/2 (1:1000; Cell Signaling), HA (1:1000; Cell Signaling),
Tubulin (1:500; Sigma), phospho-Mef2 (1:500; Abcam); secondary antibodies conjugated to
HRP (1:10,000; BioRad), Alexa-488 and Alexa-546 (1:1000; Molecular Probes). MEF2D 6066
(1:1000 for Western blot and 1:100 for immunostaining) was developed in the Greenberg lab,
and generated by injecting antigen (a fragment of MEF2D protein, amino acids 292-514; see
Han et al., 1995) into rabbit. Characterization and specificity of this antibody are shown in
Supplemental Figure 2.

Drug treatment

Distal axons and cell bodies of DRG neurons grown in compartmented cultures were treated
either with 200 nM K252A (Calbiochem), 10 uM UQ126 (Calbiochem), 50 uM LY 294002
(Calbiochem), or DMSO vehicle control for 30 minutes before neurotrophin stimulation.

Real-time quantitative RT-PCR

RNA was harvested from DRG neurons in compartmented chamber cultures or in mass cultures
using the RNAqueous-4PCR kit (Ambion). For in vivo analysis, DRG neurons from embryonic
day 18 (E18) rats were dissected and RNA was extracted using TRIzol (Invitrogen). Reverse
transcription was performed using the cDNA archive kit (Applied Biosystems) according to
manufacturer’s specifications. Quantitative real-time RT PCR was performed using Tagman
Gene expression assays (Applied Biosystems) to assess the expression of c-fos
(Rn02105452_s1), bcl-w (Rn00821025_s1), alsin (Mm00511865_m1), igf-1
(Rn00710306_m1), decorin (Rn01503161_m1), enpep (Rn00573861_m1) and mef2d
(Rn00578329_m1). Data were normalized by the expression level of gapdh RNA for each
sample (Applied Biosystems). Significance was calculated by z-test.
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Protein analysis

Cells were lysed in a non-ionic detergent. Protein lysates from 8-10 compartmented cultures
were pooled and equal amounts of protein were separated by 7% SDS-PAGE, analyzed by
immunoblot and visualized using the SuperSignal chemiluminescent substrate kit (Pierce).

Immunostaining

For in vitro analysis, compartmented chamber cultures were fixed in 4% paraformaldehyde
(PFA) for 20 minutes, permeabilized in 0.1% TritonX for 10 minutes and blocked in 5% normal
goat serum and 0.1% TritonX for 60 minutes. Cultures were incubated overnight at 4°C in
MEF2D (1:500) followed by incubation in goat anti-mouse Alexa 546 (1:1000) for one hour
at room temperature.

For in vivo analysis, MEF2D positive cells were counted from post-natal day 0 (P0O) bcl-w +/
— or bcl-w —/— animals. Animals were sacraficed and fixed in 4% PFA, cyropreserved in 30%
sucrose, and 14 pum slices were prepared. Tissue was subjected to antigen retrieval by 10 mM
sodium citrate buffer for 15 minutes at 95°C, followed by 30 minutes cooling at room
temperature. Tissue sections were permeabilized in 0.5% TritonX for 10 minutes and blocked
in 5% normal goat serum and 0.1% TritonX for 60 minutes. Sections were incubated overnight
at 4°C in MEF2D 6066 (1:100) followed by incubation in goat anti-rabbit Alexa 488 (1:1000)
for one hour at room temperature. Three animals of each genotype were used, and 3-6 dorsal
root ganglia from each lumbar and cervical region were counted. Significance was calculated
by Student’s two-tailed t-test.

sSiRNA knockdown

For infection of mass cultures or compartmented cultures with sSiRNA lentivirus constructs,
neurons at 3 days and 5 days, respectively, were treated with either control Sh6L3-GFP siRNA
or Mef2D-GFP siRNA with polybrene (4 ug/ml) for 48 hours. After infection, media was
changed to DMEM only for 2 hours and then cells were stimulated with 100 ng/mI NGF+BDNF
or vehicle control for 2 hours. Neurons were harvested and protein levels of MEF2D were
analyzed by Western blot. RNA was extracted from cell bodies of compartmented chamber
cultures using TRIzol (Invitrogen). Quantitative real-time RT PCR was performed using
Tagman Gene expression assays (Applied Biosystems) to assess the expression of c-fos, bcl-
w and mef2d. Data were normalized by the expression level of gapdh RNA for each sample
(Applied Biosystems). Significance was calculated by z-test.

Survival assay

DRG neurons grown in compartmented cultures for 6 days were transferred to serum-free
media or to serum-free media supplemented with 100 ng/ml NGF+BDNF in the distal axon or
cell body compartments only. Inhibitors were added to the cell body and distal axon
compartments as indicated. We exchanged the media every 12 hours to replenish inhibitors
and to guard against leakage between compartments. After 72 hours, cultures were fixed in 4%
paraformaldehyde and apoptotic cells were visualized using the DeadEnd Fluorometric TdT-
mediated dUTP nick end labeling (TUNEL) system kit (Promega), using biotinylated dUTP
(5 uM) and Cy3-conjugated avidin (1:1,000), and counterstained for 1 minute with 4,6-
diamidino-2-phenylindole dihydrochloride (DAPI; 1:1,000). Each data point represents the
mean of five fields per culture from 6-12 cultures in 2—6 different experiments scored in a
blind fashion. Significance was calculated by Student’s t-test. For in vivo analysis, condensed
nuclei using DAPI (1:1000) were counted from post-natal day 0 (P0) bcl-w +/+ or bcl-w —/—
animals. Three animals of each genotype were used, and 3-6 dorsal root ganglia from each
lumbar and cervical region were counted. Significance was calculated by Student’s two-tailed
t-test.
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Timed pregnant rats were purchased from Charles River. Bcl-w —/— mice were a generous gift
from Grant MacGregor (UC Irvine) (Ross et al., 1998). All experimental procedures were done
in accordance with the National Institutes of Health (NIH) guidelines and were approved by
the Dana-Farber Cancer Institutional Animal Care and Use Committee.

MEF2D expression is regulated by neurotrophin stimulation of axons, and is important for
survival of sensory neurons

Neurotrophin stimulation of distal axons in sensory neurons has previously been shown to
increase expression levels of the transcription factors c-fos and c-jun (Watson et al., 1999).
These transcription factors are rapidly induced by neurotrophin stimulation of either cell bodies
or distal axons, and so are unlikely to be critical for spatially selective responses to neurotrophin
stimulation. MEF2D is a transcription factor that can also be regulated by neurotrophin
stimulation (Liuetal., 2003; Shalizi et al., 2003). Therefore we asked whether this transcription
factor is expressed by sensory neurons at the developmental time period when they are sensitive
to neurotrophin levels. As shown in Figures 1A and 1B, MEF2D is expressed by dorsal root
ganglia in late embryonic stages (E18- birth) in vivo. We used quantitative RT-PCR to ask
whether mef2d levels are regulated by neurotrophin stimulation of distal axons. Using sensory
neurons grown in compartmented cultures, we find that the level of mef2d mRNA is increased
within 2 hours after selective neurotrophin stimulation of distal axons (Figure 1C). In contrast,
when neurotrophins are applied instead to cell bodies of sensory neurons grown in
compartmented cultures, mef2d mRNA levels do not increase. We next asked whether this
spatial selectivity is maintained when sensory neurons are stimulated with NGF or BDNF alone
rather than a combination of these neurotrophins. Each of the individual neurotrophins can
induce mef2d when applied to the distal axons, but not when applied to the cell bodies (Figure
1D). While either NGF or BDNF alone can induce this response, there is less variability when
the two neurotrophins are used in combination. Therefore in subsequent experiments we use
a combination of the two neurotrophins to stimulate cultured neurons.

To determine whether the changes in mef2d mRNA are likely to have functional consequences,
we asked whether neurotrophin stimulation also affects the levels of MEF2D protein. As shown
in Figure 1E, there is a consistent increase in MEF2D protein in response to neurotrophin
stimulation of the distal axons. Furthermore, MEF2D protein is localized to nuclei both before
and after neurotrophin stimulation of sensory neurons (Supplemental Figure 1). Together these
data indicate that mef2d mMRNA and MEF2D protein are expressed in developing sensory
neurons and regulated by neurotrophin stimulation of distal axons, and that the protein is
appropriately expressed to participate in responses to target-derived neurotrophins.

MEF2 family members have been implicated in diverse processes in the nervous system,
including survival, proliferation and synaptic regulation (Mao et al., 1999; Liu et al., 2003;
Heidenreich and Linseman, 2004; Shalizi and Bonni, 2005; Flavell et al., 2006; Shalizi et al.,
2006). To determine whether neurotrophin stimulation of mef2d might participate in
neurotrophin-dependent survival of sensory neurons, we reduced the level of MEF2D using
mef2d RNAI expressed in lentivirus (Figure 2A), and then tested the ability of neurotrophins
to promote survival in compartmented cultures. After three days in neurotrophin-free media,
the majority of control sensory neurons undergo apoptosis, as assessed by TUNEL staining.
Neurotrophin stimulation of either cell bodies or distal axons maintains neuronal survival
(Figure 2B,C). In cultures where MEF2D has been reduced by lentivirus RNAI, neurotrophin
stimulation of the distal axons is unable to prevent apoptosis (Figure 2B,C). However,
neurotrophin stimulation of cell bodies does rescue the survival of some, although not all,
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sensory neurons. These data indicate that MEF2D is required for neurotrophin-dependent
survival of developing sensory neurons, particularly when neuronal survival depends on
retrograde signaling mechanisms.

The ERK5/MEF2D pathway regulates bcl-w and promotes neuronal survival

We previously found that ERKS5 is involved in retrograde signaling and plays an important role
in neurotrophin-mediated survival (Watson et al., 2001). Consistent with previous studies,
activated ERK5 can phosphorylate, hence activate MEF2 (Figure 3A) (Kasler et al., 2000;
Seyfried et al., 2005). Stimulation of sensory neurons by neurotrophins, applied either to cell
bodies (Figure 3B) or to distal axons (Figure 3C), increases MEF2 phosphorylation by 17 + 6
% and 20 * 8 %, respectively. To determine whether ERKS, like its substrate MEF2D, has a
prominent role in the survival of neurons that depend on retrograde signaling mechanisms, we
tested the effects of an ERK5 dominant negative construct (DN-ERKS5). As shown in Figure
3D, this construct is able to prevent ERK5 activation. When tested in compartmented cultures,
this dominant inhibitory construct decreases sensory neuronal survival as assessed by an
increase in apoptosis (Figure 3E). Furthermore, like mef2d RNAi, DN-ERKS5 has a greater
effect on neuronal survival when neurons are supported by neurotrophin stimulation of distal
axons compared to survival when neurons are supported by neurotrophin stimulation of cell
bodies. Thus, ERK5 and MEF2D both contribute to neuronal survival responses initiated by
target-derived neurotrophins. These data suggest that an ERK5/MEF2D pathway is needed for
retrograde signaling events that promote survival.

As MEF2D is a transcription factor, we postulate that the ERK5/MEF2D pathway stimulates
expression of anti-apoptotic components, such as members of the bcl-2 family. As shown in
Figure 4A, the anti-apoptotic gene bcl-w is upregulated by neurotrophin stimulation of distal
axons by NGF+BDNF, NGF alone, or BDNF alone, and not by cell body stimulation. Similarly,
when we analyzed Bcl-w protein levels after cell body or distal axon neurotrophin stimulation,
western blotting revealed a significant increase in Bcl-w protein levels (32% + 5%) upon distal
axon stimulation, with no increase observed with cell body stimulation (Figure 4B). The pattern
of induction observed for bcl-w resembles that shown for mef2d, in that expression is selectively
induced by neurotrophin stimulation of distal axons. We therefore tested induction of mef2d
and bcl-w following pharmacologic and genetic interventions that prevent activation of the
ERKS5 pathway, which is needed for retrograde survival responses. Induction of c-fos serves
as a positive control in all experiments, as c-fos is induced in response to neurotrophin
stimulation of either cell bodies or of distal axons. Both bcl-w and mef2d induction require Trk
activation, and so are prevented by K252A, an inhibitor of Trk kinase activity; Trk kinase
activity is also required for induction of c-fos (Figure 4C). Like c-fos induction, induction of
bcl-w and mef2d are prevented by UO126, a pharmacologic agent that inhibits MEK1 and
MEKS5 and thus prevents activation of both ERK1/2 and ERKS5 (Figure 4D). In contrast, DN-
MEKS5, which inhibits activation of ERK5 but not ERK1/2, prevents induction of bcl-w and
mef2d but does not affect c-fos. We postulate that ERK5 acts by regulating MEF2D activity.
Therefore, we asked whether inhibition of MEF2D has the same effect on gene expression as
DN-MEKS5. As shown, mef2d RNAI prevents induction of bcl-w, but it does not affect induction
of c-fos (Figure 4E). Together these data indicate that distal axon stimulation by neurotrophins
regulates expression of bcl-w by a pathway that involves Trk/ERK5 and MEF2D, and that the
mechanisms regulating bcl-w and mef2d expression diverge from pathways that regulate c-
fos.

To explore the relationship between retrograde signals and neurotrophin-dependent responses
originating from activated receptors in the plasma membrane of the cell soma, we asked
whether simultaneous neurotrophin stimulation of distal axons and cell bodies of dorsal root
ganglion neurons grown in mass culture induces these retrograde response genes. Global
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stimulation leads to dramatic upregulation of c-fos; in contrast, mef2d and bcl-w are only
induced by localized stimulation of distal axons (Figure 4F). We find that neurotrophin
stimulation of cell bodies only increases mef2d and bcl-w mRNA levels when combined with
a second intervention that can activate ERKS5 (Turjanski et al., 2007), such as viral infection
or mechanical stress (Supplemental Figure 4), not when combined with neurotrophin
stimulation of distal axons (Figure 4F). Of note, when cultures were maintained for 5-7 days
before testing as in Figure 4F, the extent of mef2d and bcl-w induction was lower than that seen
in our usual paradigm wherein cultures are maintained for 8 days before stimulation. These
data suggest that induction of mef2d and bclw may be more robust following neurotrophin
stimulation of distal axons in neurons with longer processes.

As increases in bcl-w and mef2d in response to neurotrophin stimulation occur at the mMRNA
level, and induction of bcl-w depends on the transcription factor MEF2D, we postulate that
induction of these retrograde response genes is mediated (at least in part) at the transcriptional
level. To test this directly, we prepared a bcl-w promoter luciferase construct by fusing the 2.5
kB of upstream sequence from the mouse bcl-w promoter to luciferase. As shown (Figure 5A),
this construct contains one of three conserved consensus MEF2D binding sites upstream of the
start site. When expressed in sensory neurons, the bcl-w-luciferase construct is induced by
neurotrophin stimulation of distal axons (Figure 5B). To determine whether this regulation
depends on an ERK5/MEF2D pathway, we analyzed the response of the bcl-w-luciferase
construct to constitutive activation of ERK5 or MEF2D in COS cells. Co-expression of
constitutively active MEKS5 and wild type ERKS5 increases expression of bcl-w-luciferase
(Figure 5C). However, no induction is seen when kinase-inactive MEKS5 is expressed together
with ERK5. As controls, we assessed the response of a basal promoter, and an MRE-containing
(MEF2 Response Element) promoter. While activated MEK5/ERKS5 induces expression of
bcl-w-luciferase and MRE-luciferase, it does not induce expression of basal constructs. To
determine whether bcl-w transcription is also mediated by the ERKS5 substrate MEF2, we
expressed a constitutively active MEF2 construct (VP16-MEF2) together with bel-w-luciferase
and Renilla luciferase control (Figure 5D). Constitutively active MEF2 stimulates bcl-w-
luciferase and the MRE luciferase, but does not induce expression of a basic luciferase
construct. Together these studies indicate that bcl-w transcription can be induced by the ERK5/
MEF2D pathway, and that relevant response elements are contained in the 2.5 kB region
upstream of the bcl-w start site. This may include other promoter elements; for example two
sites that resemble half of a CRE binding motif are also present in the bcl-w promoter region
(—9871 t0—9867 and 2048 to 2052, TGACG).

Bcl-w, and other retrograde response genes, promote neuronal survival

Bcl-w has not previously been shown to play a role in dorsal root ganglia neuron survival. To
determine whether Bcl-w is important for survival of these spinal sensory neurons, we analyzed
dorsal root ganglia neurons from bcl-w —/— mice. These mice are viable, but males are infertile
due to apoptosis in the developing testes (Print et al., 1998; Ross et al., 1998). Levels of
apoptosis were analyzed in vivo in DRGs from PO bcl-w —/—and wild type littermates. Cervical
and lumbar sections were stained with DAPI and assessed for condensed nuclei as a measure
of apoptosis (Figure 6A). DRGs from either the cervical or lumbar regions of bcl-w —/— mice
exhibited significantly higher levels of dying cells compared to wild type (Figure 6B).

As MEF2D regulates bcl-w and thereby promotes survival, we predict that MEF2D-expressing
cells would show decreased survival in the absence of Bel-w. Therefore, we asked whether the
percentage of sensory neurons that express MEF2D is decreased in bcl-w —/— mice. As shown,
30-40% of cervical and lumbar neurons express MEF2D in control neonatal animals. The
MEF2D positive cells include neurons that are of various sizes, indicating that this transcription
factor is expressed by multiple types of sensory neurons. In bcl-w —/— animals, the pool of
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MEF2D expressing neurons is reduced by 23% (Percentage of DRG neurons that are MEF2D
positive is 37% in control and 28% in bcl-w —/— mice; Supplemental Figure 3). Thus, in vivo,
bcl-w promotes the survival of DRG neurons, and particularly affects MEF2D-expressing cells.

We then assessed the survival of dorsal root ganglia sensory neurons from bcl-w —/— mice in
compartmented culture conditions. These neurons were grown for one week with neurotrophins
present in the distal axon compartment, at which point Bcl-w is expressed in wild type cultures.
As shown in Figure 6C, Bcl-w is important for survival of dorsal root ganglia neurons. Indeed,
survival of bclw —/— sensory cells is compromised (although not eliminated) at three days with,
or without, neurotrophins. We were surprised to find that bcl-w —/— neurons exhibit reduced
survival during neurotrophin deprivation, and under conditions where they are sustained by
neurotrophins applied to the cell bodies or distal axons. This differs from the results seen when
ERKS5 or MEF2D activity is inhibited, in that sensory neurons that depend on target-derived
neurotrophins are particularly sensitive to inhibition of ERK5 or MEF2D. Therefore, we asked
whether ERK5/MEF2D might regulate additional retrograde response genes as well as bcl-w.
Other retrograde response genes might contribute to the differential effect of mef2d RNAi and
DN ERKS5 on the survival of neurons supported by neurotrophin stimulation of distal axons or
cell bodies. We used quantitative RT-PCR to examine a panel of candidate genes that were
induced by neurotrophin stimulation of distal axons in Affymetrix gene arrays, and we
identified several genes that are preferentially induced by retrograde signaling (Figure 6D).
The genes identified as retrograde response genes include igf-1 and alsin, which encode
proteins that have been implicated in promoting neuronal survival (Boillee and Cleveland,
2004; Bondy and Cheng, 2004; Davila et al., 2007). Taken together these studies indicate that
neurotrophin stimulation of distal axons activates ERK5/MEF2D to initiate a transcriptional
program that includes the anti-apoptotic gene bcl-w as well as a set of additional retrograde
response genes. Thus the ERK5/MEF2 pathway, and the resultant gene expression program,
is important for neuronal responses to target-derived neurotrophins.

Discussion

The mechanisms by which target-derived neurotrophic factors initiate and propagate survival
signals from nerve terminals to a remote neuronal cell body have been the focus of investigation
over many years (Hamburger and Levi-Montalcini, 1949; Hendry et al., 1974; Purves, 1986;
Korsching, 1993; Campenot, 1994; Ahn et al., 2000; Neet and Campenot, 2001; Heerssen and
Segal, 2002; Segal, 2003; Moises et al., 2007). Here, we address the role of transcriptional
regulation in mediating responses to target-derived survival signals. We show that selective
neurotrophin stimulation of distal axons of sensory neurons results in increased expression of
the transcription factor MEF2D. Activation and expression of MEF2D requires the ERK5 MAP
kinase. Both ERK5 and MEF2D promote survival of developing sensory neurons; one
mechanism for this effect is induction of the anti-apoptotic gene bcl-w. An intriguing feature
of this system is that this ERK5/MEF2D survival pathway is predominantly important for the
survival of neurons that depend exclusively on neurotrophin support applied to distal axons.
Thus, we have identified a transcriptional program that enables neurons to survive once they
have contacted a correct target and are incorporated into a functional neural circuit.

Much of the recent work on long-range signals has focused on the mechanisms by which a
signal initiated by an activated receptor at the nerve terminal travels retrogradely to a remote
cell body to initiate transcriptional changes (Ginty and Segal, 2002). Abundant evidence
indicates that neurotrophin binding to Trk receptors initiates both activation and endocytosis
of the receptor (Figure 7A), and the resultant signaling endosomes, containing the ligand-
receptor complex, travel by dynein-dependent transport (Figure 7B) (Grimes et al., 1996;
Riccio et al., 1997; Senger and Campenot, 1997; Tsui-Pierchala and Ginty, 1999; Watson et
al., 1999; Howe et al., 2001; Neet and Campenot, 2001; Watson et al., 2001; Weible, 2nd et
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al., 2001; Delcroix et al., 2003; Heerssen et al., 2004). These specialized signaling endosomes
activate a variety of second messenger signaling cascades as they are transported through the
axon to the cell soma, including MAP kinases, as well as P13 kinase and Akt (Kuruvilla et al.,
2000; Watson et al., 2001; Delcroix et al., 2003; Wu et al., 2001). The ensuing activation of
transcription factors, such as CREB, NFAT, and AP-1 mediate the necessary changes in gene
expression in response to target-derived neurotrophins (Riccio et al., 1997; Riccio et al.,
1999; Watson et al., 1999; Graef et al., 2003). In this way, dynein-dependent transport
eliminates the barrier of distance, and allows transcriptional changes in response to target-
derived neurotrophins.

Several lines of evidence suggest that transport of signaling endosomes also provides a
mechanism by which a neuron can distinguish the location of neurotrophin stimulation, and
so adjust the nature of its response accordingly. Retinal ganglion cells exhibit increased
dendritic arborisation in response to BDNF applied at the axon terminals, while dendritic
arborisation is decreased by BDNF stimulation of dendrites within the retina, indicating that
the biological response to neurotrophins varies based on location of stimulation (Lom et al.,
2002). Here, we provide evidence of additional differential responses and of the underlying
mechanisms that account for these spatial distinctions. Our studies have outlined a long-
distance signaling pathway that requires activation of ERK5 and MEF2D to initiate a spatially
distinct transcriptional program (Figure 7C, D). This program promotes expression of
retrograde response genes, which we define as a set of genes selectively induced by
neurotrophin stimulation of distal axons. The retrograde response gene set includes bcl-w and
mef2d, as well as igf-1 and alsin (Figure 7E). These retrograde response genes in aggregate
represent an ERK5-regulated expression program that may contribute to distinct biological
responses to neurotrophins depending on the location of stimulation.

Gene expression programs regulated by ERKS5 or other MAPK cascades are specified by the
distinct ERK involved, the kinetics of pathway activation and repression, the subcellular
localization of the pathway components, and cross-talk among distinct kinase cascades (Raman
et al., 2007). Each of these features may contribute to the selective induction of retrograde
response genes by distal axon stimulation, with little or no induction by cell body or global
stimulation. It is possible that cell body stimulation initiates both the ERK5/MEF2 pathway
and a signaling pathway that counteracts ERK5-dependent gene induction (Figure 7F). As cell
body stimulation simultaneously activates the ERK5 and ERK1/2 pathways (Watson et al.,
2001), the lack of induction of retrograde response genes may reflect the balance of timing or
activity of these distinct MAPKSs. Under conditions of heightened ERK1/2 activity, such as
cell body stimulation, the effects of ERK5 might be limited. However, in the face of heightened
ERKS5 activity, as occurs during distal axon stimulation or in response to cell body stimulation
following virus infection or other stress signals, activation of ERK5 may override negative
effects of ERK1/2 and so lead to retrograde response gene induction. This and other
mechanistic explanations for the location selectivity of retrograde response gene induction will
require extensive additional investigation and modeling to evaluate how the kinetics and
localization of MAPK activation are integrated to produce a specific transcriptional response.

Our studies have focused on pathways that are required for long-range signaling that promote
neuronal survival. We found that ERKS is particularly important for survival in neurons that
depend on target-derived neurotrophins. Neuronal survival is compromised by inhibition of
ERKS activity, and this effect is most dramatic when neurons are supported solely by
neurotrophin stimulation of axons. Likewise, MEF2D has a greater role in survival in neurons
that depend exclusively on neurotrophins stimulation of the axons. Our data indicate that the
anti-apoptotic molecule bcl-w, which is regulated by ERK5 and MEF2D, is important for
neuronal survival. However, as survival of Bcl-w —/— sensory neurons is compromised
irrespective of the location of neurotrophin stimulation, we postulate that ERK5 and MEF2D
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regulate additional, anti-apoptotic retrograde response genes. Intriguingly, igf-1 and alsin are
among the putative retrograde response genes (Figure 6E). IGF-I promotes neuronal survival
by binding to IGF-IR and activating P13 kinase and Akt (Dudek et al., 1997; Bondy and Cheng,
2004), while the alsin gene is mutated in ALS2, an early onset motor neuron degenerative
disease (Yang et al., 2001; Eymard-Pierre et al., 2002; Rowland, 2005). Alsin protein is a
vesicle-associated molecule that has been implicated in the endocytosis and trafficking of
neurotrophin receptors (Devon et al., 2006) and so is potentially important for long-range
survival pathways. Thus, we suggest that the retrograde response genes in aggregate encode
components needed for the prolonged survival and functioning of mature neurons with long
axons.

Induction of MEF2D by target-derived neurotrophins promotes survival of sensory neurons
appropriately connected in a functional circuit, and this is mediated in part by increased
transcription of bcl-w. While our studies have focused on the roles played by ERK5 and
MEF2D in neuronal survival in response to target-derived neurotrophins, it is likely that
retrograde signaling and retrograde response genes also function in other spatially distinctive
responses to neurotrophins. Interestingly, MEF2 transcription factors have been implicated in
regulating synaptic connections. Recent studies have shown that a MEF2-dependent
transcription program is critical for establishing synaptic morphology and for regulating
synapse number (Shalizi and Bonni, 2005; Flavell et al., 2006; Shalizi et al., 2006). Therefore,
increased expression of MEF2D in response to neurotrophin stimulation of distal axons may
eliminate supernumerary synapses, while preserving neuronal survival. In this way, target-
derived neurotrophins may play a role in maintaining the cellular constituents of newly
established functional circuits, while simultaneously refining the synaptic connections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Neurotrophins induce mef2d expression in DRG neurons in response to distal axon
stimulation

(A) MEF2D protein is detected in vivo in dorsal root ganglia at E18 (Lanes 1 and 2 represent
two separate animals). As a positive control, lysates of neurons over-expressing MEF2VP16
were blotted for MEF2D. (B) MEF2D immunostaining of dorsal root ganglia at PO in vivo.
Scale bar =10 pm (C) Expression of mef2d mRNA in DRG neurons in response to neurotrophin
(NT) stimulation. DRG neurons were treated with neurotrophins (100 ng/ml NGF+BDNF) for
2 hours either on distal axons (DA) or on cell bodies (CB). Mef2D mRNA expression is
specifically induced by distal axon stimulation and not by cell body stimulation. Expression
is compared to DRG neurons treated with vehicle (100 ng/ml BSA). Results represent the mean
+ SEM of 8 experiments, *P<0.05. (D) Mef2d mRNA expression is upregulated upon
stimulation of distal axons with NGF alone, BDNF alone or NGF+BDNF (NT). Induction of
cfos mRNA is shown as a positive control. (E) MEF2D protein levels were analyzed by Western
blotting before and after NT stimulation for 2 hours. Normalized relative band density of
MEF2D/actin reveal an increase of 21% + 7% in response to distal axon stimulation.
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Figure 2. MEF2D is required for survival responses to neurotrophins

(A) DRG neurons in culture were infected with lentivirus expressing mef2d-GFP RNAi and
cell lysates analyzed by Western blotting with indicated antibodies. Mef2d RNA.i (+) results
in decreased expression of MEF2D protein levels while a control lentivirus (—) does not.
Cerebellar lysate (Cb lysate) was run as a positive control. (B) Apoptosis of DRG neurons was
analyzed by TUNEL staining. Mef2d RNAI reduces survival of DRG neurons in response to
neurotrophins when applied to cell bodies and blocks survival when applied to distal axons.
Results represent the mean = SEM of 5 experiments, *P<0.05. (C) Representative images of
DRG neuron cell bodies grown in culture and stimulated with neurotrophins or vehicle control
on cell bodies (CB) or on distal axons (DA). Cells with (mef2d RNAI) or without (control
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RNAI) mef2d reduction are shown. Panels show TUNEL staining (red) and DAPI-stained
nuclei in control (top) and in neurons expressing mef2d RNAi (bottom).
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Figure 3. ERKS5 regulates MEF2D, and promotes survival in response to target derived
neurotrophins

(A) MEF2D is phosphorylated in response to ERKS5 activation. COS cells were transfected
with CA-MEKS5 and WT-ERKS5, or WT-ERKS5 alone and lysates were blotted with an antibody
to phospho-MEF2 (p-MEF2). (B) MEF2D is phosphorylated in response to cell body
stimulation (20% + 8% increase, P<0.05) for 20 minutes. Lysates were blotted with an antibody
to phospho-MEF2 and with an antibody to pan-actin as a loading control. (C) MEF2D is
phosphorylated in response to distal axon stimulation (17% + 6% increase, P<0.05) for 2 hours.
Lysates were blotted with an antibody to phospho-MEF2 and with an antibody to pan-actin as
a loading control. (D) Neurons were infected with an adenovirus that expresses HA-tagged
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ERK5-dominant negative form (DN-ERKS5), then treated with neurotrophins for 30 minutes.
Compared to uninfected neurons, expression of DN-ERKS5 prevents ERK5 phosphorylation

without inhibiting ERK1/2 activation. (E) ERKS5 supports neuronal survival induced by target-
derived neurotrophins. Cell apoptosis was measured by TUNEL staining in uninfected neurons,
and in neurons infected with WT-ERKS or DN-ERKS for two days. DN-ERKS blocks survival
of neurons that depend on target-derived neurotrophins, whereas DN-ERKS5 has a lesser effect
on survival supported by cell body stimulation. All data shown are means + SEM, * P <0.05.
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Figure 4. Target-derived neurotrophins induce bcl-w and mef2d expression in compartmented
cultures by a Trk-dependent ERK5/MEF2 pathway

(A) Expression of bcl-w mRNA in response to neurotrophin stimulation. DRG neurons were
treated with neurotrophin (NT=100 ng/ml NGF+BDNF) for 2 hours either on distal axons (DA)
or on cell bodies (CB). Bcl-w mRNA expression is specifically induced by distal axon
stimulation and not by cell body stimulation. Bcl-w mRNA is also upregulated upon distal axon
stimulation with NGF or BDNF alone. All data show mean + SEM, *P<0.05. (B)
Compartmented cultures were stimulated at cell bodies (CB) or distal axons (DA) for 8 hours
with neurotrophins. Cell body lysates were analyzed by Western blotting for Bcl-w
(recombinant-Bclw was the positive control). DA stimulation leads to an increase in Bcl-w
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protein levels (32% = 5%). (C) The Trk kinase inhibitor K252a or vehicle control was applied
to cell bodies and distal axons at 200 nM, a concentration that inhibits phosphorylation of Trk
receptors in these neurons. Neurons in compartmented cultures were globally treated or not
with K252a and distal axons (DA) were stimulated with neurotrophins. K252a prevents
induction of c-fos, bcl-w and mef2d by target-derived neurotrophins. (D) The Erk kinase
inhibitor UO126 or vehicle control was applied to cell bodies and distal axons at 50 nM, a
concentration that inhibits phosphorylation of ERK kinases. Neurons in compartmented
cultures were treated or not with UO126. UO126 prevents bcl-w, mef2d and c-fos induction by
target-derived neurotrophins. Neurons were infected with DN-MEKS adenovirus for three
days, then distal axons were stimulated with neurotrophins. DN-MEKS5 expression inhibits
bcl-w and mef2d mRNA induction but not c-fos induction by target-derived neurotrophins. (E)
Lentivirus expressing mef2d RNAIi (M2) inhibits induction of bcl-w and mef2d, but not
induction of c-fos, in response to target-derived neurotrophins (C=control lentivirus). All data
show means + SEM, *P<0.05. (F) Bcl-w and mef2d mRNA expression is specifically induced
by distal axon stimulation and not by global stimulation (cultures maintained for 5-7 days).
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Figure 5. Bcl-w transcription is ERK5 and MEF2-dependent

(A) Schematic of bcl-w 5' region. Sequence and locations of consensus MEF2 binding sites
are indicated. The luciferase construct consisted of the 2.5kB promoter region, followed by
ATG and luciferase reporter gene. (B) Luciferase reporter assay using bcl-w promoter-Luc co-
transfected with pTK-Renilla-Luc for normalization. Two days after transfection by
nucleofection, neurons were stimulated with neurotrophins for 2 hours. Bcl-w-luciferase
expression is neurotrophin-dependent. (C, D) Bcl-w promoter is ERK5 and MEF2-dependent.
Middle and right luciferase reporter assay using bcl-w promoter-Luc, 3XMRE-Luc or basic
Luce cotransfected into COS cells with Renilla luciferase and the indicated expression plasmid
(). Three days after transfection with FUGENE 6, luciferase activity was measured. Data are
from three independent experiments, each of which was conducted in triplicate, and show
means + SEM, *P<0.05.
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Figure 6. Bcl-w and other retrograde response genes are important for the survival of DRG sensory
neurons

(A) Representative images of DAPI staining in dorsal root ganglia from cervical and lumbar
regions of the spinal cord in WT (+/+) and bcl-w —/— mice. Arrows indicate apoptotic cells.
Scale bar = 10 um (B) In vivo analysis of apoptosis. Bcl-w —/— PO mice show an increase in
cell death compared to WT littermates, in both cervical and lumbar DRGs. The percentage of
cells in the DRG with condensed nuclei when visualized by DAPI staining are shown. Three
animals of each genotype were used, and 3-6 dorsal root ganglia from each lumbar and cervical
region were counted. All data show means £ SEM, *P<0.0001. (C) Survival of bclw—/—sensory
neurons in compartmented cultures stimulated with neurotrophin applied to the distal axons
(DA) or the cell bodies and proximal axons (CB). DRG neurons were dissected at E15 and

J Neurosci. Author manuscript; available in PMC 2009 November 20.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pazyra-Murphy et al.

Page 23

seeded in compartmented cultures. Bcl-w —/— neurons are more prone to apoptosis in serum
free-media compared to bcl-w +/+ and +/— under all conditions tested, *P < 0.05 (D)
Retrograde response genes: DRG neurons in compartmented cultures were stimulated with
NGF and BDNF or vehicle applied either to distal axons (DA), or the cell bodies and proximal
axons (CB), for 2 hours. RNA was prepared and expression of decorin, alsin, enpeptidase,
mef2d, IGF-1, bcl-w and c-fos were assessed by Q-RT-PCR and normalized to gapdh in the
same sample. Fold induction was measured by comparing normalized level of expression in
neurotrophin-treated/vehicle treated cells for 4 experiments each involving 5 cultures for each
condition (DA shown first in black). Statistical analysis by Z-test, **P<0.05, *P<0.10 for a
difference from 1.
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Survival

Figure 7. Target-derived neurotrophins activate an ERK5/MEF2 transcriptional program to
promote survival

(A) Neurotrophin binding and Trk activation results in endocytosis of the activated receptor
complex. (B) The signaling endosome, including downstream messengers, is retrogradely
transported by microtubule dependent dynein motors. (C) Upon reaching the cell body,
phosphorylated ERKS5 translocates to the nucleus. (D) MEF2D is phosphorylated and activated
in response to a retrograde ERKS5 signal. (E) Activated MEF2D initiates transcription of bcl-
w, mef2d and other retrograde response genes (RRGs) to promote survival mediated by target-
derived neurotrophins. (F) In the case of cell body neurotrophin stimulation, both ERK5 and
ERKZ1/2 are activated, however, expression of bcl-w, mef2d and other retrograde response
genes are not induced. One possible mechanism is through suppression of ERK5 by the ERK1/2
pathway.
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