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NGF activates several signaling cascades in sympathetic neurons. We examined how activation of one of these cascades, the ERK/MAP
(extracellular signal-regulated kinase/mitogen-activated protein) kinase pathway, affects dendritic growth in these cells. Dendritic
growth was induced by exposure to NGF and BMP-7 (bone morphogenetic protein-7). Exposure to NGF increased phosphorylation of
ERK1/2. Unexpectedly, two MEK (MAP kinase kinase) inhibitors (PD 98059 and U 0126) enhanced dendritic growth, and a ligand, basic
FGF, that activates the ERK pathway inhibited the growth of these processes. The enhancement of dendritic growth by PD 98059 was
associated with an increase in the number of axo-dendritic synapses, and it appeared to represent a specific morphogenic effect because
neither axonal growth nor cell survival was affected. In addition, increased dendritic growth was not observed after exposure to inhibitors
of other signaling pathways, including the phosphatidylinositol-3-kinase inhibitor LY 294002. Dendritic growth was also increased in
cells transfected with dominant-negative mutants of MEK1 and ERK2 but not with dominant-negative mutants of MEK5 and ERK5,
suggesting that ERK1/2 is the primary mediator of this effect. Exposure to BMP-7 induces nuclear translocation of Smad1 (Sma- and
Mad-related protein 1), and PD 98059 treatment potentiated nuclear accumulation of Smad-1 induced by BMP-7 in sympathetic neurons,
suggesting a direct enhancement of BMP signaling in cells treated with an MEK inhibitor. These observations indicate that one of the
signaling cascades activated by NGF can act in an antagonistic manner in sympathetic neurons and reduce the dendritic growth induced
by other NGF-sensitive pathways.
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Introduction
Dendrites are the primary site of synapse formation in the verte-
brate nervous system. Therefore, it is important to understand
how the growth of these processes is regulated. Many growth
factors have been found to stimulate dendritic growth (Higgins et
al., 1997), but two families appear to have especially prominent
and widespread effects. Members of the BMP (bone morphoge-
netic protein) family enhance dendritic growth in sympathetic,
spinal motor, cortical, striatal, and hippocampal neurons (Lein et
al., 1995; Withers et al., 2000; Esquenazi et al., 2002; Gratacos et
al., 2002), whereas various neurotrophins increase the growth of
these processes in cortex (McAllister et al., 1995; Baker et al.,
1998), retina (Lom et al., 2002), and cerebellum (Schwartz et al.,
1997). Moreover, there is evidence for interactions between these

two classes of stimulatory molecules, with sympathetic neurons
requiring simultaneous exposure to both a member of the BMP
family and to nerve growth factor (NGF) for optimal dendritic
growth (Lein et al., 1995). A variety of cytokines and hormones
have also been found to inhibit dendritic growth (Guo et al.,
1999; Chandrasekaran et al., 2000; Drahushuk et al., 2002; Kim et
al., 2002). However, the signaling cascades triggered by these
stimulatory and inhibitory agents and their interactions remain
poorly characterized.

The binding of neurotrophins to trk receptors activates sev-
eral signaling pathways. These include the ERK (extracellular
signal-regulated kinase) cascade, PI-3 kinase (phosphatidylinosi-
tol-3-kinase)/Akt kinase, and phospholipase C (PLC)-�1 (Huang
and Reichardt, 2001; Chao, 2003). Of particular interest is the
ERK pathway, which has many effects on neural tissues. For ex-
ample, activation of ERKs increases axonal growth in sympa-
thetic neurons (Atwal et al., 2000), dorsal root ganglia (Sjogreen
et al., 2000; Wiklund et al., 2002), and PC12 cells (Traverse et al.,
1992; Pang et al., 1995) in vitro, and it also enhances axonal re-
generation after axotomy in vivo (Miura et al., 2000). In addition,
ERK stimulation plays an important role in activity-dependent
regulation of neuronal functions, such as synaptic plasticity,
learning, and memory (Grewal et al., 1999; Adams and Sweatt,
2002). In this study, we examined the role of the ERK pathway in
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the regulation of dendritic growth in sympathetic neurons ex-
posed to BMP-7 and NGF. Costimulation with these two agents
leads to a rate of dendritic growth in vitro that is equivalent to that
observed in vivo (Lein et al., 1995), and there is evidence for
sympathetic neurons being exposed to both of these growth fac-
tors in vivo, with NGF being derived from target tissues (Purves et
al., 1988) and BMPs being produced by glia (Lein et al., 2002).

Our data indicate that inhibition of ERK1/2 activation by ei-
ther pharmacological agents or overexpression of dominant-
negative mutants potentiates dendritic growth in the presence of
BMPs and NGF and that this represents a specific morphogenetic
effect because neither axonal growth nor cell survival is affected.
These observations indicate that one of the signaling cascades
activated by NGF acts in an antagonistic manner in sympathetic
neurons and reduces the dendritic growth induced by other
NGF-sensitive signaling pathways.

Materials and Methods
Materials. Recombinant human BMP-2, BMP-6, and BMP-7 were gen-
erous gifts from Curis (Cambridge, MA). PD 98059 was purchased from
Biomol (Plymouth Meeting, PA), and U 0126 was from Promega (Mad-
ison, WI). LY 294002 was obtained from Sigma (St. Louis, MO), and SB
202190 was from Calbiochem (San Diego, CA).

Cell culture. Cultures of neurons from the superior cervical ganglia of
embryonic (day 21) Holtzman rats (Harlan Sprague Dawley, Rockford,
IL) were prepared according to previously described methods (Higgins et
al., 1991). Briefly, cells were dissociated after enzymatic treatment with
trypsin (2.5 mg/ml) and collagenase (1 mg/ml). Subsequently, they were
pelleted, resuspended in serum-free medium, and plated at low density
(�10 cells/mm 2) onto poly-D-lysine- (100 �g/ml) coated coverslips. The
serum-free culture medium (Higgins et al., 1991) contained �-NGF (100
ng/ml). To kill dividing non-neuronal cells, the anti-mitotic agent
cytosine-�-D-arabinofuranoside (1 �M) was added to the medium for 48
hr beginning on day 2. Experimental treatments were begun on the sixth
or seventh day in vitro.

Morphological analyses. Cellular morphology was analyzed by immu-
nocytochemical methods (Lein et al., 1995). Culture were fixed with 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100 in PBS (3
min). Cells were then incubated with monoclonal antibodies (mAb) that
recognize either axons or dendrites, followed by detection with
rhodamine-conjugated secondary antisera (Roche Products, Indianapo-
lis, IN). An mAb to MAP2 (microtubule-associated protein-2) (SMI-52;
Sternberger Monoclonals, Baltimore, MD) was used to visualize den-
drites. Axons were identified with an mAb to phosphorylated forms of
the heavy (NF-H) and medium (NF-M) neurofilament subunits (SMI-
31; Sternberger Immunocytochemicals). SPOT software (Diagnostic In-
struments, Sterling Heights, MI) was used to measure the total neuritic
length. Synaptic specializations that formed along dendrites were visual-
ized by double labeling the cultures with rabbit anti-MAP2 IgG (a gift
from Dr. Craig Garner, University of Alabama at Birmingham, Birming-
ham, AL) and mAb to SV2 (synaptic vesicle protein-2) (Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City, IA) (Feany et al.,
1992) and then with rhodamine-conjugated antibody to rabbit IgG and
fluorescein-conjugated antibody to mouse IgG (Roche Products).

Axonal growth was also assessed by plating cells at low density (� 3000
cells per coverslip) onto gridded coverslips with embossed coordinates
(CELLocate; Eppendorf Scientific, Hamburg, Germany). Under these
conditions, one can serially monitor axonal growth for extended periods
by relocating previously examined neurons (Guo et al., 1999). After elim-
inating non-neuronal cells, neurons were grown in medium with or
without PD 98059 for 5 d, and total axonal length was periodically mea-
sured with NIH Image J (version 1.25s).

The rabbit IgG fraction used to examine the cellular distribution of
Smad-1 (Sma- and Mad-related protein 1) was obtained from Upstate
Biotechnology (Lake Placid, NY). Briefly, cultures were fixed with 4%
paraformaldehyde (15 min, 20°C) and permeabilized with methanol (10

min, �20°C). Cells were examined with a Bio-Rad (Hercules, CA) con-
focal microscope, using 1 �m optical sections.

Experiments were typically performed three times, and data are pre-
sented as the mean � SEM. Statistical significance was assessed by Stu-
dent’s t test or a one-way ANOVA, followed by Tukey’s post hoc test.

Western blotting. Cells were solubilized in 50 mM Tris-HCl, pH 7.4, 1
mM EDTA, 0.1% SDS, and 2.0% �-mercaptoethanol. After centrifuga-
tion at 15,000 � g for 10 min, the protein concentration was determined
using a Bio-Rad protein assay. Proteins (10 �g/lane) were separated by
SDS-PAGE (12%) and transferred to polyvinylidene difluoride mem-
branes. Blots were probed with polyclonal antibodies to ERK1/2 or phos-
phorylated-ERK1/2 (Cell Signaling Technology, Beverly, MA) or an mAb
to MAP2 (SMI-52) and incubated with HRP-conjugated secondary an-
tibodies (Boehringer Mannheim, Indianapolis, IN). Detection was per-
formed using an enhanced chemiluminescent reagent (Amersham Bio-
sciences, Piscataway, NJ). To quantify data, films were scanned using an
HP ScanJet ADF scanner and HP Precision ScanPro software (Hewlett-
Packard, Palo Alto, CA), and band density was determined as arbitrary
absorption units.

Transfection. Cells were cotransfected with a plasmid encoding the
enhanced green fluorescent protein (pEGFP-N2; Clontech, Palo Alto,
CA) and plasmids containing either MEK [MAP (mitogen-activated pro-
tein) kinase kinase] or ERK constructs. The former were a generous gift
from Dr. Natalie Ahn (University of Colorado, Boulder, CO) and con-
sisted of the expression vector pMCL containing HA-MAPKK
[hemagglutinin–mitogen-activated protein kinase kinase (wild type)],
HA-K97M MAPKK (dominant-negative carrying M substitution at
K97), or HA-S218E/S222D MAPKK (constitutively active) (Mansour et
al., 1994). Dominant-negative ERK2, ERK5, and MEK5 constructs (Kato
et al., 1997) were kindly provided by Dr. Jiian-Dwan Lee (Scripps Re-
search Institute, La Jolla, CA). Transfection was performed using Lipo-
fectAmine 2000 (Invitrogen, Carlsbad, CA) according to the protocol of
the manufacturer. Briefly, cells in 12-well dishes were treated on day 5
with 500 �l/well of DMEM containing 1.5 �g of DNA and 6 �g of
LipofectAmine. After incubation for 6 hr, cells were washed and allowed
to recover for 48 hr before experimental treatments were begun. Trans-
fection efficiency was typically �20% (Kim et al., 2002).

Results
Inhibition of MEK enhances dendritic growth and
synapse formation
Embryonic sympathetic neurons extend only axons (Brucken-
stein and Higgins, 1988a) when grown in serum-free medium in
the absence of non-neuronal cells (Fig. 1). Exposure to a modest
concentration (10 ng/ml) of BMP-7 causes these neurons to form
two to three dendrites over 5 d (Fig. 1). Neurons treated with
maximally effective doses (�50 ng/ml) of BMP-7 extend a greater
number of primary dendrites (Fig. 2) and eventually generate a
dendritic arbor that is equivalent in size to that observed in situ
(Lein et al., 1995).

We wanted to examine the possibility that the MAPK pathway
regulates dendritic growth. Sympathetic neurons were grown in
the presence of a maximally effective concentration (100 ng/ml)
of NGF. Therefore, it was expected that the MEK/MAPK pathway
would be active under our culture conditions (Creedon et al.,
1996). To assess morphological changes in dendrites, cells were
exposed to an inhibitor of MEK1 (PD 98059) with or without
BMP-7 (10 ng/ml) for 5 d. PD 98059 alone did not induce mor-
phological changes in sympathetic neurons (Fig. 1). However, it
potentiated the inductive effects of BMP-7 on dendritic growth.
The potentiating effects of PD 98059 were detected at concentra-
tions as low as 0.1 �M, and the ED50 was �0.3 �M (Fig. 2). In
cultures treated with moderate doses of BMP-7 (10 ng/ml), PD
98059 produced a twofold increase in the number of dendrites,
and total dendritic length increased threefold (Fig. 2). The poten-
tiating effects of PD 98059 were also observed in the presence of
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maximally effective concentrations of BMP-7 (�50 ng/ml):
there was an �50% increase in the number of dendrites and a
�35% increase in total dendritic length. Nonlinear regression
analysis (Marquardt-Levenberg algorithm) revealed that PD
98059 increased the maximum response, i.e., it increased the
number of dendrites that sympathetic neurons develop in cul-

ture but did not affect the ED50. These data suggest that the
effect of PD 98059 on BMP-7-induced dendritic growth is an
enhancement of BMP-7 efficacy. PD 98059 also enhanced
BMP-2- and BMP-6-induced dendritic growth (data not
shown), suggesting that PD 98059 affects a common pathway
in BMP signaling.

To further characterize the effects of MEK inhibition on sym-
pathetic neurons, we examined the effects of PD 98059 on MAP2
expression and synapse formation. MAP2 is a protein that is
found primarily in dendrites, and its expression increases after
exposure to BMP-7 (Guo et al., 1998). In agreement with previ-
ous reports, Western blotting revealed that the expression of
MAP2 increased 2.8 � 0.2-fold after 48 hr of BMP-7 exposure. In
the presence of PD 98059, the increase in MAP2 expression was
greater (3.5 � 0.1-fold increase), suggesting a modest synergistic
action on MAP2 expression. Treatment with PD 98059 also in-
creased the formation of axo-dendritic synapses by 46% (Fig. 3).
Thus, MEK inhibition not only enhances the growth of dendrites
but also increases the number of contacts made with these
processes.

To confirm that MEK was indeed active in our system and that
PD 98059 blocked its activity, we examined the activation of
ERK1/2, which are kinases downstream from MEK. Western
blotting was performed, using an antibody that recognizes a
phosphorylated form of ERK1/2 (Thr 202/Tyr 204). Pretreat-
ment of cells with PD 98059 (10 �M) for 30 min completely
inhibited the phosphorylation of ERK1/2 produced by NGF (100
ng/ml) (data not shown). The specificity of action of PD 98059
was further assessed by comparing its effects with those of a struc-
turally unrelated MEK inhibitor, U 0126 (Fig. 4). A 2.5-fold in-
crease in the number of dendrites per cell was observed in cul-
tures treated with U 0126 in the presence of BMP-7, strongly
suggesting that the potentiation of dendritic growth by PD 98059
is attributable to its ability to inhibit MEK.

We next determined whether a dominant-negative mutant of
MEK1 that is catalytically inactive (K97M) also enhances BMP-
7-induced dendritic growth. For these transfection experiments,
we needed to use higher-density cultures in which dendritic
growth was less robust than in low-density cultures used in other
experiments (Fig. 5). However, inhibition of MEK also enhanced
dendritic growth in these cultures (data not shown). Wild-type or
mutant MEK1 was cotransfected with EGFP to identify the trans-
fected cells. Forty-eight hours later, cells were treated with BMP-7
(10 ng/ml) for 5 d. In cultures transfected with control vector or
wild-type MEK1, BMP-7 caused cells to extend approximately
one dendrite, indicating that transfected cells responded to
BMP-7 (Fig. 5). Consistent with previous results, overexpression
of the dominant-negative mutant of MEK1 potentiated BMP-7-
induced dendritic growth by �1.8-fold. Moreover, constitutively
active MEK1 decreased dendritic growth, strongly suggesting that
the ERK/MAPK pathway regulates dendritic growth in sympa-
thetic neurons.

NGF causes activation of both ERK1/2 and ERK5 in sympa-
thetic neurons, and there is evidence indicating the various ERKs
subserve different cellular functions in these cells (Watson et al.,
2001). To determine whether a particular isoform was involved
in the regulation of dendritic growth, sympathetic neurons were
transfected with dominant-negative constructs of ERK2 and
ERK5. Only the former enhanced dendritic growth (Fig. 6).
Dominant-negative mutants of ERK5 and MEK5, the kinase up-
stream of ERK5, were inactive.

Figure 1. Effects of BMP-7 and PD 98059 on the morphology of sympathetic neurons. Phase-
contrast (A, C, E, G) and fluorescence (B, D, F, H–J ) micrographs of neurons immunostained with
an mAb to MAP2. Neurons in control cultures had only axons (A, B). Neurons exposed to BMP-7
(10 ng/ml) for 5 d extended dendrites (C, D), and this response was enhanced by treatment with
PD 98059 (10 �M; E, F ). PD 98059 alone had no effect on dendritic growth (G, H ). I and J are
low-power micrographs of cells exposed to BMP alone ( I ) or in the presence of PD 98059 ( J).
Scale bars, 25 �m.

3306 • J. Neurosci., March 31, 2004 • 24(13):3304 –3312 Kim et al. • ERKs Regulate Dendritic Growth



MAP kinase does not affect cell number or axonal growth
To determine whether PD 98059 selectively affects dendrites, we
examined its effects on cell survival. There was no significant
change in neuronal number in the presence of a maximally effec-
tive concentration (10 �M) of PD 98059 (Fig. 7). This finding is

consistent with previous reports that inhi-
bition of MEK activity by PD 98059 does
not suppress the survival of sympathetic
neurons (Creedon et al., 1996; Virdee and
Tolkovsky, 1996).

Inhibition of MEK activation inhibits
neuritic growth in PC12 cells (Cowley et
al., 1994; Pang et al., 1995) and axonal re-
generation after axotomy in sensory neu-
rons of the dorsal root ganglia (Sjogreen et
al., 2000; Wiklund et al., 2002). Therefore,
we used two methods to determine
whether PD 98059 affects axonal growth
in our system (Fig. 8). First, initial axonal

outgrowth was assessed at 12 hr after plating. Immunostaining
with an antibody that recognizes the phosphorylated forms of
NF-H and NF-M showed that PD 98059 does not interfere with
initial axonal growth. To examine possible long-time effects of
PD 98059 on axonal growth, neurons were plated onto gridded
coverslips at low density, which allowed us to observe morpho-
logical changes of individual axons in the same region over time
(Fig. 8). Treatment with PD 98059 began on day 5 in vitro, at
which time a minimal level of axonal growth had been estab-
lished. Total axonal length was reassessed 1, 3, and 5 d later, and
serial imaging showed that the inhibition of MEK activity does
not affect axonal growth. These data suggest that MAP kinase
selectively affects dendritic growth in sympathetic neurons
grown under serum-free conditions.

Comparison of effects of MEK inhibitors and other
kinase inhibitors
The p38 kinase, a member of the MAPK subfamily, has also been
implicated in neuronal differentiation, including NGF-induced
neuritic growth of PC12 cells (Morooka and Nishida, 1998; Hansen
et al., 2000). In addition, PI-3 kinase is activated by neurotrophic
factors that regulate the axonal growth and survival of sympathetic
neurons (Kuruvilla et al., 2000). To determine whether these kinases
regulate dendritic growth, sympathetic neurons were exposed to SB
203580, a p38 kinase inhibitor, or the PI-3 kinase inhibitor LY
294002, in the presence of BMP-7 (10 ng/ml) for 5 d (Table 1).
Neither inhibitor potentiated BMP-7-induced dendritic growth.
The inhibition of dendritic growth by LY 294002 may be attributable
to its deleterious effects on sympathetic neuronal health survival
(Crowder and Freeman, 1998; Mazzoni et al., 1999), and somatic
atrophy was observed in our cultures.

FGF inhibits BMP-7-induced dendritic growth
We next determined whether other growth factors that activate
the ERK pathway also inhibit BMP-7-induced dendritic growth.
Neurons were cultured in the media containing 10 ng/ml NGF.
This concentration of NGF allows high rates of survival (90 –
100%) of sympathetic neurons (Belliveau et al., 1997). However,
it is suboptimal for promoting dendritic growth and thus pro-
vides favorable conditions for examining effects of FGF-induced
ERK activation on dendritic growth. In cultures treated with
moderate doses of BMP-7 (5 ng/ml), there was a 45% decrease in
the number of dendrites per cell in the presence of FGF (Fig. 9),
suggesting that FGF-induced ERK activation inhibits dendritic
growth in sympathetic neurons.

MAPK blocks the nuclear accumulation of Smad-1
MAPK has been shown to inhibit the nuclear accumulation of
Smad-1 by phosphorylating a site in the linker region between the

Figure 2. Inhibition of MEK1 enhances BMP-7-induced dendritic growth. Sympathetic neurons were exposed to various con-
centrations of the MEK inhibitor PD 98059 (PD) ( A) with or without BMP-7 (10 ng/ml) for 5 d. Alternatively, cells were exposed to
varying concentrations of BMP-7 (B, C) in the presence of PD 98059 (10 �M). The number of dendrites per cell ( B) and total dendritic
length ( C) was assessed by immunostaining with mAb to MAP2 (n � 60 cells). *p � 0.05 versus control.

Figure 3. Effects of an MEK inhibitor on synapse formation in cultures of sympathetic neu-
rons. A, Neurons were treated with BMP-7 (10 ng/ml) with or without PD 98059 (10 �M) for 5 d.
Dendritic morphology and presynaptic specializations were analyzed by double immunostain-
ing with antibodies to MAP2 (green) and SV2 (red) (n � 30 cells per condition). SV2-positive
puncta that are associated with dendrites have been shown previously to represent sites of
synaptic contact (Fletcher et al., 1994). *p � 0.05 versus control. B, Fluorescence micrograph of
a neuron treated with BMP-7 (10 ng/ml) and PD 98059 (10 �M) for 5 d.
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DNA-binding domain and the transcriptional activation domain
(Kretzschmar et al., 1997). To explore the mechanism involved in
MAPK-mediated regulation of dendritic growth, we examined
the possibility that the inhibition of MAPK activity enhances nu-
clear accumulation of Smad-1. Treatment with a maximally ef-
fective concentration of BMP-7 (100 ng/ml) caused marked in-
duction and nuclear translocation of Smad-1 within 2 hr (�90%
nuclei labeled) (Fig. 10). In contrast, treatment of BMP-7 at a

concentration approximating the EC50 (10 ng/ml) did not cause a
detectable effect at this time; most cells still showed modest
Smad-1 staining in the cytoplasm (�15% nuclei labeled). These
data indicate that lower concentrations of agonist cause a de-
crease in the kinetics of signaling events mediated by BMP-7.
However, PD 98059 treatment potentiated the induction and
nuclear accumulation of Smad-1 (�42% nuclei labeled) com-
pared with treatment with the lower concentration of BMP-7
alone.

Discussion
The ERK signaling pathway regulates crucial aspects of neuronal
development, including cellular survival and differentiation
(Traverse et al., 1992; Pang et al., 1995; Bergmann et al., 1998;
Kurada and White, 1998; Anderson and Tolkovsky, 1999; Atwal
et al., 2000; Wiklund et al., 2002). Activation of the ERK signaling
pathway has also been found to alter axonal growth in sympa-
thetic, sensory, and spinal motor neurons (Atwal et al., 2000;

Figure 4. Effects of U 0126 on dendritic growth. Sympathetic neurons were exposed to
various concentrations of the MEK inhibitor U 0126 with or without BMP-7 (10 ng/ml) for 5 d.
Cellular morphology (n � 60 cells) was assessed by immunostaining with mAb to MAP2. *p �
0.05 versus BMP-7 alone.

Figure 5. Dominant-negative MEK1 potentiates BMP-7-induced dendritic growth. For
transfections, sympathetic neurons were plated at threefold higher density (�30 cells/mm 2)
than in previous experiments. Under these conditions, BMP-7 (10 ng/ml) still induced dendritic
growth, but the magnitude of the response was reduced ( A). Neurons were cotransfected with
plasmids containing EGFP and wild-type MEK1 (MEK1 WT) or dominant-negative mutant
(MEK1 K97M) ( B) or with a constitutively active mutant ( C). Two days later, cells were treated
with BMP-7 (10 ng/ml). On day 5, cellular morphology was assessed by immunostaining with
an mAb to MAP2 (D, bottom; n � 60 per group). Fluorescence micrograph of a nontransfected
neuron and a neuron cotransfected with EGFP and dominant-negative MEK (MEK1 K97M) ( D).
Transfected cells were identified by expression of EGFP (D, top). *p � 0.05 versus BMP-7.

Figure 6. Dominant-negative ERK2 enhances dendritic growth. Sympathetic neurons were
cotransfected with plasmids containing EGFP and one of the following constructs: dominant-
negative ERK2 (AEF; Thr 183 and Tyr 185 replaced with alanine and phenylalanine) (Kato et al.,
1997), dominant-negative ERK5 (AEF), or dominant-negative MEK5 ( A). Two days later, cells
were treated with BMP-7 (10 ng/ml). On day 5, cellular morphology was assessed by immuno-
staining with an mAb to MAP2. Transfected cells were identified by expression of EGFP. *p �
0.05 versus BMP-7.

Figure 7. Inhibition of MEK1 does not alter cell survival. Sympathetic neurons were treated
with BMP-7 (10 ng/ml) with or without PD 98059 (PD) (10 �M) for 5 d. Subsequently, cell
survival was determined by counting the number of MAP2-positive cells.
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Miura et al., 2000; Sjogreen et al., 2000; Wiklund et al., 2002) and
neurite outgrowth in PC 12 cells (Traverse et al., 1992; Pang et al.,
1995). In most instances, the effects of ERK activation on axonal
growth have been stimulatory. In contrast, our data indicate that
inhibition of ERK signaling enhances BMP-7-induced dendritic
growth and synapse formation, indicating that activation of this
pathway may adversely affect neural development under some
circumstances.

Our observations contrast with a recent reporting suggesting
that ERKs mediate activity-dependent increases in dendritic
growth. In particular, Vaillant et al. (2002) found that depolar-
ization of sympathetic neurons via exposure to KCl stimulates the
ERK pathway and that this increases dendritic stability. Subtle
differences in the culture systems, such as the use of serum
(Bruckenstein and Higgins, 1988b) by Vaillant et al., may under-
lie these discrepant results. However, it should be noted that basal
dendritic growth was limited in their control cultures (average

total dendritic arbor of �13 �m) and that KCl provided only a
moderate enhancement of dendritic growth (total arbor of �23
�m). In contrast, the amount of dendritic growth in our BMP-
7-treated cultures (�300 �m in 5 d) was an order of magnitude
greater, and indeed the rate of growth was close to that observed
in vivo (Lein et al., 1995). Thus, although there may be circum-
stances in which depolarization-induced ERK activation can
stimulate dendritic growth, such as the refinement of terminal
processes, it is likely that opposite effects dominate when there is
rapid expansion of the dendritic arbor.

Sympathetic neurons require NGF for their survival (Levi-
Montalcini, 1987; Deckwerth and Johnson, 1993). Therefore,
most tissue culture media contain a saturating concentration of
this trophic factor. In agreement with others (Huang and
Reichardt, 2001; Chao, 2003), we found that NGF activates the
MEK pathway and thereby causes the phosphorylation of
ERK1/2. Surprisingly, two pharmacological inhibitors of the ERK
pathway and a dominant-negative mutant of MEK1 stimulated
dendritic growth, indicating that the effect of ERK activation on
dendrites is inhibitory. In contrast, NGF is known to stimulate
dendritic growth in vivo and in vitro (Purves et al., 1988; Snider,
1988; Lein et al., 1995). This apparent contradiction is probably
explained by the fact that NGF activates multiple signal transduc-
tion cascades via trkA receptors, including the ras/ERK pathway,
PI-3 kinase/Akt kinase pathway, and PLC-�1 (Segal and Green-
berg, 1996; Huang and Reichardt, 2001). Of particular interest is
PI-3 kinase/Akt signaling. Because it is required for survival and
neuronal hypertrophy (Crowder and Freeman, 1998; Mazzoni et
al., 1999; Kuruvilla et al., 2000; Tsui-Pierchala et al., 2000), it
seems a reasonable candidate for mediating increased dendritic
growth by NGF. Our finding that an inhibitor of the PI-3 kinase
pathway inhibits dendritic growth is consistent with this hypothesis.
Similarly, in a previous study (Drahushuk et al., 2002), we found that
an inhibitor of PLC reduced BMP-induced dendritic growth. These
data suggest that the net effects of NGF on dendritic growth repre-
sent the sum of an inhibitory signaling component via ERK signaling
and stimulatory signals from other trk- or p75-mediated signaling
pathways. In this respect, it is important to note that the MEK/ERK
and the PI-3 kinase/Akt pathways are often simultaneously activated
in response to growth factors and hormones, and, although the most
frequent interaction between these two pathways is synergistic, there
are also many instances (Kauffmann-Zeh et al., 1997; Rommel et al.,
1999) in which they have been found to function in an antagonistic

Figure 8. Inhibition of MEK1 activity does not affect axonal growth. A, Dissociated neurons
were plated onto coverslips coated with laminin (2 �g/ml) in control medium (C2) or in the
presence of PD 98059 (10 �M) and/or BMP-7 (10 ng/ml) for 12 hr. Axons were identified by
immunostaining with an mAb that recognizes phosphorylated forms of NF-H and NF-M (n � 40
cells). B–D, Neurons were plated at low density onto gridded coverslips. After elimination of
non-neuronal cells, neurons were grown in medium with or without PD 98059 (10 �M) and/or
BMP-7 (10 ng/ml) for 5 d. Representative areas of the cultures were photographed just before
treatments and after 1, 3, and 5 d of treatment. The total linear length of all axonal processes
with the designated area was determined using NIH Image J software. C, Phase-contrast micro-
graph of a representative area, taken before experimental treatment was begun. When the
same area was relocated after 5 d of treatment with PD 98059, the axonal network had become
much denser and new processes had appeared ( D). Circle represents the defined area inside
which axons were serially traced; dark lines indicate alignment reference points for repeated
placement of saved circle template. B, Total axonal length (15 areas).

Table 1. Comparison of effects of MEK inhibitors and other kinase inhibitors on
BMP-7-induced dendritic growth

Treatment Dendrites per cell

BMP-7 3.21 � 0.21
BMP-7 � PD 98059 5.37 � 0.22*
BMP-7 � U 0126 5.98 � 0.24*
BMP-7 � SB 202190 3.38 � 0.18
BMP-7 � LY 294002 1.97 � 0.14*

Sympathetic neurons were exposed to BMP-7 (10 ng/ml) alone or with one of following kinase inhibitors for 5 d: PD
98059 (10 �M), U 0126 (10 �M), SB 202190 (10 �M), or LY 294002 (10 �M). Dendrites were detected by immuno-
staining with a mAb to MAP2. *p � 0.05 versus BMP-7.

Figure 9. FGF inhibits BMP-7-induced dendritic growth. Sympathetic neurons were cul-
tured in the control media containing 10 ng/ml NGF to maintain cell survival. After elimination
of non-neuronal cells, neurons were exposed to BMP-7 (5 ng/ml) with or without FGF (100
ng/ml). On day 5, cellular morphology (n � 60 cells) was assessed by immunostaining using
mAb to MAP2. *p � 0.05 versus BMP-7.
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manner in non-neuronal tissues. For example, inhibition of insulin-
like growth factor (ILGF)-induced ERK activation increases myo-
genic differentiation, whereas inhibition of ILGF-induced Akt acti-
vation decreases myogenic differentiation (Coolican et al., 1997).
Such opposing interactions offer the potential for fine tuning critical
cellular functions, such as dendritic growth and synapse formation.
Moreover, they allow potential integration of signaling pathways
activated by growth factors, transmitters, and activity.

Recent studies suggest that neurotrophins activate different
signaling pathways depending on the location of stimulation and
that these may have different cellular consequences. Watson et al.
(2001) showed that direct application of NGF to the cell body
induces phosphorylation and nuclear translocation of both
ERK1/2 and ERK5. In contrast, exposure of axon terminals to

NGF caused rapid activation of only ERK5 in the cell body. Sim-
ilarly, the effects of BDNF on dendritic growth in retinal ganglion
cells vary depending on its source (Lom and Cohen-Cory, 1999;
Lom et al., 2002): dendritic growth is promoted by target-derived
BDNF, whereas it is inhibited by locally applied BDNF. Our data
indicate that the inhibitory effects of ERK on dendritic growth are
mediated by ERK1/2 and that ERK5 is not involved, suggesting
that it is local ERK activation occurring in the cell body or den-
drites rather than axon terminals that is inhibitory for sympa-
thetic neurons. In this respect, it is important to note that other
activators of the ERK pathway, such as FGF, can also inhibit
dendritic growth and that preganglionic sympathetic nerve ter-
minals contain peptides, such as PACAP (pituitary adenylate
cyclase-activating polypeptide) and VIP (Baldwin et al., 1991;
Sasek et al., 1991; Beaudet et al., 1998) that are known to cause
ERK activation (Frodin et al., 1994; Young et al., 1994; Barrie et
al., 1997) and to inhibit dendritic growth (Drahushuk et al.,
2002).

The cellular mechanism by which ERK signaling affects BMP-
7-induced dendritic growth may involve interactions with pro-
teins involved in BMP signaling. We found that treatment with
PD 98059 enhances the nuclear accumulation of Smad-1 in re-
sponse to a low concentration of BMP-7 and that it increases
nuclear accumulation to a degree comparable with that of cul-
tures treated with a maximally effective concentration of BMP-7.
These data suggest that ERKs negatively affect the transcriptional
activity of Smad-1. Similarly, Kretzschmar et al. (1997) reported
that activation of the ERK pathway inhibits the nuclear accumu-
lation of Smad-1 by causing phosphorylation of the hinge region
linking the inhibitory and effector domains of Smad1. This phos-
phorylation site is separate and distinct from the C-terminal se-
quence of Smad-1 phosphorylated by the BMP-7 receptor. How-
ever, it plays a critical role in regulating Smad-1 activity
(Kretzschmar et al., 1997). In addition, oncogenic Ras represses
TGF-� signaling through downregulation of Smad-4, the
common-partner Smad (Saha et al., 2001), which is mediated by
the activation of ERK pathway. Thus, interactions between ERKs
and downstream mediators of BMP signaling may account for
some of the inhibitory effects of ERK activation on dendritic
growth in sympathetic neurons.
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