
Cellular/Molecular

Cytoplasmic Polyadenylation Element-Binding Protein
Regulates Neurotrophin-3-Dependent �-Catenin mRNA
Translation in Developing Hippocampal Neurons

Mitchell Kundel,1 Kendrick J. Jones,2 Chan Y. Shin,3 and David G. Wells2

Departments of 1Cell Biology and 2Molecular, Cellular, and Developmental Biology, Yale University, New Haven, Connecticut 06520-8103, and
3Department of Pharmacology, School of Medicine, Konkuk University, Kwangjin-Gu, Seoul 43-701, Korea

Neuronal morphogenesis, the growth and arborization of neuronal processes, is an essential component of brain development. Two
important but seemingly disparate components regulating neuronal morphology have previously been described. In the hippocampus,
neurotrophins, particularly brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT3), act to enhance cell growth and branch-
ing, while activity-induced branching was shown to be dependent upon intracellular �-catenin. We now describe a molecular link
between NT3 stimulation and �-catenin increase in developing neurons and demonstrate that this process is required for the NT3-
mediated increase in process branching. Here, we show that �-catenin is rapidly increased specifically in growth cones following NT3
stimulation. This increase in �-catenin is protein synthesis dependent and requires the activity of cytoplasmic polyadenylation element-
binding protein-1 (CPEB1), an mRNA-binding protein that regulates mRNA translation. We find that CPEB1 protein binds �-catenin
mRNA in a CPE-dependent manner and that both localize to growth cones of developing hippocampal neurons. Both the NT3-mediated
rapid increase in �-catenin and process branching are abolished when CPEB1 function is inhibited. In addition, the NT3-mediated
increase in �-catenin in growth cones is dependent upon internal calcium and the activity of CaMKII (calcium/calmodulin-
dependent kinase II). Together, these results suggest that CPEB1 regulates �-catenin synthesis in neurons and may contribute to
neuronal morphogenesis.

Introduction
During development, neuronal process growth, or morphogen-
esis, is regulated through signaling in the growth cone. Undoubt-
edly, neuronal morphogenesis is governed by the coordination of
gene expression, trophic cues, synaptic inputs, cell adhesion, and
cytoskeletal organization. For example, the neurotrophins brain-
derived neurotrophic factor (BDNF) and neurotrophin-3 (NT3)
can both induce increased branching in neurons in culture
(McAllister et al., 1995; Labelle and Leclerc, 2000). In addition,
there is clearly a role for the cadherin– catenin complex in den-
dritic branching, as changing the levels of these proteins also
results in changes in morphology (Yu and Malenka, 2003). One
likely target of morphogenic signaling is protein metabolism
within the growth cone itself.

Localization of proteins to specific cellular compartments is
critical to cell function. Mounting evidence now suggests that

regulation of the transport and translation of mRNA in neurons
plays an important role in axonal growth and guidance (Campbell
and Holt, 2001; Zhang et al., 2001; Ming et al., 2002; Wu et al.,
2005; Lin and Holt, 2007; Hengst et al., 2009). Since �-catenin
plays such an important role in neuronal morphogenesis, we
sought to determine how �-catenin mRNA is regulated in devel-
oping hippocampal neurons.

mRNA translation targeted to a specific cellular compartment
is thought to have at least three regulable steps: the transport of
selective mRNA, the translational silencing of this mRNA while
en route and the ability to activate translation in response to a
signal (Bramham and Wells, 2007). The transport and transla-
tional regulation of targeted mRNAs is thought to be mediated
by mRNA-binding proteins (Wells, 2006). For example, the
zipcode-binding protein-1 (ZBP1) and heterologous nuclear ri-
bonucleoprotein R (hnRNPR), along with its binding partner
survival motor neuron (SMN), are thought to regulate �-actin
synthesis in growth cones (Zhang et al., 2001; Rossoll et al., 2003).
The characterization of the functional cohort of mRNAs in
growth cones and how they are regulated will be essential to our
understanding of normal development and regeneration.

Here, we show that �-catenin mRNA contains binding sites
for the mRNA-binding protein cytoplasmic polyadenylation
element-binding protein-1 (CPEB1). CPEB1 was first character-
ized in Xenopus oocytes, where it both silences translation of
bound mRNAs and activates translation in a mechanism that
involves cytoplasmic mRNA polyadenylation (Mendez and Richter,
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2001). In mature neurons, CPEB1 regulates glutamate-dependent
mRNA polyadenylation and translation (Wu et al., 1998; Wells et al.,
2001; Shin et al., 2004; McEvoy et al., 2007) and may play a role in
mRNA localization (Huang et al., 2003).

We show that �-catenin mRNA and CPEB1 localize to growth
cones of hippocampal neurons. Further, following NT3 stimu-
lation, �-catenin protein accumulates rapidly and exclusively in

the growth cones, and this increase is de-
pendent on new protein synthesis. This
increase in �-catenin is correlated with
the phosphorylation of CPEB1 at T 171,
which activates the translation of bound
mRNA (Mendez et al., 2000b), and can be
inhibited by blocking mRNA polyadenyl-
ation. Finally, disrupting CPEB1 function
blocks the increase in �-catenin and alters
the growth and branching of hippocam-
pal processes caused by prolonged expo-
sure to NT3. This work demonstrates for
the first time a role for CPEB1-mediated
protein synthesis in the morphogenesis of
hippocampal neurons.

Materials and Methods
Cell cultures. Rat hippocampal neuron cultures
were made as previously described with slight
modifications (Wells et al., 2001). Briefly, the
hippocampus was removed from rat embry-
onic day 18 embryos (E18), trypsinized (0.25%),
triturated, and plated on poly-L-lysine-coated
coverslips (1 mg/ml) at 50,000 cells/ml for 3 h.
The coverslips were then transferred to dishes
containing a monolayer of glial cells in growth
media containing 10% horse serum. At 1 d in
vitro (DIV), the media was replaced with
serum-free N2.1 media.

Stimulation protocol. Individual coverslips
with hippocampal neurons (1 DIV) were trans-
ferred to 12-well plates in fresh N2.1 media and
equilibrated at 37°C for 4 h. NT3 (Cell Sci-
ences) was added to the media at a final con-
centration of 50 ng/ml for 15 min before
processing for immunocytochemistry. This
concentration of NT3 was derived from data
indicating an increase in dendritic branching
when cells were grown in NT for 48 h (Labelle
and Leclerc, 2000). With the exception of
BAPTA-AM, which was added 5 min before
stimulation, all drugs were added to the media
15 min before NT3 stimulation and remained
there for the duration of the stimulation exper-
iment. For experiments involving Western blot
analysis, the same stimulation protocol was
used and the cells were harvested in sample
buffer at the end of the stimulation. Western
blots were probed with an anti-pCPEB1 anti-
body (1:2000) (supplemental Fig. 1, available
at www.jneurosci.org as supplemental mate-
rial) (Atkins et al., 2004). The same blots were
then stripped and reprobed with an anti-
CPEB1 antibody (1:1000) (supplemental Fig.
1, available at www.jneurosci.org as supplemen-
tal material) (Shin et al., 2004). Blots were ana-
lyzed using Epi Chemi II Darkroom (UVP), and
densitometry analysis was performed using Lab-
works software to obtain a pCPEB1/CPEB1 ratio.

Immunocytochemistry. Immunocytochem-
istry (ICC) on hippocampal neurons (1 DIV) was performed as described
previously (Wu et al., 1998; Wells et al., 2001). CPEB1 was detected using
a rabbit anti-CPEB1 antibody (1:500) (Shin et al., 2004). �-Catenin was
detected using a mouse anti-�-catenin antibody (1:500; Millipore Bio-
science Research Reagents). Fluorescent and phase-contrast images were
captured using a Nikon Eclipse E800 microscope equipped with a CCD
camera and processed using Adobe Photoshop 7.0 (Adobe Systems).

Figure 1. CPEB1 protein interacts with the �-catenin mRNA. A, �-Catenin mRNA contains conserved 3�-UTR CPE sequences in
rat (GenBank GeneID 84353), mouse [GenBank accession (Acc.) #. NM_007614], and human (GenBank Acc. #: NM_001904). The
diagram highlights three conserved CPE sequences in the mouse and human mRNA, two in the rat, along with the hexanucleotide
AUUAAA (HEX) sequence. The distal region of the mouse 3�-UTR was fused to eGFP-C1 and used for pull-down analysis along with
a mutated CPE construct (bottom). B, Western blot analysis of E18 rat brain homogenates immunoprecipitated with either an
affinity-purified CPEB1 antibody (CPEB1), or control (Con) shows CPEB1 present only when the specific antibody is used (left panel;
see also supplemental Fig. 1, available at www.jneurosci.org as supplemental material). mRNA isolated from the immunoprecipi-
tated material was subjected to RT-PCR analysis with primers specific to �-catenin and a non-CPE-containing mRNA, Histone H1
(HisH1; right panel) (n � 4). C, COS cells were cotransfected with His-CPEB1-RBD and either a construct encoding eGFP linked to
the �-catenin 3�-UTR or a mutated �-catenin 3�-UTR (mutCPE) construct. Pull-down of the His-CPEB1-RBD and subsequent
RT-PCR analysis with probes specific to GFP (left), �-catenin (middle), or GAPDH (right) was performed. The mRNA encoding GFP
was only pulled down when it contained CPE sequences, and the non-CPE-containing GAPDH was never associated with CPEB1. As
a positive control that the pull-down was effective in mutCPE-expressing cells, endogenous �-catenin was still pulled down (n �
3). D, Hippocampal neurons were processed for FISH using DIG-labeled oligonucleotide �-catenin probes alone (�-catenin mRNA)
or together with 100� excess of unlabeled probes (control). Fluorescent images were overlaid onto phase-contrast images. FISH
revealed �-catenin mRNA localization through processes and accumulating in growth cones (arrow). Boxed regions (rotated in the
case of �-catenin) are enlarged to the right (n � 4). Scale bars: 10 �m.
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Quantification of fluorescence. In stimulation experiments, growth
cones were selected under phase-contrast optics to obtain growth cones
of approximately similar morphologies (e.g., see Fig. 3A). Fluorescent
images were taken of immunoreactivity in the control group. Experi-
mental group images were then acquired using the same magnification
and exposure time. To quantify immunofluorescence in growth cones,
the area of each growth cone was defined in the phase image. This area
was then outlined on the unprocessed fluorescent image, and the mean
pixel intensity in the growth cone was calculated using the histogram
function in Adobe Photoshop 7.0. Background fluorescence varied with
different treatments and antibodies used, so to correct for background
fluorescence, the pixel intensity of the same size area was measured im-
mediately adjacent to the growth cone, and this value was subtracted. To
verify the accuracy of quantifying the mean fluorescent intensity, some
images were processed using ImageJ (NIH, Bethesda, MD) with identical
results. In the same cells in which growth cone fluorescence was deter-
mined, cell body and process fluorescence was determined using the
same technique. Processes �20 �m long were quantified by selecting
under phase optics a 20 �m region midway between the cell body and
growth cone and measuring the mean pixel intensity. An area of equal
size immediately adjacent to the process was subtracted to correct for
background fluorescence.

In situ probe preparation. We used DNAStar software to design anti-
sense probes directed against two regions of the �-catenin 3�-UTR. Tar-
get regions were selected based upon their selectivity for �-catenin, high
G/C content, and low self-complementarity. Two oligonucleotide probes
(50 nt each) were synthesized for each target mRNA. Oligonucleotide
probes were end-labeled with Digoxin (DIG) according to manufac-
turer specifications (DIG oligonucleotide tailing kit second genera-
tion, Roche Applied Science). Two similarly selected oligonucleotide
probes complementary to eGFP mRNA were also prepared as controls.
The probe sequences were as follows: �-catenin1: 5�-ctccctaccaagtctttct-
ggagttctgcaggcagagtaaagtattcacc-3�; �-catenin2: 5�-gcgcaggtgaccacatt-
tatatcatcagaacccagaagctgcactagagt-3�; eGFP1: 5�-atggcggacttgaagaagt-
cgtgctgcttcatgtggtcggggtag-3�; eGFP2: 5�-cgagatctgagtccggacttgtacagct-
cgtccatgccgagagtga-3�.

In situ hybridization. Fluorescence in situ hybridization (FISH) for
�-catenin mRNA was performed according to Shin et al. (2004) with
minor modifications. Neurons (1 DIV) were fixed for 15 min at room
temperature with 4% paraformaldehyde in 1� PBS and 5 mM MgCl2.
Cells were washed in 1�PBS with 5 mM MgCl2 and permeabilized for 5
min at room temperature with 0.1% Triton X-100 in 1�PBS with 5 mM

MgCl2, before equilibration for 20 min at room temperature in 1� SSC,
50% formamide, and 10 mM sodium phosphate, pH 7.0. Coverslips were
hybridized face down for 5 h at 37°C on a 40 �l drop of probe/hybrid-
ization buffer on Parafilm (40 ng of �-catenin probes in 50% formamide,
2� SSC, 10% dextran sulfate, 40 �g of tRNA, 0.2% BSA, 10 �g of salmon
sperm DNA, 20 �M VRC, and 10 mM sodium phosphate). After hybrid-
ization, cells were washed for 20 min at 37°C in 50% formamide with 1�
SSC. Cells were then washed 3 � 10 min at room temperature in 1� SSC
on a rocker. Neurons were blocked for 1 h at room temperature in 0.1 M

Tris, pH 7.5, 0.15 M NaCl, and 1% BSA, and incubated overnight at 4°C
with a 1:300 dilution of mouse anti-DIG-cy3 in block solution. Fluores-
cent signal was quantified by selecting random growth cones under phase
microscopy and determining the fluorescence intensity as described for
ICC above.

Immunoprecipitation. CPEB1 immunoprecipitation (IP) was per-
formed from embryonic rat brain homogenate as described previously
(Shin et al., 2004) with minor modifications (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). Two E18 rat brains
were homogenized in 2 ml of ice-cold buffer (200 mM NaCl, 10 mM

HEPES, pH 7.4, 30 mM EDTA) with 200 U/ml RNase inhibitor (Roche).
Brain homogenate was centrifuged for 5 min at 2000 � g, and superna-
tants were spun at 16,000 � g for 30 min. Five hundred microliters of the
resulting supernatant were mixed with rabbit anti-CPEB1 (1:100) for 30
min before the addition of Protein A beads (50 �l) for 30 min. Beads were
pelleted and washed three times, and RNA was isolated by phenol:chlo-
roform extraction and ethanol precipitation. Pelleted RNA was resus-
pended in water and treated with DNase I (50 U/ml; Ambion) for 15 min

at 37°C followed by reverse transcription (RT) and PCR analysis to detect
�-catenin and Histone H1 (HisH1) mRNAs. Primer sequences were as
follows: �-catenin: (forward) 5�-cttatccgatgcagcgactaa-3� and (reverse)
5�-gtccataatgaaggcgaacgg-3�; HisH1: (forward) 5�-ggtggctttcaagaaga-
ccaa-3� and (reverse) 5�-tgaggtctgtttgctgtcctt-3�.

CPEB1-RNA pull-down experiments. COS cells were grown to �80%
confluence in 100 ml culture in DMEM supplemented with 10% fetal calf
serum (FCS). Cells were cotransfected (using Lipofectamine 2000) with
2.5 �g each of a construct encoding a His-tagged CPEB1-RNA-binding
domain (His-RBD) (Jones et al., 2008) and GFP (Clontech) linked to the
distal 3�-UTR of �-catenin. The 3�-UTR of �-catenin contained either
the WT version or a sequence where the CPE sequences had been
mutated.

The distal portion of the �-catenin 3�-UTR (�250 nt) was amplified
from mouse cDNA using the following primers: 3�-cttgtccgatgcagcgactaa-5�
and 3�-gtccataatgaaggcgaacgg-5�. This fragment was ligated into the PCR
TOPO2.1 vector (Invitrogen), digested with XhoI and BamHI, and li-
gated into the pEGFP-C1 vector (Clontech) precut with the same en-
zymes. Mutagenesis of the three CPE sequences was performed using the
Stratagene QuikChange Kit according to manufacturer specifications.
The following pairs of primers were used to mutate the CPE sequences:
CPE1: gcggttatagaaatggttcagaattaaacttcccattcattc and gaatgaatgggaagtt-
taattctgaaccatttctataaccgc; CPE2: cagtataccagtgccttccctcccaaagttgttg and
caacaactttgggagggaaggcactggtatactg; CPE3: ggtccgattagtttcctttcccatat-
gcttaaaataagc and gcttattttaagcatatgggaaaggaaactaatcggacc. Constructs
were sequenced to confirm insert and mutagenesis.

Twenty four hours after transfection, cells were harvested using a
scraper, and two dishes were pooled for each pull-down experiment.
Pull-down and RNA isolation were performed as described previously
(Jones et al., 2008). mRNA was reverse transcribed using an oligodT
probe and PCR amplified using the following primers specific for GFP:
5�-cgagggcgagggcgatgccaccta-3� and 5�-agaacacccccatcggcgacg-3�.

Transfections. Two separate protocols were used to transfect constructs
into cells depending upon the age of the neurons. Amaxa nucleofection
was used for experiments addressing �-catenin synthesis in growth
cones, and Lipofectamine 2000 (Invitrogen) was used on older neurons
where branching was assessed.

To obtain expression of either GFP or GFP-CPEB1-RBD (GFP-RBD)
using Amaxa nucleofection, 4 � 10 6 neurons in suspension were nucleo-

Figure 2. CPEB1 localizes to hippocampal growth cones. A, Rat hippocampal neurons (1 DIV)
were processed for immunocytochemistry (ICC) with an anti-CPEB1 antibody. CPEB1 immuno-
reactivity is detected in the cell body and in neuronal processes in puncta (arrows) that extend
into growth cones (arrowheads). This image represents the CPEB1 fluorescence overlaid on the
phase-contrast image. B, The boxed growth cone in A is expanded to show CPEB1 enriched in
the central region of the growth cone. Scale bars: 10 �m.
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fected with the mouse neuron solution on program 0-003 using either
1.5 �g of GFP-CPEB1-RBD or pmaxGFP supplied by the manufacturer.
The cloning of GFP-RBD has been described by Jones et al. (2008).
Neurons were then plated on 18 mm coverslips at �3 � 10 5 cells/ml for
3 h in MEM containing 10% horse serum. After 3 h, coverslips were
flipped into 60 mm dishes with a monolayer of glia feeder cells. Cells were
further allowed to recover from the transfection for 48 h before stimu-
lated with NT3 for 15 min as described above. Cells were then processed
for �-catenin immunoreactivity and quantified as described above.

To assess branching, hippocampal neurons
(1 DIV) were transfected on coverslips with Li-
pofectamine 2000 for 3 h in 12-well plates. Ei-
ther GFP alone or GFP-RBD was expressed
using 500 ng of each construct. At the end of
the transfection, coverslips were placed back
into their dishes either with fresh N2.1 media
or with fresh media containing 50 ng/ml NT3
for the duration of the experiment (48 h). Neu-
rons were fixed for morphological analysis in
4% paraformaldehyde at 3 DIV (48 h after
transfection). Images of GFP- and GFP-RBD-
transfected cells were taken with a Nikon
Eclipse 800 microscope. Although the majority
of the fluorescent signal in the GFP-RBD-
expressing cells was contained within the cell
body, some fluorescence was detected through-
out the entire cell, consistent with other reports
(Huang et al., 2003). Therefore, for these cells
exposure times were adjusted to visualize all
processes. The presence of fluorescence in all
processes was confirmed in every cell by phase
optics, however, all measurements were per-
formed using GFP images. The length of pro-
cesses were traced and measured using Scion
Image (NIH). To quantify process branching, a
branch was defined as any process �5 �m in
length. Branching was analyzed by visually
marking and tallying the number of branch
points per cell.

Results
�-catenin mRNA localizes to growth
cones and interacts with CPEB1
To determine whether �-catenin mRNA
might be translationally regulated, we an-
alyzed the 3�-UTR for potential binding
sites for regulatory proteins. We identified
three potential CPE sequences that were
conserved in most vertebrate species ex-
amined (Fig. 1A). Although many mRNAs
contain putative CPE elements, we chose
to focus on �-catenin based on the role it
plays in growth and branching of hip-
pocampal dendrites (Yu and Malenka,
2003, 2004), and its role in neurotrophin-
induced axon growth in DRG neurons
(Zhou et al., 2004).

To assess the ability of CPEB1 protein
to interact with �-catenin mRNA, we im-
munoprecipitated CPEB1 from E18 brain
homogenate (Fig. 1B) and isolated the
mRNAs that coimmunoprecipitated. Us-
ing gene-specific primers for RT-PCR
analysis, we demonstrated that �-catenin
mRNA is present in the CPEB1 IP. This
association is specific in that �-catenin
does not immunoprecipitate with a con-

trol antibody and a non-CPE-containing mRNA, Histone H1
(HisH1), is not present in the CPEB1 IP (Fig. 1B). To confirm the
specificity of this interaction and to determine the role of CPE
sequences, we coexpressed a His-tagged CPEB1 RNA-binding
domain (RBD) with an eGFP construct fused to the distal portion
of the mouse �-catenin 3�-UTR harboring either the wild-type
CPE sequences or with all three CPE sequences mutated (Fig.

Figure 3. NT3-mediated increase in �-catenin protein in growth cones is protein synthesis dependent. A, Cultured hippocam-
pal neurons (1 DIV) were stimulated with 50 ng/ml NT3 for 15 min and processed for ICC with antibodies directed against �-catenin
and CPEB1. NT3 induces a 42% increase in �-catenin within growth cones, while CPEB1 levels remain unchanged (n � 69 growth
cones, 4 experiments). The increase in �-catenin is completely blocked by the protein synthesis inhibitor cycloheximide (CHX, 100
�M, n � 51 growth cones, 3 experiments) but not by actinomycin D, which still showed a 35% increase in �-catenin (ActD, 5 �M,
n � 66 growth cones, 3 experiments). Bright-field, phase-contrast (Phase) images of the growth cones are also shown and were
used to quantify immunofluorescence in the growth cone (see Materials and Methods). Scale bar: 5 �m. B, NT3 stimulation as in
A in the presence of a polyadenylation inhibitor cordycepin (CDY, 20 �M) also abolishes the increase in �-catenin in growth cones
(n � 44 growth cones, 3 experiments). Scale bar: 5 �m. C, Quantification of results in A and B along with the adenosine (Ade, 20
�M) control data (left graph), with �-catenin (solid bars) and CPEB1 (clear bars); ***p � 0.001. In a subset of neurons, fluores-
cence was quantified in the cell body, all processes, and growth cones of axons and dendrites. Data represent abundance of
�-catenin following NT3 compared with the fluorescence intensity in unstimulated cells. In individual cells, an increase in
�-catenin is only detected within the growth cones; n � 32 cells from 3 experiments for cell body and processes, 24 axon growth
cones, and 59 dendritic growth cones; **p � 0.01, ***p � 0.001.
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1A). Pull-down of the His-RBD protein
and subsequent RT-PCR analysis of
bound mRNAs revealed that the CPEB1
RBD interacts selectively with the eGFP
encoding mRNA only if the wild-type
�-catenin 3�-UTR is present (Fig. 1C).
Thus, CPEB1 binding to �-catenin mRNA
is dependent upon the short CPE sequences.

To determine the localization of
�-catenin mRNA in developing neu-
rons, we used FISH with DIG-labeled
probes specific to �-catenin on hip-
pocampal neurons in culture. We ob-
served �-catenin mRNA in the cell body
and in puncta throughout the processes
and into growth cones (Fig. 1D). This pat-
tern is reminiscent of the localization of
�-actin mRNA, whose presence in the
growth cone is well established (supple-
mental Fig. 2, available at www.jneurosci.
org as supplemental material) (Zhang et
al., 2001). The fluorescent signal detected
using probes for �-catenin was 3.61 �
0.61-fold higher than that detected in
controls (excess unlabeled probe; n � 18
growth cones/group; p � 0.0005). Local-
ization of CPEB1 protein was examined
using an antibody specific for CPEB1
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material)
and showed a distribution that was similar
to that of �-catenin mRNA (Fig. 2). In
hippocampal neurons 3– 6 DIV, the pro-
cess at least twice as long as the other pro-
cesses will become the axon (Shi et al.,
2003; Yoshimura et al., 2005). Using this
criterion, CPEB1 protein and �-catenin
mRNA localized to growth cones of both
axons and dendrites.

NT3 stimulates �-catenin synthesis
in neurons
Several growth and guidance factors are
known to stimulate mRNA transport and
translation in neurons and represent pos-
sible stimuli to elicit CPEB1-mediated
protein synthesis in hippocampal neurons. Since NT3 induces
�-actin mRNA transport and translation in cultured cortical
neurons (Zhang et al., 1999, 2001), and prolonged NT3 treat-
ment leads to both growth and branching of hippocampal axons
and dendrites (Labelle and Leclerc, 2000; Yoshimura et al., 2005),
we examined the effect of NT3 stimulation on �-catenin levels in
hippocampal neurons. We observed a significant 42% increase in
�-catenin immunoreactivity in growth cones 15 min following
NT3 application (Fig. 3). To control for nonspecific or volume
effects, we examined the levels of CPEB1 immunoreactivity in
the same growth cones and observed no significant change (Fig.
3). In addition, growth cones from unstimulated and stimulated
neurons did not show a difference in growth cone area (control
79.6 � 5.77 �m 2; NT3 stimulated 82.89 � 5.71 �m 2). Nor was
this increase likely due to a sparing of �-catenin protein from
degradation, since inhibiting the proteasome with MG132 (10

�m) had no effect on �-catenin protein levels (supplemental Fig.
3, available at www.jneurosci.org as supplemental material). Fur-
thermore, the NT3-mediated increase in �-catenin is sensitive to
the protein synthesis inhibitor cycloheximide (CHX, Sigma-
Aldrich) but not to the transcription inhibitor actinomycin D
(ActD) (Fig. 3A), suggesting that the increase in �-catenin im-
munoreactivity is due to an increase in the translation of mRNA
present at the time of stimulation. One characteristic of CPEB1-
induced translation is mRNA polyadenylation, and �-catenin
mRNA can undergo stimulation-dependent polyadenylation in
non-neural cells (Oh et al., 2000; Jones et al., 2008). Therefore, we
treated the cultures with the polyadenylation inhibitor cordyce-
pin (Cdy, Sigma-Aldrich) 15 min before NT3 stimulation and
revealed that the rapid �-catenin increase in growth cones was
completely eliminated (Fig. 3B). Since Cdy is an adenosine ana-
log, we stimulated with NT3 in the presence of adenosine but saw
no change in the NT3 effect (Fig. 3B).

Figure 4. CPEB1 mediates NT3-induced �-catenin synthesis. A, Hippocampal neurons expressing GFP stimulated with NT3 for
15 min show growth cone �-catenin levels equaling those of untransfected cells (GFP: n � 20 growth cones, 3 experiments;
untransfected: n � 72 growth cones, 7 experiments). Arrows denote growth cones shown at higher magnification overlaid with
the phase image in the right panel. Scale bars: left, 20 �m; right, 5 �m. B, Neurons expressing GFP-RBD show 30% less �-catenin
in growth cones compared with untransfected cells in the same dish following NT3 stimulation (n � 54 growth cones, 4 experi-
ments). Arrows denote growth cones shown at higher magnification overlaid with the phase image in right panel. Scale bars: left,
20 �m; right, 5 �m. C, Quantification of results with untransfected cells (black bars), GFP-expressing cells (gray bars), and
GFP-RBD-expressing cells (tan bars). Data represent �-catenin immunoreactivity in growth cones normalized to levels in untrans-
fected, unstimulated growth cones. **p � 0.01.
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To address the possibility that �-catenin is synthesized in the cell
body and transported to growth cones, we quantified the
�-catenin immunoreactivity in the cell bodies, axons, and den-
drites in a subset of the same neurons shown in Figure 3. Again
setting the control (unstimulated) pixel intensity to 1 (Fig. 3C),
we could detect no increase of �-catenin in either the cell body or
the processes 15 min after NT3 stimulation (cell body pixel in-
tensity 1.04 � 0.05, p � 0.62; processes 1.07 � 0.08, p � 0.51), but
detected a similar and significant increase of �-catenin in the
growth cones of axons (1.41 � 0.10, p � 0.01) and dendrites (1.32 �
0.05, p � 0.001). Thus, we detect an NT3-stimulated increase in
�-catenin mRNA translation exclusively in the growth cones of both
axons and dendrites.

�-Catenin synthesis is dependent on CPEB function
To assess the role of CPEB1 in mediating NT3-dependent
�-catenin translation, we inhibited CPEB1 function by express-
ing a truncated CPEB1 mutant encoding only the RBD fused with
eGFP (Jones et al., 2008). This mutant protein binds CPE-
containing mRNAs and acts as a dominant negative in oocytes,
astrocytes, and neurons (Mendez et al., 2000a; Huang et al., 2003;
Bestman and Cline, 2008; Jones et al., 2008). Hippocampal neu-
rons were electroporated (Amaxa) before plating and grown in
culture for 2 d before 15 min NT3 stimulation. In these experi-
ments, NT3 stimulated a statistically significant increase in
�-catenin in the growth cones relative to unstimulated, untrans-
fected growth cones (Fig. 4). In cells expressing the unmodified

GFP vector, NT3-stimulated growth
cones also showed a significant increase in
�-catenin in growth cones relative to un-
transfected, unstimulated growth cones.
In contrast, GFP-CPEB1-RBD-expressing
cells show a slight but statistically insignif-
icant reduction in �-catenin levels relative
to untransfected growth cones on the
same coverslips (95% of control). How-
ever, CPEB1-RBD expression completely
blocks the NT3-dependent increase in
�-catenin that is detected in untrans-
fected cells within the same dish (Fig.
4B,C). One potentially confounding fac-
tor is that CPEB1-RBD may inhibit other
mRNA-binding proteins. However, these
data in combination with the Cdy data
(Fig. 3), and the inhibition of CPEB1
phosphorylation shown below, together
implicate CPEB1 in the regulation of
NT3-mediated synthesis in �-catenin.

Signal transduction pathway leading to
�-catenin synthesis
To begin to address the intracellular signal
transduction pathway from NT3 stimula-
tion to CPEB1 activation, we used a phar-
macological approach. We first treated
neurons with the phosphoinositide 3-kinase
(PI3-kinase) inhibitor LY294002 (Sigma-
Aldrich) before NT3 stimulation, since NT3
is known to activate PI3-kinase in cultured
hippocampal neurons (Yoshimura et al.,
2005). However, LY294002 did not block
the NT3-mediated �-catenin increase in
growth cones, suggesting that PI3-kinase

is not involved directly in this pathway (Fig. 5). To determine
whether the NT3-mediated �-catenin synthesis was Ca 2� depen-
dent, we stimulated neurons with NT3 for 15 min in the presence
of the membrane-permeable Ca 2� chelator BAPTA-AM (50
�M). BAPTA-AM completely blocked the NT3-mediated increase
in �-catenin (Fig. 5). Similarly, application of 2-aminoethoxydi-
phenyl borate (2-APB; Calbiochem; 100 �m), an inositol 1,4,5-
trisphosphate (IP3) receptor inhibitor (Maruyama et al., 1997),
also blocked the NT3-dependent �-catenin increase in growth
cones. Together, this indicates that the increase in �-catenin is
likely activated by release of calcium from internal stores.

As noted earlier, CPEB1 can both inhibit and stimulate pro-
tein synthesis. The activation of translation is mediated by phos-
phorylation of CPEB1 at T 171 (Mendez and Richter, 2001). Two
kinases have been implicated in this phosphorylation: Aurora A
kinase (Mendez et al., 2000b; Huang et al., 2002; McEvoy et al.,
2007) and calcium/calmodulin-dependent kinase II (CaMKII)
(Atkins et al., 2004; Atkins et al., 2005). To test the possibility that
one or both of these kinases plays a role in CPEB1-mediated
translation in hippocampal growth cones, we stimulated neurons
with NT3 in the presence of the Aurora kinase inhibitor
ZM447439 (200 –500 nM; Tocris Bioscience) or the CaMKII in-
hibitor KN93 (5 �g/ml; Calbiochem), and analyzed �-catenin
and CPEB1 immunofluorescence (Fig. 6). ZM447439 inhibits
Aurora kinase with an IC50 of 110 nM (Ditchfield et al., 2003);
however, even high concentration (500 nM) did not alter the
NT3-dependent increase in �-catenin. In contrast, KN93 abol-

Figure 5. NT3-mediated �-catenin increase is calcium dependent. A, Hippocampal neurons stimulated with 50 ng/ml NT3
resulted in a 32% increase in �-catenin (n � 224 growth cones, 14 experiments). In the presence of the PI3-kinase inhibitor
LY294002 (20 �M), NT3 still yields a 26% increase in �-catenin (n � 64 growth cones, 6 experiments). However, in the presence
of BAPTA-AM (BAPTA; 50 �M), NT3 had no effect on �-catenin levels (n � 72 growth cones, 5 experiments). Similarly, treatment
with the IP3 receptor inhibitor, 2-APB (100 �M) resulted in no change in �-catenin levels (n � 84 growth cones, 4 experiments).
Scale bar: 5 �m. B, Quantification of results with �-catenin (solid bars) and CPEB1 (clear bars) immunoreactivity intensity
compared with unstimulated cells (control). ***p � 0.001.
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ished the �-catenin increase (Fig. 5). To
confirm the specificity of the KN93 re-
sponse, we treated cells with KN92 (5 �g/
ml; Calbiochem), a compound structurally
related to KN93 but unable to inhibit
CaMKII, and saw no effect on the �-catenin
increase (Fig. 6). To verify CaMKII involve-
ment, we used tatCN21, a cell-permeable
version of the highly specific CaMKIIN pep-
tide inhibitor of CaMKII (Chang et al.,
1998; Vest et al., 2007). NT3 was unable to
induce �-catenin synthesis in the presence
of tatCN21 peptides, while the reverse-
sequence peptide (CNRev) had no effect
(Fig. 7). Finally, we confirmed that NT3
induced CPEB1 phosphorylation in a
CaMKII-dependent process by using a
phosphospecific CPEB1 antibody (Atkins
et al., 2004). NT3 induced a rapid phos-
phorylation of CPEB1 in hippocampal
neurons that was inhibited by KN93 but
not ZM447439 (Fig. 8). We observed a
rapid 35% increase in pCPEB1 levels 5
min following NT3 application that re-
mained high (56% higher than unstimu-
lated) at 15 min after stimulation (Fig. 8).
This time course is consistent with the
rapid increase of �-catenin protein in
growth cones.

NT3-induced branching is dependent
on CPEB function
Prolonged NT3 treatment of cultured
hippocampal neurons results in increased
growth and branching of processes (La-
belle and Leclerc, 2000; Yoshimura et al.,
2005). To determine whether CPEB1-mediated protein synthesis
plays a role in mediating NT3-induced growth and branching in
hippocampal neurons, we again expressed the CPEB1 mutant
GFP-CPEB1-RBD. Hippocampal neurons (1 DIV) were trans-
fected with either GFP alone or GFP-CPEB1-RBD, and grown in
the presence or absence of NT3 for 48 h before analyzing their
morphology (Fig. 9). In GFP-expressing cells, fluorescence was
evenly distributed throughout the cell. In GFP-RBD-expressing
cells fluorescence was primarily localized to the cell body, how-
ever, weaker fluorescence could be detected in the processes.
Therefore, image exposure times were increased for morpholog-
ical analysis of these cells (see Materials and Methods). Consis-
tent with previous reports, GFP-expressing neurons grown in the
presence of NT3 had 40% longer processes and a 95% increase in
branch number compared with neurons grown in the absence of
NT3 (Fig. 9). However, in neurons expressing the GFP-CPEB1-
RBD, NT3’s effect on growth and branching was muted. In fact,
there was a statistically significant decrease in branching of GFP-
RBD-expressing neurons compared with GFP alone in the presence
of NT3 (Fig. 9).

Discussion
The ability to synthesize new proteins within the axon and
growth cone was first suggested by the identification of ribonu-
cleic acid in developing axons by ultraviolet microscopy (Hydén,
1943) and the subsequent visualization of ribosomes within the
growth cone (Tennyson, 1970). Substantial evidence now shows

that local regulation of protein synthesis is an important mecha-
nism by which neurons regulate how processes grow in response
to different stimuli. Guidance factors including netrin-1, slit2,
and Sema3A and growth factors BDNF and NT3 are thought to
stimulate the synthesis of proteins such as �-actin and RhoA in
growth cones (Zhang et al., 2001; Wu et al., 2005; Leung et al.,
2006; Piper et al., 2006; Yao et al., 2006). In this study, we describe
a mechanism for neurons to regulate cell morphology. Here, an
mRNA-binding protein CPEB1 is localized to growth cones and
regulates the morphological changes induced by the neurotro-
phin NT3. In addition, we show that one of the mRNAs regulated
by CPEB1 is that encoding �-catenin, a protein already impli-
cated in dendritic and axonal branching (Elul et al., 2003; Yu and
Malenka, 2003, 2004).

The molecular regulation of mRNA transport and translation
in growth cones has been subject to intense investigation. Nu-
merous mRNA-binding proteins including ZBP1, hnRNPR, and
HuD have been shown to regulate mRNA transport to axonal
growth cones, and many likely play a role in regulating transla-
tion (Zhang et al., 2001; Aronov et al., 2002; Rossoll et al., 2003).
ZBP1 binds �-actin mRNA and is thought to maintain it in a
translationally dormant state until ZBP1 is phosphorylated by Src
kinase, allowing for �-actin protein synthesis (Hüttelmaier et al.,
2005). Similarly, a recent study showed that Grb7 binds and
translationally silences the �-opioid receptor (KOR) mRNA in
DRG neurons (Tsai et al., 2007). Upon netrin-1 stimulation, focal
adhesion kinase (FAK) phosphorylates Grb7, causing it to disso-

Figure 6. KN-93 inhibits the NT3-mediated �-catenin synthesis in growth cones. A, Hippocampal neurons (1 DIV) stimulated
with NT3 showed a 33% increase in �-catenin (n � 103 growth cones, 6 experiments). In the presence of the Aurora kinase
inhibitor, ZM447439 (500 nM), NT3 still elicits a 32% increase �-catenin in growth cones (n � 93 growth cones, 5 experiments). In
contrast, the NT3-dependent increase in growth cone �-catenin immunoreactivity was blocked by the CaMKII inhibitor KN93 (5
�g/ml; 51 growth cones, 4 experiments). While the inactive analog KN92 (5 �g/ml) had no effect (44% increase; n � 55 growth
cones, 4 experiments). Scale bar: 5 �m. B, Quantification of results with �-catenin (solid bars) and CPEB1 (clear bars) immuno-
reactivity intensity compared with unstimulated cells (control). ***p � 0.001.
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ciate from KOR mRNA, thus activating translation (Tsai et al.,
2007). HuD, an mRNA-binding protein that binds to AU-rich
element (ARE), facilitates the translation of target mRNAs such
as GAP43 and Tau by stabilizing the mRNAs (Deschênes-Furry et
al., 2006). In addition, several studies have shown the involve-
ment of factors that globally affect translation such as eukaryotic
initiation factor 4E (eIF4E) and eIF4E-binding protein (4E-BP)
in the regulation of protein synthesis in growth cones (Campbell
and Holt, 2001, 2003; Piper et al., 2006).

Our data support a model in which CPEB1 is bound to
�-catenin mRNA in growth cones and regulates the translation of
�-catenin locally following NT3 stimulation. Several findings
support our conclusion that the increase in �-catenin is likely the
result of local synthesis. First, the increase is protein synthesis
dependent but not a result of new transcription; thus, a product
of translation from mRNA already present at the time of stimu-
lation. Second, there is a clear abundance of �-catenin mRNA in
the growth cones. Third, NT3 receptors are highly enriched
at growth cones (Menn et al., 2000). Fourth, CPEB1 binds
�-catenin mRNA and is expressed in growth cones, and the in-
crease is dependent upon CPEB1 function. To determine CPEB1
dependence, we inhibited its function by three independent ap-
proaches: expression of a mutant protein (CPEB1-RBD), inhibi-
tion of polyadenylation (cordycepin), and inhibition of CPEB1
phosphorylation (KN93). Although each approach may inhibit
multiple mechanisms, the only demonstrable common mecha-
nism we are aware of is CPEB1. In each case, the NT3-mediated
increase in �-catenin was inhibited. Finally, the rapid time course
(15 min) and increase in �-catenin protein restricted to growth

cones (not in either the cell body or along the process) suggest
that protein transport does not play a significant role. While to-
gether these data suggest a role for local synthesis of �-catenin
protein, other factors could contribute to the NT3-induced in-
crease in �-catenin mRNA transport into growth cones.

The translation of �-catenin mRNA following NT3 stimula-
tion is mediated by the mRNA-binding protein CPEB1. CPEB1
binding to mRNA inhibits translation, and this may allow for
transport of the complex to distal regions of the cell in a transla-
tionally dormant state (Huang et al., 2003; Bramham and Wells,
2007). However, when CPEB1 is phosphorylated at T 171, the
bound mRNA is polyadenylated and translation is stimulated
(Mendez and Richter, 2001). We show that CPEB1 binds to
�-catenin mRNA specifically through CPE sequences in the 3�-
UTR and that both are localized to growth cones (Figs. 1, 2).
Technical limitations of the polyadenylation assay made direct
measurement of changes of the polyadenylation state of
�-catenin in primary hippocampal neurons in culture unobtain-
able. We believe this is due to the limited amount of mRNA we
can isolate from these cultures. However, we recently demon-
strated that �-catenin mRNA can be polyadenylated in non-
neural cells (Jones et al., 2008), and we show here that the increase
in �-catenin synthesis is blocked by cordycepin, a polyadenyla-
tion inhibitor (Fig. 3). In addition, we show that NT3 induces a
phosphorylation of CPEB1 and that the increase in �-catenin in
growth cones and the increase in branching are both inhibited by
blocking CPEB1 function (Figs. 4, 9). This is consistent with a
recent report showing that CPEB1 function is required for den-
dritic arbor development and circuit formation in the Xenopus
retinotectal system (Bestman and Cline, 2008). By expressing ei-
ther the CPEB1-RBD or a phospho-mutant of CPEB1, Bestman
and Cline (2008) showed that activity-induced dendritic arbor
growth in vivo was severely impaired. As noted above, it is possi-
ble that in addition to inhibiting CPEB1-mediated translation,
CPEB1-RBD could be blocking mRNA transport into growth

Figure 8. NT3 stimulation leads to CPEB1 phosphorylation. Hippocampal neurons (1 DIV)
were stimulated with NT3 for 5 (n � 7 experiments) or 15 min (n � 18 experiments), and
analyzed by Western blot using an anti-pCPEB1 (Atkins et al., 2004). Blots were then stripped
and reprobed with an anti-CPEB1 antibody. Treatment with KN93 inhibited the NT3-mediated
pCPEB1 increase at both 5 and 15 min (n � 6 experiments), while treatment with ZM447439
(ZM, n � 5 experiments) had no effect on CPEB1 phosphorylation. Graph illustrates the quan-
tification of pCPEB1 levels relative to total CPEB1 revealing a statistically significant increase in
pCPEB1 of 35% at 5 min and 56% at 15 min (**p � 0.01, ***p � 0.001).

Figure 7. NT3-mediated increase in �-catenin mediated by CaMKII. A, Hippocampal neu-
rons (1 DIV) stimulated with NT3 show an increase in �-catenin in growth cones (n � 85
growth cones, 5 experiments). Treatment with a membrane-permeable CaMKII peptide inhib-
itor, tatCN21 (CN21, 5 �M), drastically reduced this �-catenin increase (n � 95 growth cones,
5 experiments). However, in the presence of a control peptide with the reverse sequence
(CNRev, 5 �M), NT3 still yielded a 32% increase in �-catenin in growth cones (n � 90 growth
cones, 5 experiments). Scale bar: 5 �m. B, Quantification of results with �-catenin (solid bars)
and CPEB1 (clear bars) immunoreactivity intensity compared with unstimulated cells (control).
***p � 0.001.
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cones. In fact, NT3 induces an increase in
�-actin mRNA transport in chick fore-
brain neurons that is thought to be medi-
ated by ZBP1 (Zhang et al., 2001). Indeed,
since the CPEB1-RBD is primarily local-
ized to the cell body (Fig. 9) (Huang et al.,
2003), the resulting inhibition could be
mediated by blocking mRNA transport,
translation, or both. In either case,
�-catenin mRNA translation is being reg-
ulated by CPEB1 in developing hip-
pocampal neurons.

Surprisingly, we find that the NT3-
mediated increase of �-catenin in growth
cones is independent of a recognized PI3-
kinase activation downstream of NT3
stimulation (Fig. 5). Previously, PI3-
kinase activation and subsequent Gsk-3�
inactivation had been implicated in NT3-
dependent growth and branching in hip-
pocampal neurons (Yoshimura et al.,
2005). However, in our studies the depen-
dence upon internal calcium and the acti-
vation of CaMKII appear to be consistent
with other findings showing NT3 activation
of CaMKII. At the Xenopus neuromuscular
junction, vesicle release is potentiated by
NT3 via a PI3-kinase-dependent pathway
and an independent Ca 2�- and CaMKII-
dependent pathway (He et al., 2000; Yang
et al., 2001). Further, CaMKII has been
shown to be important in the regulation
of process growth and guidance. In cul-
tured cortical neurons, bath application of
netrin-1 stimulates axonal growth and
branching in a mechanism that requires
CaMKII and the release of calcium from in-
ternal stores (Tang and Kalil, 2005). Consis-
tent with our results, blocking CaMKII
function reduces dendrite growth and
branching in hippocampal neurons (Fink
et al., 2003). In growth cone turning assays, where intracellular
Ca 2� is known to be an important mediator of attractive or re-
pulsive responses, the balance between CaMKII and calcineurin
activity plays an essential role in determining the direction of a
turn (Wen et al., 2004). Intriguingly, the balance of CaMKII and
calcineurin activity regulates the phosphorylation state and activ-
ity of CPEB1 in neurons (Atkins et al., 2005). Based on the results
presented in this study, regulation of CPEB1-mediated protein syn-
thesis may provide an important mechanism by which CaMKII me-
diates growth, guidance, and branching effects in developing
neurons.

The results presented here show that inhibition of CPEB1
function disrupts the growth and branching of processes in the
presence of NT3 (Fig. 9). Similarly, inhibition of �-catenin bind-
ing to cadherins and �-catenin also disrupts growth and branch-
ing of hippocampal dendrites and axons of Xenopus retinal
ganglion axons (Elul et al., 2003; Yu and Malenka, 2003). These
findings suggest that inhibiting synthesis of �-catenin may be
part of the defect observed with CPEB1-RBD expression. How-
ever, it is important to note that numerous mRNAs contain pu-
tative CPE elements in their 3�-UTRs, and the full functional
consequence of inhibiting CPEB1 with the RBD surely repre-

sents the misregulation of a population of different mRNAs. Elu-
cidation of the complement of mRNAs bound and regulated by
CPEB1 in neurons will provide valuable insight into its function
in different physiological processes.
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