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In neurons, the proteins derived from mRNAs localized in dendrites have been implicated in synaptic
plasticity. The cytoplasmic polyadenylation element (CPE), a cis element in the 3�-UTRs of specific dendritic
mRNAs, promotes cytoplasmic polyadenylation-induced translation in response to synaptic stimulation. Here,
we demonstrate that the CPE and its binding protein CPEB facilitate mRNA transport to dendrites. In rat
hippocampal neurons infected with recombinant viruses, the CPE is sufficient to direct a reporter RNA into
dendrites. CPEB-GFP protein forms RNA-containing particles that are transported into dendrites in a
microtubule-dependent fashion at an average velocity of 4–8 µm/min. Such particles also contain maskin, a
CPEB-associated factor that mediates cap-dependent translational repression of CPE-containing mRNA, and
the molecular motors dynein and kinesin. Overexpression of CPEB in neurons promotes the transport of
CPE-containing endogenous MAP2 mRNA to dendrites, whereas overexpression of a mutant CPEB that is
defective for interaction with molecular motors inhibits this transport. In neurons derived from CPEB
knockout mice, the dendritic transport of a CPE-containing reporter RNA is reduced. These results suggest a
mechanism whereby CPE-containing mRNAs can be transported to dendrites in a translationally dormant
form, but activated at synapses in response to NMDA receptor stimulation.
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The morphological and biochemical changes associated
with experience-dependent plasticity of neuronal syn-
apses may underlie long-term memory storage (Miller
and Mayford 1999; Scannevin and Huganir 2000; Hering
and Sheng 2001). For example, a neuron distinguishes
naive from stimulated synapses by establishing a tag at a
synapse once it is stimulated; its response to this stimu-
lation (i.e., plasticity) is based on the recognition of this
tag (Frey andMorris 1997; Martin et al. 1997). The nature
of the tag(s) is (are) unknown, but for at least two forms
of plasticity, long-lasting long-term potentiation (L-LTP)
and long-term depression (LTD), protein synthesis in
dendrites (Kang and Schuman 1996; Huber et al. 2000),
possibly in the vicinity of the synapse (Bagni et al. 2000;
Scheetz et al. 2000; Aakalu et al. 2001), is required.
Cytoplasmic polyadenylation is one mechanism that

might govern mRNA translation in dendrites (Steward
and Schuman 2001). In Xenopus oocytes, where a num-
ber of mechanistic details are known, several dormant
mRNAs have small poly(A) tails; in response to develop-
mental cues, the poly(A) tails are elongated and transla-
tion ensues. Polyadenylation is controlled by two cis-
acting 3�-UTR elements, the CPE (cytoplasmic polyade-

nylation element; UUUUAU or similar) and AAUAAA.
Polyadenylation is initiated when aurora (Eg2) phos-
phorylates CPEB, the CPE-binding factor (Mendez et al.
2000a). This phosphorylation induces CPEB to interact
and possibly stabilize CPSF (cleavage and polyadenyla-
tion specificity factor) on the AAUAAA (Mendez et al.
2000b), which is probably necessary for the recruitment
of poly(A) polymerase. Polyadenylation stimulates trans-
lation through maskin, a protein that interacts with both
CPEB and the cap-binding factor eIF4E (Stebbins-Boaz et
al. 1999). A maskin–eIF4E interaction inhibits transla-
tion by precluding an eIF4E–eIF4G interaction; the
eIF4E–eIF4G complex is required to position the 40s ri-
bosomal subunit on the mRNA. Polyadenylation leads
to the dissociation of maskin from eIF4E and the asso-
ciation of eIF4G with eIF4E, thereby stimulating trans-
lation (Cao and Richter 2002).
Neurons appear to utilize a similar process to regulate

translation in dendrites. CPEB and the other polyade-
nylation/translation factors noted above are expressed in
the mammalian brain, particularly the hippocampus and
probably the visual cortex as well (Wu et al. 1998; Huang
et al. 2002). Synaptic stimulation results in polyadenyla-
tion and translation of the CPE-containing �CaMKII
mRNA, but not of the CPE-lacking neurofilament
mRNA (Wu et al. 1998). Polyadenylation occurs at syn-
apses since glutamate or N-methyl-D aspartate (NMDA)
treatment of synaptosomes isolated from rat hippocam-
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pal neurons also stimulates �CaMKII mRNA polyade-
nylation (Huang et al. 2002). Moreover, the translation of
a reporter RNA appended with the �CaMKII 3�-UTR is
stimulated when hippocampal neurons are treated with
glutamate (Wells et al. 2001).
Synaptic activity not only stimulates mRNA transla-

tion in dendrites, it also induces the transport of mRNAs
such as activity-regulated cytoskeletal protein (Arc;
Steward et al. 1998), �CaMKII (Thomas et al. 1994), BC1
(Muslimov et al. 1998), brain-derived neurotrophic factor
(BDNF), and trkB (Tongiorgi et al. 1997) to that region.
As demonstrated by the experiments of Miller et al.
(2002), this transport is important for synaptic plasticity,
because transgenic mice harboring an �CaMKII mRNA
that is restricted to the soma have impaired L-LTP and
memory consolidation.
For mRNAs found in dendrites both prior to and after

synaptic stimulation, premature translation would ap-
pear to have an adverse effect on synaptic plasticity.
That is, if mRNAs undergoing transport are simulta-
neously translated, one might expect that newly made
proteins would not specifically tag stimulated synapses,
because they would be widely distributed in the den-
drite. Krichevsky and Kosik (2001) suggested that RNA-
containing particles en route to their destinations in den-
drites are translationally silent because they do not con-
tain key factors such as eIF4G, an initiation factor, and
tRNA. It is plausible that tight regulation of mRNA
transport, silencing, and activation might be coordinated
by a small group of factors that are involved in each of
these processes.
We have investigated whether the CPE and its binding

protein CPEB, which regulate mRNA translation at syn-
apses, might also facilitate mRNA transport in den-
drites. In cultured hippocampal neurons infected with
recombinant viruses, a reporter RNA with a CPE is
transported more efficiently than one that lacks the CPE.
Indeed, when placed within a polylinker sequence that is
devoid of regulatory information, the CPE is sufficient
for dendritic RNA transport. CPEB forms ribonucleopro-
tein (RNP) particles in cultured hippocampal neurons
and neuroblastoma cells, is transported both anterograde
and retrograde at an average velocity of 4–8 µm/min, and
resides in a complex with both kinesin and dynein. CPEB
also colocalizes with maskin, suggesting a mechanism
whereby mRNA can be transported in a dormant form.
Moreover, overexpression of CPEB enhances RNA trans-
port, whereas overexpression of a CPEB mutant protein
that is unable to associate with kinesin and dynein in-
hibits transport. Finally, in neurons derived from CPEB
knockout mice, the transport of CPE-containing RNA is
diminished. Taken together, these data show that CPEB
facilitates mRNA transport as well as translation in neu-
rons.

Results

The CPE facilitates mRNA transport to dendrites

To assess whether the CPE is involved in dendritic
mRNA transport, neurons were infected with Sindbis

virus carrying GFP fused to the most distal 170 nucleo-
tides of the �CaMKII 3�-UTR; this region contains two
CPEs that are necessary for CPEB binding, polyade-
nylation, and translation (Wu et al. 1998; Wells et al.
2001; Huang et al. 2002). As a control, an �CaMKII
3�-UTR with mutated CPEs was also appended to GFP
(�CaMKIImut). The subcellular localization of the fu-
sion transcripts was examined by in situ hybridization to
the GFP-coding sequence. Figure 1A shows that the tran-
script with the wild-type CPEs was present in the soma
and in particles in the dendrites, which was confirmed
by an immunostaining for the MAP2 dendritic marker.
In contrast, a GFP reporter appended with a CPE-mu-
tated �CaMKII 3�-UTR was only weakly detectable in
dendrites. The steady-state levels of both RNAs in cells
were similar (Fig. 1A, Northern blot). In addition, there
was negligible signal in uninfected cells, or when the
sense strand was used to probe GFP-expressing neurons
(data not shown). Under both low and higher magnifica-
tion, it is evident that the hybridization signal formed
patches (Fig. 1A,B), which could represent RNA-protein
particles (Knowles et al. 1996; Ainger et al. 1997). To
quantify the RNA in dendrites, images from infected
cells were taken under the same exposure setting that
maximized the dynamic range of pixel intensity. Al-
though the fluorescence in the soma was saturated, that
in the dendrites was not, and consequently the fluores-
cence signal in this region should reflect the relative
amount of GFP RNA that is present. Figure 1B shows
one set of dendrites in which pixel intensity, in 10 µm
bundles, was plotted against distance from the soma.
The data show that the GFP appended with a CPE-con-
taining �CaMKII 3�-UTR was transported more effi-
ciently than its CPE-lacking counterpart. An analysis of
several such experiments reveals that the CPEs from
�CaMKII 3�-UTR mediate significantly (p < 0.05, Stu-
dent’s t test) enhanced transport of RNA as far as 60 µm
from the cell soma (Fig. 1C).
To assess whether the CPE is sufficient for mRNA

transport to dendrites, we generated additional GFP-re-
porters where the 3�-UTR was composed of a polylinker
sequence only (GFP), or a polylinker containing a tripli-
cate CPE (GFP-3CPEs). Neurons infected with viruses
carrying these constructs were analyzed in a similar way
as described above. Figure 2A,B demonstrates that the
CPE alone promoted efficient mRNA transport into den-
drites. Indeed, except for the 60–80 µm segment, the CPE
induced a significant increase (p < 0.05, Student’s t test)
in the amount of dendritic GFP mRNA (Fig. 2C).

Colocalization of CPEB with RNA and maskin

To investigate whether CPEB is involved in targeting
CPE-containing mRNAs to dendrites, we used neurite-
forming B104 neuroblastoma cells. They were injected
with a plasmid encoding a CPEB-GFP fusion protein to-
gether with a fluorophore-labeled CPE-containing RNA
(nontranslatable truncated GFP RNA fused to the 3CPE-
containing polylinker noted in Fig. 2). The CPEB-GFP
was assembled into particles that were detected in both
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the cell body and neurites and were frequently colocal-
ized with the RNA (Fig. 3A). Little colocalization was
evident when CPE-lacking RNA was employed (Fig. 3A).
These results suggest that the CPEB-GFP particles can
form complexes with RNA in vivo.
In Xenopus oocytes, CPEB-mediated translation re-

quires the activity of maskin, a CPEB-associated protein
(Stebbins-Boaz et al. 1999; Cao and Richter 2002). To
determine whether such an interaction could occur in
neurons, primary hippocampal neurons were cotrans-
fected with plasmids encoding CPEB-CFP (cyan fluores-
cent protein) and YFP (yellow fluorescent protein)-
maskin, and the distribution of the expressed proteins
was examined by confocal microscopy (Fig. 3B). The
open arrows in the figure indicate particles containing

either CPEB (rendered in green) or maskin (rendered in
red); the solid arrows indicate colocalization of both pro-
teins (yellow). Six hundred-twenty particles from the
dendrites of eight transfected cells were subjected to
single-particle ratiometric analysis (Kwon et al. 1999) by
plotting the intensities of YFP-maskin and CPEB-CFP in
each particle (Fig. 3C). The majority of the dendritic par-
ticles (∼94%) contained both CPEB and maskin signals,
∼61% of which fell within diagonal lines denoting ratios
of these two proteins of 1:2 or 2:1. These results suggest
that CPEB and maskin might be transported to dendrites
together, possibly with CPE-containing RNA. Because
maskin functions as a translational repressor through its
interaction with eIF4E, colocalization of maskin and
CPEB would suggest a plausible mechanism for main-

Figure 1. Facilitation of mRNA transport
by the CPE. (A) Hippocampal neurons
were infected with Sindbis virus carrying
GFP fused to a 170-bp 3�-UTR of wild-type
�CaMKII that contains two CPEs, or a mu-
tated �CaMKII 3�-UTR in which the CPEs
have been mutated. Seven hours after in-
fection, the neurons were fixed for in situ
hybridization with GFP sequences, fol-
lowed by the MAP2 immunostaining. The
Northern blot shows comparable expres-
sion of the two constructs in infected neu-
rons. (B) Quantification of dendritic GFP
mRNA as assessed by in situ hybridiza-
tion. The average GFP RNA signal (wild-
type or mutant �CaMKII 3�-UTR) in each
segment of one major dendrite from each
neuron was measured (NIH-Image) and
plotted against the distance of the signal
from the soma. (C) The mean intensity of
each 10-µm dendritic segment was calcu-
lated from neurons expressing GFP-
�CaMKIIwt (31 dendrites) or GFP-
�CaMKIImut (27 dendrites) and presented
in histogram form; error bars show S.E.M.
The difference in the amount of dendritic
GFP hybridization signal between the two
RNAs is significant (p < 0.05, Student’s t
test). Bars, 10 µm.
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taining the translational silence of CPE-containing RNA
during transport. We examined whether eIF4E was also
colocalized in CPEB/maskin particles; it was distributed
uniformly throughout the cells (data not shown).

CPEB particles: Movement, microtubules, and motors

The detection of CPEB particles in dendrites implies that
they may have been actively transported to that region.
To investigate this possibility, time-lapse confocal im-
ages of CPEB-GFP particles in hippocampal neurons
were recorded every 20 sec for 20 frames. This procedure
revealed that although the majority of the particles os-
cillated bidirectionally within confined spaces, some
traveled in either anterograde or retrograde directions
over longer distances at an average velocity of 4–8 µm/

min (Fig. 4). In some instances, depolarization of neurons
with glutamate or KCl induced the splitting or merging
of particles, although the velocity was unaffected (data
not shown).
The directionality and velocity of CPEB-GFP particle

movement are consistent with translocation along mi-
crotubules (Bassell et al. 1994). To examine the role of
cytoskeletal elements in particle movement, neurons ex-
pressing CPEB-GFP were treated with latrunculin A,
which disrupts actin filaments, or with vincristine,
which depolymerizes microtubules (Allison et al. 2000),
and then labeled with rhodamine phalloidin to detect
actin polymers or immunostained with tubulin antibody
to detect microtubules. Latrunculin A treatment, while
disrupting actin polymers (data not shown), had no effect
on microtubule staining or CPEB-GFP fluorescence in
dendrites (Fig. 5A, merge). On the other hand, vincristine

Figure 2. The CPE is sufficient for den-
dritic RNA transport. (A) Hippocampal
neurons were infected with recombinant
Sindbis virus as noted above, but in this
instance, the GFP 3�-UTRs consisted of a
polylinker sequence (GFP), or a polylinker
containing three CPEs. The neurons were
subjected to in situ hybridization for GFP
RNA, and also costained with MAP2 anti-
body. (B) The quantification of the in situ
hybridization signal for GFP was per-
formed as in Figure 1B. (C) The mean in-
tensity of each 10-µm dendritic segment
was calculated from neurons expressing
GFP-3CPE (11 dendrites) and GFP (10 den-
drites) and presented in histogram form;
error bars show S.E.M. The difference in
hybridization signal between the two
RNAs is significant (Student’s t test). Bars,
10 µm.

Dendritic mRNA transport

GENES & DEVELOPMENT 641



destroyed much of the microtubule network, such that
only isolated patches of tubulin could be detected; it also
inhibited CPEB-GFP transport into dendrites (Fig. 5A).
The dendrites remained intact with both treatments (Fig.
5A, DIC). Thus, CPEB-GFP particle transport is micro-
tubule-dependent.
The bidirectional microtubule-dependent movement

of CPEB-GFP particles suggests that plus-end and minus-
end motor proteins, such as kinesin and dynein, might
both be involved in this translocation. Using an antibody
specific against conventional kinesin heavy chain and
cytoplasmic dynein intermediate chain, we employed

confocal imaging to analyze ∼400 CPEB-GFP particles in
the dendrites of five neurons and found that ∼43% also
contained these two motor proteins in ratios of 1:2 or 2:1
(Fig. 5B,C). To examine the interaction of CPEB with
kinesin and dynein, neurons were infected with Sindbis
virus expressing CPEB-myc13 (i.e., 13 myc epitope re-
peats fused to the C terminus of CPEB) and subjected to
myc antibody immunoprecipitation in the presence or
absence of RNase A. Figure 5D shows that both kinesin
and dynein were coimmunoprecipitated with CPEB-
myc13 irrespective of the RNase A, whereas in unin-
fected cells, this procedure did not result in the detection

Figure 3. CPEB-GFP forms particles and colocal-
izes with RNA and maskin. (A) Colocalization of
CPEB-GFP and CPE-containing RNA in B104 cells.
CPEB-GFP plasmid DNA and Alexa-546-labeled
3CPE-containing or -lacking polylinker RNA were
coinjected into B104 cells and imaged by dual-chan-
nel confocal microscopy. Particles containing either
CPEB-GFP (green) or Alexa-546-labeled RNA (red)
are denoted by open arrows; particles containing
both CPEB-GFP and RNA (yellow) are denoted by
solid arrows. (B) Hippocampal neurons were cotrans-
fected with CPEB-CFP (green) and YFP-maskin (red)
and imaged by confocal microscopy. The arrows in
the magnified regions denote particles that contain
both CPEB-CFP and YFP-maskin proteins. (C) Colo-
calization of CPEB-CFP and YFP-maskin in 620
RNA particles from dendrites of eight double-trans-
fected cells was quantified by single-particle ratio-
metric analysis. The two broken lines define the
region in which CPEB and maskin in particles are
present within 1:2 and 2:1 intensity ratios.

Huang et al.

642 GENES & DEVELOPMENT



of these same proteins. The figure also shows that het-
erologous CPEB was indeed immunoprecipitated with
the myc antibody. To confirm the interaction of CPEB
and motor proteins in the presence of RNase A, the
CPEB-myc13-expressing neuronal extract was recipro-
cally immunoprecipitated with antibodies against
dynein or kinesin. The CPEB-myc13 protein was coim-
munoprecipitated with the motors (Fig. 5D) but not with
mouse IgG control antibody. These data indicate that
kinesin and dynein are associated with CPEB-containing
complexes.

A region of CPEB required for particle transport:
Possible use as a dominant negative mutation

With the goal of identifying a mutant CPEB that could
serve as a dominant negative factor for RNA transport,
we delineated a region of this protein required for par-
ticle transport. DNA encoding CPEB truncation mutants
fused to GFP was transfected into B104 cells, and the
resulting distribution and structure of the proteins were
examined by fluorescence microscopy. Figure 6A depicts
key features of CPEB including the LDSR aurora phos-
phorylation site (Mendez et al. 2000a), the PEST protein
destruction box (Mendez et al. 2002), two RNA recogni-
tion motifs (RRMs), and two zinc fingers (Zif; Hake et al.
1998); the RRMs and zinc fingers are required for optimal
RNA binding. Most of the mutated CPEB proteins that
retained the ability to bind RNA (�1–�5) formed par-
ticles that were transported to neurites; the mutant pro-
tein that does not bind RNA (A529A539; Hake et al. 1998)
was retained in the cytoplasm and distributed in a dif-

fuse manner. The CPEB mutant protein that contained
an intact RNA binding region (RBD) was present in the
cytoplasm as well as in the nucleus, but failed to form
particles (Fig. 6A,B). A Western blot (Fig. 6C) shows that
the CPEB-GFP fusion proteins remained intact following
transfection. RNA gel shifts confirmed that CPEB mu-
tant proteins �1, �3, �4, and RBD specifically bind CPE-
containing RNA (Fig. 6D). This assay also indicates that
the GFP tag at the C terminus of CPEB did not affect its
RNA binding specificity. Thus, the RNA binding do-
main of CPEB is necessary but not sufficient for particle
formation.
We focused on the RBD mutant of CPEB because al-

though it retained the ability to bind RNA, it was not
transported to neurites. To determine why it might be
defective for transport, extracts prepared from hippocam-
pal neurons infected with viruses harboring this mutant
protein as well as wild-type CPEB (both fused to GFP)
were immunoselected and probed on a Western blot for
kinesin and dynein. Although both motor proteins were
immunoselected with wild-type CPEB, as shown in Fig-
ure 5, the RBD mutant did not bind any kinesin or
dynein above background (Fig. 6E). Thus, the RBD pro-
tein could serve as a useful tool to investigate CPEB-
mediated RNA transport to dendrites.

Transport of CPE-containing RNA to dendrites:
Control by CPEB

We have employed three methods to determine whether
CPEB is involved in RNA transport to dendrites. In the
first approach, synaptoneurosomes prepared from neu-

Figure 4. Transport of CPEB-GFP particles. Confocal time-lapse images of CPEB-GFP particles in transfected hippocampal neurons
depicting a retrograde movement. Vmax and Vavg are the maximal and average velocities, respectively, of indicated particle movement.
Bar, 5 µm.
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rons infected with viruses expressing GFP, CPEB-GFP, or
RBD-GFP were used to detect endogenous RNA by re-
verse transcription-coupled real-time PCR. Thus, if the
CPE and CPEB are involved in RNA transport and if the
transport machinery is not saturated, overexpressed
CPEB-GFP might enhance the amount of CPE-contain-
ing mRNAs in synaptoneurosomes, whereas the RBD-
GFP mutant might reduce this amount.
To ensure the accuracy of these experiments, neurons

obtained from the same litter of embryos were used for
each complete set of experiments, and were infected
with nearly the same number of viral particles (4 × 106

neurons and 5 × 106 viral particles/100-mm dish) ex-
pressing GFP, CPEB-GFP, or RBD-GFP. The expression
patterns of these proteins again demonstrate that CPEB
formed particles in dendrites (MAP2 immunostaining
positively identified dendrites), whereas RBD remained
in the soma (Fig. 7A). The levels of these proteins were
also comparable as determined by GFP immunoblotting
(Fig. 7B). Synaptoneurosomes isolated from the infected
neurons showed a similar degree of enrichment (3.2- to
3.5-fold) of �CaMKII compared to the starting cytoplas-
mic extract (Fig. 7B). To avoid possible contamination
from DNA, RNA extracted from the synaptoneurosome
fraction was pretreated with DNase I before reverse tran-
scription. The cDNAs from each set of experiments were
PCR-amplified in the same 96-well plate using primer
sets for six dendritic RNAs, three of which contain CPEs
[MAP2, �CaMKII, inositol 1,4,5-triphosphate receptor
(IP3R)], and three of which lack CPEs (NF-M, Arc, den-
drin; Fig. 7C). cDNAs derived from RNAs extracted from
the cytoplasm and synaptoneurosome fraction were sub-
jected to quantitative PCR using SYBR Green, a DNA
amplification indicator that fluoresces only when it is
incorporated into double-stranded DNA. The final PCR
products were analyzed on agarose gels to assess the
specificity of each amplification; in each case, only a
single band was detected (Fig. 7D). Finally, each PCR
amplification product was gel-isolated and sequenced to
confirm the identity of the DNA. The relative amounts
of the target mRNAs were calculated using the threshold
cycle number (Ct) derived from real-time PCR. From
three independent experiments, there was a significant

reduction (Student’s t test, p < 0.05) in the amount of the
CPE-containing RNAs MAP2 and �CaMKII in synapto-
neurosomes isolated from RBD-GFP expressing neurons
(Fig. 7C). In addition, a significant increase (p < 0.05) in
the amount of synaptoneurosome MAP2 mRNA was
also observed in CPEB-GFP-expressing neurons (Fig. 7C,
right). Although the amount of IP3R mRNA in synapto-
neurosomes did not change in a significant manner,
there was still a noticeable reduction in cells expressing
RBD-GFP, and a noticeable increase in cells expressing
CPEB-GFP. In contrast, the levels of CPE-lacking RNAs
in synaptoneurosomes barely changed irrespective of the
virus that was used for infection (Fig. 7C). Because the
levels of the target RNAs in the cytoplasm did not
change regardless of the virus used for infection (Fig. 7C,
left), the different amounts of the target mRNAs in syn-
aptoneurosomes could not be due to differential stabil-
ity. Thus, results from this study indicate that the CPE
and CPEB facilitate the transport of specific mRNAs to
dendrites.
To confirm these results, we performed in situ hybrid-

ization with digoxygenin-labeled antisense oligonucleo-
tides to MAP2 mRNA on cultured hippocampal neurons
infected with viruses harboring GFP, CPEB-GFP, or
RBD-GFP. We analyzed the amount of hybridization sig-
nal (sense oligonucleotides yielded no signal; data not
shown), specifically in dendrites, of neurons on the same
coverslip that were infected or uninfected. For example,
there was no change in the amount of MAP2 mRNA in
dendrites from neurons on the same coverslip that were
either GFP-infected or uninfected (Fig. 7E). On the other
hand, there was more MAP2 RNA in dendrites from neu-
rons on the same coverslip that were infected with
CPEB-GFP compared to those that were uninfected. Fi-
nally, there was less MAP2 RNA in dendrites from neu-
rons infected with CPEB-RBD compared to those that
were uninfected (Fig. 7E). The enhancement (with CPEB-
GFP) or reduction (with RBD-GFP) of MAP2 RNA in
dendrites compared to uninfected cells was significant
(p < 0.05, Student’s t test).
Finally, we examined RNA transport in hippocampal

neurons from CPEB knockout mice (Tay and Richter
2001). Cells from these animals as well as fromwild-type

Figure 5. CPEB-GFP particles contain dynein and kinesin and are transported in a microtubule-dependent manner. (A) CPEB-GFP
transfected hippocampal neurons were treated with latrunculin A, which disrupts microfilaments, or vincristine, which disrupts
microtubules, and examined for GFP fluorescence (green) as well as tubulin immunofluorescence (red). Only vincristine disrupted
most microtubules by leaving a patchwork of these structures, whereas neither treatment affected dendrite integrity (merged DIC
image). Vincristine, but not latrunculin A, also inhibited GFP-CPEB transport. (B) CPEB-GFP-expressing neurons were immunostained
with kinesin or dynein antibody and imaged by confocal microscopy. The magnified images (insets) show particles containing
CPEB-GFP colocalized with motor proteins (solid arrows). (C) The green and red fluorescence intensities representing CPEB-GFP and
either kinesin or dynein were analyzed from 407 and 403 dendritic CPEB-GFP-containing particles, respectively. The intensity of
kinesin or dynein in each particle was plotted against the intensity of CPEB-GFP in the same particle. The two broken lines define the
region in which CPEB and the molecular motors in particles were detected in 1:2 and 2:1 intensity ratios. Bars, 10 µm. (D) Coimmu-
noprecipitation of kinesin and dynein with CPEB-myc13. Cytoplasmic extracts prepared from hippocampal neurons, either uninfected
or infected with Sindbis virus-expressing myc-tagged CPEB, were immunoprecipitated with myc antibody in the absence or presence
of RNase A. The antibody beads were washed, eluted with 2 M KCl, and probed on a Western blot for kinesin and dynein, as well as
for CPEB. For reciprocal immunoprecipitation experiments, the extract from CPEB-myc13-infected neurons was incubated with
monoclonal antibodies against cytoplasmic dynein intermediate chain or kinesin heavy chain; mouse IgG served as a negative control.
The immunoblots were probed with antibodies against CPEB-myc13, dynein, and kinesin. The asterisk denotes the breakdown product
of CPEB-myc13.
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mice were cultured for 1 wk and then infected with virus
expressing GFP-3CPEs RNA, whose transport we have
shown is CPE-dependent (Fig. 2). Compared to wild-type
neurons, the relative amount of reporter RNA in den-
drites, which was monitored by in situ hybridization to
GFP, was reduced in the CPEB knockout (KO) neurons
by a significant amount (p < 0.05, Student’s t test; Fig. 8).
These studies demonstrate that the CPE, and CPEB, pro-
mote the transport of RNA to dendrites.

Discussion

The results presented in this study demonstrate that two
factors that control polyadenylation-induced translation
(Wu et al. 1998; Mendez and Richter 2001; Huang et al.
2002) can assemble in neurons into RNA particles that
are transported to dendrites. These particles, which in-
clude CPEB and perhaps maskin as well, move bidirec-
tionally along microtubules that are probably driven by
kinesin and dynein, two motor proteins that coimmuno-
precipitate with CPEB. Analysis of reporter RNAs ap-
pended with various heterologous 3�-UTRs shows that
the CPE is sufficient for transport to dendrites. The
transport process is enhanced by overexpression of wild-
type CPEB but repressed by overexpression of a domi-
nant negative mutant CPEB that is unable to bind the
motor proteins. These results suggest a model for CPE-
containing RNA transport to dendrites. In the soma, we
envisage that RNA is assembled into particles contain-
ing CPEB, maskin, possibly eIF4E, kinesin, and dynein.
The particles are transported in a translationally re-
pressed state along microtubules. When NMDA recep-
tors are stimulated, calcium entry presumably causes
the activation of aurora, a kinase that in turn phosphory-
lates and activates only the CPEB that is local, in the
vicinity of the stimulated synapse (Huang et al. 2002).
This phosphorylation event then induces cytoplasmic
polyadenylation and translation of local CPE-containing
mRNAs; the proteins derived from these newly trans-
lated mRNAs might then influence synaptic plasticity.
This general model could account for the repression of
specific mRNAs in dendrites and their rapid activation
at stimulated synapses.
Overexpression of the CPEB RNA binding domain

(RBD-GFP) reduced the distribution of endogenous CPE-
containing RNAs (MAP2, �CaMKII), but not CPE-lack-
ing RNAs (Arc, dendrin, NF-M) to the synaptodendritic
compartment of dendrites. We infer that the RBD pro-
tein displaced endogenous CPEB(s) from the CPE, and
because the RBD protein could not respond to the appro-
priate transport signals, it inhibited the RNAs from trav-
eling to dendrites. Thus, we propose that the CPEs of
MAP2 and �CaMKII RNAs are important for transport to
dendrites. However, other dendritic targeting elements
for both of these RNAs were identified previously, and
appear to be at odds with the results presented here. For
example, although all investigators agree that the
3�-UTR of �CaMKII mRNA mediates dendritic localiza-
tion (Mayford et al. 1996; Rook et al. 2000; Aakalu et al.
2001), Mori et al. (2000) suggested that the most proxi-

mal 94 nucleotides of the 3�-UTR are essential, whereas
Blichenberg et al. (2001) stated that an ∼1300-nucleotide
sequence within the 3�-UTR is required. Neither of these
sequences contains an obvious CPE. One key difference
between our results and those noted above is that we
examined endogenous as well as exogenous mRNAs,
whereas the other investigators focused exclusively on
reporter mRNAs overexpressed in neurons. Moreover, in
our analysis of reporter RNA transport, we measured the
amount of RNA along the length of the dendrite, which
yields many data points from which statistical signifi-
cance can be derived. In contrast, Mori et al. (2000) and
Blichenberg et al. (2001) scored RNAs as being positive
for transport if they were detected only 10–20 µm away
from the soma. Finally, in our studies we demonstrated
that the CPE, when placed within a polylinker sequence
that presumably lacks trafficking information, was suf-
ficient to stimulate RNA transport. On the other hand,
both Mori et al. (2000) and Blichenberg et al. (2001) used
truncated 3�-UTRs to measure transport; such RNAs
may contain or lack inhibitory sequences that could af-
fect transport efficiencies (Mori et al. 2000). It is note-
worthy that in transgenic mice, an �CaMKII RNA that
contains the 94-base element identified by Mori et al.
(2002) but lacking other sequences, including the CPE,
remains in the cell soma (Miller et al. 2002). In any case,
the results presented here demonstrate that the CPEs in
the 3�-UTR of �CaMKII RNA are sufficient to mediate
dendritic transport.

Complex RNP transport particles

Neuronal RNP transport particles are macromolecular
structures composed of a large number of diverse pro-
teins and probably several RNA molecules (Mouland et
al. 2001). Whether the RNPs contain different mRNAs is
a matter of debate, although at least some contain
tRNAs and ribosomes (Krichevsky and Kosik 2001). Two
proteins thought to be involved in dendritic RNA trans-
port in neurons are staufen (Kiebler et al. 1999; Mons-
hausen et al. 2001; Tang et al. 2001) and MARTAs
(Rehbein et al. 2002). Staufen is a double-stranded RNA
binding protein first identified in Drosophila as mediat-
ing bicoid RNA localization in embryos. In neurons,
Staufen is thought to be a component of most RNP trans-
port particles (Krichevsky and Kosik 2001), and its over-
expression drives bulk neuronal RNA (i.e., cytoplasmic
ethidium bromide-stained material) into dendrites (Tang
et al. 2001). These data suggest that staufen does not play
a specificity role in discriminating among mRNAs for
transport to dendrites. MARTA 1 and MARTA 2 are
members of the KSRP/FUSE binding protein (FBP) family
of DNA/RNA binding proteins that are involved in tran-
scription and nuclear pre-mRNA processing (Duncan et
al. 1994; Min et al. 1997). The MARTA proteins bind to
a sequence of MAP2 RNA that is thought to enhance
dendritic transport (Rehbein et al. 2002). Although a
truncated form of KSRP is thought to regulate �-actin
mRNA transport to growth cones of developing neurons
(Gu et al. 2002), there is little direct evidence that the
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Figure 6. A CPEB mutant is defective for kinesin and dynein interaction. (A) Salient features of CPEB showing the LDSR aurora
phosphorylation site, a PEST instability region, two RNA recognition motifs (RRMs) and two zinc fingers (Zif). The structures of
various CPEB mutant proteins are also shown, as well as whether they form granules, are transported to neurites, or are nuclear or
cytoplasmic. (B) Localization of wild-type and mutant CPEB-GFP fusion proteins in transfected B104 cells. (C) Western blot of
wild-type and mutant CPEB-GFP proteins in transfected B104 cells. (D) Gel shift using extracts from B104 cells transfected with
wild-type or mutant CPEB-GFP fusion proteins with CPE-lacking (left) or CPE-containing (right) RNA. The asterisks denote specific
shifts attributed to CPEB proteins. The arrow denotes a nonspecific band caused by an unknown protein from B104 cells. (E) Coim-
munoprecipitation of wild-type or RBDmutant CPEB-GFP fusion proteins with motor proteins. Cells infected with DNA encoding the
heterologous proteins noted above were immunoprecipitated, washed, and eluted with SDS loading buffer. The eluates were probed
for CPEB-GFP and RBD-GFP (left) as well as kinesin heavy chain and dynein intermediate chain.
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MARTA proteins are necessary for MAP2 RNA trans-
port. Thus, although RNP particles containing these pro-
teins all exhibit a similar morphology and velocity of
transport (∼4–10 µm/min; Knowles et al. 1996), CPEB so
far appears to be unique in that it modulates specific
endogenous RNA transport to neuronal dendrites.

Glutamate stimulation of CPEB activity

Glutamate stimulation of synapses induces CPEB-de-
pendent polyadenylation (Huang et al. 2002). Although
glutamate- or KCl-induced depolarization induced the
splitting and merging of CPEB-GFP particles, it did not
enhance the rate of transport, as has been observed for
other particles (Knowles et al. 1996). Although the func-
tion of this splitting/merging is unknown, it could be a
reflection of the change in RNP particle morphology as
shown by Krichevsky and Kosik (2001). Those investiga-
tors identified a large and dense RNP particle that sedi-
ments faster than polysomes in sucrose gradients, which
is replete with ribosomes and mRNA but devoid of other
components of the translational apparatus such as tRNA
and the initiation factor eIF4G, and thus presumably is
not actively translated. The morphology of this RNP par-
ticle seems to change when neurons are treated with
KCl; it becomes less dense and distributes more uni-
formly in dendrites. Commensurate with this change in
dispersion pattern is a shift into polysomes of several
dendritic mRNAs (Krichevsky and Kosik 2001). These
data are consistent with our observations that glutamate
stimulates polyadenylation at synapses (Huang et al.
2002) and CPE-dependent mRNA translation (Wells et
al. 2001).

Expression of multiple CPEBs in neurons

Neurons derived from a CPEB knockout mouse show
reduced, but not ablated, CPE-containing RNA trans-
port, suggesting that other proteins can also drive this
process. In this regard, we note that the mouse genome
contains four CPEB genes; the protein analyzed here is
CPEB-1, the founding member of this multigene family.
Two other CPEB-like proteins, CPEB-2 and CPEB-3, are
similar to CPEB-1 in the RNA binding region (Mendez

and Richter 2001); they bind CPE-containing RNA in
vitro and are present in the mammalian brain (Y.-S.
Huang and J. Richter, unpubl.). We suspect that CPEB-2
and/or CPEB-3 might functionally overlap with CPEB-1
and facilitate dendritic RNA transport.

Is the CPE a default transport signal?

The results presented in this study indicate that at least
two endogenous mRNAs, �CaMKII and MAP2, are tar-
gets of the CPEB transport machinery. Although the CPE
might be expected to be a feature that distinguishes
these dendritic mRNAs from those in the cell body, it
appears that the regulatory mechanism for mRNA trans-
port might be more complicated and require multiple
RNA binding proteins. That is, the CPE is composed
only of U and A residues, but because eukaryotic 3�-
UTRs are very UA-rich, it seems likely that a number of
other mRNAs, perhaps several that are confined to the
soma, would also harbor this sequence. If so, then how
could the CPE drive the dendritic transport only of cer-
tain mRNAs, but not others? We think there are two
possibilities. First, the CPE might have to be present in a
certain “open” context that allows easy access to CPEB;
RNAs with strong secondary structure in the 3�-UTR
might not associate with CPEB and the rest of the trans-
port machinery. Second, consider that when the CPE is
placed within a polylinker sequence, which presumably
lacks any regulatory information, the RNA is trans-
ported to dendrites, demonstrating the sufficiency of this
element for transport. This sufficiency might indi-
cate that the CPE is a default sequence for dendritic
transport, and that CPE-containing RNAs that remain in
the soma might have an additional sequence (and asso-
ciated binding protein) that is essential for cell body re-
tention. Further investigations will address these possi-
bilities.

Materials and methods

Plasmid construction and riboprobe preparation

To create fusion proteins with GFP, the stop codon of full-
length CPEB was mutated to a cysteine by PCR amplification;

Figure 7. CPEB facilitates RNA transport to dendrites. (A) Infection of hippocampal neurons with Sindbis virus harboring RBD-GFP
(RBD refers to the RNA binding region of CPEB) and CPEB-GFP, which were also immunostained with antibody directed against
MAP2. Note that whereas CPEB-GFP was detectable in the soma and dendritic arbors, RBD-GFP was confined to the soma. Bars, 10
µm. (B) The extracts from neurons infected with recombinant Sindbis virus were immunoblotted for GFP and CPEB-GFP fusion
proteins. The bottom portion of the panel shows the degree of synaptoneurosome enrichment following infection with recombinant
virus. Using a densitometric scan of aWestern blot probed for �CaMKII, the degree of enrichment was comparable for each preparation.
(C) Key features of neurofilament-M (NF-M), Arc, and dendrin mRNAs, which lack obvious CPEs, and MAP2, �CaMKII, and IP3
receptor mRNAs, which contain multiple putative CPEs. Synaptoneurosomes were prepared from GFP-, CPEB-GFP-, and RBD-GFP-
containing Sindbis virus-infected cells, and the amount of the RNAs noted above was quantified by real-time PCR. To take into
account small variations of the amount of cDNA in each preparation, the amount of RNA in synaptoneurosomes following GFP-
expressing virus infection was used as the normalization standard. Error bars indicate the S.E.M., and the asterisks denote significance
(p < 0.05, Student’s t test). (D) The gel at the bottom shows the final PCR amplification products. (E) In situ hybridization of MAP2
RNA. Hippocampal neurons were infected with virus containing GFP, CPEB-GFP, or RBD-GFP and processed for in situ hybridization
for MAP2 RNA. The intensity of the hybridization signal is color-coded. On the same coverslip, the MAP2 RNA hybridization signals
were compared between GFP-infected and uninfected neurons, CPEB-GFP-infected and uninfected neurons, and RBD-GFP-infected
and uninfected neurons, quantified, and plotted as a ratio of the two (right). The differences between the MAP2 RNA signals in
dendrites are significantly different between CPEB-GFP-infected and uninfected neurons, and between RBD-GFP-infected and unin-
fected neurons (p < 0.05, Student’s t test). The GFP fluorescence in dendrites from infected neurons is also shown.
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the PCR product was digested withHindIII and BglII and cloned
into HindIII/BamHI-digested pEGFP-N1 (Clontech). The BglII
and HindIII fragments excised from wild-type and several dele-

tion mutant CPEB proteins in pBluescript (Mendez et al. 2002)
were cloned into the above vector digested with BglII and
HindIII. A plasmid containing the CPEB point mutations

(Figure 7 legend on facing page)

Dendritic mRNA transport

GENES & DEVELOPMENT 649



A529A539 (Hake et al. 1998) was constructed in a similar way.
Maskin was fused to the C terminus of GFP. Full-length maskin
was PCR amplified, digested with XhoI and BamHI, and cloned
into XhoI/BamHI-digested pEYFPC3, a derivative of pEYFPC1
(Clontech) to produce pEYFP-maskin.
To construct recombinant Sindbis virus, CPEB-GFP and RBD-

GFP were digested with BglII and NotI, blunt-ended, and ligated
to StuI-digested pSinRep5 (Invitrogen). To generate GFP-re-
porter viruses for in situ hybridization, the NheI-XbaI fragment
of pEkGFP-�CaMKII 3�UTR wild type or mutant (Wells et al.
2002) was cloned into XbaI-cleaved pSinRep5 plasmid. The 110-
bp PstI-KpnI DNA containing 3CPE and hexanucleotide was
excised from pBSSK-3CPE (de Moor and Richter 1999) and
cloned into pEkGFP to yield the pEkGFP-3CPE. This plasmid
was cleaved with BamHI, blunt-ended, GFP-3CPE DNA excised
following NheI digestion, and ligated into the XbaI-StuI-di-
gested pSinRep5.
RNAs used for the gel shift assay have been described (de

Moor and Richter 1999). For microinjection, the nontranslated
(NT) truncated GFP sequence was fused to the linker sequence
containing no CPE or three CPEs to increase the size of injected
RNA to prevent diffusion Depending on the experiment, linear-
ized plasmids were transcribed in the presence of 32P-UTP, Al-
exa-546-labeled UTP (Molecular Probes), or digoxigenin (dig)-
UTP (Roche). Further details of the cloning procedures are avail-
able upon request.

In situ hybridization and immunostaining

In situ hybridization of reporter RNA in primary hippocampal
neurons was performed as described (Knowles et al. 1996). To
detect the digoxigenin-labeled probes, as well as immunolabel-
ing of dendrites, the cells were incubated with the MAP2 anti-
body (AP20, Chemicon), followed by the secondary Alexa-488-
labeled goat �-mouse IgG (Molecular Probes) and rhodamine-
conjugated anti-digoxigenin Fab fragment (Roche). For some
experiments, transfected B104 cells were fixed with 4% form-
aldehyde and mounted onto microscope slides. For immuno-
staining, CPEB-GFP-expressing cells were fixed with methanol,
permeabilized with 0.1% Triton X-100 in PBS, blocked with
10% horse serum and 1% goat serum in PBS for 1 h, and treated
with primary antibodies directed against kinesin heavy chain
(MAB1614), or cytoplasmic dynein intermediate chain
(MAB1618, both from Chemicon), or tubulin (Sigma), followed
by Alexa-546-labeled goat �-mouse secondary antibody (Mo-
lecular Probes).
In situ hybridization of endogenous MAP2 mRNA with di-

goxygenin (dig)-labeled antisense oligonucleotide was per-
formed according to the manufacturer’s protocol (Roche). To
detect the dig-labeled probes, the cells were incubated with
fluorescein-conjugated anti-dig antibody and subsequently am-
plified with Alexa-594-conjugated antifluorescein antibody
(Molecular Probes). The GFP expression was detected by anti-
GFP antibody (Novus), followed by Alexa-488-labeled goat
�-rabbit secondary antibody.

Cell culture, transfection, and Sindbis virus infection

Cultures of rat hippocampal neurons (Banker and Goslin 1988)
were grown on coverslips at a cell density of 10,000/cm2 for 1
wk, infected with Sindbis virus for 1 h, and then placed in dishes
containing a glial cell layer and incubated for an additional 4 h
before immunostaining or in situ hybridization. Because of the
infertility of CPEB knockout mice, the hippocampi from indi-
vidual embryos obtained from CPEB heterozygous matings
were trypsinized and plated separately on coverslips. During the

1-wk culture period, the tails collected from those embryos
were used for genotyping (Tay and Richter 2001); the neurons
from wild-type and CPEB null animals were then analyzed.
B104 neuroblastoma cells were grown in DMEM supple-

mented with 2.5% FBS and plated onto poly-L-ornithine (50
µg/mL)-coated coverslips a day before the transfection (via Ef-
fectene, QIAGEN) or injection.

Immunoprecipitation

Hippocampal neurons cultured for 1 wk in Neurobasal medium
with B27 supplement (Invitrogen) were infected with Sindbis
virus expressing CPEB-myc13. Three hours after infection, the
neurons were harvested and homogenized in buffer (10 mM
Hepes at pH 7.4, 50 mM KCl, 1 mMMgCl2, 0.1 mM ZnCl2, 0.5
mM DTT, 1 mM PMSF, 0.1% NP40) and centrifuged for 5 min
at 1000g. The supernatant was incubated with antibodies for
myc, kinesin heavy chain, or dynein intermediate chain in the
presence or absence of 50 µg/mL RNaseA. After several washes,
the coimmunoprecipitated proteins were eluted with 2 M KCl,
TCA-precipitated, and boiled in SDS sample buffer.

Gel retardation and Western blotting

Each 60-mm dish of B104 cells transfected with various CPEB-
GFP constructs was harvested in 120 µL of the buffer containing
10 mM Hepes at pH 7.4, 50 mM KCl, 1 mM MgCl2, 0.1 mM
ZnCl2, 0.5 mMDTT, 1 mM PMSF, and 10% glycerol, and frozen
and thawed 3× to break the cytoplasmic membranes. Ten mi-
croliters of this extract was used for immunoblotting with the
GFP antibody and for RNA gel shift analysis (de Moor and Rich-
ter 1999).

Microinjection and image acquisition and analysis

CPEB-GFP DNA (0.3 µg/µL) and Alexa-546-labeled RNA (0.3
µg/µL) were coinjected into the cytoplasm of B104 cells; 4–5 h
later, dual channel confocal images in both the GFP and Al-
exa546 channels were collected. For the time-lapse study,
CPEB-GFP-expressing neurons were recorded every 15 or 20 sec
for 30 or 20 frames with a Zeiss LSM 510 confocal microscope
fitted with an oil-immersion 63×/NA1.4 objective. Fixed cell
images were taken with the confocal microscope or in some
cases, with a Nikon Eclipse E600 microscope (60×/NA 1.4 oil-
immersion objective) equipped with a Spot digital camera. For
colocalization studies, exposures were determined using single
wavelength laser excitation to ensure that only the appropriate
fluorophore could be detected in each channel. For RNA
quantification, images were acquired with parameters that
maximized the dynamic range of pixel intensity for the den-
dritic signal. For all experiments, identical acquisition param-
eters and settings were used for both control and experimental
dendrites.
For colocalization studies, images in both channels (either

GFP and Alexa-546 or CFP and YFP) were analyzed using NIH-
Image software where a specific Macro program (written by
Frank Morgan, University of Connecticut Health Center, Farm-
ington, CT) was used to measure the fluorescence intensity of
selected particles in both channels. Only well-resolved particles
in the processes of cells were selected for analysis. To measure
the velocity of CPEB-GFP particle movement, the distance a
particle traveled between two adjacent time-lapse images was
divided by the time between exposures, the largest of which was
considered as the maximum rate. The average velocity was cal-
culated by dividing the total traveling distance by the total re-
cording time.
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For the in situ hybridization data analysis, images taken
under the same exposure conditions were analyzed using
NIH-Image. The GFP RNA signals within dendrites were mea-
sured and given an average value (�255) at each single pixel
from the base (adjacent to soma) to the end, as assessed by
the immunostaining of MAP2, a dendritic marker. To ana-
lyze the RNA in many dendrites, they were grouped into 10-µm
(=86 pixels) compartments, and the average pixel intensity
was calculated. The background intensity from uninfected
neurons was subtracted. Group means were established for
each segment, and the standard error of mean (S.E.M.) was cal-
culated.

Synaptoneurosome preparation and analysis

Approximately 4 × 106 virus-infected hippocampal neurons
were harvested in 1.5 mL buffer (0.32M sucrose, 0.1 mM EDTA,
0. 25 mM DTT, 2 mM Hepes at pH 7.4) and then homogenized,
and the nuclei and cell debris were pelleted by brief centrifuga-
tion. The synaptoneurosome-containing fraction was pelleted

and then resuspended, treated with RNase A (100 µg/mL) for 20
min, and then filtered (Millipore, 5-µm pore). Synaptoneuro-
somes were collected by centrifugation, and the RNA was ex-
tracted from both the cytoplasm and synaptoneurosome frac-
tion, which were treated with DNase I. The RNAs were sub-
jected to real-time PCR amplification using QuantiTech SYBR
Green PCR mixture (QIAGEN) and ABI PRSIM7700 (Perkin
Elmer). The data were analyzed with V1.6.3 sequence software
(primer sequences available on request). Statistical analysis was
performed using Student’s t test.
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