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An Unbiased cDNA Library Prepared from Isolated Aplysia
Sensory Neuron Processes Is Enriched for Cytoskeletal and
Translational mRNAs

Robert Moccia,1* Dillon Chen,2* Vlasta Lyles,1 Estreya Kapuya,2 Yaping E,4 Sergey Kalachikov,5 Christian M. T. Spahn,6

Joachim Frank,6 Eric R. Kandel,4 Mark Barad,1,2 and Kelsey C. Martin1,2,3

1Brain Research Institute/Interdepartmental Program in Neuroscience, 2Department of Psychiatry and Biobehavioral Sciences, Neuropsychiatric Institute,
3Department of Biological Chemistry, University of California, Los Angeles, Los Angeles, California 90095, 4Howard Hughes Medical Institute, Columbia
University, Center for Neurobiology and Behavior, 5Columbia Genome Center, Columbia University, New York, New York 10032, and 6Howard Hughes
Medical Institute, Health Center Inc., Albany, New York 12201

Local protein synthesis is required for long-lasting synapse-specific plasticity in cultured Aplysia sensorimotor synapses. To identify
synaptically localized mRNAs, we prepared a cDNA library from isolated sensory neurites. By sequence analysis, we estimate that the
library contains 263 distinct mRNAs, with 98 of these mRNAs constituting 70% of all clones. The localized transcripts are enriched for
mRNAs encoding cytoskeletal elements and components of the translational machinery. In situ hybridization confirms that the mRNAs
for at least eight of these transcripts are present in distal neurites. Immunocytochemistry reveals that serotonin regulates the translation
of one of the localized mRNAs, that encoding �1-tubulin. Our identification of mRNAs encoding cytoskeletal elements suggests that local
protein synthesis is required for the growth of new synaptic connections associated with persistent synaptic strengthening. Our finding
of mRNAs encoding components of the translational machinery suggests that local protein synthesis serves to increase the translational
capacity of synapses.
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Introduction
Long-lasting forms of learning-related synaptic plasticity require
RNA and protein synthesis. We described previously a form of
synapse-specific, transcription-dependent plasticity at the Aply-
sia sensory-to-motor connection that depends on local protein
synthesis in sensory neurites (Martin et al., 1997b; Casadio et al.,
1999). We further found that isolated sensory neurites, from
which the cell bodies had been removed, were capable of transla-
tion and that this translation was stimulated by serotonin (5-HT)
(Martin et al., 1997b). These studies indicated that mRNAs are
present in the sensory neurite and that 5-HT-regulated transla-
tion of these mRNAs contributes to synapse-specific plasticity.
We have now undertaken to identify the population of tran-
scripts present in the sensory cell processes.

Several mRNAs have been detected previously in the dendrites
of vertebrate neurons or the processes of invertebrate neurons

(Steward and Schuman, 2001). The dendritic–neuritic localiza-
tion of these mRNAs was discovered fortuitously in the course of
in situ hybridization studies. Microarray studies of dendritically
localized mRNAs in rodent hippocampal neurons have indicated
that several hundred mRNAs are present (Eberwine et al., 2002).
By mechanically separating and removing cell bodies from the
neurites of cultured Aplysia sensory neurons, we generated a pure
preparation of sensory neuronal processes. We used this prepa-
ration to create a cDNA library as a means of identifying, in an
unbiased manner, the population of mRNAs present in unstimu-
lated sensory neuron processes. Sequence analysis indicates that
the Aplysia sensory neuron process library contains 263 distinct
mRNA transcripts, of which 98 comprise 69% of all clones se-
quenced from the peripheral library. We studied a subset of these
transcripts in more detail and have confirmed by in situ hybrid-
ization that the mRNAs are localized to the distal neurites of the
Aplysia sensory neurons. These transcripts are enriched for
mRNAs encoding cytoskeletal elements and for components of
the translational machinery.

The translational components include mRNAs encoding the
cytoplasmic polyadenylation element binding protein (CPEB),
elongation factor 1� (EF1�), and several mRNAs for ribosomal
proteins, including two proteins important for bridging the 40 S
ribosomal subunit to the 60 S subunit. This finding suggests that
one function of local protein synthesis is to ensure, in a synapse-
specific manner, the translational competence of local ribosomes.

Received Feb. 26, 2003; revised July 18, 2003; accepted Aug. 18, 2003.
This work was supported by the Howard Hughes Medical Institute (E.R.K.), National Institutes of Health (NIH)

(K.C.M.), an NIH MSTP grant (R.M.), the Burroughs Wellcome Fund (K.C.M.), the McKnight Foundation (K.C.M.), the
Klingenstein Fund (K.C.M.), and the W. M. Keck Foundation (K.C.M.). We thank Huixiang Zhu and Defang Ma for
Aplysia neuronal cultures, Natalie Digate for assistance in library screening, Catalina Wang for assistance in image
acquisition and analysis, Kausik Si for comments on a previous version of this manuscript, and members of the
Martin-Barad laboratory for helpful discussions.

*R.M. and D.C. contributed equally to this work.
Correspondence should be addressed to Kelsey C. Martin, Gonda 3506/BRI, University of California, Los Angeles,

695 Charles Young Drive South, Los Angeles, CA 90095-1761. E-mail: kcmartin@mednet.ucla.edu.
Copyright © 2003 Society for Neuroscience 0270-6474/03/239409-09$15.00/0

The Journal of Neuroscience, October 15, 2003 • 23(28):9409 –9417 • 9409



One of the cytoskeletal mRNAs identified from our library en-
codes the Aplysia homolog of �1-tubulin, and 5-HT application
to isolated sensory neurites increases its translation.

Our results indicate that there is a complex repertoire of
mRNAs present at the synapse and that 5-HT is capable of regu-
lating the translation of at least some of these mRNAs. Our iden-
tification of mRNAs encoding cytoskeletal elements suggests that
local protein synthesis is required for the growth of new synaptic
connections associated with persistent synaptic strengthening.
Our finding of mRNAs encoding components of the translational
machinery suggests that local protein synthesis serves to increase
the translational capacity of synapses. We hypothesize that this
provides a translational sink that “tags” a synapse for persistent
facilitation by translating locally stored mRNAs and capturing
mRNAs exported from the nucleus to the neurites after 5-HT-
induced transcription.

Materials and Methods
Aplysia cell culture. Culture dishes and medium were prepared as de-
scribed previously (Montarolo et al., 1986). Bifurcated sensory neuron–
motor neuron cultures were prepared as described by Martin et al.
(1997b). Details of culture methods can be found at the following web-
site: http://www.gonda.ucla.edu/researchlabs/martin/Protocalls.htm.
Cultures were maintained for 5 d in an 18°C incubator. All animals were
purchased from either Alacrity (Redondo Beach, CA) or from the Uni-
versity of Miami National Institutes of Health Aplysia resource facility
(Miami, FL).

Aplysia sensory neuronal process cDNA library construction and analy-
sis. Four hundred Aplysia sensory neurons (100 neurons each in four
dishes) were cultured in medium containing filtered hemolymph, and
the hemolymph concentration was reduced from 50% on day 1, to 20%
on day 3, 10% on day 4, and 0% on day 5. On day 5, the cell body of each
neuron was removed by cutting at a distance of �50 �m distal to the cell
soma–initial axon junction using a glass microelectrode, and the cell
bodies were removed by aspiration. RNA was extracted from the isolated
neurites using Trizol (Invitrogen, Gaithersburg, MD) and treated with
RNase-free DNase. This RNA was used as the starting material for cDNA
library construction following the method of Brady and Iscove (1993)
(see also Dulac and Axel, 1995). Briefly, the RNA was reverse transcribed
for 10 min using low concentrations of oligo-dT and of nucleotides to
limit the cDNA length to between 500 and 1000 bp. The first-strand
cDNA was then tailed with poly(A �) using terminal transferase. This
cDNA was then PCR amplified (50 cycles) using primers containing
oligo-dT and an EcoRI site. After EcoRI digestion, the resulting cDNA was
ligated into lambda ZAPII (Stratagene, La Jolla, CA) and packaged in
GIGApack gold (Stratagene). The unamplified library contained 15,600
clones with inserts. We performed mass excision of the Aplysia Sensory
Neuron Process (ASNP) library phagemids following the protocol of the
manufacturer, plated the product on LB-ampicillin plates containing
isopropyl-�-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside (X-Gal), and selected all white colonies
for sequencing by the Columbia University Genome Facility (New York,
NY) or by the University of California at Davis sequencing facility (Davis,
CA). Sequence analysis was performed using VectorNTI Suite 6.0 and
NCBI BLAST. Clones were accepted as identified when they showed
strongly significant BlastN or BlastX alignments (Altschul et al., 1997),
which did not depend on repetitive sequences.

Representation of clones was determined by screening 100,000–
500,000 phage each from the ASNP library and from a full-length cDNA
phage library prepared from Aplysia sensory clusters (kindly provided by
D. Bartsch, Central Institute of Mental Health, Mannheim, Germany).
Inserts from randomly selected ASNP clones were nick translated and
hybridized to filters lifted from library plates in 50% formamide, 6� SSC,
0.5% SDS, 5� Denhardt’s solution, and 100 �g/ml sheared salmon
sperm DNA for 24 hr and were then washed twice at high stringency in
0.2� SSC and 0.2% SDS at 65°C for 20 min each before exposure to x-ray
film. Representation was expressed as a percentage of positive clones

compared with the total number of phage with inserts. We determined
the percentage of phage with inserts in each library by blue and white
selection on IPTG/X-Gal plates. Full-length sequences and sequences
containing significant amounts of coding sequence have been submitted
to the GenBank database. Accession numbers are as follows: ap�1-
tubulin, AF481055; ap�2-tubulin, AF481056; �-thymosin, AF481063;
L8, AF481057; L18, AF481060; L31, AF481064; S15, AF481061; S16,
AF481058; L40 – ubiquitin, AF481059; S27– ubiquitin, AF481062; S29,
AF486840; S19, AF486814; L37, AF468842; and L36, AF486843.

In situ hybridization. Digoxigenin sense and antisense riboprobes were
made using digoxigenin-UTP (Roche Products, Hertforshire, UK) and
the MaxiScript transcription kit (Ambion, Austin, TX) according to in-
structions of the manufacturer. Riboprobes ranged in length from 400 to
600 bp. The labeling efficiency of the transcription was determined by
dot-blotting using a control digoxigenin-labeled RNA, according to the
instructions of the manufacturer (Roche Products); the concentration of
each probe was determined by spotting dilutions of the probe on an
ethidium bromide-containing agar plate and comparing the signal to
that produced by dilutions of a digoxigenin-labeled control RNA (Roche
Products).

To prepare cryostat sections for in situ hybridization, ganglia were
dissected from 80 –100 gm animals, fixed in 4% paraformaldehyde–30%
sucrose in PBS for 1.5 hr at room temperature, and frozen in OCT.
Twenty-micrometer-thick sections were cut on a Mikrom cyrostat, air
dried for 30 – 60 min, and then postfixed for 10 min in 4% paraformal-
dehyde. To prepare cultured neurons for in situ hybridization, cells were
fixed in 4% paraformaldehyde–30% sucrose in PBS for 10 min at room
temperature and then washed in DEPC-treated PBS. Cryostat sections
and cultured neurons were then processed for in situ hybridization using
the same methods. Samples were carbethoxylated by incubation with
0.1% active DEPC for two times at 15 min each at room temperature, and
samples were then equilibrated in DEPC-treated 5� SSC for 15 min and
prehybidized for 2 hr at 58°C in 50% formamide, 5� SSC, 40 �g/ml
salmon sperm DNA, and 2% blocking reagent (Roche Products). They
were then hybridized for 18 – 48 hr at 58°C (or as otherwise determined
for the melting temperature of each riboprobe), with 400 ng/ml labeled
probe, 50% formamide, 5� SSC, 40 �g/ml salmon sperm DNA, and 2%
blocking reagent (Roche Products). They were then washed for 30 min in
2� SSC at room temperature, for 1 hr in 2� SSC at 65°C, and for 1 hr in
0.1� SSC at 65°C. After a 5 min equilibration in 100 mM Tris, pH 7.5, and
150 mM NaCl (Tris/NaCl), samples were incubated with anti- digoxige-
nin antibody coupled to alkaline phosphatases (Roche Products) diluted
1:5000 in Tris/NaCl buffer containing 0.5% blocking reagent overnight
at 4°C. The next day, they were washed twice for 15 min each in Tris/NaCl
buffer and equilibrated for 5 min in 100 mM Tris, pH 9.5, 100 mM NaCl,
and 50 mM Mg2Cl (AP buffer). They were then stained in AP buffer
containing nitroblue–tetrazolium– chloride and 5-bromo-4-chloro-3-
indolyl-phosphate for anywhere from 1 to 48 hr; the reaction was mon-
itored, and both sense and antisense samples were stopped at the same
time by washing with water for 15 min and then incubating in 95%
ethanol for 1 hr. Stained samples were visualized on a Zeiss (Oberkochen,
Germany) Axiovert 135 microscope using 10� dry, 40� oil, or 63� oil
objectives. Most images were acquired using a Sony (Tokyo, Japan) dig-
ital still camera; however, some images were acquired using a Nikon
(Tokyo, Japan) 35 mm SLR camera.

Immunoblotting and immunocytochemisty. Immunoblotting of Aplysia
CNS was done as described previously (Michael et al., 1998), using a
monoclonal anti-�-tubulin antibody purchased from Calbiochem (San
Diego, CA). Immunocytochemistry with anti-�-tubulin antibodies was
done as described previously (Martin et al., 1997a). Each experiment was
performed by one individual and imaged by a different individual (blind
to experimental conditions) on a Zeiss Axiovert 135 microscope using
10� dry and 63� oil objectives. Images were acquired using a
Hamamatsu (Bridgewater, NJ) Orca CCD camera driven by Universal
Imaging Corporation (West Chester, PA) Metamorph software. All im-
ages were taken using 30% of the 100 W mercury lamp intensity and were
taken using the same exposure times within a single experiment. Pixel
intensity in neurites was determined using Universal Imaging Corpora-
tion Metamorph software by thresholding above background, creating
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an area of interest around the thresholded objects (the neurites), and
measuring the average pixel intensity within that area (the neurite). In
some of the initial experiments, images were acquired using Zeiss Axio-
vision software, and pixel intensity was measured using regions of inter-
est in distal neurites with the Scion Image (NIH) software. To determine
the effect of local stimulation on immunoreactivity, images were taken
during the perfusion, and a region of 25 �m adjacent to the perfusion
electrode was selected for measurement. For isolated sensory neurons, a
region in an unperfused neurite, at the same distance from the cell body,
was used as the untreated region. For bifurcated cultures, the region (25
�m) of the sensory neurite contacting the motor neuron at the untreated
branch was used. To ensure that we were measuring immunoreactivity in
the sensory and not the motor neurite, measurements were made in the
sensory neurite just before it contacted the motor neuron. All measure-
ments were logged into a Microsoft (Seattle, WA) Excel spreadsheet and
then transferred into Prism software (GraphPad Software, San Diego,
CA) for statistical analysis. Comparisons were made between multiple
experimental groups by ANOVA, followed by a Newman–Keuls multiple
comparison test. When only two groups were tested, an unpaired Stu-
dent’s t test was used.

Pharmacological treatment of cultures. Bath application of five pulses of
5-HT to cultured Aplysia sensory neurons was done as described previ-
ously (Montarolo et al., 1986). Briefly, five 5 min applications of 5-HT
(10 �M) were applied at 20 min intervals. Cells were fixed 30 min after the
final 5-HT application. To test the role of protein synthesis in the 5-HT-
induced increase in �-tubulin immunoreactivity, intact Aplysia sensory
neurons or isolated sensory cell neurites (immediately after removal of
the cell bodies) were treated with emetine (100 �M) for 30 min previous,
during, and for 30 min after application of five pulses of 5-HT. Local
stimulation with 5-HT was done as described previously (Martin et al.,
1997).

Results
Preparation of a cDNA library from pure Aplysia sensory
neuronal processes
Four hundred sensory neurons were plated on poly-L-lysine-
coated dishes. After 5 d in culture, the sensory cell bodies and
initial axon segments were removed using a sharp electrode, leav-
ing a preparation of pure sensory neuronal processes (Fig. 1A–
C). Because of the way in which Aplysia neurons are cultured, the
only glia that are present are attached to the neuronal cell body.
Thus, after removal of the cell body, no glia remained in the
culture dish. We used propidium iodide staining to show that no
DNA (and hence no cell bodies) remained in the culture dish
(Fig. 1d,e).

Total RNA was isolated from the neurites and used as the
starting material for the preparation of a cDNA library using
time-limited, oligo-dT primed reverse transcription (RT)-PCR
(Brady and Iscove, 1993). The rationale for this approach is that it
maintains a relatively accurate representation of mRNA abun-
dance even when the starting material is extremely limited. After
PCR, the amplified cDNA was analyzed by Southern blot to con-
firm its neuritic origin. We hybridized our Southern blot with a
positive control probe encoding sensorin, an mRNA known to be
present in the processes of Aplysia sensory neurons (Brunet et al.,
1991), and, as a negative control, a glial-specific probe (Lockhart
et al., 1996). As shown in Figure 1f, the amplified cDNA contains
sensorin but no glial specific antigen.

This amplified cDNA was used to make a phagemid library.
We named this cDNA library the ASNP library. We sequenced
668 clones from the ASNP library (4.3% of all clones in the li-
brary). Of these, 533 encoded mRNAs (of the remaining clones,
70 encoded rRNA, tRNA, or scRNA, and 65 contained sequences
too short to identify). Analysis of the 533 mRNAs revealed that
they comprised 263 unique transcripts. Of these, 98 transcripts

accounted for 69% of the clones in the library (368 of the 533
mRNAs).

Identification of cDNAs in the ASNP library
As described above, we chose to use time-limited RT-PCR to
maintain a relatively accurate representation of mRNAs in the
neuronal process preparation. As a result of this strategy, the
clones in the ASNP library were only 100 – 800 bp long (with a
mode of 300), and, because the reverse transcription was primed
using oligo-dT, the clones represented 3� expressed sequence
tags. These were primarily restricted to the 3� untranslated region
of mRNAs. Because there is very little conservation of sequences
in untranslated regions between species and because the Aplysia
database is limited, most of the sequences we obtained did not
show homology to any sequences in existing databases. Thus, to
determine the identity of the transcripts in the ASNP library, we
undertook a second round of cloning using sequences from the
ASNP library to screen a full-length library made from sensory
cell clusters (Bartsch et al., 1998). As a result of full-length cloning
and because some ASNP clones contained sufficient sequence
from the coding region to detect homology with sequences from
other species and because some Aplysia cDNAs were present in
the sequence database, we determined the identity of 18 clones in
the ASNP library (Table 1). These include an isoform of
�-tubulin most similar to �1-tubulin, the actin binding protein
�-thymosin, the peptide neurotransmitter sensorin, an Aplysia

Figure 1. A pure preparation of isolated Aplysia sensory neurons as the starting material for
cDNA library synthesis. Aplysia sensory cells were cultured for 5 d ( A), and the cell bodies and
�50 �m of the proximal axon segment were transected from the distal neurites using a sharp
electrode ( B). The cell bodies–proximal axon segments were then removed by aspiration,
leaving a preparation of pure sensory neurites ( C). Isolated sensory neurites were free of glia, as
shown by propidium iodide (red) staining of sensory cell cultures before ( D) and after ( E)
removal of cell bodies, which shows that there is no DNA left after removal of the sensory cell
somata. Total RNA was prepared from sensory cell neurites and used to prepare cDNA by RT-PCR.
The amplified cDNA was shown to contain mRNAs of neuritic but not glial origin by Southern
blotting using a probe encoding sensorin, an mRNA known to be present in sensory cell pro-
cesses, and a probe encoding a glial antigen (ag). Scale bar, 100 �m.
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fasciclin-like protein, and 14 molecules involved in translation,
including the translation elongation factor EF1�, CPEB, the ri-
bosomal proteins S6, S15, S16, S19, S29, L8, L11, L18, L31, L36,
and L37, and cDNAs encoding L40 and ubiquitin and S27 and
ubiquitin as translational fusions.

Many mRNAs are more highly represented in the ASNP
library than in a sensory cell cluster library
It is conceivable that mRNAs reach neuronal processes by simple
diffusion from the cell body. Were this true, the most abundant
mRNAs from the cell body should be most abundant in the ASNP
library. To address this possibility, we hybridized specific ASNP
clones to both the ASNP library and a cDNA library made from
clusters of sensory neuron cell bodies (Bartsch et al., 1998) to
determine whether there were any clones that had a greater rep-
resentation in the ASNP library than in the sensory cell body
cluster library. As shown in Table 2, although some clones, such
as that encoding sensorin, are more highly represented in the
sensory cluster library, many other clones (including �-tubulin,
�-thymosin, fasciclin-like protein, and ribosomal protein L18)
are more highly represented in the ASNP library. It is important
to note that this does not necessarily mean that these cDNAs are
more abundant in absolute terms, but rather that they constitute
a larger percentage of the total population of mRNAs in the pro-
cess than of the total population of mRNAs in the cell body. These
results do, however, suggest that the mRNAs present in the sen-

sory cell process are transported by an active transport mecha-
nism rather than by passive diffusion out of the cell body.

Localization of ASNP clones to sensory neurites by in
situ hybridization
To confirm that the transcripts present in the ASNP library are in
fact present in neuronal processes, we performed in situ hybrid-
ization in cultured Aplysia neurons. As shown in Figure 2,
mRNAs encoding �-thymosin and ribosomal proteins S6, L18,
and L8 are present not only in the cell bodies but also in the
neurites of cultured sensory neurons (Fig. 2, top four panels on
left). There is no signal when sense riboprobes are used (Fig. 2,
top four panels on right). As a corollary, not all mRNAs are
localized to the distal neurites in cultured Aplysia sensory neu-
rons. Thus, as shown in Figure 2 (bottom panel), the mRNA
encoding Aplysia CCAAT/enhancer binding protein (C/EBP), a
transcription factor that is robustly induced in sensory neurons
during 5-HT application, is restricted in its localization to the cell
body of sensory neurons. In situ hybridization was also per-
formed for sensorin and two of the unidentified clones, and these
transcripts were also found to be present in distal processes (data
not shown).

The most abundant clone we obtained encoded an isoform of
�-tubulin most similar to brain-specific �1-tubulin (Hall and
Cowan, 1985; Miller et al., 1987). We call this �-tubulin isoform
ap�1-tubulin. In the course of its full-length cloning, we identi-
fied a second isoform of �-tubulin, which we term ap�2-tubulin.
These two isoforms of �-tubulin are 68% identical at the nucle-
otide level, 84% identical at the nucleotide level within the coding
region, and 96% identical at the amino acid level. Using probes
specific to each isoform, we found that ap�1-tubulin represented
6.2% of the clones in the ASNP library but only 0.4% of the clones
in a sensory cell cluster library (Table 2). In contrast, we were
unable to detect any ap�2-tubulin clones after screening 50,000
clones in the ASNP library, indicating that the representation of
the ap�1 isoform was �0.002%, whereas it was present at 0.04%
of the sensory cell cluster library (Table 2). In situ hybridization
confirmed that ap�1-tubulin was present not only in the cell
bodies but also in the distal neurites of cultured Aplysia sensory
neurons (Fig. 3A,B) and in the distal neuronal processes of cul-
tured Aplysia motor neurons (Fig. 3A). We also detected abun-
dant �1-tubulin mRNA in the neuropil of dissected adult Aplysia
CNS, indicating that its neuritic localization occurs in adult CNS,
as well as in cultured neurons (Fig. 3D).

5-HT induces translation of �-tubulin in distal
sensory neurites
We showed previously that application of 5-HT to the neurites of
sensory neurons increases translation, as detected by radioactive
methionine incorporation (Martin et al., 1997b; Casadio et al.,
1999). To determine whether the translation of an endogenous
mRNA localized in distal processes, that encoding ap�1-tubulin,
is regulated by 5-HT, we used a monoclonal antibody that recog-
nizes �-tubulin in Aplysia to quantify the amount of �-tubulin in
cultured Aplysia neurons before and after exposure to 5-HT. As
shown in Figure 5, the monoclonal antibody against �-tubulin
recognized a band of �55 kDa in an immunoblot of Aplysia CNS.
Staining of fixed Aplysia sensory neurons in culture with this
antibody shows that �-tubulin immunoreactivity is present
throughout the cell body and neurites, with the highest levels of
immunoreactivity present in the neurites. Five pulses of 5-HT,
sufficient to produce long-term facilitation of Aplysia sensorimo-
tor synapses, produced an increase in �-tubulin immunoreac-

Table 1. Clones identified in the ASNP library

Class of molecules Identity of clone Frequency (% of sequenced clones)

Cytoskeletal T�1-tubulin 15%
�-Thymosin 2.2%

Translation EF1� 0.4%
CPEB 0.2%
Ubiquitin–L27 0.2%
Ubiquitin–S40 0.2%
L8 0.2%
L18 0.4%
L31 0.2%
S6 0.2%
S15 0.9%
S16 0.2%

Transmitter release Sensorin 1%
Adhesion Fasciclin-like 0.2%

Table 2. Representation of clones in the ASNP library compared with
representation in a sensory cell cluster library

Clone ASNP library Sensory cluster library Enrichment

ASNP 161 0.02% �0.0001% �200 �
Fasciclin-like protein 0.01% �0.0001% �100 �
�-Thymosin 0.4% 0.004% 100 �
ASNP 6 0.1% �0.0002% �50 �
ASNP 20 1.9% 0.04% 47.5 �
ASNP 53 1.8% 0.04% 45 �
ASNP 50 2.2% 0.06% 36.7 �
ASNP 40 0.05% �0.002% �25 �
Contig 86 0.05% �0.002% �25 �
�1-Tubulin 6.2% 0.4% 15.5 �
L18 0.04% 0.003% 13.3 �
ASNP 82 1.4% 0.17% 8 �
Sensorin 0.7% 2.0% 0.33 �
�2-Tubulin �0.002% 0.04% .005 �
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tivity in distal neuronal processes (Fig. 4B). Quantification of the
effect of five pulses of 5-HT revealed a 1.5-fold increase in
�-tubulin immunoreactivity compared with mock-treated neu-
rons (mean pixel intensity in neurites of mock-treated cells,
127 � 4; n � 20 cells, 95 neurites; mean pixel intensity in neurites
of 5-HT-treated cells, 184 � 5; n � 19 cells, 78 neurites; p � 0.01;

unpaired Student’s t test). To rule out the possibility that the
increase detected in the process resulted from �-tubulin that was
synthesized in the cell body and transported into the process, we
used a sharp electrode to remove the cell bodies and the proximal
50 –100 �m of sensory cell neurons and applied 5-HT to the
remaining sensory cell neurites. Five applications of 5-HT pro-
duced an increase in �-tubulin immunoreactivity in the sensory
cell neurites (Fig. 5). Quantification of this effect revealed a 1.3-
fold increase in �-tubulin immunoreactivity in isolated neurites
with 5-HT compared with mock-treated neurites (mean pixel
intensity in mock-treated neurites, 146 � 4; n � 23 cells, 90
neurites; mean pixel intensity in 5-HT-treated neurites, 190 � 3;
n � 22 cells, 83 neurites; p � 0.01; unpaired Student’s t test). This
finding indicates that the modulatory neurotransmitter 5-HT is

Figure 2. mRNAs encoding the actin-binding protein �-thymosin and ribosomal proteins
L8, L18, and S6 are present in distal sensory neurites. Aplysia sensory neurons were cultured for
5 d, fixed, and hybridized with antisense (left) and sense (right) riboprobes for the actin binding
protein �-thymosin, the ribosomal protein L8, the ribosomal protein L18, and the ribosomal
protein S6. All four mRNAs are present not only in the sensory cell bodies but also in the distal
neurites. To demonstrate that not all mRNAs are present in the neurites of Aplysia neurons, we
gave five applications of 5-HT to cultured sensory neurons, which results in a robust induction of
the transcription factor C/EBP (Alberini et al., 1994), fixed the cells, and hybridized with anti-
sense (left) and sense (right) riboprobes for C/EBP. Whereas the sensory cell body has intense
staining for C/EBP mRNA, there is no staining in the neurites. Scale bar, 50 �m.

Figure 3. mRNA encoding �1-tubulin is present in distal sensory and motor neurites and in
neuropil of dissected CNS. Sensory neurons were cultured for 5 d in isolation (A, C) or in synaptic
contact with the motor neuron ( B), fixed, and hybridized with antisense (A, B) and sense ( C)
riboprobes to Aplysia �1-tubulin. �1-Tubulin mRNA is present not only in the cell bodies of
both sensory (sn) and motor (mn) neurons but also in the distal neurites of both cell types. Scale
bar (in C): A–C, 50 �m. mRNA encoding �1-tubulin is also present in the neuropil in adult
Aplysia CNS. Cryostat sections of pedal ganglia were hybridized with antisense ( D) and sense ( E)
riboprobes for �1-tubulin. mRNA is present in cell bodies, located on the periphery of the
ganglia, and in the processes that project into the neuropil (np) in the center of the ganglia.
Scale bar (in E): D, E, 50 �m.

Figure 4. 5-HT induces the translation of �-tubulin in sensory neurons. An anti-�-tubulin
antibody recognizes a single band of 55 kDa in Aplysia CNS by Western blotting ( A). Sensory cells
were cultured for 5 d and then treated with either five pulses of 5-HT (5HT) or mock-treated with
medium alone (mock), fixed, and immunostained with the monoclonal anti-�-tubulin anti-
body ( B). Scale bar, 50 �m.
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capable of regulating the local translation of �-tubulin in sensory
neurites.

The increase in �-tubulin immunoreactivity might have re-
sulted from an increase in tubulin polymerization. To address
this possibility, we performed the experiments in the presence of
a protein synthesis inhibitor, emetine. As shown in Figure 6,
application of emetine completely prevented the 5-HT-induced
increase in �-tubulin immunoreactivity (mean pixel intensity in
emetine-treated neurites of intact neurons, 136 � 8 in the ab-
sence of 5-HT and 148 � 5 in the presence of 5-HT; p � 0.05;
mean �-tubulin immunoreactivity in emetine-treated transected
neurites in the absence of 5-HT, 145 � 4 and in the presence of
5-HT, 146 � 4; p � 0.05). This strongly suggests that the increase
in immunoreactivity resulted from translation and not from tu-
bulin polymerization. Interestingly, �-tubulin immunoreactivity
was significantly (1.2-fold; p � 0.01) higher in the transected
neurites than in the distal neurites of intact neurons, indicating
that injury itself stimulated translation of �-tubulin. No such
injury-induced increase in �-tubulin immunoreactivity occurred
in the presence of emetine.

5-HT increases the translation of �-tubulin in a spatially
restricted manner
To determine whether translation of �-tubulin can occur in a
spatially restricted manner, we used a perfusion microelectrode
to deliver 5-HT to distal neurites of sensory cells in culture and to
the connections made onto one motor neuron of a bifurcated
sensory neuron in culture. As shown in Figure 7, this resulted in a
localized increase in �-tubulin immunoreactivity in sensory cells
(Fig. 7B) and in an increase in �-tubulin immunoreactivity at the

treated but not at the untreated connection of sensorimotor syn-
apses (Fig. 7C–E), indicating that local application of 5-HT can
produce a spatially restricted increase in �-tubulin. Quantifica-
tion of these results revealed that, in isolated sensory neurons,
local perfusion of five pulses of 5-HT produced a 1.6-fold in-
crease in �-tubulin immunoreactivity (mean pixel intensity in
the 25 �m area adjacent to the perfusion electrode, 140 � 13; n �
5; mean pixel intensity in a 25 �m area in a neurite not contacted
by the perfusate, 87 � 12; n � 5; p � 0.05; unpaired Student’s t
test). In bifurcated cultures, local perfusion of five pulses of 5-HT
to one branch produced a 1.5-fold increase in �-tubulin immu-
noreactivity at that branch (mean pixel intensity in a 25 �m area
adjacent to the perfusion electrode, 120 � 12; n � 7; mean pixel
intensity in a 25 �m area at the opposite branch, 81 � 7; n � 7;
p � 0.05; unpaired Student’s t test).

Discussion
We showed previously that mRNAs are constitutively present at
the synapse in unstimulated neurons and that 5-HT-induced
translation of these mRNAs is required for long-lasting, synapse-
specific facilitation of sensorimotor synapses (Martin et al.,
1997b; Casadio et al., 1999). Because we constructed a library
from unstimulated sensory neurites, the transcripts we identify
are likely to include those mRNAs whose translation is directly
regulated by 5-HT and whose translation, at the time of 5-HT
stimulation, is required for the establishment and maintenance of
long-lasting facilitation.

Analysis of the ASNP library indicates that it contains 263
mRNA species, with 98 of these mRNAs constituting the majority
of transcripts in the library. Although a select fraction of the total
number of transcripts in the cell, this is a large enough number of

Figure 5. 5-HT induces the translation of �-tubulin in isolated sensory neurites. Sensory
cells were cultured for 5 d, at which time the cell bodies and 50 –100 �m of the proximal axon
segments were removed using a sharp microelectrode. The isolated sensory neurites were
treated with five pulses of 5-HT (5HT) or with medium alone (mock), fixed, and immunostained
with the monoclonal anti-�-tubulin antibody. 5-HT treatment produced an increase in
�-tubulin immunoreactivity in the isolated sensory neurites. Note that there appear to be
hotspots of �-tubulin immunoreactivity in the 5-HT-treated neurites. Scale bar: two left panels,
50 �m; two right panels, 12.5 �m.

Figure 6. The 5-HT-induced increase in �-tubulin in isolated sensory neurites is blocked by
a protein synthesis inhibitor. �-Tubulin immunoreactivity was measured in neurites of intact
neurons (intact) and in isolated sensory neurites (cut). Sensory cells were cultured for 5 d. To
prepare isolated neurites, cell bodies and proximal axon segments were removed using a sharp
microelectrode. Intact neurons or isolated neurites were incubated in either regular culture
medium (striped and gray bars) or in medium containing emetine (100 �M) (white and black
bars) for 30 min before, during, and 30 min after application of five pulses of 5-HT (5HT), fixed,
and immunostained with the monoclonal anti-�-tubulin antibody. The 5-HT-induced increase
in �-tubulin immunoreactivity in isolated sensory neurites was blocked by treatment with the
general protein synthesis inhibitor emetine, indicating that the increase was attributable to
translation. *p � 0.05; **p � 0.01; ANOVA and Newman–Keuls post hoc test.
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mRNAs to provide rich complexity to the ability of the synapse to
regulate its macromolecular composition. Consistent with our
findings, Eberwine and colleagues have estimated that hip-
pocampal dendrites contain �400 distinct mRNAs (Eberwine et
al., 2002), and Kaplan and colleagues have estimated that squid
giant axon contains �150 distinct mRNAs (Gioio et al., 2001).

The neuronal process-specific cDNA library contains mRNAs
encoding cytoskeletal proteins
The lack of an adequate sequence database in Aplysia has pre-
vented us from identifying immediately all of the clones in our
library. From the 18 we identified, we can, however, draw some
preliminary conclusions. Two of the mRNAs encode cytoskeletal
molecules, �1-tubulin and �-thymosin. Long-term facilitation of
Aplysia sensorimotor neurons involves the growth of new synap-
tic connections (Bailey and Chen, 1983, 1988; Glanzman et al.,
1990), and it is likely that this growth requires both microtubule
and microfilament networks. In fact, both �-tubulin and
�-thymosin have been shown to be involved in neuronal out-
growth. The ASNP library also contains transcripts encoding a
fasciclin-like protein, a member of an adhesion molecule family
that has been shown to be involved in neuronal outgrowth (Mar-
tin and Kandel, 1996).

Expression of brain-specific, rat �1-tubulin (T�1) is associ-
ated with the growth or remodeling of developing and mature
neurons (Miller and Geddes, 1990). Whereas most highly ex-
pressed during embryonic development (Miller et al., 1987),
T�1-tubulin is expressed postnatally primarily in those regions of
the brain most capable of undergoing growth and sprouting, in-
cluding hippocampus and amygdala (Paden et al., 1995). In the

adult brain, T�1-tubulin is induced by a variety of stimuli (e.g.,
axotomy or seizure) that produce neuronal sprouting (Miller et
al., 1987; Geddes et al., 1990; Represa et al., 1993). A correlation
between T�1-tubulin expression and neurite extension has also
been observed in PC12 cells and in cultured sensory neurons
treated with nerve growth factor (Miller et al., 1987; Mohiuddin
et al., 1995).

The �-thymosin family of actin-binding proteins has also
been shown to be involved in neuronal outgrowth (Safer and
Nachmias, 1994). �-Thymosin has been shown to correlate with
axonal growth in zebrafish CNS (Roth et al., 1999) and in Dro-
sophila (Boquet et al., 2000), and seizures increase expression of
�4 and �10 thymosin mRNA in rat brain (Carpintero et al.,
1999). In Hermissenda, a �-thymosin homolog has been shown to
be associated with an intermediate form of memory that requires
translation but not transcription (Crow and Xue-Bian, 2000).

Our studies indicate that 5-HT stimulates translation of
�-tubulin, an endogenous mRNA localized to the neurites, which
has been shown to be translationally regulated in other species
and cell types (Gonzalez-Garay and Cabral, 1996; Zheng et al.,
1998). Previous studies have indicated that exogenously deliv-
ered mRNAs can be translated in neurites of individual neurons
(Van Minnen et al., 1997; Spencer et al., 2000; Aakalu et al., 2001;
Job and Eberwine, 2001). In dissected hippocampal slices, tetanic
stimulation increases the dendritic translation of Ca2�/calmod-
ulin kinase II� (Ouyang et al., 1999) (but see Steward and
Halpain, 1999). To our knowledge, this is the first demonstration
of an endogenous mRNA being translationally regulated in a
single neuron in response to synaptic stimulation.

The peripheral library has a large category of cDNAs involved
in translation
More than 1⁄20 of the mRNAs present in our library encode mol-
ecules involved in translation (Table 1). Translation of most of
these mRNAs is known to be rapamycin sensitive (Meyuhas and
Hornstein, 2000), and we showed previously that an unusually
large fraction of 5-HT-induced translation in neurites is rapamy-
cin sensitive (Casadio et al., 1999). In fact, ribosomal protein
mRNAs have been detected previously in synaptic compart-
ments. Thus, in an independent study, Sossin and colleagues have
shown that 5-HT increases S6 concentration in Aplysia synapto-
somes (Khan et al., 2001), indicating that S6 mRNA is present at
the synapse and that its translation is regulated by 5-HT. Kaplan
and colleagues have also identified mRNAs encoding ribosomal
proteins and translation factors in the giant axon of the squid
(Gioio et al., 2001).

The synaptic translation of ribosomal proteins is especially
surprising because ribosomal subunits are thought to be assem-
bled in the nucleus (Leary and Huang, 2001). One possibility is
that locally translated ribosomal proteins might perform extrari-
bosomal functions (Wool, 1996). In analyzing the localization of
these ribosomal proteins within the ribosome (Ban et al., 2000;
Wimberly et al., 2000; Schlunzen et al., 2001; Spahn et al., 2001;
Yusupov et al., 2001), we found that the proteins encoded by
peripheral messages are generally located at the surface of the
ribosome. This suggested to us that these locally synthesized ri-
bosomal proteins could be added onto partially assembled ribo-
somes or could exchange with proteins on preexisting ribosomes.
Ribosomal proteins stabilize and control the conformation of
rRNA (Green and Noller, 1997), there is evidence for exchange of
ribosomal proteins (Lastick and McConkey, 1976; Kruiswijk et
al., 1978), and ribosomes can function in the absence of certain
ribosomal proteins, although at lower efficiency (Dabbs, 1991).

Figure 7. Local application of 5-HT produces a local increase in �-tubulin immunoreactivity.
Aplysia sensory neurons were cultured for 5 d, and five pulses of 5-HT were applied locally to a
distal neurite (differential interference contrast image; A). Fifteen minutes after the last pulse of
5-HT, the cells were fixed and stained with anti-�-tubulin antibodies ( B). A bifurcated Aplysia
sensory neuron (sn) making contact with two spatially separated LFS motor neurons (lfs) was
cultured for 5 d, and five pulses of 5-HT were applied to the connection made onto one motor
neuron, such that neither the sensory cell body nor the connections made onto the other motor
neuron were exposed to the 5-HT ( C). Increased �-tubulin immunoreactivity was detected at
the connection made onto the treated (E) motor neuron compared with the untreated (D)
connection; differential interference contrast images in D�, E�). Arrows point to increased im-
munoreactivity in distal sensory neurite and in sensory neuron varicosity forming on LFS motor
neuron cell body. Scale bar (in A): A–C, 100 �m; D, E, 40 �m.
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Furthermore, although the two ribosomal subunits are thought
to be assembled in the nucleolus, the fully functioning 80 S ribo-
some is assembled in the cytoplasm when the large and small
subunits come together in the process of translating an mRNA,
and this process is mediated in part by ribosomal proteins (Spahn
et al., 2001). Interestingly, our ribosomal protein mRNAs include
L8 and S15, which provide such contacts between ribosomal sub-
units. Consistent with an important role in subunit bridging, one
of these proteins, L8 (L2 in bacteria), is not required for the
assembly of the large subunit itself but is required for the associ-
ation of the small and large subunits in vitro (Diedrich et al.,
2000). Thus, synthesis of these two ribosomal proteins could pro-
mote the assembly of a translationally competent 80 S ribosome
at the synapse.

These data suggest that, in the absence of the ribosomal pro-
teins encoded by local mRNAs in Aplysia neurites, ribosomal
subunits would be translationally dormant, perhaps stored in
RNA granules, large assemblies of translationally inactive ribo-
somes (Knowles et al., 1996; Krichevsky and Kosik, 2001). Such
incomplete subunits would be unable to form functionally active
ribosomes unless and until these proteins are added locally. We
hypothesize that a few competent ribosomes at a synapse could
make the missing ribosomal proteins, which could then allow
incompetent subunits to be recruited from RNA granules to be
assembled locally into translationally competent 80 S ribosomes.
The presence in the peripheral library of two ubiquitin–
ribosomal protein hybrid transcripts (ubiquitin–S27 and ubiq-
uitin–L40) is also consistent with the possibility that synthesis of
ribosomal proteins results in the local assembly of ribosomes,
because the ubiquitin moieties have been found to facilitate as-
sembly of these ribosomal proteins into ribosomes (Finley et al.,
1989). The result would be an increase in the number of transla-
tionally competent ribosomes at those synapses at which synaptic
stimulation had induced local protein synthesis. This comple-
mentation of partially assembled ribosomal subunits could be a
mechanism for the local tagging of a synapse (Martin and Kosik,
2002), such that the generation of a localized site for translation
would ensure that the products of transcription are only incor-
porated at stimulated synapses.

Locally expressed endogenous mRNA can be regulated by
synaptic stimulation
Local protein synthesis is likely to prove to be a general mecha-
nism used by neurons to spatially restrict gene expression. Thus,
although our studies indicate that local translation plays an im-
portant role in learning-related synaptic plasticity, other studies
have indicated that local translation underlies growth cone nav-
igation during development (Campbell and Holt, 2001; Zhang
and Poo, 2002) and axonal regeneration after injury (Zheng et al.,
2001). In mature, fully polarized vertebrate neurons, translation
is believed to occur exclusively postsynaptically, in the dendrite
(Steward and Schuman, 2001). However, in immature, develop-
ing vertebrate neurons, there is clear evidence for local protein
synthesis in both axonal and dendritic growth cones (Crino and
Eberwine, 1996; Bassell et al., 1998; Brittis et al., 2002). Like other
invertebrate neurons, Aplysia sensory cells do not develop fully
distinct dendrites and axons but rather develop neurites, which
have both receptive and transmissive properties (Mohr and Rich-
ter, 1993). We thus believe that the cytoskeletal and translational
mRNAs present in our library will be important to many pro-
cesses in which local protein synthesis contributes to synapse
formation and strengthening in neurons.
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