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Abstract

The cell body has classically been considered the exclusive source of axonal proteins. However,

significant evidence has accumulated recently to support the view that protein synthesis can occur

in axons themselves, remote from the cell body. Indeed, local translation in axons may be integral

to aspects of synaptogenesis, long-term facilitation, and memory storage in invertebrate axons, and

for growth cone navigation in response to environmental stimuli in developing vertebrate axons.

Here we review the evidence supporting mRNA translation in axons and discuss the potential

roles that local protein synthesis may play during development and subsequent neuronal function.

We advance the view that local translation provides a rapid supply of nascent proteins in restricted

axonal compartments that can potentially underlie long-term responses to transient stimuli.
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INTRODUCTION

The extreme polarity exhibited by many neuronal cells imposes a number of unique

constraints with respect to development, growth, and survival. The axon, for example, must

navigate through a complex environment during its development and must form and

maintain specific synaptic connections at its target, often at a significant distance from the

cell body. What is the source of axonal proteins? One of the tenets of neuronal cell biology

has been that the perikaryon is the exclusive site of protein synthesis within the cell, with

transport of newly synthesized proteins from here to distant cellular locations accounting for

needs accrued through maintenance and growth. However, evidence challenging this theory

has been gradually accumulating. The discovery of polyribosomes located beneath

postsynaptic sites on dendrites (Steward & Fass 1983, Steward & Levy 1982) and the

subsequent identification of various mRNA species specifically localized within dendrites

(Garner et al. 1988, Racca et al. 1997) suggest that compartmentalized synthesis of proteins

occurs in neurons. This hypothesis has been supported experimentally (for review, see

Steward & Schuman 2003), indicating that local mRNA translation within the dendritic

domain plays a vital role in protein turnover, regulation of activity, and synapse plasticity.

Axonal protein synthesis, however, has been an altogether more controversial area. The

reason for this seems to date back to the failure of biochemical investigations in the 1970s to

detect translational machinery and mRNA in axons. The purpose of this review is to

summarize the data concerning localized RNA translation in axons and to highlight the

potential role this may play in both developing and mature axons.
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Historical Perspective

The prevailing view of axonal proteins being synthesized exclusively in the cell body arose

primarily from a failure of early studies to detect ribosomes in axons (Lasek et al. 1973),

coupled with the identification of axonal transport as a means of supplying axonal proteins

(Droz & Leblond 1963). This source material has been comprehensively reviewed recently

(see Alvarez et al. 2000). Axonally transported proteins can be divided into two rate groups.

Fast axonal transport occurs with proteins associated with vesicles and membranous

organelles and is mediated via microtubules at a rate of 50–200 mm/day. The majority of

proteins, including many cytoskeletal and cytosolic proteins, fall into the slow axonal

transport group, traveling at 0.1–3 mm/day (for review, see Campenot & Eng 2000). Given

that proteins have half-lives ranging from a few seconds to many days (Varshavsky 1996),

the speed of slow axonal transport immediately raises a fundamental issue: How do proteins

destined for the most distal part of an axon survive a journey that may be greater than 1 m in

length? Tubulin, for example, has been reported to have a half-life of 1 week in rat brain

neurons (Forgue & Dahl 1978); moving at 3 mm a day, little would survive a journey of

more than a few centimeters. The hypothesis that axonal proteins are stable during transit

has not been demonstrated experimentally; indeed, radiolabeled axoplasmic proteins have

average half-lives similar to those of cellular proteins (Nixon 1980). Moreover, Nixon

(1980) reported that released amino acids were reused locally, a phenomenon that would

require local axonal protein synthesis. The theory that all axonal proteins are produced in the

cell body also overlooked a number of electron microscopy (EM) studies providing evidence

for the existence of protein-synthesizing machinery in developing vertebrate growth cones

from the rabbit spinal cord (Tennyson 1970, Yamada et al. 1971) and mature rat spinal

axons (Zelena 1970). Axonal protein synthesis could reconcile the inconsistencies inherent

in the slow axonal transport model, possibly providing an efficient mechanism for

replenishing axonal proteins and decentralizing control from the cell body (for review, see

Alvarez et al. 2000). However, the maintenance of axoplasmic mass is only one of the

potential roles for local mRNA translation. In this review we focus on other functions that

axonal protein synthesis may mediate, both in vertebrates and invertebrates.

AXONAL RNA TRANSLATION IN INVERTEBRATES

Two model systems have primarily been used to investigate RNA translation in mature

invertebrate axons: the squid giant axon and cultured neurons from marine gastropods such

as Aplysia. All of the necessary components for RNA translation, including tRNA (Black &

Lasek 1977), rRNA (Martin et al. 1998), aminoacyl-tRNA synthetases (Giuditta et al. 1977),

polypeptide elongation factors (Giustetto et al. 2003), and a variety of mRNA species (Table

1), have been identified in invertebrate axons (Giuditta et al. 1977). Although there have

been in vitro biochemical demonstrations of axonal protein synthesis in fractions isolated

from squid axons (Ingoglia et al. 1983) and synaptosomes (Benech et al. 1999, Crispino et

al. 1997, Ingoglia et al. 1983), no data yet exist to reveal a functional role for axonal protein

synthesis in these axons.

Axonal protein synthesis has been directly demonstrated in mature cultured neurons from

the mollusc Lymnaea stagnalis. van Minnen et al. (1997) injected mRNA encoding the

peptide egg-laying hormone (ELH) into isolated axons from pedal A cluster cells. These

cells do not express the endogenous ELH gene in vivo. Within 2 h the axons were shown via

immunohistochemistry to express ELH protein (van Minnen et al. 1997). The ability to post-

translationally process and secrete the hormone was not investigated, but this issue has been

addressed in a recent study of the capacity of axons from Lymnaea neurosecretory cells to

synthesize proteins (Spencer et al. 2000). The authors analyzed the ability of surgically

isolated axons to synthesize the conopressin receptor, CPR-2. Using axons from visceral F

neurons, which do not express the CPR-2 gene, CPR-2 mRNA was injected into isolated
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axons. The tagged protein was detected 24 h later, and furthermore, subsequent application

of conopressin, the cognate CPR-2 ligand, to the axons produced a prolonged depolarizing

response. These data imply that the conopressin receptor mRNA is locally translated within

the axon and that the protein is functionally inserted into the plasma membrane (Spencer et

al. 2000).

What role does axonal protein synthesis play in invertebrate neurons? This has been

investigated primarily using cultured neurons from the mollusc Aplysia. Schacher et al.

(1999), using mechanosensory neurons (SN) that specifically form synapses with L7 motor

cells, demonstrated that rRNA and certain mRNAs were exported in a branch-specific

manner to those SN axons forming synapses with L7 targets. Furthermore, when the SN cell

body was removed, synaptic connections with L7 cells could still be formed. This was

dependent on local RNA translation in distal synaptic sites, as synaptogenesis was reversibly

blocked by the translational inhibitor, anisomycin (Schacher & Wu 2002). These data

suggest that axonal protein synthesis plays an important role in synapse formation and

maintenance. Whereas target interactions between SN axons and L7 targets correlate with

the synaptic stability of the neuropeptide sensorin mRNA after SN cell body removal (Hu et

al. 2002), the identity of the proteins that are required to be synthesized locally to facilitate

synaptogenesis remains largely unknown.

In addition to synapse biosynthesis, a number of recent experiments have pointed to local

translation contributing to synapse function. An elegant experimental model with a single

Aplysia SN, possessing a bifurcated axon that makes synapses with two spatially separated

motor neurons, was used to investigate protein synthesis during long-term synaptic plasticity

and memory storage (Martin et al. 1997). Application of serotonin to the synapse made on

one motor neuron produced branch-specific long-term facilitation (LTF), an effect reliant on

transcription in the sensory cell nucleus and local translation in the presynaptic region

(Martin et al. 1997). Local translation can also enable transient, cell-wide LTF within the SN

to be stabilized at specific synapses in response to subsequent localized serotonin

application (Casadio et al. 1999), and coincident application of serotonin to the SN somata

and the synaptic region can produce LTF, which is dependent on immediate presynaptic

protein synthesis and delayed synthesis in the cell body (Sherff & Carew 1999, 2002). A

similar dependence on local, presynaptic RNA translation for LTF in crayfish has also been

reported (Beaumont et al. 2001). These studies underline an important role for local protein

synthesis in the ability of a neuron to regulate its synaptic connections in response to

activation. As each neuron may make over 1000 connections (Martin et al. 1997),

decentralizing control from the perikaryon through local RNA translation provides an

effective way of specifically strengthening those connections receiving stimuli, thereby

conferring greater flexibility during plasticity and memory storage.

The next challenge will be the identification of the mRNA species being locally translated in

the presynaptic region and characterization of just how their protein products act to

modulate synaptogenesis, LTF, and memory storage. Indeed, the mRNA population in

Aplysia sensory neurites has been partially elucidated and contains mRNAs encoding

components of the translational machinery and cytoskeletal mRNAs such as α1-tubulin

(Moccia et al. 2003). Furthermore, the cytoplasmic polyadenylation element-binding

(CPEB) protein was recently shown to be locally upregulated in Aplysia SNs synapsing on

motor neurons, demonstrating one mechanism by which local protein synthesis can

complement maintenance of LTF (Si et al. 2003). However, an important caveat is that

invertebrate neurons, including the squid giant neuron and Aplysia SNs, generally lack the

polarity displayed by vertebrate neurons and possess only one type of process. Although this

process is called an axon, it has both receptive and transmissive surfaces and thus combines

the functions of vertebrate dendrites and axons (for review, see Mohr & Richter 2000). As
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such, direct comparisons between invertebrate and vertebrate axons should be made with

care.

AXONAL RNA TRANSLATION IN VERTEBRATES

Much of the controversy surrounding RNA translation in vertebrate axons stems from early

reports that failed to identify ribosomes via EM. However, because ribosomes have electron

opacity similar to other cellular components, they can be inconspicuous in EM unless

regularly arranged on membranes or grouped as polyribosomes (Martin et al. 1989).

Furthermore, the doctrinal view of axons being incapable of translation evolved despite a

number of early studies that identified sporadic ribosomes in axons and growth cones of

developing neurons (Bunge 1973, Tennyson 1970, Yamada et al. 1971) and also in mature

axons (Zelena 1970). More recently, ribosomes have been identified in both the initial axon

segment (Steward & Ribak 1986) and intermittently along the axon shaft (Koenig et al.

2000, Pannese & Ledda 1991) using both biochemical and immunohistochemical methods

(Bassell et al. 1998; Campbell & Holt 2001; Giuditta et al. 1991, 2002; Koenig 1979;

Koenig & Martin 1996; Zheng et al. 2001). Other components necessary for translation such

as tRNA (Koenig 1979), initiation factors (Zheng et al. 2001), and mRNA (Bassell et al.

1998, Gioio et al. 1994, Giuditta et al. 1980, Koenig 1979) (Table 2) have all been identified

in vertebrate axons. Is axonal protein synthesis important for vertebrate axons? Although

this appears to be a simple question, experimental difficulties, such as purifying presynaptic

regions without contamination from other cellular debris, have proven difficult to overcome.

Mature Axons

The data supporting axonal and presynaptic translation of RNA in mature vertebrate neurons

are fragmentary. In cultured hippocampal and cortical neurons, the presence of rRNA and

mRNA in developing axons seems to be transient, with both disappearing from axons as

neurons mature, differentiate, and form synapses (Bassell et al. 1994, Kleiman et al. 1990).

However, mRNA is present in the axons of a number of mature vertebrate nerve cells,

including the goldfish Mauthner neuron (Weiner et al. 1996), hypothalamic magnocellular

neurons (Trembleau et al. 1996), and sensory neurons projecting to the olfactory bulb

(Ressler et al. 1994, Vassar et al. 1994). Apart from the Mauthner neuron (Koenig & Martin

1996), ribosomes have not been identified in these specific axons and have rarely been

identified in myelinated axons (Koenig et al. 2000), leaving their functional significance in

doubt.

The potential for local RNA translation to occur in mature axons has been investigated using

metabolic labeling experiments in both isolated axonal fields (Koenig 1967, 1989; Koenig &

Adams 1982) and presynaptic membrane preparations (Gambetti et al. 1972, Gilbert 1972,

Morgan & Austin 1968), although contributions from other cellular contaminants make

these data difficult to interpret. A more recent report demonstrated that local protein

synthesis was needed for neurotrophin-induced synaptic plasticity in adult hippocampal

slices (Kang & Schuman 1996), but whether synthesis took place in the axonal or dendritic

compartment was not addressed. Compelling data demonstrating the existence and

functional significance of local intra-axonal protein synthesis in regenerating axons has been

provided by studies of regenerating adult sensory axons (Twiss et al. 2000, Zheng et al.

2001) (Figure 1). Mammalian dorsal root ganglia (DRG) axons regenerate robustly in vitro

after conditioning induced by axonal crush and, in the absence of their cell bodies, possess

and translate multiple RNAs (Twiss et al. 2000, Zheng et al. 2001). Indeed, Zheng et al.

(2001) demonstrated that rat DRG axons regenerating after axonal crush conditioning

contained ribosome-bound β-actin and neurofilament mRNAs and that local protein

synthesis was necessary for growth cone integrity during regeneration. Twiss and colleagues

also showed that motor axons of ventral spinal roots, 7 days after nerve crush in vivo,
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contain rRNA, translation initiation factors, and ribosomal proteins (Zheng et al. 2001).

These results clearly demonstrate that adult mammalian axons, at least in some situations,

are capable of mRNA translation and suggest that local protein synthesis plays a role in

successful regeneration. Future studies are needed to discover the exact role that intra-axonal

protein synthesis plays in regeneration and to determine whether local protein synthesis has

a functional role in noninjured axons.

Developing Axons

Developing neurons tend to be more accessible to experimental manipulation; therefore the

situation regarding axonal RNA translation is more clear-cut than that in mature axons.

Growth cones of developing cortical and hippocampal neurons in culture contain both rRNA

and poly(A) mRNA (Bassell et al. 1994, Kleiman et al. 1990). Of interest is the finding that

the embryonic mRNAs identified to date have often been those encoding cytoskeletal

proteins (Table 2) such as β-actin (Bassell et al. 1998), the microtubule-associated protein

tau (Litman et al. 1993), and actin-depolymerizing factor (ADF; Lee & Hollenbeck 2003).

The presence of cytoskeletal mRNAs in the axon suggests that their local translation could

play a functional role in axonogenesis.

To investigate this possibility, Campenot and colleagues used a simple, yet powerful,

compartmented culture system in which rat sympathetic neurons were grown in a central

division of a compartmented dish. In these “Campenot chambers,” axons extend into

compartments isolated from the cell bodies, allowing the addition of reagents exclusively to

the tips of growing axons. By incubating the axon-containing compartment with

[35S]methionine and then purifying proteins, the authors demonstrated that axons could

synthesize both actin and β-tubulin, even when the cell bodies had been removed prior to the

commencement of the assay (Eng et al. 1999). Importantly, translation of actin and β-tubulin

mRNAs was not essential for axonal elongation, as inhibition of translation with

cycloheximide during the assay period (4 h) did not inhibit axon growth. Although these

findings do not preclude a role for axonal protein synthesis in supplying cytoskeletal

proteins for growth and elongation, they do raise the possibility that local RNA translation in

the axonal compartment may fulfill an entirely different role.

In vitro studies of cultured chick embryonic hippocampal neurons provided an insight into

what this function may be. Stimulation of these neurons with the neurotrophin NT-3 elicited

a rapid localization of β-actin mRNA to axonal growth cones (Zhang et al. 1999). Moreover,

β-actin mRNA localization to the growth cone required the formation of a complex between

zipcode binding protein 1 (ZBP1) and a region in the 3′UTR of the β-actin mRNA, called

the zipcode. Disruption of complex formation, using antisense oligonucleotides

complementary to the zipcode region, caused a decrease in growth cone motility when

assayed with NT-3 over the course of 1 h (Zhang et al. 2001). These findings highlighted

two important concepts. First, the dependence of directed mRNA transport upon ZBP1

focuses attention on the role of RNA-binding proteins in mRNA localization. This has also

been shown with the RNA-binding protein, HuD, which mediates axonal localization of tau

mRNA (Aronov et al. 2002). The importance of these proteins in RNA transport,

localization, and extrasomatic translation is becoming apparent, although many questions

remain regarding formation of mRNA/protein complexes, axonal transport, and mRNA

localization and tethering within the growth cone. Second, the findings of Zhang and

colleagues suggest that regulated axonal localization of mRNA may mediate growth cone

dynamics in response to environmental cues. In turn this raises further questions that were

not addressed in these studies: Does local axonal translation occur in response to

extracellular signals? Does inhibition of translation interfere with the ability of growth cones

to respond to these cues?
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These fundamental issues were addressed in a recent in vitro study of Xenopus retinal

ganglion cells (RGCs). Using axons from cultured embryonic RGCs that had been separated

from their cell bodies, Campbell & Holt (2001) demonstrated that bath-application of the

guidance cues Sema3A or netrin-1 elicited a rapid (10 min) increase in protein synthesis, as

measured by incorporation of trichloroacetic acid-precipitated tritiated leucine. With the use

of specific antibodies, the authors also demonstrated an abundance of ribosomal proteins,

capped-RNA, and translation initiation factors (eIF-4E, eIF-4EBP1) in RGC growth cones

and, furthermore, showed that guidance cues rapidly (5 min) stimulate a rise in the

phosphorylation of eIF-4E, eIF-4EBP1, and Mnk-1 (Campbell & Holt 2001, 2003). To

determine if translation played a functional role in axon guidance, the authors performed

two types of chemotropic guidance assays on growth cones (turning and collapse) in the

presence of various protein synthesis inhibitors (anisomycin, cycloheximide, rapamycin).

Xenopus RGC growth cones turn and grow toward a gradient of attractant (e.g., netrin-1)

and away from a gradient of repellent (e.g., Sema3A; Campbell & Holt 2001, de la Torre et

al. 1997, Hopker et al. 1999) over a period of 60 min and collapse within 10 min when

chemorepellents are added globally to the bathing medium (Campbell et al. 2001).

Remarkably, inhibition of RNA translation even in axons separated from their cell bodies

completely blocked the repulsive turning and collapse responses induced by Sema3A and

the attractive and repulsive turning elicited by netrin-1 (Campbell & Holt 2001). Similarly,

the attractive turning responses of Xenopus spinal neurons to the neuropeptide, pituitary

adenylate cyclase-activating polypeptide (PACAP), which signals through a G-coupled

receptor, depend on protein synthesis (Guirland et al. 2003). In agreement with findings of

Eng et al. (1999), axonal elongation is not significantly affected in the presence of

translation inhibitors during the 60-min course of the turning assay, indicating that local

protein synthesis is not needed for extension over the short term (Campbell & Holt 2001).

This is likely fueled by proteins and lipids already being trafficked to the axon tip from the

soma. These findings were pivotal in ascribing a functional role for axonal protein synthesis

in the mediation of growth cone steering in response to environmental cues. A further

interesting finding of this study and a subsequent study (Campbell & Holt 2003) is that

different guidance cues elicit protein synthesis through different intracellular signaling

pathways (Figure 2). For example, wortmannin blocks netrin-1- but not Sema3A-induced

protein synthesis in growth cones, implicating the involvement of PI3

(phosphatidylinositol-3) kinase in one pathway and not the other. Both pathways are

sensitive to rapamycin, an inhibitor of mTOR (target of rapamycin), indicating that

translation in growth cones is likely to be mostly cap-dependent. These studies raise the

possibility that different guidance cues initiate the translation of distinct mRNAs. In the

future it will be important to discover whether this is the case and also determine whether a

single cue initiates the translation of a fixed array of mRNAs and whether the composition

of the array changes with age and cell type.

A role for local protein synthesis in response to the attractants netrin-1 and brain-derived

neurotrophic factor (BDNF) has also been suggested in a slightly different context (Ming et

al. 2002). In turning assays, the presence of background levels of either molecule in the

bathing medium was found to attenuate the turning responses of Xenopus spinal neurons to

applied gradients of the attractants. This desensitization is thought to underlie the

mechanism of growth cone adaptation. Removal of the chemoattractant from the bath

resulted in resensitization, with the growth cones resuming normal turning behavior within

30 min (Ming et al. 2002). Importantly, this process of resensitization was found to be

dependent on local protein synthesis, revealing that local synthesis of RNAs plays a role in

growth cone adaptation.

How the involvement of local protein synthesis in initial growth cone turning (Campbell &

Holt 2001) relates to its role in resensitization of growth cones (Ming et al. 2002) is not yet
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clear. Indeed, these functions may not be mutually exclusive, as Campbell & Holt (2001) did

not address the issue of desensitization/resensitization, and Ming et al. (2002) did not

investigate if exposure to guidance molecules also triggers a rapid increase in protein

synthesis. However, the activation of MAPK pathways was implicated by both studies as an

essential component of local protein synthesis (Campbell & Holt 2001, Ming et al. 2002).

The intracellular pathways leading from receptor activation to protein synthesis within the

growth cone are gradually being elucidated, demonstrating that the growth cone utilizes

signaling cascades similar to those of the cell body to link receptor activation with

translational responses (Figure 2) (Campbell & Holt 2003).

The above studies, all conducted in vitro, leave open questions about the in vivo relevance

of protein synthesis. Growing axons use intermediate targets during development and can

change responsiveness to guidance cues once past these targets (Dickson 2002, Shewan et

al. 2002, Shirasaki et al. 1998, Tessier-Lavigne & Goodman 1996, Zou et al. 2000).

Translation of RNA in axons could provide an ideal means of accomplishing this. For

example, guidance cues at an intermediate target may trigger the local synthesis of new

receptors, endowing the growth cone with an additional sensitivity. This possibility has been

addressed in vivo using embryonic chick commissural neurons. A subset of these neurons

upregulates expression of the EphA2 receptor in the distal segment of the axon after

crossing the midline (Brittis et al. 2002). When green fluorescent protein (GFP) mRNA was

linked with the 3′UTR of the EphA2 receptor and electroporated into chick spinal cords,

expression of GFP was observed only in the distal part of the commissural axons that had

crossed the midline (Brittis et al. 2002). Although this study did not demonstrate the

presence of EphA2 mRNA in chick commissural axons, these data beautifully demonstrate

the ability of growing axons to switch on the synthesis of a protein in a spatially regulated

way and imply that distinct regions of the axon may express specific receptors, conferring

the ability to locally regulate responsiveness to guidance cues along the pathway. Unlike

dendrites (Torre & Steward 1996), there have been no reports of post-translational

glycosylation or of conventional Golgi apparatus in axons to date. However, as Brittis et al.

(2002) demonstrated that axons were capable of exporting and inserting proteins to the cell

surface, it is possible that the Golgi is present in an unconventional organization (Yamada et

al. 1971).

On the basis of these recent studies, it is interesting to speculate that protein synthesis may

play at least two roles in developing neurons based on the latency and type of proteins

synthesized locally. For example, a guidance cue (or mixture of guidance cues at an

intermediate target) expressed at a distinct choice point in the pathway (e.g., optic nerve

head or midline) might trigger the rapid translation (5–10 min) of mRNAs that are for

immediate use in steering. Candidate mRNAs for this rapid translation might encode

cytoskeletal/binding proteins and/or proteins that derepress translation. Alternatively, or in

addition, the translation of other mRNAs may occur with a longer latency (>30 min) for

later use, endowing growth cones with a new responsiveness to distally expressed pathway

cues (see Figure 3). Candidate mRNAs for these longer-term changes might be surface

receptors or new signaling components. By this means, a brief stimulus may lead to both

transient and long-term changes in the protein composition of the growth cone.

Developing growth cones can behave autonomously in that they can correctly navigate

through the optic tract and recognize their target in vivo when separated from the cell body

(Harris et al. 1987). The findings discussed above give a compelling indication of how this

is possible, showing embryonic axons to be capable of RNA translation. The uncoupling

from the dependence on the cell body for new proteins enables a far greater flexibility in the

growth cone, allowing rapid, local alterations in cytoskeletal dynamics and guidance

receptor expression, thereby modulating responsiveness to external stimuli. A major
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challenge to neurobiologists will be to understand how local synthesis of proteins is

integrated into functional responses within the growth cone (for review, see van Horck et al.

2004). The first step toward achieving this will be the thorough cataloging of the mRNA

species within axonal domains, as has been done with dendrites (Crino & Eberwine 1996),

which will identify those proteins the axon can synthesize and thus the full range of

processes it is potentially able to mediate locally. The goal for the future will then be to

identify which mRNAs are translated in response to different guidance cues. Once these are

known, experiments can begin to test the functional role of specific mRNA candidates in

axonal guidance, synapse formation, and repair.

CONCLUSION

A significant body of evidence now exists to suggest the doctrinal view that axons are

incapable of protein synthesis (reviewed in Alvarez et al. 2000) is unfounded. The ability to

translate RNA within the axon provides distinct advantages to the neuron, allowing rapid,

focal synthesis of proteins from template mRNAs. As each mRNA can be tethered locally

and used multiple times, production of proteins in this way is flexible and efficient when

compared with bulk axoplasmic transport and, perhaps crucially, allows spatially restricted

responses to focal external stimuli. When these findings are coupled with reports that

aspects of lipid biosynthesis occur in axons (Posse de Chaves et al. 1995), it seems

justifiable to consider the axon as a complex, metabolically active region of the cell that is

sensitive and responsive to its surroundings. The challenges for the future are many and

include determining which mRNAs are translated in response to stimuli such as guidance

cues, neurotrophic factors, and electrical activity. Are the same mRNAs translated or do

different stimuli trigger translation of different sets of mRNAs? Are different mRNAs

localized spatially to specific axonal compartments, as occurs in dendrites, and how is their

translation precisely regulated? The potential role of defects in axonal RNA translation

contributing to neuronal-based diseases such as spinal muscular atrophy (for review, see

Jablonka et al. 2004) and Fragile X syndrome (Antar & Bassell 2003) gives an exciting

insight into how protein synthesis within the axon may be functionally relevant in disease.
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Figure 1.
Regenerating sensory axons require local protein synthesis (yellow) to maintain growth cone

advancement. Model based on Zheng et al. (2001).
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Figure 2.
Intracellular pathways leading to initiation of RNA translation in the growth cone. Sema3A

and netrin-1 signal through different mitogen-activated protein kinase (MAPK) molecules

that converge on mTOR and lead to an increase in phosphorylation of translation initiation

factors and local protein synthesis, which subsequently mediates growth cone steering

responses to these guidance cues (adapted from Campbell & Holt 2003).
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Figure 3.
Diagram illustrating hypothesized roles of axonal protein synthesis in developing axons. (a)

Growth cones approach a directional cue (blue) such as Sema3A at an angle (1); filopodia

on the cue-side of the growth cone are stimulated first and translation (purple spots) is

elicited asymmetrically (2), leading to local collapse on the cue-side and subsequent

repulsive turning (3). Model based on Campbell & Holt (2001). (b) Growth cones approach

(1) and extend through (2) an intermediate target (green) expressing a cue that elicits the

translation of RNAs encoding new proteins (red) needed for responding to a second cue

(blue) encountered later in the journey (3). Model based on Brittis et al. (2002).
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TABLE 1

Examples of mRNAs isolated from invertebrate axons

mRNA Species Tissue Reference

β-Actin Squid Giant axon (Gioio et al. 1994)

CDCH Snail CNS (Dirks et al. 1993)

Cytochrome oxidase
  subunit 17

Squid Photoreceptor presynaptic
 terminals

(Gioio et al. 2001)

eEIF1α Snail Sensory neurons (Giustetto et al. 2003)

ELH Snail CNS (Lee et al. 2002)

Enolase Squid Giant axon (Chun et al. 1996)

hsp70 Squid Giant axon (Gioio et al. 2001)

Kinesin Squid Giant axon (Gioio et al. 1994)

MAPH1 Squid Giant axon (Chun et al. 1996)

Neurofilament Squid CNS (Giuditta et al. 1991)

Neuropeptide Snail CNS (Landry et al. 1992,
 van Minnen 1994)

Sensorin A Snail Sensory neurons (Hu et al. 2002,
 Schacher et al. 1999)

Syntaxin Snail Sensory neurons (Hu et al. 2003)

β-Tubulin Squid Giant axon (Gioio et al. 1994)
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TABLE 2

Examples of mRNAs isolated from vertebrate axons

Age mRNA Species Tissue Reference

Embryonic β-Actin Chick, rat Sympathetic (Olink-Coux & neurons, cortex Hollenbeck 1996)

Embryonic ADF Chick Sympathetic (Lee & Hollenbeck neurons 2003)

Embryonic CGRP Rat Olfactory bulb (Denis-Donini et al. 1998)

Embryonic EphB2 Chick Retina (Brittis et al. 2002)

Embryonic MAP Tau Rat Cortex (Litman et al. 1993)

Embryonic N-CAM Chick Retina (Brittis et al. 2002)

Embryonic Vasopressin Rat Hypothalamus (Mohr et al. 1991)

Adult L7 Mouse Cerebellum (Wanner et al. 1997)

Adult Neurofilament-M Goldfish Mauthner axon (Weiner et al. 1996)

Adult Neurofilament-L,
 -M,-H

Rat Sciatic nerve (Sotelo-Silveira et al. 2000)

Adult Olfactory marker
  protein

Rat Sensory neurons (Vassar et al. 1994,
 Wensley et al. 1995)

Adult Oxytocin Rat Hypothalamus (Jirikowski et al. 1990)

Adult Prodynorphin Rat Hypothalamus (Mohr & Richter 1992)

Adult VR1 Rat Sensory neurons (Tohda et al. 2001)
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