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An increasing body of evidence indicates that local axonal

translation is required for growing axons to respond

appropriately to guidance cues and other stimuli. Recent

studies suggest that asymmetrical synthesis of cytoskeletal

proteins mediates growth cone turning and that local

translation and retrograde transport of transcription factors

mediate neuronal survival. Axonal translation is regulated partly

by selective axonal localization of mRNAs and by translation

initiation factors and RNA-binding proteins. We discuss

possible rationales for local axonal translation, including

distinct properties of nascent proteins, precise localization, and

axonal autonomy.
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Introduction
The highly polarized and extended nature of neurons

presents a cell biological challenge regarding how distal

ends of dendrites and axons communicate with the cell

body. On the one hand, these remote cellular outposts

need to respond quickly to extracellular stimuli, which

makes it impractical to wait for instructions from the cell

body. On the other hand, the cell body must be updated

on events in the distal reaches of the neuron to appro-

priately regulate gene expression. Both of these phenom-

ena are crucial during the development of the nervous

system, where axons must not only navigate to the correct

targets autonomously from the cell body but also instruct

their cell bodies about the extracellular signals they are

receiving. Although the role of local dendritic translation

in the autonomy of distal neuronal processes has been

studied for many years [1], the role of local axonal

translation in these phenomena has only gained attention

more recently. This review will focus on progress in local

axonal translation over the past two years.
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Function of local translation in axons
Growth cone chemotropic responses

Developing axons are guided to their correct targets by

attractive and repulsive guidance cues like the netrins,

slits, semaphorins, and ephrins [2]. These cues are received

and transduced into turning decisions by a highly motile

structure, the growth cone, at the tip of the growing axon.

Because these growth cones can be millimeters or centi-

meters away from the cell body, these turning decisions

must be made relatively autonomously from the cell body.

Indeed, growth cones still navigate correctly even when

the cell body has been removed, both in vivo and in vitro.

Local axonal translation, first proposed many years ago

[3,4], has received much attention recently as a possible

mechanism for this independence [5,6].

Local protein synthesis is required for the growth cone to

respond appropriately to some guidance cues, including

netrin-1, Slit-2, and Semaphorin3A [7–10]. An emerging

model for local translation in response to guidance cues,

termed the ‘differential translation’ model, is that attrac-

tive and repulsive cues induce asymmetrical translation of

proteins that build up or break down the cytoskeleton,

respectively [5,11] (see Figure 1). In support of this

model, netrin-1 and brain-derived neurotrophic factor

(BDNF) under attractive conditions induce local syn-

thesis of b-actin in axonal growth cones [12��,13��]. This

occurs asymmetrically in response to a gradient of netrin-

1 or BDNF, and attractive turning toward netrin-1 or

BDNF is prevented by morpholinos that block b-actin

translation or antisense oligonucleotides that bind to the

b-actin 30 untranslated region (UTR) and thus de-

regulate b-actin translation. Interestingly, repulsive turn-

ing is not affected by morpholino-based blockade of

translation, but is prevented by de-regulation of b-actin

translation, suggesting that repulsive turning requires

repression of b-actin translation. Indeed, netrin-1 and

BDNF under repulsive conditions do not induce trans-

lation of b-actin.

By contrast, repulsive cues stimulate the translation of

proteins that disassemble the cytoskeleton. For example,

the repellent Sema3A induces local translation of RhoA, a

GTPase that mediates neurite retraction, and this is

required for growth cone collapse [10]. Local translation

of b-thymosin, an actin monomer sequestering protein,

in Lymnaea neurons reduces neurite length [14].

Another repellent, Slit-2, induces a translation-dependent

increase in ADF/cofilin-1, an actin depolymerizing

protein, though whether this is required for collapse

remains to be defined [8]. These results suggest that

attractants and repellents stimulate the asymmetrical
www.sciencedirect.com
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Figure 1

The ‘differential translation’ model for local translation in growth cones. (a) A gradient of attractive guidance cue, such as netrin-1, induces

asymmetrical activation of translation and transport of mRNAs, causing asymmetrical translation of proteins that build up the cytoskeleton, which

leads to attractive turning. (b) A gradient of repulsive guidance cue, such as Slit-2, induces similar asymmetrical activation of translation but induces

transport and translation of different mRNAs, causing asymmetrical translation of proteins that disassemble the cytoskeleton, which leads to repulsive

turning.
translation of ‘attractive’ and ‘repulsive’ proteins, respect-

ively, close to the site of stimulus. However, it remains to

be determined whether a repulsive gradient actually

induces asymmetrical translation of proteins like cofilin,

b-thymosin, or RhoA. It also remains unknown whether

this local translation of ‘attractive’ versus ‘repulsive’

proteins is instructive or permissive. Interestingly, trans-

lational regulation of the cytoskeleton in axons may also

be complemented by cytoskeletal regulation of trans-

lation (see below).

Local translation most probably operates in concert with

other signaling pathways involved in growth cone turning.

For example, protein synthesis is required for growth
www.sciencedirect.com
cone turning induced by local Ca2+ transients [13��]. De
novo synthesis of cytoskeletal regulators may cooperate

with regulation of pre-existing protein in regulating actin

dynamics; for example, in addition to being locally trans-

lated, ADF/cofilin is regulated by LIM kinase and Sling-

shot phosphatase, which helps switch growth cone

responses between attraction and repulsion [15]. Sim-

ilarly, local translation of RhoA in response to Sema3A

[10] is consistent with findings that the three small

GTPases RhoA, Rac1, and Cdc42 are important for

growth cone chemotropic responses [16]. Intriguingly,

RhoA function is also required for repulsion by lysopho-

sphatidic acid [17], but translation is not [7], raising the

question why guidance cues that seem to have the same
Current Opinion in Neurobiology 2008, 18:60–68
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effects on growth cones and use the same signaling

molecules have different requirements for local trans-

lation. Future work on this question may provide further

insights into the relationship between local translation

and other signaling pathways in the growth cone.

Regulation of axonal responsiveness

Local translation may also mediate changes in axonal

responsiveness. Axons en route to their final destination

often encounter intermediate targets that change their

responsiveness to guidance cues, for example, making

them repelled by a previously attractive cue that the

growth cone must move beyond. Local synthesis of

guidance cue receptors is one suggested mechanism for

this: chick commissural axons upregulate both the ephrin

receptor EphA2 and a reporter regulated by the EphA2

30UTR in the postmidline segment. This correlation

between EphA2 expression and midline crossing suggests

that the midline induces commissural axon growth cones

to locally translate EphA2 after crossing, though direct

causation remains to be demonstrated [18].

Axons also must adapt to changing levels of guidance cue,

for example, in climbing up a gradient, which requires

continuous desensitization and resensitization. Resensi-

tization (but not desensitization) requires local protein

synthesis [19,20]; it is not yet clear if the increased

sensitivity is mediated by local synthesis of new receptors

or downstream signaling molecules such as the cyto-

plasmic regulators described above. Interestingly, local

dendritic translation is important for homeostatic regula-

tion of synaptic strength by mini-EPSP frequency [21],

suggesting that local translation is a general mechanism

for maintaining a dynamic range of responsiveness.

Recent studies also suggest a role for local translation in

sensory axons. k-opioid receptor (kor) is translated locally

in dorsal root ganglion (DRG) axons in response to KCl

depolarization, and at least in DRG cell bodies in

response to netrin-1 [22�,23�]. A recent study suggests

that local translation in A-fibers, axons from the DRG that

mediate fast nociceptive sensation, is involved in some

forms of hyperalgesia, in which pain sensitivity is upre-

gulated in response to previous painful stimuli or nerve

injury [24]. Given the role of opioids in regulating pain,

these two findings may be linked, but the connection

remains unclear for the moment.

Synaptogenesis

Local translation is also important at the end of the axon’s

journey, when it must form a synapse. Xenopus spinal

neurons can form synapses on muscle cells in vitro, and

these synapses are potentiated by local application of a

bead coated with BDNF. This synaptic potentiation occurs

even with severed axons and requires presynaptic protein

synthesis, indicating that local axonal translation is

required for synaptic potentiation [25]. In Aplysia, the
Current Opinion in Neurobiology 2008, 18:60–68
formation of synapses between sensory and motor neurons

induces localization of sensorin mRNA to the presynaptic

terminal, and the knockdown of sensorin mRNA abolishes

synapse formation [26�], suggesting that local synthesis of

sensorin in the presynaptic terminal is required for synapse

formation. In Drosophila, axonal arborization requires cyto-

plasmic protein synthesis, though whether it requires local
protein synthesis is unknown [27].

Retrograde signaling

Recent evidence indicates that local axonal translation is

also involved in long-range retrograde signaling. Accord-

ing to the neurotrophic hypothesis, overproduction of

many types of neurons forces them to compete for survi-

val factors secreted by target cells, such that those not

receiving enough die, thus ensuring that the correct

number of neurons are generated to innervate the target.

This requires a retrograde signal to travel from the site of

survival factor reception, at the tip of the axon, back to the

cell body, often a distance of many millimeters or centi-

meters. This signal is thought to be a ‘signaling endo-

some,’ a signaling platform containing the neurotrophic

factor, its activated receptor, and downstream effectors

that are retrogradely transported to the cell body [28].

Retrograde signaling is also important for axonal regen-

eration, as the cell body must be updated on the injured

status of the axon to initiate a program of repair [29].

An early indication that local translation is involved in

retrograde signaling came from evidence that injured

DRG axons locally synthesize importin b, a protein that

transports nuclear localization signal (NLS) bearing

proteins to the nucleus [30], suggesting that transcription

factors might be retrogradely transported from the axon to

the nucleus. Indeed, a recent study shows that the tran-

scription factor cAMP response element binding protein

(CREB) is locally translated in axons and retrogradely

transported to the cell body in response to the neurotro-

phin nerve growth factor (NGF) [31��] (see Figure 2).

Axon-specific application of anti-CREB siRNA revealed

that axonally synthesized CREB is required for the phos-

phorylation of cell body CREB, CREB-mediated tran-

scription, and subsequent cell survival. This suggests the

surprising conclusion that axonally synthesized CREB is

the source of phosphorylated, and hence active, CREB in

the cell body. Together, these studies raise the interest-

ing possibility that injured axons may locally synthesize

CREB or other transcription factors to induce expression

of genes for axonal repair. Given that CREB-binding

protein (CBP) acetylates histones to facilitate CREB-

mediated transcription [32], these studies also raise the

possibility that local translation and retrograde transport

may mediate broader epigenetic changes.

Why local translation?
Why do proteins need to be locally synthesized in axons

rather than transported from the cell body or held inactive
www.sciencedirect.com
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Figure 2

Local translation and communication between the axon and cell body. (1) Stimulation of axons leads to transcription-independent differential

localization of mRNAs to the axon through transport on microtubules, changing the population of mRNAs available for local axonal translation. (2)

Newly synthesized transcription factors can be retrogradely transported on microtubules to the cell body where they influence transcription.
until needed? We and others have previously discussed

possible rationales for local translation [5,33,34]. RNA

provides a more flexible format for the regulation of

localization and activation than protein, as regulatory

elements in the 50UTR or 30UTR do not affect the

function of the protein, while regulatory elements in

the protein itself do [35]. Indeed, RNA localization

may be the only way to correctly localize some proteins,

like tau [36] or myelin basic protein [37]. As discussed

above, local translation may give the growth cone auto-

nomy to respond to signals quickly without waiting for

input from the cell body. In addition, axons may be

limited by macromolecular crowding [38] — there is

simply not enough room to store all the proteins that
www.sciencedirect.com
may be needed, so it is more efficient to store mRNA and

to synthesize and degrade proteins as needed. In this

context, it is intriguing to note that in synaptic plasticity, a

phenomenon conceptually similar to axon guidance (see

below), a balance of protein synthesis and degradation is

required for long-term potentiation (LTP) [39], and

during memory retrieval, protein degradation mediates

memory destabilization and protein synthesis mediates

memory reconsolidation [40]. These results suggest that

the rapid regulation of the local proteome is a general

rationale for local translation. We focus here on possible

rationales for local axonal translation highlighted by

recent research: distinct properties of newly synthesized

proteins, precise localization, and homeostatic control.
Current Opinion in Neurobiology 2008, 18:60–68
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Unique properties of nascent proteins

One puzzle of local axonal translation is that in some

cases, the newly synthesized protein apparently has a

crucial function in a part of the cell where that protein is

already abundant. Local b-actin synthesis is required for

growth cone turning even though pre-existing b-actin is

abundant in the growth cone [12��,13��]. Acute knock-

down of sensorin mRNA in Aplysia sensory neurons blocks

synapse formation, even though synaptic sensorin protein

levels remain normal [26�]. Axon-specific knockdown of

CREB mRNA leaves cell body CREB levels intact, but

abolishes cell survival induced by axonal application of

NGF, indicating that only axonally synthesized CREB is

competent to induce cell survival [31��]. These examples

suggest that locally synthesized proteins may have unique

properties that allow them to function differently from

pre-existing proteins in the axon or cell body. For

example, newly synthesized b-actin presumably lacks

post-translational modifications such as arginylation [41]

or glutathionylation [42] that can affect polymerization. In

the absence of biochemical characterization of locally

translated proteins, however, this possibility remains

speculative.

Protein localization

Another possible rationale for local translation is precise

spatial localization: proteins may need to be synthesized

in close proximity to their binding or signaling partners. In

the case of b-actin, local synthesis could lead to increased

local concentration of actin monomers, which would aid in

actin filament nucleation, if synthesis takes place in a

restricted volume like a lamellipodium, or if an mRNP

contains multiple b-actin mRNAs that might be released

and translated simultaneously in close proximity. Indeed,

a recent work on peripherin, an intermediate filament

protein, suggests that peripherin mRNPs contain

multiple peripherin mRNAs and that peripherin protein

is assembled into particles cotranslationally in PC12 cells

[43]. Localized synthesis of b-actin, and hence nucleation

of actin filaments, could create a spatial ‘tag’ instructing

actin monomers where to polymerize, biasing the for-

mation of filopodia and ultimately the direction of growth.

In DRG axons, CREB colocalizes with components of the

signaling endosome, suggesting that after the signaling

endosome induces axonal synthesis of new CREB

protein, the two remain associated as they are retrogradely

trafficked to the cell body [31��]. This physical proximity

would make the axonally synthesized CREB uniquely

available for phosphorylation, in contrast to pre-existing

cell body CREB.

Homeostatic control

Finally, some of the autonomy ceded to the axon may be

required for homeostatic control or metabolic health of

the axon. Many of the mRNAs localized to DRG axons

encode metabolic proteins, such as enolase, cytochrome

oxidase, and ferritin [44��]. Given that the tip of an axon
Current Opinion in Neurobiology 2008, 18:60–68
may be a long distance from the cell body — up to a meter

for some human sensory and motor axons — metabolic

conditions in the axon may be different from those in the

cell body. For example, ferritin sequesters free iron,

which is essential for many enzymes yet encourages

formation of toxic free radicals, and its translation is

regulated by iron concentration through iron-regulatory

proteins acting on the iron responsive element in its

50UTR [45]. Local regulation of ferritin levels may thus

be necessary to maintain axonal free iron concentration in

an acceptable range. Axonal localization of nuclear-

encoded mRNAs for mitochondrial proteins [44��] may

be a function of targeting of mitochondrial mRNAs to the

vicinity of mitochondria [46] and the presence of mito-

chondria in the axon [47,48]. Local regulation of mito-

chondrial protein synthesis would allow fine-tuned

control of relative levels of each complex in the electron

transport chain to prevent the buildup of free electrons

and production of free radicals, a rationale suggested for

why mitochondria have retained their own genomes [49].

These local translational mechanisms for preventing free

radical production and oxidative damage could be import-

ant for axonal health and perhaps even axonal degener-

ation. In this context, it is interesting to note that DRG

axons also contain the mRNA for superoxide dismutase

[44��], an antioxidant enzyme implicated in familial

amyotrophic lateral sclerosis [50].

Regulation of local axonal translation
We have previously reviewed models of how local axonal

translation is regulated [5]. Axon guidance cues induce

global activation of translation through initiation factors

like eukaryotic initiation factor 4E (eIF-4E) and eIF-4E-

binding protein [7,8,31��,51], and guidance cue gradients

induce asymmetrical activation of such global translation

regulators [12��]. However, estimates for the number of

mRNAs in axons range from �100 [6] to �200 [44��], and

guidance cues do not stimulate the translation of all of

them [12��,31��]; indeed, stimulus-induced axonal trans-

lation is probably highly selective. Our working model is

that this global activation ‘opens the gates’ to translation,

and the specific response of the growth cone (attraction,

repulsion, etc.) is determined by mRNA-specific regula-

tion by RNA-binding proteins and miRNAs [5,6] (see

Figure 1). RNA-binding proteins and miRNAs are

thought to repress translation when bound to their target

mRNAs, often in large ribonucleoprotein (RNP) com-

plexes called RNA granules, and activate translation by

releasing their target mRNAs to ribosomes [52,53]. For

example, Grb7 represses kor mRNA translation, but

releases kor mRNA upon netrin-1 stimulation to allow

translation [54]. Vg1RBP/ZBP binds to b-actin mRNA in

Xenopus axons and moves asymmetrically within growth

cones in response to a netrin-1 or BDNF gradient

[12��,13��]. Other candidate axonal RNA-binding

proteins include FMRP [55] and CPEB [18]. We focus

here on mechanisms highlighted by recent research.
www.sciencedirect.com
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Figure 3

Correlation analysis of mRNA localization data from [44��] indicates

clustering of axonal mRNA trafficking responses to related stimuli. In this

network graph, correlations between responses to each stimulus are

represented as distances (high correlation = short distance). The fold

changes (x) in the axonal localization of 51 mRNAs in response to

extracellular stimuli were taken from [44��] and converted to a linear

scale y according to y = x � jxj/x. For each pair of stimuli, the Pearson

correlation coefficient r was calculated for y across the 51 genes. The

five stimulation conditions were drawn as points where each pair of

stimuli is connected by a line of length of approximately 1 � r, using

Graphviz software, with values of significant correlations shown. Line

lengths are not exact because of geometrical constraints. Lines

representing correlations that are not statistically significant ( p > 0.05)

are shaded gray.
Axonal mRNA localization

Local translation can be regulated by mRNA localization,

that is, the population of mRNAs present in the axon (see

Figure 2). Axonal localization of kor mRNA in DRG

neurons is mediated by Copb1, a subunit of COPI vesicle

coatomer complexes, in association with kinesin and the

RNA-binding protein HuR [56]. Neurotrophin stimu-

lation has been known for some time to induce transport

of b-actin mRNA to growth cones [57]. More generally,

stimulus-driven changes in mRNA localization could

result in changes in axon responsiveness, in a mechanism

perhaps complementary to local synthesis of new recep-

tors. For example, a guidance cue expressed in an early

part of an axon’s pathway may induce axonal localization

of an mRNA that will be needed to respond to a guidance

cue in the next part of the pathway.

Recently, Twiss and colleagues conducted a large-scale

study of transcription-independent axonal mRNA local-

ization, revealing differential regulation of many mRNAs

by the neurotrophins NGF, BDNF, and neurotrophin-3

(NT-3) and the repulsive guidance cues Sema3A and

myelin-associated glycoprotein (MAG) [44��]. To

examine quantitatively whether different cues induce

the same or distinct populations of mRNAs to be traf-

ficked into axons, we ran a correlation analysis on the data

from this study (see Table 1 in [44��]), and visualized the

results by plotting correlations between the mRNA

responses to pairs of stimuli as distances between points

(Figure 3). This analysis indicates that mRNA responses

to the broadly attractive stimuli BDNF and NGF are

correlated, as are responses to the broadly repulsive

stimuli Sema3A and MAG, but these two groups are

not correlated to each other. Interestingly, NT-3 diverges

from the other two neurotrophins, even though all three

are broadly ‘attractive’ stimuli, and does not correlate

with any of the other stimuli tested. These findings might

reflect differences across cell types of the heterogeneous

DRG, which are sensitive to different neurotrophins and

carry different sensory modalities [58], and thus may have

different mRNA trafficking ‘regimes’. The overall clus-

tering of responses to cues of similar effects suggests a

possible coregulation of functionally related mRNAs,

though elucidating the molecular logic underlying these

responses will require understanding the function of local

axonal translation of these mRNAs, most of which are not

obviously ‘attractive’ or ‘repulsive’.

Interaction with the cytoskeleton

Axonal translation, in addition to regulating the cytoske-

leton as described above, can also be regulated by the

cytoskeleton [59]. Many mRNAs, polysomes, and trans-

lation factors are associated with the actin cytoskeleton

[60], suggesting that the cytoskeleton acts as an anchor or

platform for translation. Indeed, disrupting the actin

cytoskeleton impairs protein synthesis in general [61]

and in goldfish Mauthner axons in particular [62]. Recent
www.sciencedirect.com
genetic evidence in Drosophila suggests that a transla-

tional regulator, Krasavietz, must associate with the F-

actin to function correctly in midline repulsion [63�], in

which longitudinal axons in the ventral nerve cord avoid

crossing the midline because of repulsion from the axon

guidance cue Slit. Krasavietz (kra) is a novel translational

repressor that seems to act by binding to eIF2b, a tRNA-

recruiting initiation factor, and preventing eIF2B-epsilon

and eIF5 from activating eIF2b. Kra interacts with an F-

actin-microtubule crosslinking protein, Short stop (shot),
both physically and genetically, and both proteins are

required for axons to avoid crossing the midline. Notably,

both the protein domains that mediate the interaction

between Kra and Shot, and those that mediate the inter-

action between Shot and F-actin, are required for midline

repulsion, suggesting that translational repression takes

place on a ‘platform’ linked to the cytoskeleton. How-

ever, whether this mechanism operates locally in axons

awaits future development of tools that can restrict

mutations to acting in axons.

Translational regulation of translation?

Local axonal translation may also be autoregulatory, in

the sense that some stimuli may regulate the translation

of factors involved in translation, such as initiation factors,

elongation factors, ribosomal proteins, and chaperones.

Intuitively, incoming signals that increase axonal trans-

lation may need to increase the ‘translational capacity’ of

the axon. For example, DRG axons locally translate
Current Opinion in Neurobiology 2008, 18:60–68
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chaperones and heat shock proteins [64] and upregulate

or downregulate axonal localization of mRNAs for calre-

ticulin, heat shock proteins, and ribosomal proteins in

response to neurotrophins or repulsive guidance cues

[44��]. Chaperones and heat shock proteins might

increase the axon’s effective translational capacity by

folding newly translated proteins; indeed, the secretion

of heterologously expressed proteins in yeast is greatly

enhanced by increasing the expression of chaperones to

overcome an ER ‘bottleneck’ [65]. Growth-promoting

stimuli, which correspond to a need for ribosomes,

promote the translation of ribosomal protein mRNAs

through 50UTR regulatory elements [66,67], but the

mechanism of regulation is unclear, as ribosomal protein

mRNA translation is apparently not sensitive to the

concentration of free ribosomal proteins [68].

Insights from dendrites

Local translation in dendrites also provides insights into

possible mechanisms for regulating translation in axons.

The two processes are conceptually similar: both are

cellular outposts that must respond quasi-autonomously

to impinging signals — synaptic transmission for den-

drites, and guidance cues and neurotrophins for axonal

growth cones. Recent work in dendrites may foreshadow

discoveries just around the corner in axons. For example,

in hippocampal dendritic spines, the microRNA miR-134

regulates spine size by repressing the translation of Lim

kinase 1, a cofilin inhibitor; this repression is relieved by

BDNF stimulation and thus might mediate synaptic

plasticity [69]. In Drosophila, the synaptic activity induces

degradation of elements of the RNA interference com-

plex, relieving miRNA repression of CaMKII translation,

and this process is required for long-term memory [70].

These results implicate miRNAs in dendritic translation

and raise the possibility that endogenous miRNAs may

regulate axonal translation. Indeed, axons contain func-

tional RNA interference machinery [71]. The degra-

dation of RNA interference machinery in Drosophila is

especially interesting in light of the requirement for local

protein degradation in growth cone turning [7]. Reports

that Drosophila neurons contain RNP granules similar to P

bodies [72], which are involved in mRNA degradation

and miRNA-mediated silencing, raise the question of

whether axons contain P bodies or other types of RNA

granules, such as stress granules [73]. Outposts of the

Golgi complex secretory pathway have been observed in

dendrites but not in axons [74,75], raising the question of

how locally synthesized membrane and secreted proteins

are processed in axons. Axons might contain noncanonical

Golgi outposts, perhaps only in certain cell types or at

certain developmental stages, which may differ from

those in dendrites because of the more dynamic nature

of axonal growth cones. Finally, a recent study suggests

that dendritic arc mRNA is bound by an exon junction

complex factor, leading to nonsense-mediated degra-

dation after its first round of translation in dendrites or
Current Opinion in Neurobiology 2008, 18:60–68
elsewhere, a phenomenon the authors term translation-

dependent degradation [76]. The authors suggest that

this process could assist in preventing inappropriate

mRNA translation, or enable large, but temporally lim-

ited, bursts of translation. A limited burst of translation

might be useful when axons reach intermediate or final

targets, or if axonal translation plays a role in synaptic

plasticity [25,77].

Conclusions
In summary, recent years have seen a remarkable amount

of progress in local axonal translation. The ‘differential

translation’ model posits that guidance cues induce both

global and mRNA-specific activation of translation to

elicit asymmetrical synthesis of ‘attractive’ proteins like

b-actin for attractive turning, or ‘repulsive’ proteins like

RhoA for repulsive turning. In addition, local translation

of transcription factors functions in retrograde axonal

signaling. Mechanisms of local regulation of translation

include translation initiation factors, RNA-binding

proteins, mRNA localization, interactions with the cytos-

keleton, and possibly miRNAs. Why some proteins must

be synthesized locally remains mostly speculative, but

some possible rationales are macromolecular crowding,

RNA flexibility, novel properties of nascent proteins,

precise spatial localization, and axonal autonomy.

Several important challenges remain. The mechanisms

by which different guidance cues selectively induce

translation of specific mRNAs remain poorly understood.

In addition, most of the work described here has been in
vitro, and the in vivo work has not distinguished axonal

from somatic protein synthesis. Understanding the role of

local axonal translation in vivo will require new in vivo
tools to interfere with translation specifically in axons,

ideally in an acute and mRNA-specific manner. It will

also be important to identify the populations of proteins

locally synthesized in response to specific axon guidance

cues to test the hypothesis that attractive and repulsive

cues elicit synthesis of ‘attractive’ and ‘repulsive’

proteins, respectively.
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