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Abstract

The increased sensitivity of peripheral pain-sensing neurons, or nociceptors, is a major cause of the sensation of pain that follows
injury. This plasticity is thought to contribute to the maintenance of chronic pain states. Although we have a broad knowledge of the
factors that stimulate changes in nociceptor sensitivity, the cellular mechanisms that underlie this plasticity are still poorly understood;
however, they are likely to involve changes in gene expression required for the phenotypic and functional changes seen in
nociceptive neurons after injury. While the regulation of gene expression at the transcriptional level has been studied extensively, the
regulation of protein synthesis, which is also a tightly controlled process, has only recently received more attention. Despite the
established role of protein synthesis in the plasticity of neuronal cell bodies and dendrites, little attention has been paid to the role of
translation control in mature undamaged axons. In this regard, several recent studies have demonstrated that the control of protein
synthesis within the axonal compartment is crucial for the normal function and regulation of sensitivity of nociceptors. Pathways and
proteins regulating this process, such as the mammalian target of rapamycin signaling cascade and the fragile X mental retardation
protein, have recently been identified. We review here recent evidence for the regulation of protein synthesis within a nociceptor’s
axonal compartment and its contribution to this neuron’s plasticity. We believe that an increased understanding of this process will

lead to the identification of novel targets for the treatment of chronic pain.

Introduction: nociceptor plasticity, a key factor
in chronic pain

The transduction and transmission of information encoding noxious
stimuli in peripheral tissues occurs through specialized sensory
neurons called nociceptors that project to the central nervous system
(CNS) where this peripheral input is processed and transmitted
rostrally to higher brain structures leading to the perception of pain.
Plasticity at multiple sites in pain pathways is now widely accepted as
critical in the emergence and maintenance of pathological pain states
(Hunt & Mantyh, 2001). Changes in synaptic strength and efficacy of
pain modulatory circuits can occur throughout the pain axis. These
include long-term potentiation of dorsal horn neurons (Sandkuhler,
2007) within spinal cord circuits receiving input from sensory neurons
and enhancements of descending influences from brainstem circuits
that exert a powerful control on spinal pain processing (Porreca et al.,
2002). In addition to changes within the CNS, plasticity of peripheral
nociceptors also contributes to the overall changes in sensitivity that
support injury-induced pain (Woolf & Ma, 2007). This peripheral
plasticity can manifest in a variety of ways such as changes in receptor
and channel expression, distribution and activation threshold. For
example, alterations in sodium channel expression or physiology can
lead to hyperexcitability, a process thought to contribute to the ectopic
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discharge (the generation of action potentials in the absence of
external stimulation) seen after peripheral nerve injury (Devor, 2006).
Changes in transient potential channel vanilloid type 1 (TRPV1)
receptor expression and activation threshold after inflammation are
also well documented and have been linked to increased thermal
sensitivity, referred to as thermal hyperalgesia (Caterina & Julius,
2001). Although more controversial, some mechanical sensitization of
primary afferents has also been reported (at least to suprathreshold
stimulation; Andrew & Greenspan, 1999a). Subsets of damaged
nociceptors regenerating or sprouting after nerve injury do indeed
show reduced mechanical thresholds (Jankowski et al., 2009)
and enhanced responses to suprathreshold mechanical stimulation
(Andrew & Greenspan, 1999b) and these result in mechanical
hyperalgesia. While human and animal studies suggest that mechanical
allodynia (a painful response to a previously non-noxious stimulus) is
due to a change of central processing of incoming low-threshold inputs
(Price et al., 2008), it is clear that plasticity in the physiology of
peripheral nociceptors also plays a key role in the hyperalgesia and
spontaneous nociceptor discharge seen after injury (Andrew &
Greenspan, 1999b; a; Caterina & Julius, 2001; Devor, 2006; Woolf
& Ma, 2007; Jankowski et al., 2009). In conclusion, the plasticity of
peripheral nociceptors observed after injury is a key factor to the three
primary characteristics of most preclinical pain models: thermal
hyperalgesia, mechanical hyperalgesia/allodynia and sensory neuron
ectopic activity. Therefore, understanding the molecular physiology of
peripheral nociceptor plasticity has the potential to advance the
generation of new therapeutic avenues for the treatment of pain states.
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The crucial contribution of the peripheral nociceptor in the
emergence and maintenance of pain states has led to an exponential
increase in our understanding of the molecular phenotypes and
functions of these neurons. Nociceptor-specific ion channels (Chen
et al., 1995; Akopian et al., 1996) and G protein-coupled receptors
(Dong et al., 2001; Lembo et al., 2002) have been identified, signaling
pathways that enhance the sensitivity of ligand- and voltage-gated ion
channels have been elucidated (Woolf & Salter, 2000; Woolf & Ma,
2007) and phenotypic changes in nociceptors have been described
after inflammation and peripheral nerve injury (Noguchi et al., 1994;
Woolf, 1996; Woolf & Ma, 2007). These studies have led to the view
that changes in gene expression occur in nociceptors during chronic
inflammation or after nerve injury and there is now ample evidence to
support the conclusion that such changes contribute greatly to the
transition from the initiation to the maintenance phase of a pain state
(Woolf & Ma, 2007).

Gene expression is tightly regulated at both the transcriptional and
translational levels and until recently the vast majority of studies have
investigated changes in transcription (eg. mRNA content measured
with microarrays or in situ hybridisation) or translation (protein
expression measured by Western blot and immunohistochemistry)
within the cell body of nociceptors in the dorsal root ganglion (DRG).
However, the regulation of translation is highly dependent on
subcellular compartmentalization, signaling pathways and signaling
microdomains (Martin & Zukin, 2006; Bramham & Wells, 2007,
Costa-Mattioli et al, 2009), suggesting that changes in protein
expression within the neuronal soma may not reflect the full repertoire
of the nociceptor’s capacity to regulate the expression of proteins.

Here, we review the current evidence supporting the view that local
protein synthesis occurs in axons of subsets of DRG neurons, and
more specifically nociceptors. Moreover we discuss data demonstrat-
ing that local axonal translation is a feature which is key to their
normal function and critical for the regulation of their sensitivity
(Weragoda et al., 2004; Price et al., 2006, 2007; Huang et al., 2008;
Jimenez-Diaz et al., 2008). Collectively, these findings indicate that
the regulation of nociceptor physiology at the translational level is
more complex than has been previously recognized and that a greater
knowledge of how gene expression is regulated within localized
regions of these neurons, such as at the peripheral terminals, may
represent a fruitful avenue for the exploration of novel therapeutic
opportunities.

Regulation of translation: a critical factor for gene
expression and synaptic plasticity

Control of gene expression is a crucial factor for the survival and
function of all cells, and happens at both the transcriptional and
translational level. The best-known aspect of this process in relation to
neuronal plasticity is transcriptional control (Lee et al, 2008).
Transcription activity depends on the conformation of DNA and the
accessibility to transcription factors. It can be altered by the expression
of other genes that feed back onto the transcriptional machinery
through a multitude of different mechanisms. The resulting production
of mRNAs is tightly controlled but, interestingly, does not necessarily
have any direct bearing on changes in protein levels. This is because
translation is closely regulated by a number of factors: (i) the binding
of mRNAs by RNA binding proteins and other trafficking components
and their trafficking to distinct subcellular locations (Bramham &
Wells, 2007), (ii) the binding of miRNAs and the recruitment of
mRNA-miRNA complexes into particular cellular RNA granules
(Leung & Sharp, 2006; Kedersha & Anderson, 2007; Anderson &

Kedersha, 2008) and (iii) the signaling pathways that converge on
proteins that either bind the 5’CAP structure of mRNAs (a specially
altered nucleotide on the 5" end of mRNA that ensures the mRNA
stability while it undergoes translation) or are involved in the
recruitment of ribosomal subunits to modulate the initiation step of
translation (Costa-Mattioli et al., 2009).

RNA binding proteins and miRNAs

Spatial and temporal control of translation are key features for the
modulation of gene expression. A large number of RNA-binding
proteins involved in this regulatory process have been identified and
many of these are thought to be involved in the localization of RNAs
to distal sites in neurons via transport granules and/or in the
recruitment of RNAs into specialized RNA-containing cellular
structures such as processing bodies (P-bodies) or stress granules
(Bramham & Wells, 2007; Anderson & Kedersha, 2008). A key RNA
binding protein is the fragile X mental retardation protein (FMRP).
Silencing of the gene that codes for FMRP in humans (FMR1) causes
fragile X mental retardation, the most common form of inherited
mental retardation. FMRP contains several RNA-binding domains that
associate with primary sequences or secondary structures which
generally reside in untranslated regions (UTRs) of mRNAs (Bassell &
Warren, 2008). FMRP appears to be involved in the localization of
RNAs in cells (Estes et al., 2008), probably through association with
transport granules, and is a critical translation repressor when bound to
its target mRNAs (Bassell & Warren, 2008) or through protein—protein
interactions by inhibiting translation initiation (Napoli et al., 2008).
Current evidence suggests that cellular signals such as mGluR1/5
activation are capable of stimulating FMRP dissociation from target
mRNAs after dephosphorylation by protein phosphatase 2A (PP2A),
subsequently causing a derepression of translation of these targets
(Narayanan et al., 2007). The phosphorylation state of FMRP is
tightly regulated. Indeed, following FMRP dephosphorylation by
PP2A, FMRP can be rephosphorylated by S6 kinase 1, downstream of
extracellular signal regulated kinase (ERK) and the mammalian target
of rapamycin (mTOR) (see below for discussion of ERK and mTOR)
(Narayanan et al., 2008). These findings support a model wherein
dephosphorylation and subsequent rephosphorylation of FMRP
downstream of mGIluR1/5 offers a high degree of temporal control
of translation upon synaptic activation.

In addition to the functions highlighted above, FMRP has also been
identified as a key molecular component of the miRNA translational
arrest pathway and has been found in stress granules (Mazroui et al.,
2002; Linder et al, 2008; Didiot et al., 2009) and P body-like
structures (Barbee er al, 2006). The miRNA machinery plays an
important role in regulating gene expression both at the transcriptional
level, by modifying chromatin and DNA rearrangement (Lippman &
Martienssen, 2004), and at the translational level, by repressing
translation through binding to target mRNAs and by controlling
mRNA degradation (for a complete review see Filipowicz et al.,
2005). FMRP forms a complex with miRNAs and dicer and argonaute,
two key proteins in the process of RNA silencing (Barbee et al.,
2006). In drosophila, FMRP and argonaute are found together in
neuronal P-bodies (Barbee et al., 2006). In a recent study, loss of
FMRP was shown to decrease the formation of stress granules,
suggesting that FMRP may be involved in shuttling mRNAs to
cellular RNA granules where translational arrest occurs rather than
being directly linked to mRNA degradation (Didiot et al., 2009),
which occurs in P bodies (Parker & Sheth, 2007). Hence, FMRP is a
multifunctional RNA-binding protein involved in many facets of the
control of translation. Altogether these studies highlight the extent to
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which RNA binding proteins and miRNAs are crucial for the temporal
and spatial control of translation in neurons.

Signaling pathways and the control of translation initiation

Translation proceeds in three major steps: initiation, elongation and
termination. Initiation is the rate-limiting step in this process and is
regulated by a group of initiation proteins that are targets for cellular
protein kinases. The activity of these upstream kinases, which differs
between subcellular compartments, controls the rate-limiting step of
translation (Raught et al., 2001; Gingras et al., 2004). Moreover, as
these kinases can be activated downstream of transmembrane receptor
activation, translation initiation is controlled by hormones, cell-to-cell
signaling and neurotransmission. Indeed, a key discovery in the
control of gene expression in synaptic plasticity was the finding that
neurotransmitter receptors are capable of signaling to translation
initiation factors through protein kinases (Kelleher et al., 2004; Costa-
Mattioli et al, 2009). This signaling process appears to occur
primarily through two pathways, the ERK and mTOR signaling
cascades (Kelleher et al., 2004; Costa-Mattioli et al., 2009). Both
pathways regulate the efficiency of translation initiation via the
phosphorylation of proteins that influence the formation of the
translation initiation complex. Mechanisms of translation control of
gene expression are shown in Fig. 1.

Control of translation initiation
CAP-dependent

ERK/p38
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ERK, mTOR and elF4E

ERK can be activated downstream of a number of transmembrane
receptors (e.g. mGIluR1/5) via its upstream kinase the mitogen-
activated protein kinase (MEK). ERK is capable of phosphorylating a
large number of ion channel targets, such as A-type potassium
channels (Adams et al., 2000; Hu et al, 2006); moreover, it also
phosphorylates a downstream effector called the mitogen-activated
kinase (MAPK)-interacting kinase 1 (MNKI1), a kinase for the
initiation factor and 5’CAP-binding protein: the eukaryotic initiation
factor (elF) 4E (Banko et al., 2006; Gelinas et al., 2007). MNK1 can
also be phosphorylated by another member of the MAPK family, p38,
which enhances elF4E phosphorylation (Waskiewicz et al., 1997), an
event in general closely correlated with the rate of translation (Costa-
Mattioli et al, 2009). Hence, both ERK and p38 signal to the
translation machinery via MNK1-induced phosphorylation of elF4E.

Although mTOR can also be a substrate for phosphorylation via the
ERK pathway (Shaw & Cantley, 20006), it is primarily activated
downstream of a number of transmembrane receptors and phosphor-
ylated following upstream activation of the phosphoinositol 3 kinase
(PIBK)-AKT pathway (Gingras et al., 2004; Jaworski & Sheng,
2006). mTOR phosphorylates a protein that tonically inhibits the
5’CAP-binding protein elF4E, called 4E-binding protein (4E-BP)
(Gingras et al., 1999). Under normal conditions, 4E-BP binds to eIF4E
and prevents its association with elF4G, a required step for the
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Control of translation initiation
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FI1G. 1. Mechanisms of translation control of gene expression. At least three mechanisms have been identified via which extracellular signals can regulate the rate-
limiting step of translation, initiation (Star 1 to 3). (Star 1) The kinase mTOR can be activated downstream of PI3Kinase/AKT signaling and under certain
circumstances by ERK. The primary target for mTOR (when it is associated with raptor, forming the mTORC1 complex) is 4E-BP. When 4E-BP is not
phosphorylated, it binds to eIF4E and suppresses translation. When 4E-BP is phosphorylated it dissociates from elF4E, allowing the binding of elF4G and the
modulation of eIF4E activity by ERK/MNKI1 signaling. mTOR also phosphorylates S6 kinase (S6K), leading to phosphorylation of eIF4B and ribosomal S6 protein
(rS6). (Star 2) ERK and p38 signal via MNK1 to increase eIF4E phosphorylation. This phosphorylation of eIF4E is linked to an increased affinity for eIF4G and the
formation of this complex is involved in the recruitment of the 40S ribosomal subunit. (Star 3) The initiation factor eIF2«, when unphosphorylated, is also involved
in the recruitment of the 40S ribosome subunit. elF20 is phosphorylated by GCN2 in conditions of cellular stress, and genetic modulation of eIF2« phosphorylation
has shown that e[F2« plays an important role in synaptic plasticity. (Star 4) A subset of mRNAs contain a 5" terminal oligopyrimidine tract (TOP) and largely encode
ribosomal proteins and elongation initiation factors. Increased mTOR activity is positively linked to the translation of these mRNAs as well as rS6 phosphorylation;
however, genetic studies clearly show that rS6 is dispensable for this effect. (Star 5) Translation is also regulated by mRNA localization, miRNAs and the miRNA
pathway. Key RNA binding proteins involved in RNA localization in neurons are staufen (which binds to hairpins) and FMRP (which binds to G-quartets, among
other structures and sequences). FMRP has also been shown to bind to miRNAs and proteins involved in the miRNA pathway such as dicer and argonaute (AGO1).
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initiation of translation. When 4E-BP is phosphorylated by mTOR it
becomes uncoupled from elF4E, allowing eIF4E to bind elF4G
(Gingras et al., 1999). 4E-BP is phosphorylated hierarchically and,
while several sites contributing to 4E-BP dissociation from elF4E are
targets for mTOR, the complete repertoire of kinases responsible for
hyperphosphorylation of 4E-BP have not yet been identified (Gingras
et al., 2001). When eIF4E binds elF4G, elF4E can be phosphorylated
by MNKI1 which uses elF4G as a docking site (Gingras et al., 1999;
Pyronnet et al., 1999). This phosphorylation, which occurs down-
stream of ERK and p38, as discussed above, enhances el[F4E—eIF4G
association, allowing the stabilization of this complex and the
recruitment of the 40S ribosomal subunits to initiate elongation of
mRNAs that have a 5’CAP (Morley et al., 1997; Dever, 1999; Scheper
& Proud, 2002). CGP57380, a specific inhibitor of MNK1, has been
shown to inhibit eIF4E phosphorylation and therefore reduce the
interaction between elF4E and elF4G (Zhang et al, 2008). While
ERK and mTOR signaling to 5'CAP-binding elongation initiation
factors (elF4E and 4E-BP, respectively) is a critical step for the
stimulation of CAP-dependent translation, mTOR and ERK signaling
have also specifically been linked to increases in the translation of
5" terminal oligopyrimidine tract (TOP) mRNAs, i.e. mRNAs that
contain an oligopyrimidine sequence in their 5" regions (Ruvinsky &
Meyuhas, 2006; Gobert et al., 2008; Patursky-Polischuk et al., 2009).
As most TOP-containing mRNAs encode proteins involved in protein
biosynthesis (such as ribosomal proteins and elFs; Meyuhas, 2000;
Hamilton et al., 2006) it is clear that mTOR or ERK activation can
fundamentally alter gene expression via an increase in protein
biosynthesis machinery. This process also suggests autoregulation of
translation as some stimuli can trigger the translation of factors
involved in translation (Lin & Holt, 2008) leading not only to an
enhancement of translation efficiency but also to an increase in the
absolute quantity of proteins required for translation.

ERK/MNKI signaling has been shown to be an important step in
synaptic plasticity including mGluR-dependent long-term depression
(LTD) and f-adrenergic-dependent LTP (Banko et al., 2006; Gelinas
et al., 2007). mTOR-mediated translation has also been implicated in
many forms of synaptic plasticity including NMDA receptor-mediated
LTP and mGluR-mediated LTD (Kelleher et al., 2004; Jaworski &
Sheng, 2006). Importantly, both ERK and mTOR converge on the
elF4E complex (Banko et al., 2006; Gelinas et al., 2007; Tsokas et al.,
2007) which is a significant regulator of the rate-limiting step of
translation, initiation.

elF2q

Another critical mode of control of initiation of translation for synaptic
plasticity is via the elF2a protein. In the nonphosphorylated state,
elF2a is involved in the recruitment of the 40S ribosomal subunit.
However, phosphorylation of eIF20, a substrate for a number of kinases
including general control nonderepressible 2 (GCN2), inhibits trans-
lation (Dever et al., 1992). While cellular stress is known to stimulate
GCN2-mediated elF2a phosphorylation (Dever et al., 1992), neuro-
transmitter receptor-linked pathways that engage GCN2 have yet to be
elucidated. Finally, genetic manipulation of a key elF2a phosphory-
lation site (S51) or knockout of GCN2 have indicated that e[F2u plays a
major role in synaptic plasticity, presumably via its influence on
translation initiation (Costa-Mattioli et al., 2005, 2007, 2009).

Dendritic protein synthesis

The emergence of the role of dendritic translation in synaptic plasticity
over the past decade has largely reversed the commonly held

misconception that protein synthesis only occurs in the neuronal
soma. The discovery that ribosomes are found at the base of dendritic
spines immediately suggested that protein synthesis at these sites
could contribute to postsynaptic plasticity (Steward & Levy, 1982).
A large number of studies have borne this hypothesis out and it is now
widely accepted that dendritic translation is an important component
of at least two major forms of synaptic plasticity, LTP and LTD
(Kelleher et al., 2004; Schuman et al., 2006). The critical nature of
localized, dendritic translation for neuronal morphology and function
is supported by specific mRNA localization to defined neuronal
compartments. For example, the short 3’'UTR form of brain-derived
neurotrophic factor (BDNF) mRNA is restricted to the soma while the
long 3’'UTR form is enriched in dendrites (An et al., 2008). In a
mutant mouse in which the long 3’'UTR BDNF mRNA is truncated,
BDNF protein fails to localize to dendrites, dendritic spine morphol-
ogy is aberrant and LTP is selectively abrogated in dendrites but not in
the soma (An et al., 2008).

The role of the miRNA machinery in mediating local translation-
induced synaptic plasticity in dendrites has recently been demon-
strated. Indeed, the miRNA miR-134 has been shown to regulate spine
size in hippocampal dendrites by repressing Lim kinase 1 translation
and this repression was relieved by BDNF stimulation (Schratt et al.,
2006). In Drosophila, synaptic activity relieves miRNA repression of
calcium—calmodulin-dependent kinase II (CaMKII) translation, a
process required for long-term memory (Ashraf ez al., 2006). These
results suggest that the miRNA machinery is a key factor in the
regulation of dendritic translation and could play an important role in
the regulation of axonal mRNA translation.

Finally, the discovery of so-called Golgi outposts in dendrites have
changed our views on how transmembrane proteins can be made and
processed in the dendritic region (Horton & Ehlers, 2003, 2004;
Kennedy & Ehlers, 2006; Hanus & Ehlers, 2008), and their recent
demonstration in axons of peripheral neurons (Merianda et al., 2009)
is an important step forward in our understanding of sensory neuron
biology.

Peripheral axons contain the machinery for protein
synthesis

Although evidence that proteins can be synthesized in the axons of
invertebrate neurons, away from the cell body, has actually existed for
more than 40 years (Giuditta et al., 1968), translation in axons has
remained a more controversial issue, largely because of the difficulty
in identifying ribosomes and Golgi components required for the
processing of many vesicular and transmembrane proteins within
mammalian axons (Alvarez et al., 2000). However, it has been argued
that slow axonal transport rates are wholly incompatible with protein
half-lives for neurons with long axonal processes such as mammalian
DRG neurons (Alvarez et al., 2000), and the existence of axonal
translation seems a necessary means of maintaining axonal integrity.
A number of recent findings form a strong case for protein synthesis
within the axon. Although methods used in the past to identify
ribosomes in axons have not always had sufficient sensitivity (see
Alvarez et al.,, 2000; for a comprehensive examination of these
experimental limitations), more detailed examinations have now
demonstrated that ribosomes do indeed localize to axons (Koenig,
1979, 1991; Koenig & Giuditta, 1999; Koenig et al., 2000; Alvarez,
2001; Martin, 2004). Axons also contain mRNAs (Zheng et al., 2001;
Willis et al., 2005) and molecules involved in the regulation of
translation. These include Staufen 2 and FMRP, two proteins that bind
mRNAs and traffic them to distal sites in neurons (Price et al., 20006)
and the functionally active miRNA machinery involved in the
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regulation of translation (Hengst et al., 2006; Murashov et al., 2007).
Finally, peripheral axons contain mTOR (Jimenez-Diaz et al., 2008),
ERK (Agthong et al., 2006) and the initiation factors they signal to
(e.g. 4E-BP), and are endowed with ribosomal kinases (P70-S6kinase
and ribosomal S6kinase; Jimenez-Diaz et al., 2008). These pathways
are expected to regulate CAP-dependent translation as well as to play
an important role in stimulating TOP-containing mRNA protein
biosynthesis and therefore increase the axonal protein synthesis
capacity. Similarities between translation control in CNS dendrites and
PNS axons are shown in Fig. 2.

In conclusion, it is clear that peripheral axons contain the machinery
for protein synthesis. They contain ribosomes, mRNAs, miRNAs,

Translating nociceptor sensitivity 2257

Golgi components, RNA biding proteins and, finally, kinases and
initiation factors that regulate translation.

Compartmentalized control of translation in developing
and regenerating axons

Blockade of protein synthesis in growing axons causes a rapid
retraction of the growth cone, suggesting that local translation is
involved in axonal growth (Verma et al., 2005; Wu et al., 2005). This
indicates a possible functional role for axonal translation in both
development and regeneration of axons (Piper & Holt, 2004; Willis &
Twiss, 2006). This notion is now supported by detailed studies

local translation implicated in
development, regeneration, sensory
thresholds and pain plasticity

DRG
soma

PLASTICITY PLASTICITY
elFaE translation initiation e
* 4E-BP ) factors ( 4E-BP *
axon
‘ kinases that signal to *
* ) initiation factors ( |
) RNA binding ( @
proteins
—> mRNAs  —— A\ ) *
* ) microRNA pathway, ( V
dendrite components mIRNA
* —) golgi“outposts” (—

hippocampal
soma

local translation required for
long-term plasticity and
implicated in learning and memory

FIG. 2. Similarities between translation control in CNS dendrites and PNS axons. Advances in our understanding of how translation can be controlled at distal sites
in neurons has shown a number of parallels between translation control in CNS dendrites (which is linked to synaptic plasticity) and in PNS axons (which is linked to
regeneration, repair and nociceptive plasticity). Both of these structures contain initiation factors (4E-BP and eIF4E), kinases that signal to initiation factors (mTOR
and ERK), RNA binding proteins (FMRP and staufen), a diverse subset of mRNAs, miRNAs and miRNA pathway components (dicer and argonaute) and Golgi
outposts for the proper processing of transmembrane and other proteins (TGN38 and GM130). Many of these components and related mechanisms have been
experimentally linked to synaptic plasticity in CNS dendrites (red stars). Many of them have also been shown to be involved in PNS axon regeneration, repair and/or

nociceptive plasticity (red stars).
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indicating that the mRNA for the small GTPase, rhoA, which is
involved in growth cone guidance, localizes to the growth cone and is
translated downstream of external cues which direct growth cone
guidance and collapse (Wu et al., 2005). Similar results have been
obtained with the guidance cue receptor EphA2, confirming that
axonal translation is an important aspect of axonal development,
guidance and possibly repair and regeneration (Brittis ez al., 2002). In
the mammalian system, axonal translation of RanBP1 in injured adult
sciatic nerve axons has been shown to be an important component of
peripheral injury-induced signaling for nerve regeneration (Yudin
et al., 2008).

Hence, peripheral axons are functionally capable of regulating gene
expression via translation. Below we review the evidence that the
control of translation in the axonal compartment is a novel mechanism
for nociceptor plasticity and a critical factor for the normal function of
a subset of sensory neurons that may present unique therapeutic
opportunities.

Axonal protein synthesis: a mechanism for the plasticity
of peripheral nociceptors

The first evidence for translational control in axonal plasticity came
from studies in Aplysia. When Aplysia axons are crushed, they show a
type of plasticity called long-term facilitation wherein the axons have
a lower activation threshold accompanied by a greater discharge.
Crush-induced long-term facilitation of Aplysia axons is completely
blocked by the general protein synthesis inhibitor anisomycin and by
the specific mTOR inhibitor rapamycin (Weragoda et al., 2004). These
results suggest that axonal hyperexcitability in response to injury
is mediated by nascent protein synthesis downstream of mTOR
activation.

FMRP and nociceptor sensitivity

Following these initial studies in Aplysia, several lines of evidence
have been presented to support the concept that peripheral translation
in axons contributes to nociceptive plasticity in mammals. FMRP
controls translation following metabotropic glutamate receptor 1/5
(mGluR1/5) activation and, in FMRP-knockout (KO) mice,
mGluR1/5-mediated plasticity is dramatically altered (Todd et al.,
2003; Hou et al., 2006; Muddashetty et al., 2007). In a study from
Price et al. (2007), a peripheral injection of the mGluR1/5 agonist
dihydroxyphenylglycine (DHPG), in wild-type mice, caused thermal
hyperalgesia. However, DHPG failed to stimulate thermal hyperalge-
sia in FMRP-KO mice, suggesting that peripheral translation was
necessary for DHPG-induced thermal hyperalgesia. Moreover, in the
same study a peripheral injection of the mTOR inhibitor rapamycin
attenuated the second phase of formalin-induced pain-related behav-
iors in wild-type mice. The formalin test is a model of pain with a
biphasic response. While the first phase is thought to result from direct
activation of primary afferent sensory neurons, the second phase is
believed to reflect the combined effects of afferent input and central
sensitization (Coderre et al., 1990; Puig & Sorkin, 1996; McNamara
et al., 2007). The attenuation of the behavior seen after peripheral
rapamycin administration suggests that mTOR activity is involved in
the primary afferent response to formalin (Price et al., 2007). Because
subsequent examinations have shown that mTOR is present in a small
subset of C-fibers and more widely expressed in the axonal
compartment of A-fibers (Jimenez-Diaz et al, 2008) this may
predominately reflect rapamycin-dependent changes in the plasticity
of Ad-fibers which are known to be active during the second phase of

the formalin test (Puig & Sorkin, 1996). Formalin-induced responses
were decreased in FMRP-KO mice and rapamycin failed to further
reduce the pain behavior in these animals, again suggesting that
mechanisms of peripheral translation are abrogated in the absence of
FMRP. In addition to chemical-induced injury, the emergence of
neuropathic pain was delayed in FMRP-KO mice. While this effect
may be attributable to either peripheral or central deficits in plasticity,
evidence indicating that the translational capacity of the axonal
compartment is increased following a distal injury to DRG axons
(Twiss et al., 2000; Willis et al., 2005) highlights the potential
importance of FMRP in the response to peripheral nerve injury.
Although further experimentation will be required to fully understand
the role that FMRP may play in nerve injury-induced plasticity and
repair, these findings represent early evidence that translational
regulation via FMRP and the mTOR pathway are involved in the
regulation of the sensitivity of peripheral nociceptors.

mTOR-mediated protein synthesis in cutaneous terminals
of nociceptors

A second line of investigation on mTOR-controlled axonal translation
from Jimenez-Diaz et al. (2008) suggests that axonal protein synthesis
is key to the normal function of a subset of peripheral nociceptors.
Primary afferents fall into two broad categories: myelinated A-fibers
that signal noxious or innocuous stimuli and mediate ‘first’ pain
perceived as rapid and sharp, and unmyelinated C-fibers that are
largely nociceptors and signal ‘second’ pain, delayed, diffuse and dull.
First, the authors showed that phospho-mTOR and its phosphorylated
downstream targets, phospho-4E-BP, phospho-S6K and phospho-S6
protein, were found extensively in naive, untreated, myelinated fibers
in rat cutaneous tissue. In further electromyographic studies, in
unstimulated rat tissue, rapamycin reduced the sensitivity of a
population of A-nociceptors known to be important for the increased
mechanical sensitivity that follows injury. Moreover, local adminis-
tration of rapamycin in the hind paw significantly blunted the
A-nociceptor-mediated mechanical hypersensitivity that develops
around a site of injury and reduced the long-term mechanical
hypersensitivity that follows partial peripheral nerve damage, a widely
used model of chronic pain. Taken together these results suggested
that constitutively active mTOR-dependent translation participates in
maintaining the sensitivity of a subpopulation of fast-conducting
nociceptors and therefore is likely to be important for the changes in
nociceptor sensitivity after nerve injury. In other words, local protein
synthesis seems to be responsible for preserving a specific pool of
proteins within sensory fiber terminations in cutaneous tissue, essential
for the full response of the fiber to noxious stimulation.

These findings shed new light on the control of A-nociceptor
sensitivity. Previously, most A-fibers had not been thought to possess
the inherent plasticity of C-fibers. Indeed, modulation of A-fiber
sensitivity was assumed to be wholly contingent upon central
sensitization established by activation of C-fibers. The data presented
by Jimenez-Diaz et al. (2008) implies that, even in the absence of
C-fiber activation, mTOR-dependent axonal translation regulates the
sensitivity of some A-fibers. These data also raise the possibility that a
similar process is operating at the sites of termination of sensory
afferents within the dorsal horn. In most of the studied cases, the
transport of molecules from the DRG is in both directions: to the
periphery and to the superficial dorsal horn, including the RNA
binding proteins FMRP and staufen 2 (Price et al., 2006). It therefore
seems highly likely that local translation of mRNA occurs in central
terminals of A-fiber nociceptors but this remains to be fully explored.
In support of this hypothesis, intrathecal injections of anisomycin
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(Kim et al., 1998) or rapamycin (Price et al, 2007) reduced pain
behavior in the second phase of the formalin test. As anisomycin
and rapamycin have been shown to inhibit LTP (Tang et al., 2002;
Hu et al., 2003), which is induced during the second phase of the
formalin test (Ikeda et al., 2006), these effects have previously been
largely attributed to a decrease in the sensitization of second-order
spinal neurons. However, these effects could also be attributed, at least
partly, to blunted protein synthesis in the central terminals of
nociceptive axons.

Axonal translation and retrograde signaling

Axonal translation has been linked to retrograde axonal signaling. An
elegant study from Hanz et al. (2003) showed how injury-induced
importin f§ was locally synthesized in DRG axons and retrogradely
transported to the nucleus, along with nuclear localization signal-
bearing proteins. A recent study potentially linked retrograde signaling
and sensory neuron plasticity. Therein, nerve growth factor (NGF), a
well-known sensitizer of mammalian nociceptors (Bennett, 2001), was
shown to stimulate axonal translation of the transcription factor cAMP
response element-binding protein (CREB) in embryonic DRG neurons
(Cox et al., 2008). After local axonal translation, CREB was
retrogradely transported to the neuronal soma where it altered
CREB-mediated transcription. Although the authors did not link their
findings to nociceptor sensitization by NGF, their results provide the
exciting possibility that injured axons may locally synthesized CREB
and induce changes in gene expression within the soma. Moreover,
CREB has previously been linked to changes in gene expression in the
neuronal nucleus correlated with the long-term sensitization and
regeneration of nociceptors (Herdegen et al., 1992; Fields et al., 1997,
Teng & Tang, 2006). Hence, these findings may represent an
important mechanism through which local translation, possibly
provoked by noxious stimulation, can lead to the generation of
positive retrograde signals in the periphery that induce enduring,
transcription-based, changes in gene expression in the neuronal
nucleus.
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Translation control in injured nerves

A recent study of proteomic profiling of peripheral neuromas
(which are associated with neuropathic pain) suggests that local
changes in protein expression do not parallel transcriptomic analysis
of injured DRG neurons (Huang et al, 2008). In this study, the
authors reported localized translation of a subset of neuronal
proteins in the neuroma which may contribute to neuropathic pain.
In addition to changes in translation in response to injury it is also
clear that mRNA transport can be controlled by environmental cues
or by injury to the axon. For example, DRG neurons can regulate
the axonal transport of distinct subsets of mRNAs in response to
neurotrophins, including the pain-promoting neurotrophic factor
NGF (Willis et al., 2007). Peripheral nerve injury also increases the
axonal localization and/or translation of mRNAs for transcripts that
are critical for pain plasticity. Sural nerve injury increases local
axonal calcitonin gene-related peptide (CGRP) synthesis within the
injured nerve suggesting that this local generation of CGRP may be
important for nerve regeneration and may also play a role in
promoting pain signaling (Toth et al, 2009). Finally, peripheral
nerve injury causes an increase in the axonal localization of Navl1.8
mRNA, suggesting that increases in Navl.8 expression in injured
nerves are due, at least in part, to local synthesis of the sodium
channel (Thakor et al., 2009). As neuropathic pain can be alleviated
by knockdown (Lai et al, 2002) or pharmacological inhibition
(Jarvis et al, 2007) of Navl.8, a channel required for ectopic
activity in injured nociceptors (Roza et al., 2003), this finding is
particularly significant because it raises the possibility that local
synthesis of Navl.8 after nerve injury contributes strongly to
ectopic activity and neuropathic pain. These reports highlight the
importance of examining changes in gene expression at the site of
injury to unveil new mechanisms and targets for the control of
injury-induced pain at its source. These findings, along with
previous studies linking FMRP to neuropathic pain (Price et al.,
2007) and mTOR to nerve injury-induced hypersensitivity (Jimenez-
Diaz et al, 2008), make a strong case for a role of axonal
translation in nerve injury-induced pain.
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FIG. 3. Identified and potential key players involved in the regulation of translation in the axonal compartment and nociceptor plasticity. The available evidence
suggests that mTOR activity is critical for maintaining the sensitivity of a subset of nociceptive neurons and that mTOR is also an important mediator of chemically-
mediated nociceptor plasticity. Rapamycin, a specific inhibitor of mTOR activity, is a powerful tool for regulating protein synthesis of TOP mRNAs. Furthermore,
findings from studies in FMRP-KO mice suggest that FMRP is crucial for mediating activity-dependent synthesis of new proteins that promote the hypersensitivity
of nociceptors in response to mGluR1/5 agonists, chemically mediated pain (formalin) and perhaps after nerve injury. Although ERK and/or p38 activity have been
positively linked to plasticity after inflammation or nerve injury, its role in regulating translation in the axonal compartment has not yet been explored. However, the
availability of a specific MNK1 inhibitor, CGP57380, has been shown to reduce the interaction between elF4E and elF4G, making the ERK—p38-MNKI pathway an
attractive target to explore. We propose that gaining a better understanding of how algogens and/or nerve injury modulate the expression of new proteins via these
signaling pathways will lead to the discovery of new targets for the control of chronic pain directly at its source either via inhibition of these pathways (e.g. mTOR or
ERK) or identification of proteins locally synthesized which may be targets for therapeutic intervention.
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Role of glia in translation in the axonal compartment

As discussed above, there is now ample evidence supporting the
conclusion that adult sensory axons are endowed with functional
machinery for protein biosynthesis and DRG culture studies indicate
that this machinery is of neuronal origin (Zheng et al., 2001; Willis
et al., 2005). However, others have hypothesized that glial cells may
also contribute to the protein synthesis capacity of distal axons
(Alvarez et al., 2000). Indeed, some studies in invertebrates have
indicated that transfer of mRNA, and possibly ribosomes, can occur
from glial cells to mature axons (Cutillo e al., 1983; Eyman et al.,
2007). A similar process has recently been described for mammalian
DRG axons wherein Schwann cells are capable of transferring
polyribosomes to desomatized axons by invaginations (Court et al.,
2008). Because these ribosomes have been identified as polyribosomes
consisting of several ribosomes translating a strand of mRNA, it is
likely that this mechanism also involves the transfer of mRNAs (Court
et al., 2008). It is therefore possible for the control of gene expression
in sensory axons to be under the influence of Schwann cells (Twiss &
Fainzilber, 2009). Although the contribution of this process to injury-
induced changes in nociceptor plasticity remains to be investigated, it
does provide a potential explanation for the relative paucity of
ribosomes in adult DRG axons despite the clear presence of RNAs,
RNA binding proteins and kinases that signal to initiation factors
constitutively present in the axoplasm of these neurons (Agthong
et al., 2006; Price et al., 2006; Jimenez-Diaz et al., 2008).

Conclusion and future directions

The studies described above form the basis for a novel theory: local
axonal protein synthesis as a modulator of peripheral nociceptor
sensitivity. Such mechanisms are likely to contribute to the establish-
ment and maintenance of chronic pain conditions. While the
exploration of this novel mechanism is just beginning, the available
evidence indicates that translation in the axonal compartment is critical
for peripheral nociceptors’ normal sensitivity and their plasticity after
injury (Price et al., 2007; Huang et al., 2008; Jimenez-Diaz et al.,
2008). The mTOR pathway appears to play a key role in both these
processes (Price et al., 2007; Jimenez-Diaz et al., 2008). Inhibition of
mTOR activity therefore represents a novel mechanism for the
modulation of nociceptor sensitivity. Sirolimus®, also known as
rapamycin, is already available for use in cancer patients to reduce
tumor proliferation and in transplant patients to reduce rejection, and is
used as an elutant in coronary stents (Easton & Houghton, 2004).
However, its immunosuppressant properties might make it unsuitable
for long-term treatment of chronic pain states. A recent approach taken
by pharmaceutical companies is to develop non-immunosuppressive
rapamycin analogs (Cruzado, 2008). Whether these new drugs will
possess the same properties as rapamycin remain to be explored.

Identified and potential key players involved in the regulation of
translation in the axonal compartment and nociceptor plasticity are
shown in Fig. 3.

Several studies have linked increased ERK and/or p38 activity in
sensory neurons to pain plasticity (Ji et al., 2002; Obata et al., 2004;
Agthong et al., 2006; Hensellek et al., 2007). However, these studies
have not assessed the possible involvement of ERK signaling through
mTOR or ERK and/or p38 signaling to MNK1/elF4E to this effect.
As ERK plays a critical role in controlling translation in dendrites
during the induction of neuronal plasticity in the CNS (Kelleher ef al.,
2004; Gelinas et al., 2007; Tsokas et al., 2007; Gobert et al., 2008) it
is also possible that similar effects would occur in the axonal
compartment, contributing to the enhanced sensitivity of sensory

neurons. As our knowledge of the mechanisms of activation and the
role of mTOR, ERK and p38 in the control of nociceptor sensitivity
continues to progress, it is highly likely that therapeutic opportunities
for the treatment of pain will arise.

Regulation of gene expression in the axonal compartment implies
that mRNAs are trafficked to distal sites and proteins are synthesized
there, offering technical opportunities to determine their identity.
Identifying them and assessing their potential role in nociceptor
function will be key to the discovery of new therapeutic treatments.
Directly and locally modulating their expression pharmacologically
(e.g. with mTOR inhibitors) or with RNAi (Murashov et al., 2007)
offers a new approach for the control of increased sensitivity found in
many chronic pain states. mRNAs that are associated with RNA
binding proteins in the axons of sensory neurons are the first obvious
candidates. As FMRP has been linked with mechanisms of nociceptor
plasticity (Price et al., 2006, 2007), identification of such mRNAs may
be facilitated by determining which transcripts are substrates for
FMRP in sensory neurons.

Understanding the molecular events that lead to changes in
nociceptor sensitivity holds great promise for the advancement of
understanding and treatment of chronic pain conditions in humans. We
propose that the control of translation in the axonal compartment of
nociceptors represents a novel mechanism for modulating gene
expression in these neurons. Moreover, we suggest that gaining a
better understanding of how this process occurs and identifying
proteins that are translated, on demand, in the axonal compartment
will lead to the elucidation of new therapeutic targets. Hence, the
control of gene expression in the axonal compartment represents a
powerful new paradigm not only for understanding nociceptor
function and plasticity but also for the discovery of novel therapeutics.
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