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Despite the emergence of translational control pathways as mediators of nociceptive sensitization, effector molecules and mechanisms
responsible for modulating activity in these pathways in pain conditions are largely unknown. We demonstrate that two major algogens,
the cytokine interleukin 6 (IL-6) and the neurotrophin nerve growth factor (NGF), which are intimately linked to nociceptive plasticity
across preclinical models and human pain conditions, signal primarily through two distinct pathways to enhance translation in sensory
neurons by converging onto the eukaryotic initiation factor (eIF) eIF4F complex. We directly demonstrate that the net result of IL-6 and
NGF signaling is an enhancement of eIF4F complex formation and an induction of nascent protein synthesis in primary afferent neurons
and their axons. Moreover, IL-6- and NGF-induced mechanical nociceptive plasticity is blocked by inhibitors of general and cap-
dependent protein synthesis. These results establish IL-6- and NGF-mediated cap-dependent translation of local proteins as a new model
for nociceptive plasticity.

Introduction
Translational control of gene expression is rapid, reversible, and
spatially controlled. Protein translation is comprised of three
steps: initiation, elongation, and termination. The rate-limiting
step, initiation (Sonenberg and Hinnebusch, 2009), is regulated
by kinases that are critical for neuronal plasticity: the mammalian
target of rapamycin (mTOR) and extracellular regulated kinase
(ERK), which signal to eukaryotic initiation factors (eIF) eIF4E
and eIF4G and the eIF4E binding protein (4EBP) (Sonenberg and
Hinnebusch, 2009). These pathways are important factors in pain
plasticity (Price and Géranton, 2009) as demonstrated by the
antihyperalgesic activity of the mTOR inhibitor rapamycin ad-
ministered either spinally (Price et al., 2007; Asante et al., 2009;
Codeluppi et al., 2009; Géranton et al., 2009) or peripherally
(Price et al., 2007; Jiménez-Díaz et al., 2008). Despite the clear
relevance of translation control for enhanced pain states, endog-
enous factors responsible for modulating translation in primary
sensory neurons are not known. In this study, we sought to iden-
tify these factors and their signaling mechanisms to gain insight
into how translation regulation of gene expression is controlled

in sensory neurons and how this process contributes to nocicep-
tive plasticity.

Interleukin (IL)-6 and nerve growth factor (NGF) are critical
mediators of inflammatory and neuropathic pain, but their po-
tential role in controlling translation in sensory neurons is largely
unexplored. IL-6 expression is increased after peripheral nerve
injury (Bolin et al., 1995; Anderson and Rao, 2001) and skin
incision (Clark et al., 2007). Injection of IL-6 induces long-lasting
hyperalgesia (Oka et al., 1995; Dina et al., 2008), and IL-6 knock-
out mice fail to develop thermal hyperalgesia and mechanical
allodynia following chronic constriction of the sciatic nerve
(Murphy et al., 1999b). Moreover, IL-6 neutralization therapy is
effective for treating pain in humans (Nishimoto et al., 2009).
Likewise, NGF levels are elevated in inflammatory and neuro-
pathic pain states (Lewin et al., 1994; Woolf et al., 1994; Banik et
al., 2005). NGF induces hyperalgesia and allodynia in rodents
(Lewin et al., 1994) and humans (Rukwied et al., 2010). Additionally,
NGF neutralization therapy alleviates pain in humans (Cattaneo,
2010). Hence, IL-6 and NGF are important mediators of pain across
preclinical models and their importance for human pain conditions
is clinically validated.

Here we demonstrate that IL-6 and NGF initiate signaling
cascades that converge on the eIF4F complex to increase protein
synthesis in primary sensory neurons and their axons. Moreover,
IL-6- and NGF-induced mechanical sensitization is attenuated
by inhibitors of general and cap-dependent translation. These
findings elucidate molecular mechanisms through which rapid,
local control of gene expression via translation can be achieved in
these neurons and establish IL-6- and NGF-mediated, activity-
dependent translation control as a new model for primary affer-
ent nociceptive plasticity.

Received July 29, 2010; revised Sept. 14, 2010; accepted Sept. 20, 2010.
This work was supported by startup funds from The University of Arizona School of Medicine, The American Pain

Society, The Rita Allen Foundation, and National Institutes of Health (NIH) Grant R01NS065926 to T.J.P. K.A.P. was
supported by NIH Grant DA023513. N.E. was supported by the University of Arizona Medical Student Research
Program (T35HL007479). T.J.P. is a Rita Allen Foundation Scholar in Pain. We thank Ning Qu for expert technical
assistance and Frank Porreca for useful discussions in the preparation of the manuscript.

Correspondence should be addressed to Theodore J. Price, Department of Pharmacology, University of Arizona
School of Medicine, 1501 North Campbell Avenue, Life Science North Room 650, Tucson, AZ 85724. E-mail:
tjprice@email.arizona.edu.

DOI:10.1523/JNEUROSCI.3947-10.2010
Copyright © 2010 the authors 0270-6474/10/3015113-11$15.00/0

The Journal of Neuroscience, November 10, 2010 • 30(45):15113–15123 • 15113



Materials and Methods
Primary sensory neuron cultures. Male ICR mice (Harlan, 20 –25 g) were
used. All animal procedures were approved by the Institutional Animal
Care and Use Committee of The University of Arizona and were in
accordance with International Association for the Study of Pain guide-
lines. Dorsal root ganglia (DRGs) from all levels or trigeminal ganglia
(TGs) were excised aseptically and placed in HBSS (Invitrogen) on ice.
The ganglia were dissociated enzymatically with collagenase A (1 mg/ml,
25 min, Roche) and collagenase D (1 mg/ml, Roche) with papain (30
U/ml, Roche) for 20 min at 37°C. To eliminate debris, 70 �m (BD) cell
strainers were used. The dissociated cells were resuspended in DMEM/
F12 (Invitrogen) containing 1� pen-strep (Invitrogen), 1� GlutaMax, 3
�g/ml 5-FDU (Sigma), 7 �g/ml uridine (Sigma), and 10% fetal bovine
serum (Hyclone). The cells were plated in either 6- or 96-well plates (BD
Falcon) and incubated at 37°C in a humidified 95% air/5% CO2 incuba-
tor. On day 5, the cells were washed in DMEM/F12 media for 30 min
followed by treatment with IL-6 and/or NGF for 15 min.

Behavioral testing. Animals (male ICR mice, 20 –25 g) were placed in
acrylic boxes with wire mesh floors and allowed to habituate for 1 h. After
predrug mechanical thresholds were recorded, animals received in-
traplantar injections in a volume of 20 �l. Calibrated von Frey filaments
(Stoelting) were used for mechanical stimulation of the plantar surface of
the left hindpaw and withdrawal thresholds were calculated using the
up– down method (Chaplan et al., 1994).

Western blotting. Protein was extracted from the cells in lysis buffer (50
mM Tris HCl, 1% Triton X-100, 150 mM NaCl, and 1 mM EDTA at pH
7.4) containing protease and phosphatase inhibitor mixtures (Sigma)
with an ultrasonicator on ice, and cleared of cellular debris and nuclei by
centrifugation at 14,000 � g for 15 min at 4°C. Fifteen micrograms of
protein per well were loaded and separated by standard 7.5% or 10%
SDS-PAGE. Proteins were transferred to Immobilon-P membranes
(Millipore) and then blocked with 5% dry milk for 3 h at room temper-
ature. The blots were incubated with primary antibody overnight at 4°C
and detected the following day with donkey anti-rabbit antibody conju-
gated to horseradish peroxidase (Jackson ImmunoResearch). Signal was
detected by ECL on chemiluminescent films. Each phosphoprotein was
normalized to the expression of the corresponding total protein on the
same membrane. Densitometric analyses were performed with ImageJ
software (NIH).

5� mRNA cap complex analysis. After the protein extraction, 50 �g
of protein was incubated with 7-methyl GTP Sepharose 4B beads (GE
Healthcare) in the presence of 100 �M GTP for 2 h at 4°C. Unconju-
gated Sepharose 4B beads were used for the negative controls. The
beads were then pelleted and washed twice with lysis buffer. After a
final centrifugation, the pellet was suspended in 1� Laemmli sample
buffer containing 5% v/v �-mercaptoethanol, and eIF4E, eIF4G,
eIF4A, and 4EBP bound to the precipitated beads were analyzed by
Western blotting.

High-throughput nascent protein synthesis assay. DRG neurons were
cultured in black, low-autofluorescence, transparent-bottom 96-well
plates (Corning) for 5 d. Cells were incubated in methionine-free DMEM
(Invitrogen) media for 30 min. The cells were pretreated with rapamycin
(500 nM, LC Laboratories), U0126 (1 �M, Tocris Bioscience), anisomycin
(50 �M, Sigma), or vehicle in methionine-free DMEM (Invitrogen) me-
dia for 15 min. The cells then received either vehicle or IL-6 and NGF
with and without drug treatments along with 50 �M L-azidohomoalanine
(AHA, Invitrogen) of 30 min. The cells were then washed with PBS and
fixed with ice-cold acetone/methanol. This was followed by incubation in
3% bovine serum albumin (BSA) in PBS for 15 min. Proteins that
incorporated AHA were labeled with Alexa 488 –alkyne conjugate
(Invitrogen) by incubating fixed cells with the conjugate for 30 min.
The cells were then washed once with 3% BSA in PBS, followed by
another wash with PBS. PBS was added to each well and fluorescence
was read by a fluorometer (Synergy 2, Biotek) using excitation/emis-
sion filters 480/520 nm.

Nascent protein synthesis immunocytochemistry. Primary sensory neu-
rons were cultured on poly-D-lysine-coated coverslips (BD). The AHA
labeling procedure followed the high-throughput nascent protein syn-

thesis assay steps described above. Following the final wash, the cover-
slips were blocked with 5% normal goat serum (NGS) for 3 h. Neurons
were identified by immunostaining for peripherin (1:200, Sigma) and
neurofilament heavy chain (NFH) (1:300, Sigma) antibodies in 5% NGS
and incubated overnight at 4°C. Alexa 555 anti-mouse secondary anti-
body (Invitrogen) was used to label the neurons. The coverslips were
mounted onto slides.

Nascent protein synthesis Western blotting. Primary afferent neurons
were cultured in poly-D-lysine-coated 6-well plates for 5 d. Cells were
pretreated with 4EGI1 (20 �M) or vehicle in methionine-free DMEM
(Invitrogen) media for 30 min. The cells then received either vehicle or
IL-6 and NGF with and without drug treatments along with 50 �M AHA
(Invitrogen) of 30 min. The cells were lysed and protein was extracted by
ultrasonication in RIPA buffer. AHA-incorporating proteins were la-
beled with biotin using Click-iT Biotin Protein Analysis Detection Kit
(Invitrogen). The biotin-labeled proteins were assayed by Western
blotting.

Confocal microscopy. Immunofluorescent micrographs were acquired
on Zeiss LSM 510 META NLO upright microscope using a 40�, 1.3
numerical aperture oil-immersion objective.

Intensity correlation analysis. Intensity correlation analysis (ICA) was
performed using a plug-in for ImageJ provided by Li et al. (2004) at the
Wright Cell Imaging Facility, University Health Network Research, Can-
ada (http://www.uhnresearch.ca/facilities/wcif/fdownload.html). To de-
termine the extent of colocalization of AHA with NFH/peripherin in
axons, ICA was used (Li et al., 2004) to calculate an intensity correlation
quotient (ICQ) for each pair of images. By excluding the cell bodies of the
neurons from the analysis by deselecting from the region of interest, we
removed investigator bias from our assessment of nascent protein syn-
thesis in axons following various treatments. ICA postulates that colocal-
ized signals covary in their intensity. Pixels intensities that covary result
in a positive product difference from the mean (PDM) value, while pixels
that are exclusive result in negative PDM value. A PDM value of 0 results
when a pixel intensity is around the average of the pixel intensity of the
whole image. The PDM values were used to generate an image that visu-
alizes colocalization of AHA with NFH/peripherin in the axons. ICQ
values were calculated by dividing the number of positive PDM pixels by
the total PDM pixels and then subtracting by 0.5. A positive ICQ value
indicates colocalization, while a negative value indicates counterlocaliza-
tion. Random distribution would result in an ICQ value around 0. A
similar analysis was used on entire images to determine ICQ values for all
neurons, axons and somas. To evaluate localization of nascently synthe-
sized proteins along the length of axons, regions of interest from IL-6-
and NGF-treated images proximal to the soma and extending distally up
to 10 �m were selected. More distal sites were also selected starting at 50
�m from the soma and extending an additional 10 �m (60 �m from the
soma). Only axons that were clearly distinguishable as extending from a
particular soma were selected. ICQ values were calculated for both re-
gions of interest (proximal and distal).

Drugs and primary antibodies. U0126 and CGP57380 were from Tocris
Bioscience; 4EGI1 was from Axxora; mouse and human recombinant
IL-6 were from R&D Systems; mouse 2.5S NGF was from Millipore. The
following rabbit polyclonal antibodies were obtained from Cell Signaling
Technology: p-ERK (Thr202/Tyr204, cat# 4377), total ERK, p-eIF4E
(Ser209, cat# 9741), total eIF4E, p-mTOR (Ser2448, cat# 2971), total
mTOR, p-4EBP (Thr37/46, cat # 9459), total 4EBP, p-eIF4G (Ser1108,
cat# 2441), total eIF4G, p-AKT (Ser473, cat# 4058), total AKT, and
eIF4A. Anisomycin and actinomycin D were from Sigma, and rapamycin
was from LC Laboratories.

Statistical analysis. Data are shown as means � SEMs of eight indepen-
dent cell culture wells for all in vitro experiments or six animals for
behavioral assays. Graph plotting and statistical analysis used GraphPad
Prism Version 5.03 (Graph Pad Software). Statistical evaluation was per-
formed by one-way ANOVA, followed by post hoc Dunnett’s test, or by
two-way ANOVA (behavioral data), and the a priori level of significance
at 95% confidence level was considered at p � 0.05.
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Results
IL-6 signals to the translational machinery through the
ERK-Mnk1-eIF4E pathway
We first asked whether IL-6 signals to the translational machinery
in adult mouse sensory neurons. We used IL-6 because multiple
lines of evidence indicate that IL-6 is a major mediator of noci-
ceptive plasticity in the periphery (Bolin et al., 1995; Murphy et
al., 1995, 1999a,b; Anderson and Rao, 2001; Vardanyan et al.,
2010). Along with the canonical pathway of Janus kinase (JAK)/
signal transducers and activators of transcription (Stat) activa-
tion, IL-6 is known to activate the ERK MAP kinase pathway
(Akira et al., 1995). The ERK pathway has been implicated in the
development and maintenance of pain conditions (Karim et al.,
2001; Ji et al., 2009). Changes in ERK activity modulate transla-
tion through MAP kinase-interacting kinase 1 (Mnk1) signaling
to eIF4E (Waskiewicz et al., 1999). To assess whether IL-6 en-
gages ERK-mediated signaling to eIF4E in primary sensory neu-
rons, we treated adult DRG (Fig. 1A) and TG (Fig. 1B) neurons
with escalating doses of IL-6 for 15 min. This resulted in a dose-
dependent increase in the phosphorylation of ERK (for DRG: 0
ng/ml, 100 � 9.8%; 1 ng/ml, 128.8 � 31.5%; 10 ng/ml, 183 �
43%; and 50 ng/ml, 207 � 24.5%) and eIF4E (for DRG: 0 ng/ml,
100 � 15%; 1 ng/ml, 119.1 � 24.5%; 10 ng/ml, 166 � 49%; and
50 ng/ml, 273 � 74%). To verify that activation of eIF4E is due to

IL-6 signaling through the ERK pathway (rather than the p38
pathway), we used the MEK inhibitor U0126. Pretreatment of
primary afferent neurons in culture with U0126 for 30 min fol-
lowed by cotreatment with IL-6 (50 ng/ml, 15 min) blocked IL-
6-mediated phosphorylation of eIF4E (Fig. 1C). We then assessed
whether IL-6-induced changes in eIF4E phosphorylation are de-
pendent on Mnk1 using the Mnk1 inhibitor CGP57380. Pretreat-
ment of the DRG or TG cultures with CGP57380 (50 �M, 30 min)
and subsequent cotreatment with IL-6 (50 ng/ml, 15 min)
blocked IL-6-mediated phosphorylation of eIF4E in DRG (Fig.
1D) and TG (Fig. 1E) neurons. There was no statistically signif-
icant difference between the groups that received CGP57380 and
the vehicle. This finding indicates that IL-6 signals to the transla-
tional machinery via the ERK/Mnk1 pathway. The mTOR path-
way also signals to the translational machinery and promotes
cap-dependent translation (Beretta et al., 1996). In addition to
phosphorylating eIF4G, which allows for the efficient assembly of
the eIF4F complex, the mTOR pathway inhibits the negative reg-
ulator of cap-dependent translation, 4EBP, through phosphory-
lation (Mathews et al., 2007). Treatment of DRG neurons in
culture with IL-6 (50 ng/ml, 15 min) and/or CGP57380 (30 min)
did not induce a significant change in mTOR phosphorylation
(Fig. 1F), showing that IL-6 fails to signal through the mTOR
pathway in sensory neurons at these concentrations. Hence, IL-

Figure 1. Interleukin-6 signals to the translational machinery through ERK and Mnk1. A, Western blot and quantification for p-ERK, total ERK, p-eIF4E, and total eIF4E following 15 min of
treatment of DRG cultures with increasing doses of IL-6. B, Western blot and quantification for p-ERK, total ERK, p-eIF4E, and total eIF4E following 15 min of treatment of TG cultures with escalating
doses of IL-6. C, Western blot and quantification for p-eIF4E and total eIF4E following pretreatment of DRG neurons in culture with the MEK inhibitor U0126 (10 �M) for 30 min and subsequent
treatment with IL-6 (50 ng/ml) for 15 min. D, Western blot and quantification for p-eIF4E and total eIF4E following pretreatment of DRG cultures with the Mnk1 inhibitor CGP57380 (CGP, 50 �M)
for 30 min and subsequent treatment with IL-6 (50 ng/ml) for 15 min. E, The Mnk1 inhibitor CGP57380 also inhibited IL-6-induced phosphorylation of eIF4E in TG neurons. F, IL-6 (50 ng/ml) did not
stimulate mTOR phosphorylation in DRG neurons, and this was also not changed by CGP57380 (50 �M). Phosphorylated proteins were standardized relative to their respective totals and shown as
percentage of vehicle. *p � 0.05, **p � 0.01.
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6-mediated signaling to the translational machinery occurs
through ERK and Mnk1 to enhance eIF4E phosphorylation in
DRG and TG neurons.

NGF signals to the translational machinery through the
mTOR pathway
We next assessed whether NGF engages signaling to the transla-
tional machinery in adult sensory neurons. Like IL-6, NGF is well
established as a sensitizer of nociceptors and plays an important
role in preclinical models of chronic pain and human pain con-
ditions (Lewin et al., 1994; Woolf et al., 1994; Banik et al., 2005;
Watson et al., 2006; Cattaneo, 2010). NGF is known to increase
activity of the PI3 kinase/AKT pathway in sensory neurons
(Zhang et al., 2005), but its potential role in signaling to the
translational machinery in adult sensory neurons is not known.
In developing DRG neurons, NGF stimulates local synthesis of
CREB, leading to retrograde transport to the neuronal soma (Cox
et al., 2008). To demonstrate that NGF can rapidly signal to the

translational machinery through the mTOR pathway in adult
DRG (Fig. 2A) and TG (Fig. 2B) neurons, cultures were treated
with NGF for 15 min. Treatment with NGF induced a significant
increase in the phosphorylation of AKT (for DRG: 0 ng/ml, 100 �
14%; 0.1 ng/ml, 160 � 38%; 1 ng/ml, 192 � 43%; and 10 ng/ml,
252 � 30%) and the serine 2448 residue of mTOR at 10 ng/ml
(for DRG: 0 ng/ml, 100 � 7.4% and 10 ng/ml, 185 � 14%). An
NGF-mediated, dose-dependent increase in the phosphorylation
of 4EBP (for DRG: 0 ng/ml, 100 � 4.3% and 10 ng/ml, 125 �
3.2%) and eIF4G (for DRG: 0 ng/ml, 100 � 17%; 0.1 ng/ml,
169 � 36%; 1 ng/ml, 370 � 63%; and 10 ng/ml, 485 � 119%) was
also observed, suggesting that NGF increases the assembly of the
eIF4F cap complex by signaling though the PI3 kinase/AKT path-
way. Treatment with 10 ng/ml NGF was not sufficient to activate
the ERK pathway (Fig. 2C); however, at 100 ng/ml, NGF did
activate the ERK pathway (Fig. 2C). NGF may activate the ERK
pathway at higher doses through cross talk between PI3K and Ras
pathways (Moelling et al., 2002; Carracedo et al., 2008; Kinkade

Figure 2. NGF signals to the translational machinery by activating the mTOR pathway. A, Western blots and quantification for p-AKT, total AKT, p-mTOR, total mTOR, p-eIF4G, total eIF4G, p-4EBP,
and total 4EBP following 15 min of treatment of DRG cultures with increasing doses of NGF. B, Western blot and quantification for p-mTOR, total mTOR, p-eIF4G, total eIF4G, p-4EBP, and total 4EBP
following 15 min of treatment of TG cultures with NGF (10 ng/ml). C, Western blot and quantification for p-ERK and total ERK following 15 min of treatment of TG cultures with escalating doses of
NGF. D–F, Western blots and quantification for p-4EBP and total 4EBP (D), p-mTOR and total mTOR (E), and p-eIF4G and total eIF4G (F ) following pretreatment of DRG cultures with rapamycin (Rap,
500 nM) for 30 min and subsequent treatment with NGF (10 ng/ml) for 15 min. *p � 0.05, **p � 0.01.
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et al., 2008). NGF-induced (15 min treatment) phosphorylation
of 4EBP (Fig. 2D), mTOR (Fig. 2E), and eIF4G (Fig. 2F) was
blocked by the mTOR inhibitor rapamycin (500 nM, 30 min pre-
treatment) in sensory neurons. While there was a nonsignificant
trend toward increased mTOR phosphorylation with NGF in the
presence of rapamycin, signaling to downstream targets (eIF4G
and 4EBP) was completely abrogated by rapamycin treatment.
Therefore, these data indicate that NGF is a potent activator of
signaling through the mTOR pathway to cap-dependent transla-
tional machinery in adult DRG and TG neurons.

Cotreatment with IL-6 and NGF signal to the eIF4F complex
through the ERK and mTOR pathways
We have demonstrated that IL-6 signals through the MEK/ERK/
Mnk1 pathway to eIF4E and NGF signals through the mTOR
pathway to eIF4G and 4EBP. All of the preceding phosphoryla-
tion events enhance formation of the eIF4F complex and increase
cap-dependent translation. Given that IL-6 and NGF are both
upregulated in neuropathic and inflammatory pain conditions,
we assessed whether cotreatment (15 min) with IL-6 (50 ng/ml)
and NGF (10 ng/ml) would simultaneously activate ERK and
mTOR signaling to the cap-dependent translational machinery
(Fig. 3A). Cotreatment of DRG cultures with IL-6 (50 ng/ml) and

NGF (10 ng/ml) for 15 min led to a significant increase in the
phosphorylation of ERK (vehicle 100 � 45% and IL-6 � NGF
242 � 28%), eIF4E (vehicle 100 � 5% and IL-6 � NGF 124 �
7%), AKT (vehicle 100 � 17% and IL-6 � NGF 339 � 28%),
mTOR (vehicle 100 � 12% and IL-6 � NGF 197 � 38%), 4EBP
(vehicle 100 � 4% and IL-6 � NGF 125 � 10%), and eIF4G
(vehicle 100 � 19% and IL-6 � NGF 170 � 18%) (Fig. 3A). Thus,
combined treatment with IL-6 and NGF engages signaling
through the ERK and mTOR pathways, leading to convergence
onto the primary components responsible for control of cap-
dependent translation.

IL-6 and NGF induce assembly of eIF4F complex
The biochemical changes induced by IL-6 and NGF observed
above predict that there would be enhanced formation of the
mRNA 5�-cap complex eIF4F, leading to increased cap-de-
pendent translation. To provide direct evidence for increased
formation of eIF4F complex, we used 7-methyl-GTP-coated
Sepharose beads to coprecipitate the proteins that are bound to
7-methyl-GTP following IL-6 and NGF cotreatment (Fig. 3B).
Western blot analysis of the proteins coprecipitated with the
7-methyl-GTP-conjugated Sepharose beads revealed that there is
an increased association of eIF4G (for DRG: vehicle 100 � 9%

Figure 3. Cotreatment with IL-6 and NGF signal through both ERK and mTOR pathways to stabilize the formation of eIF4F complex and dissociate 4EBP from eIF4E. A, Western blots and
quantification for p-ERK, total ERK, p-eIF4E, total eIF4E, p-4EBP, total 4EBP, p-AKT, total AKT, p-mTOR, total mTOR, p-eIF4G, and total eIF4G following 15 min of treatment of DRG cultures with IL-6
(50 ng/ml) and NGF (10 ng/ml). B, A schematic diagram demonstrating that, in vehicle conditions (left panel), 7-methyl-GTP-conjugated Sepharose beads are associated with both the positive and
negative regulators of cap-dependent translation, eIF4F (eIF4E, eIF4A, and eIF4G) and 4EBP, respectively. After cotreatment with IL-6 and NGF (right panel) the balance shifts toward the assembly
of the eIF4F complex on the Sepharose beads. C, Western blots of eIF4G, eIF4A, 4EBP, and eIF4E following treatment of DRG neurons with IL-6 (50 ng/ml) and NGF (10 ng/ml) and coprecipitation with
7-methyl-GTP-conjugated Sepharose beads or control Sepharose beads. D, Western blots of eIF4G, eIF4A, 4EBP, and eIF4E following treatment of TG neurons with IL-6 (50 ng/ml) and NGF (10 ng/ml)
and coprecipitation with 7-methyl-GTP-conjugated Sepharose beads or control Sepharose beads. E, eIF4G, eIF4A, and 4EBP coprecipitation from DRG were standardized relative to the levels of
eIF4E and shown as percentage of vehicle. F, eIF4G, eIF4A, and 4EBP coprecipitation from TG were standardized relative to the levels of eIF4E and shown as percentage of vehicle. Cotreatment with
IL-6 and NGF increased the association eIF4E to eIF4G and eIF4A while decreasing its association with 4EBP in both DRG and TG neurons. *p � 0.05.
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and IL-6 � NGF 160 � 20%) and eIF4A (for DRG: vehicle 100 �
15% and IL-6 � NGF 174 � 32%) following cotreatment of DRG
(Fig. 3C,E) and TG neurons (Fig. 3D,F) with IL-6 (50 ng/ml) and
NGF (10 ng/ml) for 15 min. Moreover cotreatment resulted in
decreased coprecipitation of 4EBP (for DRG: vehicle 100 � 15%
and IL-6 � NGF 57 � 11%), which is the negative regulator of the
cap complex formation and cap-dependent translation, in DRG
(Fig. 3C,E) and TG (Fig. 3D,F) neurons. These data provide
direct evidence for enhanced formation of the eIF4F complex
following cotreatment of primary sensory neurons with the IL-6
and NGF.

IL-6 and NGF increase nascent protein synthesis
Increased formation of the eIF4F complex on the 7-methyl-GTP
cap of mRNA suggests increased protein synthesis through cap-
dependent translation. To directly determine the effects of IL-6
and/or NGF on translation of nascent proteins, we used the me-
thionine analog AHA to label the newly translated proteins in
DRG neurons cultured in 96-well plates. By using click chemistry,
these AHA-incorporating nascent proteins were then labeled
with a fluorescent dye (Alexa 488) conjugated to an alkyne group
(Dieterich et al., 2006, 2007). The fluorescence intensity was de-
termined with a fluorimeter where the increased conjugation of
the fluorescent dye to the proteins indicates increased protein
synthesis (Fig. 4A). Treatment of DRG neurons in culture with
IL-6 (50 ng/ml) and/or NGF (10 ng/ml) for 30 min results in
significant increase (vehicle 100 � 38%, NGF 501 � 36%, IL-6
321 � 54%, and IL-6 � NGF 562 � 85%) in nascent protein
synthesis (Fig. 4B). We did not observe an additive effect with
combined IL-6 and NGF treatment. The reasons for this are not
clear but could be related to limitations of the present assay or,
alternatively, might indicate that signaling through either path-
way is sufficient to maximally engage protein synthesis over the
time course examined here. The increase in protein synthesis was
partially blocked by 30 min pretreatment with U0126 (1 �M).
Pretreatment with anisomycin (50 �M) or rapamycin (500 nM)
(with or without U0126, 1 �M) for 30 min (rapamycin 105 �
53%, U0126 329 � 33%, rapamycin � U0126 150 � 28%, and
anisomycin 206 � 48%) blocked IL-6- and NGF-induced in-
creases in nascent protein synthesis (Fig. 4B). To determine
whether direct interference with eIF4F formation would block
IL-6 � NGF-dependent protein synthesis, we used 4EGI1, a small
molecule demonstrated to interrupt eIF4E/eIF4G binding
through either stabilization of 4EBP binding to eIF4E or molec-
ularly mimicking this interaction (Moerke et al., 2007). For this
assay, we used conventional Western blotting to serve as a control
for AHA incorporation in the 96-well plate format assay. Pre-
treatment with 4EGI1 (20 �M) for 15 min and cotreatment with
IL-6 (50 ng/ml) and NGF (10 ng/ml) for 30 min (vehicle 100 � 7,
4EGI1 � IL-6 � NGF 108 � 26, and IL-6 � NGF 204 � 29)
blocked the IL-6- and NGF-induced AHA incorporation (Fig.
4C). Together, these results indicate that IL-6 and NGF signal
through the ERK and mTOR pathways, respectively, to enhance
eIF4F assembly, thus increasing nascent, cap-dependent transla-
tion in primary sensory neurons.

In acute and chronic pain conditions, changes in IL-6 and
NGF expression are observed within the ganglia (Lee et al., 1998;
Vardanyan et al., 2010), but the most profound changes are
found at distal sites (e.g., painful skin areas or at the site of nerve
injury) from the DRG or TG (Lewin et al., 1994; Woolf et al.,
1994; Bolin et al., 1995; Anderson and Rao, 2001; Ji et al., 2002;
Banik et al., 2005; Clark et al., 2007). This suggests that these
mediators may lead to local changes in nociceptor sensitivity re-

Figure 4. IL-6 and NGF induce cap-dependent translation of nascent proteins in primary
sensory neurons by activating ERK and mTOR pathways. A, A schematic diagram illustrating the
experimental procedure. B, DRG neurons pretreated with rapamycin (500 nM, Rap), U0126 (10
�M), and anisomycin (50 �M, Anis) for 30 min followed by treatment with vehicle, IL-6 (50
ng/ml), and/or NGF (10 ng/ml) with and without inhibitors for 30 min. Fluorescence units were
reported as percentage of vehicle. Treatment with IL-6 and/or NGF increases the incorporation
of AHA, indicative of increased nascent protein synthesis, and this effect was inhibited by mTOR
(rapamycin), MEK (U0126), and general protein synthesis (anisomycin) inhibitors. C, Western
blot and quantification of primary sensory neurons in culture pretreated with vehicle or the
inhibitor of eIF4F complex formation, 4EGI1 (20 �M), for 30 min followed by treatment with
vehicle or IL-6 (50 ng/ml) and NGF (10 ng/ml) in AHA-containing media 30 min. *p � 0.05,
***p � 0.001.
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sulting from an IL-6- and NGF-induced enhancement of trans-
lational control of gene expression in the axons of primary
sensory neurons. To test this, we used confocal microcopy to
visualize the colocalization of AHA incorporation in sensory
neuron axons following treatment with IL-6 and NGF with mark-
ers for primary sensory neurons (NFH � peripherin). ICA of the
pair (AHA incorporation and neuronal markers) of micrographs,
with somas excluded, demonstrated an increased PDM value in
the axons of neurons treated with IL-6 and NGF. This effect was
blocked by pretreatment (15 min) and subsequent cotreatment
(30 min) with anisomycin and rapamycin (Fig. 5A). The range of

color-coded PDM values is shown next to
scale bars in Figure 5A. More positive
PDM values (e.g., 0.69 maximum PDM
with IL-6 and NGF) indicate greater in-
tensity of AHA incorporation along axons
colabeled with NFH and peripherin. ICQ
values were derived from the ICA analysis,
and in every treatment group, the values
were positive, indicating that AHA colo-
calized with the neuronal markers in the
axons (Fig. 5B). Moreover, we observed a
significant increase in the ICQ values of
the cultures that were treated with IL-6
and NGF relative to vehicle and groups
cotreated with anisomycin or rapamycin
(vehicle 0.29 � 0.008, anisomycin � IL-
6 � NGF 0.28 � 0.014, rapamycin � IL-
6 � NGF 0.29 � 0.012, and IL-6 � NGF
0.33 � 0.004). This finding supports the
hypothesis that IL-6 and NGF regulate lo-
cal changes in translation in the axons of
sensory neurons. Similar to results ob-
tained in a 96-well plate format, when
soma and axons were used in the analysis,
there was also a significant increase in ICQ
values in IL-6- and NGF-treated cultures
(Fig. 5C). This indicates that enhanced
nascent protein synthesis observed in the
high-throughput format (Fig. 4B) as well
as in Western blots (Fig. 4C) is of a neuro-
nal origin.

While increased AHA labeling in the
axons of sensory neurons strongly sug-
gests enhanced translation in the axonal
compartment upon IL-6 and NGF expo-
sure, it is possible that transport of newly
synthesized proteins from the soma also
contributes to this effect. We predicted
that if anterograde transport contributes
significantly to the axonal presence of
AHA, then a gradient of AHA incorpora-
tion should be observed from the proxi-
mal axon (higher ICQ values) to more
distal sites (lower ICQ values). In IL-6-
and NGF-treated samples, we observed no
difference in ICQ values (Fig. 5D) be-
tween proximal 10 �m lengths of axon (10
�m lengths directly adjacent to the soma)
and distal 10 �m lengths of axon (50 – 60
�m distal from the soma). The lack of a
gradient of newly synthesized proteins in
the axons of sensory neurons after IL-6

and NGF exposure supports the conclusion that local, axonal
protein synthesis is induced by IL-6 and NGF.

IL-6- and IL-6 � NGF-induced allodynia is
translation dependent
To determine whether IL-6- and NGF-induced regulation of cap-
dependent translation plays a role in local nociceptive plasticity,
we assessed whether locally applied inhibitors of translation
would attenuate mechanical allodynia produced by these media-
tors. Intraplantar injection of IL-6 (0.1 ng) induced a profound
mechanical allodynia that lasted at least 48 h. Coinjection with

Figure 5. IL-6 and NGF induce cap-dependent translation of nascent proteins in the axons of primary sensory neurons. A,
Representative micrographs of intensity correlation analysis of fluorescently labeled AHA with neuronal markers (NF200 and
peripherin). Neurons in cultures were treated with vehicle or with IL-6 (50 ng/ml) and NGF (10 ng/ml) with or without anisomycin
(50 �M) or rapamycin (500 nM) pretreatment (30 min) and cotreatment. PDM values were used to generate an image that
visualizes the extent of colocalization of AHA with NFH/peripherin in the axons (PDM Values panel). Intensity correlation analysis
that excluded the cell bodies of the neurons resulted in higher PDM values with IL-6 and NGF treatment than in the vehicle group.
PDM values are shown on the color bar on the far right. While the color bar scales are equivalent for all images, PDM values show
the range of PDMs within that scale. Higher PDM values indicate higher intensity of colocalization between neuronal markers and
AHA incorporation (more nascent protein synthesis). This increase was inhibited with anisomycin and rapamycin. High-
magnification images of individual axons are shown on the far right (Axon). B, ICQ of fluorescently labeled AHA with neuronal
markers (NF200 and peripherin) in axons quantified by ICA. Treatment with IL-6 (50 ng/ml) and NGF (10 ng/ml) results in a
signification increase in the ICQ value in axons of primary sensory neurons in culture relative to the vehicle group. This increase was
blocked with anisomycin (Anis) and rapamycin (Rap). C, ICQ analysis of the entire image (axons not excluded) showing that there
is also an increase in nascent protein synthesis with IL-6 and NGF when axons and somas are considered. D, Analysis of proximal
(adjacent to soma to 10 �m distal—Adjacent) versus distal (50 – 60 �m from the soma—�50 �m Away) axon segments from
IL-6- and NGF-treated cultures showing that the distribution of ICQ values are equivalent regardless of distance from the soma. *p�0.05.
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anisomycin [25 �g (Jiménez-Díaz et al., 2008)] attenuated this
IL-6-induced allodynia (Fig. 6A), suggesting that local transla-
tion of proteins in the axons of sensory neurons mediates IL-6-
induced nociceptive plasticity. We have demonstrated that IL-6
signals to the cap-dependent translational machinery through
the ERK/Mnk1/eIF4E pathway. Hence, we assessed whether local
ERK inhibition abrogated IL-6-mediated allodynia. Coinjection
of IL-6 (0.1 ng) with U0126 (10 �g) resulted in the attenuation of
IL-6-induced allodynia (Fig. 6B). The groups that received
U0126 (regardless of IL-6 cotreatment) demonstrated an acute
reduction of withdrawal thresholds that returned to baseline lev-
els by 24 h. The reasons for this intrinsic effect of MEK inhibition
are not clear. Cap-dependent translation requires stabilization of
eIF4F cap complex. To verify that IL-6-induced allodynia is
dependent on the stable interaction of eIF4G with eIF4E, we coin-
jected 4EGI1 with IL-6. This treatment resulted in a dose-
dependent attenuation of IL-6-mediated mechanical allodynia
(Fig. 6C,D). Therefore, disruption of general translation (aniso-
mycin), blockade of ERK signaling (U0126), and destabilization

of eIF4F complex formation (4EGI1) all attenuate IL-6-induced
mechanical allodynia. Because IL-6-mediated nociceptive plas-
ticity is dependent on direct actions of IL-6 on sensory nerves
(Dina et al., 2008; Andratsch et al., 2009), we conclude that IL-6
controls mechanical nociceptive plasticity via cap-dependent
translation mechanisms in the peripheral endings of sensory
neurons.

Given that we have shown that IL-6 and NGF signaling con-
verge onto the eIF4F complex to induce cap-dependent transla-
tion, we explored whether allodynia elicited by the coinjection of
these algogens is dependent on eIF4F complex formation. Be-
cause 4EGI-1 is capable of blocking eIF4F complex formation
regardless of pathway activation, this pharmacological tool is
ideal for testing whether IL-6 and NGF require eIF4F complex
formation to induce allodynia. Coinjection of IL-6 (0.1 ng) with
NGF at two different doses induced mechanical allodynia that
lasted for at least 24 h with 0.02 ng of NGF (dose chosen based on
mixed dose ratios from in vitro experiments) and for 48 h with 50
ng of NGF (Amaya et al., 2006) (Fig. 6E,F). For both dose ratios
of IL-6 and NGF, mechanical allodynia was completely blocked
by coinjection of 4EGI1 (25 �g). At the higher dose of NGF (50
ng), NGF-mediated ERK activation may also be expected to oc-
cur as we observed ERK activation with higher doses of NGF in
vitro (Fig. 2C). This finding supports the hypothesis that the gen-
eration of IL-6 and NGF-mediated mechanical allodynia requires
local formation of the eIF4F complex.

While the behavioral pharmacology results above support the
notion that IL-6 and IL-6 and NGF promote mechanical hyper-
sensitivity through translation-dependent mechanisms, it is not
clear whether this occurs via the translation of preexisting pools
of mRNA. To assess this directly, we coinjected IL-6 (0.1 ng) with
the transcription inhibitor actinomycin D [300 ng (Ferreira et al.,
2008)]. Actinomycin D had no effect on IL-6-induced allodynia
at any time point (Fig. 6G). This supports the conclusion that
allodynia induced by IL-6 and NGF is dependent on the transla-
tion of preexisting pools of mRNA, likely present in the axons of
sensory nerve fibers.

Discussion
The important role of translation regulation in synaptic plasticity
has led to the recognition of translation control as a critical factor
for learning and memory (Costa-Mattioli et al., 2009). In the area
of nociceptive plasticity, multiple lines of evidence suggest that
translation control at the level of the primary afferent neuron is
crucial for the establishment and maintenance of enhanced pain
states (Price and Géranton, 2009). Local hindpaw injection of the
mTOR inhibitor rapamycin reduces formalin-induced pain
(Price et al., 2007). Group I mGluR-mediated thermal hyperal-
gesia fails to develop in mice lacking the RNA-binding and trans-
lation regulating protein, fragile X mental retardation protein
[FMRP (Price et al., 2007)]. Rapamycin treatment reduces
injury-induced changes in nociceptive hypersensitivity by acting
on both peripheral terminals (Jiménez-Díaz et al., 2008) and the
central projections of sensory afferents (Géranton et al., 2009).
Furthermore, sustained mTOR activity is required to maintain
the mechanical sensitivity of a subset of primary afferent fibers
(Jiménez-Díaz et al., 2008). Finally, nerve injury induces a re-
distribution of Nav1.8 mRNA to the axons of sensory neurons
(Thakor et al., 2009), suggesting that local translation of Nav1.8
may contribute to hyperexcitability of sensory neurons following
injury. Together, these findings make a clear case for the im-
portance of translation control in pain plasticity (Price and
Géranton, 2009); however, a critical gap in knowledge exists, as

Figure 6. Intraplantar injection of IL-6 or coinjection of IL-6 and NGF into the hindpaw of
mice induces long-lasting mechanical allodynia blocked by cotreatment with anisomycin,
U0126, or 4EGI1. Mechanical thresholds were measured at the indicated time points before and
after intraplantar injection (indicated by downward arrows). A, IL-6 (0.1 ng) induced a signifi-
cant decrease in withdrawal thresholds that was blocked by coinjection of the general protein
synthesis inhibitor anisomycin (25 �g). B, IL-6 (0.1 ng)-induced decreases in withdrawal
thresholds were blocked by coinjection of the MEK inhibitor U0126 (10 �g). C, D, IL-6 (0.1
ng)-mediated allodynia was blocked with the inhibitor of eIF4F complex formation, 4EGI1 (2.5,
10, and 25 �g) in a dose-dependent manner. E, F, Coinjection of IL-6 (0.1 ng) and NGF [0.02 (E)
and 50 (F ) ng] resulted in a significant decrease in the mechanical thresholds at the indicated
time points, and these effects were blocked by coinjection of 4EGI1 (25 �g). G, Coinjection of
the transcription inhibitor actinomycin D (300 ng) had no effect on IL-6 (0.1 ng)-mediated
allodynia. *p � 0.05, **p � 0.01, ***p � 0.001.
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the factors involved in regulating translational activity in these
neurons in association with pain states are completely unknown.
Hence, the major finding of the present work is the identification
of two such factors, IL-6 and NGF. Since these are both well
known sensitizers of nociceptors (Murphy et al., 1999b; Pezet and
McMahon, 2006; Dina et al., 2008; Andratsch et al., 2009), the
present findings tie our emerging understanding of the role of
translation control in nociceptive plasticity to definitive molecu-
lar mechanisms responsible for modulating these pathways and
broaden our knowledge of the mechanisms of action of IL-6 and
NGF in regulating nociceptive plasticity.

IL-6 binds to IL-6R (gp80), which exists as either soluble or
transmembrane protein, forming a composite ligand capable of
binding to gp130, which is the signal-transducing component of
the IL-6/IL-6R/gp130 complex. Similar to other cytokines, IL-6/
IL-6R/gp130 recruits JAKs, leading to the activation of STATs
(Boulanger et al., 2003; Kamimura et al., 2003). The ERK path-
way, an established mediator of nociceptive potentiation (Karim
et al., 2001; Obata et al., 2004a,b; Ji et al., 2009; Stamboulian et al.,
2010), also mediates the actions of IL-6. Given that many pathol-
ogies associated with pain involve an increase in IL-6 levels (Bolin
et al., 1995; Murphy et al., 1999b; Anderson and Rao, 2001; Clark
et al., 2007; Nishimoto et al., 2009) and that pathological pain
states depend on IL-6 receptor expression in sensory neurons
(Andratsch et al., 2009), we assessed the ability of IL-6 to signal to
the translational machinery in DRG and TG neurons. We show
that treatment with IL-6 leads to the phosphorylation of eIF4E via
MEK and Mnk1 and increased nascent protein synthesis. Hence,
our experiments show that IL-6 signals to the translational ma-
chinery in primary afferents, leading to enhanced cap-dependent
translation by activating the ERK/Mnk1/eIF4E pathway (Fig. 7).

Furthermore, we have demonstrated that
IL-6-mediated, mechanical nociceptive
plasticity is crucially dependent on this
pathway, as it is blocked by inhibition of
ERK and/or eIF4F complex formation.
Together, these findings demonstrate that
IL-6 controls translation in sensory neurons
and that IL-6-mediated events leading to
mechanical allodynia require nascent pro-
tein synthesis.

NGF-mediated effects are central to
inflammatory, surgical, visceral, and neu-
ropathic pain (Lewin et al., 1994; Woolf et
al., 1994; McMahon et al., 1995; Anderson
and Rao, 2001; Banik et al., 2005; Wild et
al., 2007). The canonical NGF signal
transduction pathway commences at the
trkA receptor, activating PI3 kinase and
AKT (Kimpinski and Mearow, 2001). We
also demonstrate that this pathway acti-
vates mTOR in DRG and TG neurons
through phosphorylation of serine 2448, a
site directly phosphorylated by AKT
(Navé et al., 1999). In addition to stimu-
lation of AKT/mTOR, NGF is known to
stimulate ERK in DRG neurons (Obata et
al., 2003; Zhuang et al., 2004), which we
also observed, albeit at higher doses.
Hence, our findings demonstrate that
NGF’s most potent activity in primary af-
ferents is via the AKT/mTOR pathway.
Activation of mTOR inhibits the negative

regulator of translation, 4EBP, and activates a key component of
the eIF4F complex, eIF4G (Sonenberg and Hinnebusch, 2009).
As with IL-6, treatment of DRG neurons with NGF was sufficient
to enhance nascent protein synthesis in these neurons. Therefore,
NGF is a key regulator of translation regulation in primary affer-
ent neurons via stimulation of the mTOR pathway (Fig. 7). Sus-
tained mTOR activity is required to maintain the sensitivity of a
subset of nociceptive A-type fibers (Jiménez-Díaz et al., 2008;
Géranton et al., 2009). Because NGF is important for regulating
nociceptor function across developmental stages (Pezet and
McMahon, 2006), it is possible that constitutive NGF-dependent
maintenance of mTOR activity underlies this effect.

Cotreatment of primary afferent neurons with IL-6 and NGF
results in the activation of both ERK and mTOR pathways. We
provide direct evidence that eIF4F complex assembly rapidly re-
sults from cotreatment with IL-6 and NGF. Formation of the
eIF4F complex leads to nascent protein synthesis in these neurons
as demonstrated by Western blotting and via a high-throughput
compatible, fluorescence-based assay. Importantly, using confo-
cal microscopy and ICA, our data support the conclusion that
NGF and IL-6 stimulate nascent protein synthesis in the axons of
sensory neurons. These data suggest that IL-6- and NGF-induced
cap-dependent translation in adult primary sensory neurons may
also occur in the axons of these afferents in vivo, providing a
mechanistic rationale for local changes in translational control of
gene expression in conditions where NGF and IL-6 are increased
at peripheral sites. This observation is consistent with NGF-
mediated CREB translation in the axons of embryonic DRG neu-
rons (Cox et al., 2008) and the effects of NGF on RNA trafficking
into the axons of DRG neurons with a preconditioning crush
lesion (Willis et al., 2005).

Figure 7. Schematic summarizing the present findings. IL-6 signals through the MEK/ERK/Mnk pathway to phosphorylate the
cap-binding protein eIF4E. NGF signals primarily through the PI3 kinase/AKT/mTOR pathway to phosphorylate both 4EBP and
eIF4G. Phosphorylation of 4EBP, which is a negative regulator of eIF4F complex formation, results in its dissociation from eIF4E,
thus allowing the binding of eIF4E to eIF4G to occur. Phosphorylation of eIF4E and eIF4G enhances the formation of the eIF4F
cap-binding complex. The outcome of IL-6- and NGF-mediated eIF4F cap complex formation is the enhancement of cap-dependent
translation, leading to rapid changes in translational control of gene expression in sensory neurons, and this effect is linked to
mechanical allodynia evoked by these algogens.
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Although IL-6 and NGF are known to sensitize the thermal
sensitivity of nociceptors through posttranslational modification
of ion channels (Chuang et al., 2001; Ji et al., 2002; Obreja et al.,
2005), mechanisms underlying mechanical sensitization by these
factors have remained enigmatic. We show that IL-6 and NGF-
mediated mechanical allodynia is completely blocked by inhibi-
tion of eIF4F complex formation with 4EGI1. While we cannot
exclude the possibility that protein synthesis in non-neuronal
cells contributes to this effect, two points support the hypothesis
that convergent signaling to eIF4F in the axons of sensory neu-
rons is critical for nociceptive sensitization: (1) we found strong
evidence for IL-6- and NGF-induced nascent protein synthesis in
the axons of these neurons in vitro, and (2) IL-6-mediated
nociceptive sensitization requires gp130 expression in sensory
afferents (Dina et al., 2008; Andratsch et al., 2009), ruling out
effects on other local cell types in the skin to IL-6-mediated
allodynia. Moreover, since IL-6-induced allodynia was not
blocked by local injection of transcription inhibitors, it is
likely that these translation events are dependent on preexist-
ing pools of mRNAs. Hence, our findings support a novel and
rapid mechanism of action for IL-6 and NGF on sensory neu-
rons: enhanced cap-dependent translation leading to pro-
longed mechanical hypersensitivity.

In conclusion, we have elucidated specific mechanisms
through which the pain promoting compounds IL-6 and NGF
control translation in primary sensory neurons. Our findings
point toward a model in which the injury-induced release of IL-6
and/or NGF alters local gene expression via cap-dependent trans-
lation, leading to sustained changes in the mechanical sensitivity
of primary afferent neurons. This model suggests a therapeutic
framework in which pathological changes in translational control
of gene expression accompanying the development of pain con-
ditions might be controlled with specific inhibitors of cap-
dependent translation.
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