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Abstract

Background and Purpose: Translational controls pervade neurobiology. Nociceptors play 

an integral role in the detection and propagation of pain signals. Nociceptors can undergo 

persistent changes in their intrinsic excitability. Pharmacological disruption of nascent protein 

synthesis diminishes acute and chronic forms of pain-associated behaviours. However, the targets 

of translational controls that facilitate plasticity in nociceptors are unclear.

Experimental Approach: We used ribosome profiling to probe the translational landscape in 

dorsal root ganglion (DRG) neurons from male Swiss-Webster mice, after treatment with nerve 

growth factor and IL-6. Expression dynamics of c-Fos were followed with immunoblotting and 

immunohistochemistry. The involvement of ribosomal protein S6 kinase 1 (S6K1), a downstream 

component of mTOR signalling, in the control of c-Fos levels was assessed with low MW 

inhibitors of S6K1 (DG2) or c-Fos (T-5224), studying their effects on nociceptor activity in vitro 

using multielectrode arrays (MEAs) and pain behaviour in vivo in Swiss-Webster mice using the 

hyperalgesic priming model.
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Key Results: c-Fos was expressed in sensory neurons. Inflammatory mediators that promote 

pain in both humans and rodents promote c-Fos translation. The mTOR effector S6K1 is essential 

for c-Fos biosynthesis. Inhibition of S6K1 or c-Fos with low MW compounds diminished 

mechanical and thermal hypersensitivity in response to inflammatory cues. Additionally, both 

inhibitors reduced evoked nociceptor activity.

Conclusion and implications: Our data show a novel role of S6K1 in modulating the rapid 

response to inflammatory mediators, with c-Fos being one key downstream target. Targeting the 

S6 kinase pathway or c-Fos is an exciting new avenue for pain-modulating compounds.
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1 ∣ INTRODUCTION

Translation is meticulously controlled. The m7G cap found ubiquitously on mRNA is bound 

by the eukaryotic initiation factor 4E (eIF4E) (Yanagiya et al., 2012). eIF4E initiates 

translation initiation through the recruitment of the scaffolding protein eIF4G and the 

helicase eIF4A. This protein complex, termed eIF4F, interacts with the Poly(A)-binding 

protein to stimulate the recruitment of the small ribosomal subunit. eIF4E is the least 

abundant component of the eIF4F complex and is subject to multifaceted levels of post-

translational regulation. For example, the mammalian target of rapamycin (mTOR) kinase 

phosphorylates and inactivates eIF4E-binding proteins (4EBPs) (Alain et al., 2012). 4EBPs 

bind to eIF4E, leading to its sequestration. Phosphorylation by mTOR results in increased 

eIF4E availability and promotes activity-dependent translation. mTOR controls additional 

factors that govern translation, notably the S6 kinases (S6Ks).

S6K1 and S6K2 are key effectors of mTORC1. They control numerous factors including 

eukaryotic elongation factor 2 kinase (eEF2K), the ribosomal protein S6, eukaryotic 

initiation factor 4B (eIF4B) and insulin receptor substrate 1 (IRS-1). eIF4B stimulates 

the helicase activity of eukaryotic initiation factor 4A (eIF4A) and plays a key role in 

initiation by recruiting of the small ribosomal subunit to mRNA (Sonenberg & Hinnebusch, 

2009). eEF2K controls translation elongation as it phosphorylates and inactivates eukaryotic 

elongation factor 2 (eEF2) (Browne & Proud, 2002; Ryazanov et al., 1988). S6 is a 

component of the 40S ribosome and is rapidly phosphorylated in response to mitogens, 

translational inhibition and nutrient availability (Gressner & Wool, 1974; Krieg et al., 1988; 

Ruvinsky & Meyuhas, 2006; Wool et al., 1995). S6 was the first S6K target to be identified 

and is commonly used as a marker for mTOR activity (Knight et al., 2012; Mahoney et 

al., 2009; Meyuhas, 2015). S6 phosphorylation is increased in the hippocampus during 

long-term potentiation (Antion, Merhav, et al., 2008). Additionally, application of the mGlu1 

receptor agonist dihydroxyphenylhydrazine (DHPG) to hippocampal slices increases S6 

phosphorylation (Antion, Hou, et al., 2008). However, the role of S6Ks in pain is far less 

clear. Genetic ablation of S6Ks throughout development results in increased mechanical 

sensitivity under baseline conditions (Melemedjian et al., 2013). Rapamycin analogues that 

target mTORC1 are thought to drive pain through an IRS-1-mediated stimulation of the 

extracellular signal-regulated kinases (ERK). A major goal of the current work is clarifying 
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the role of S6Ks in preferential translation in dorsal root ganglion (DRG) neurons and in 

nociceptive behavioural responses following acute inhibition in adult animals.

Noxious cues that promote pain in humans and rodents can affect translation (Melemedjian 

et al., 2010). For example, the cytokine IL-6 activates mitogen-activated protein 

kinase (MAPK)-interacting kinases (MNK1/2 referred to as MNKs), increasing eIF4E 

phosphorylation (Melemedjian et al., 2010; Melemedjian et al., 2014). Inhibition of MNKs 

with cercosporamide or genetic elimination of eIF4E phosphorylation attenuates mechanical 

hypersensitivity evoked by IL-6 (Moy et al., 2017). Similarly, a blockade of MNKs with 

eFT-508 interferes with the sensitization of nociceptors by IL-6 (Jeevakumar et al., 2020). A 

second inflammatory mediator, nerve growth factor (NGF), stimulates mTOR and increases 

nascent protein synthesis (Melemedjian et al., 2010). Both inflammatory mediators produce 

long-lasting hyperalgesia (Dina et al., 2008; Lewin et al., 1994; Oka et al., 1995; Rukwied 

et al., 2010). Neutralization of either NGF or IL-6 is therapeutically useful in humans 

(Cattaneo, 2010; Nishimoto et al., 2009). A broad array of protein synthesis inhibitors 

that target translation initiation disrupts hyperalgesic priming by NGF and IL-6 (Barragan-

Iglesias et al., 2018; Melemedjian et al., 2010; Moy et al., 2017). Only now is the repertoire 

of mRNAs subject to selective translation becoming clear. Much work remains to be done 

in order to understand how batteries of transcripts are subject to coordinate control on a 

post-transcriptional basis and how these controls contribute to pain.

Immediate-early genes (IEGs) are rapidly induced in response to a range of stimuli, 

including neuronal activity (Minatohara et al., 2015). IEGs serve critical roles in bridging 

extracellular stimuli to intracellular responses (Morgan & Curran, 1991) and a prime 

example of these IEGs is c-Fos. It was among the first transcription factors identified 

as being responsive to neuronal activity (Hunt et al., 1987; Morgan et al., 1987; Sagar 

et al., 1988). Mechanistically, c-Fos forms heterodimers with Jun to generate the AP-1 

transcription factor (Chiu et al., 1988). cAMP and Ca2+ stimulate c-Fos production 

potentially through activation of CREB (Gandolfi et al., 2017). c-Fos is used as a 

marker of neuronal activity in a wide range of contexts. For example, in one class of 

GABAergic interneuron in the olfactory system, odours promote c-Fos expression in an 

mTOR-dependent manner (Liu et al., 2018). c-Fos is induced by neuronal activity in the 

CNS (Sagar et al., 1988). Furthermore, an array of noxious cues promotes c-Fos expression 

in the spinal cord (Avelino et al., 1997; Buritova et al., 1997; Hunt et al., 1987). c-Fos has 

been detected in nociceptors and is thought to be selectively imported into the nucleus in 

support of neuropathic pain (Marvaldi et al., 2020). Yet the mechanisms that govern c-Fos 

production in DRG neurons remain unclear.

We previously applied ribosome profiling to DRG neurons isolated from adult mice 

(Barragan-Iglesias et al., 2020). We examined translation 20 min after the addition of 

NGF and IL-6. We identified just over 200 mRNAs that display an increase in translation. 

Here, we have examined the mechanistic basis of the increases in translation triggered 

by inflammatory mediators. We found that S6 phosphorylation was induced by NGF 

and IL-6 contemporaneously with the translation of c-Fos. Blockade of S6K1 with the 

low MW inhibitor DG2 (Okuzumi et al., 2009) prevented induced translation of c-Fos 

and nociceptor sensitization. In parallel, we examined the effects of c-Fos inhibition on 
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nociceptor excitability. Blockade of c-Fos by T-52224 (Makino et al., 2017) diminished 

excitability by NGF and IL-6 in vitro. Lastly, we demonstrated that inhibition of either S6K1 

or c-Fos attenuated mechanical and thermal sensitivity induced by NGF and IL-6 in vivo.

2 ∣ METHODS

2.1 ∣ Animals

All animal care and experimental procedures were approved by the Institutional Animal 

Care and Use Committee at The University of Texas at Dallas and were in accordance 

with International Association for the Study of Pain guidelines. Animal studies are reported 

in compliance with the ARRIVE guidelines (Percie du Sert et al., 2020) and with the 

recommendations made by the British Journal of Pharmacology (Lilley et al., 2020).

Male Swiss Webster (SW) mice (IMSR Cat# TAC:sw, RRID: IMSR_TAC:sw), purchased 

from Taconic Bioscience, were used for both in vitro primary DRG cultures and in vivo 

behavioural experiments. Animals were housed in a humidity- and temperature-controlled 

vivarium with a 12-h light/dark cycle, with food and water available ad libitum.

2.2 ∣ Primary DRG culture

DRGs (C1-L5) from 4- to 6-week-old SW mice were harvested and stored in chilled 

Hanks' balanced salt solution (HBSS; Invitrogen). DRGs were enzymatically dissociated 

with collagenase A (1 mg·ml−1, Roche) for 25 min and collagenase D (1 mg·ml−1, Roche) 

with papain (30 U·ml−1, Roche) for 20 min at 37°C. DRGs were then triturated in a 1:1 

mixture of 1-mg·ml−1 trypsin inhibitor (Roche) and bovine serum albumin (BSA) (Thermo 

Fisher Scientific) and then filtered through a 70-μm cell strainer (Corning). Cells were 

pelleted and then resuspended in DRG culture media: DMEM/F12 with GlutaMAX (Thermo 

Fisher Scientific) containing 10% fetal bovine serum (FBS; Thermo Fisher Scientific), 1% 

penicillin and streptomycin and 3-μg·ml−1 5-fluorouridine with 7-μg·ml−1 uridine to inhibit 

mitosis of non-neuronal cells. Cells were plated according to the downstream application.

2.3 ∣ Ribosome profiling

DRG culture, library generation and sequencing were carried out as described previously 

(Barragan-Iglesias et al., 2020). Briefly, DRG cultures from 10 SW mice per replicate 

were treated with mouse NGF (20 ng·ml−1) and recombinant mouse IL-6 (50 ng·ml−1) for 

20 min, followed by emetine (50 μg·ml−1) and then lysed with a polysome lysis buffer. 

Ribosome-bound RNAs were isolated by MicroSpin S-400 columns (GE Healthcare), rRNA 

contaminants were removed using RiboCop rRNA depletion kit (Lexogen) and ribosome 

footprints were size selected (28–34 nt) by PAGE (Bio-Rad). Footprints were generated by 

SMARTer smRNA-Seq kit for Illumina (TaKaRa). RNA abundance was quantified using 

the Quantseq 3′ mRNA-Seq library kit (Lexogen). The concentrations of purified libraries 

were quantified using Qubit (Invitrogen), and the average size was determined by fragment 

analyser with high-sensitivity normal goat serum (NGS) fragment analysis kit (Advanced 

Analytical Technologies Inc.). Libraries were then sequenced on an Illumina NextSeq500 

sequencer using 75-bp single-end high-output reagents (Illumina).
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Sequencing data were subjected to quality check using FastQC 0.11.5 (Babraham 

Bioinformatics, RRID:SCR_014583). Adapters were subjected to trimming based on adapter 

sequences. Mapping was conducted with TopHat 2.1.1 (RRID:SCR_013035) with Bowtie 

2.2.9 (RRID:SCR_005476) to the mouse reference genome (NCBI reference assembly 

GRCm38.p4) and reference transcriptome (Gencode vM10, RRID:SCR_014966). Strand 

orientation was considered during the mapping process. Processed bam files were quantified 

for each gene using Cufflinks 2.2.1 (RRID:SCR_014597) with gencode.vM10 genome 

annotation. Read counts were not normalized by length by using the Cufflinks option—no–

length–correction. Relative abundance for the ith gene was determined by calculating TPM 

(transcripts per million) values. Finally, TPM values were normalized to the upper decile for 

each biological replicate, and udTPM (upper decile TPM) was used for analysis to provide 

uniform processing for samples with varying sequencing depth.

2.4 ∣ Single-cell data

Single-cell DRG sequencing data were generated based on published data (Usoskin et al., 

2015). For visualization, we used the Seurat package 2.2.1 (RRID:SCR_007322) (Butler et 

al., 2018; Linderman & Steinerberger, 2019).

2.5 ∣ Immunohistochemistry

DRG (L3-L5) sections were fixed in ice-cold 4% paraformaldehyde (PFA) in 1× TBS for 

1 h and then subsequently washed three times for 5 min each in 1× TBS. Slides were 

then incubated in a permeabilization solution made of TBS with 0.4% Triton X-100 (Sigma-

Aldrich) for 30 min and then were washed three times with TBS. Tissues were blocked for 

at least 2 h in 10% NGS (Atlanta Biologicals, Atlanta, GA, USA) and 1% BSA (Thermo 

Fisher Scientific) in TBS. Primary antibodies against c-Fos (1:20; Sigma, cat. # PC05, 

RRID:AB_564450), peripherin (1:1000; Novus, cat. # NBP1-05423, RRID:AB_1556333) 

and NeuN (1:1000; Synaptic Systems, cat. # 266 004, RRID:AB_2619988) were incubated 

overnight at 4°C. The next day, slides were washed with TBS, and then, appropriate 

secondary antibodies (Alexa Fluor, Invitrogen) were applied for 2 h. After additional 

washes, coverslips were mounted on slides with ProLong Gold antifade mountant 

(Invitrogen).

2.6 ∣ Immunocytochemistry

DRGs were cultured as described above and plated in eight-well chamber slides (Nunc 

Lab-Tek, Thermo Fisher Scientific). Cultures were fixed in ice-cold 4% PFA in 1× 

PBS for 20 min and then washed with PBS three times for 5 min each time. Cells 

were then permeabilized with 0.025% Triton X-100 (Sigma) in PBS containing 1% 

BSA for 30 min. After washes, slides were blocked by 10% NGS and 1% BSA in 

PBS for at least 1 h. Primary antibodies were used to detect the following proteins: 

c-Fos (1:20; Sigma, cat. # PC05, RRID:AB_564450), phospho-S6 (S235/236) (1:100; Cell 

Signaling Technology [CST], cat. # 4858, RRID:AB_916156), phospho-S6 (S240/244) 

(1:800; CST, cat. # 5364, RRID:AB_10694233), S6 ribosomal protein (1:200: CST, 

cat. # 2217, RRID:AB_331355) and peripherin (1:1000; Novus, cat. # NBP1-05423, 

RRID:AB_1556333). Primary antibodies were incubated at 4°C overnight. The next day, 
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appropriate secondary antibodies (Alexa Fluor, Invitrogen) were applied for 1 h. Following 

additional PBS washes, coverslips were mounted with ProLong Gold.

2.7 ∣ Image acquisition and analysis

All images were acquired using an FV-3000RS confocal microscope (Olympus). 

Immunohistochemistry (IHC) colocalization of c-Fos to peripherin and NeuN was calculated 

using ImageJ (RRID:SCR_003070) plug-in, JACoP, and represented as % of c-Fos-positive 

cells expressing markers (Bolte & Cordelières, 2006). Immunocytochemistry (ICC) images 

were quantified using the corrected total cell fluorescence (CTCF) method with the 

following formula: CTCF = Integrated density − (Area of selected cell × Mean fluorescence 

of background readings). To quantify cellular localization of c-Fos, DAPI and peripherin 

were used to identify the nucleus and cytoplasm, respectively. CTCF was then used to 

measure c-Fos signal intensity.

2.8 ∣ Protein immunoblotting

Primary DRGs from five mice were evenly distributed in a six-well plate coated with 

poly-D-lysine and maintained at 37°C in a humidified 95% air/5% CO2 incubator with 

fresh culture media replacement every other day. At 6 days in vitro (DIV), cells were 

treated with NGF (20 ng·ml−1) and IL-6 (50 ng·ml−1) for 20, 60 and 120 min. Cells were 

rinsed with chilled PBS then lysed in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 

mM EDTA, pH 8.0 and 1% Triton X-100) containing protease and phosphatase inhibitors 

(Sigma-Aldrich). Total protein was extracted by ultrasonication, and the supernatant was 

collected by centrifugation at 18,000 × g for 20 min at 4°C. Protein concentration was 

quantified using Pierce B.C.A. protein assay kit (Thermo Fisher Scientific). For each 

sample, 20 μg of protein in Laemmli buffer (Bio-Rad) was loaded and separated by 10% 

SDS-PAGE gels and then transferred to Immobilon-P membranes (Millipore). Membranes 

were washed in TBS with 0.05% Tween-20 (TBS-T) and blocked with 5% low-fat milk for 1 

h at room temperature. Primary antibodies were used to detect the following proteins: c-Fos 

(1:1000, CST, cat. # 2250), phospho-S6 (S235/236) (1:1000; CST, cat. # 4858), phospho-S6 

(S240/244) (1:1000; CST, cat. # 5364), S6 ribosomal protein (1:1000: CST, cat. # 2217) and 

GAPDH (1:10,000, CST, cat # 2118). Primary antibodies were incubated overnight at 4°C 

with gentle agitation. After primary incubation, membranes were washed with TBS-T (3 

× 10 min each wash) and incubated with appropriate secondary antibodies conjugated to 

horseradish peroxidase (Jackson ImmunoResearch) for 1 h at room temperature. Following 

washes, the signal was detected using Western Chemiluminescent HRP Substrate (ECL) 

(MilliporeSigma) on ChemiDoc Touch Imaging System (Bio-Rad). Analysis was performed 

using Image Lab 6.0.1 (Bio-Rad). Phosphorylated S6 ribosomal proteins were normalized to 

their respective total protein, whereas c-Fos was normalized to GAPDH. Data are expressed 

as a percent of change compared with vehicle groups.

2.9 ∣ Mechanical and thermal behavioural testing

Hyperalgesic priming was induced by intraplantar (i.pl.) injection of NGF (50 ng) and IL-6 

(1.25 ng) in 25-μl saline into the right hind paw of mice. To measure mechanical sensitivity, 

we used calibrated von Frey filaments (Stoelting, Wood Dale, IL, USA). Mice were placed 

in acrylic boxes with wire mesh floors and allowed to habituate for 1 h. Then, von Frey 
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filaments were applied to the plantar surface of the hind paw of mice for 1–3 s, and the 

up–down method was used to calculate the mechanical withdrawal threshold in grams (g). 

Measurements were made at various time points after NGF and IL-6 administration. When 

animals returned to their original baseline thresholds at Day 9, priming was examined by 

i.pl. injection of a subthreshold dose of PGE2 (100 ng), and the mechanical sensitivity was 

again assessed at 3 and 24 h post-PGE2 administration.

To measure thermal sensitivity, we used the Hargreaves test to determine the paw withdrawal 

latency in response to a focused, radiant heat light source (Hargreaves et al., 1988). Mice 

were placed on a glass floor, and a focused beam of high-intensity light was aimed 

at the plantar surface of the hind paw. The light intensity was set to 40% following 

manufacturer instructions (IITC Model 390) with a cut-off value of 20 s. Withdrawal latency 

measurements were taken in triplicate, with each trial being separated by at least 10 min, to 

decrease experimental variability. After determining baseline withdrawal thresholds, thermal 

hypersensitivity was evaluated 1 and 24 h after NGF and IL-6 treatment.

DG2 or T-5224 was co-administered with NGF and IL-6. The doses used were based on 

previous studies or pilot experiments (Marvaldi et al., 2020). All assignments of treatments 

and the measurements were fully randomized. All behavioural observations were made by 

experienced experimenters who were blinded to the experimental conditions.

2.10 ∣ MEA culture, recordings and analysis

Multielectrode array (MEA) experiments were performed as described previously with 

minor modifications (Barragan-Iglesias et al., 2021). Briefly, DRG neurons were seeded 

on 48-well MEA plates (Axion Biosystems, USA) which had been coated with 0.1% PEI 

and 20-μg·ml−1 laminin at 30,000 neurons per well. Wells were filled with 300 μl of DRG 

culture medium supplemented with 5-ng·ml−1 GDNF. DRGMEA cultures were maintained 

in cell culture incubators at 37°C, 5% CO2 and 95% humidity.

Spontaneous and evoked extracellular recordings were carried out using an Axion Maestro 

recording system (Axion Biosystems, USA). Filtered continuous recordings were collected 

from all 48 wells (768 total electrodes) simultaneously at a 12.5-kHz sampling rate. 

Extracellular spikes were defined as filtered continuous data crossing an adaptive threshold 

of ±5.5σ based on 1-s snapshots of root mean square (RMS) noise. Active electrodes were 

defined as those exhibiting a minimum of one spike per minute during baseline spontaneous 

extracellular recordings and were used in further analyses. Spontaneous neuronal activity 

was recorded every alternate day beginning at DIV 5 to confirm viable culture conditions 

and to detect stable spontaneous baselines. MEA recordings were carried out between 

DIV 9 and 15 on cultures exhibiting at least one spontaneously active electrode per well. 

Environmental conditions (37°C, 5% CO2 and 95% humidity) were maintained throughout 

the recording duration.

A 30-min baseline recording was taken before the addition of any compounds. Only wells 

with spontaneously active electrodes were used for further experiments. Compounds were 

administered to wells, and the plate was immediately taken back to the Axion recording 

system, where they were first acclimated for 10 min then followed by a 30-min recording 

de la Peña et al. Page 7

Br J Pharmacol. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



period. We had the following treatment groups: vehicle, NGF (20 ng·ml−1)/IL-6 (50 

ng·ml−1), NGF/IL-6 with DG2 (2, 20 and 200 μM) or NGF/IL-6 with T-5224 (1, 10 and 

100 μM). Doses used were based on previous studies or pilot experiments. Mean firing rates 

(MFRs) of each group were normalized to its baseline firing rate (treatment MFR/combined 

baseline MFR) and presented as relative to the vehicle group.

2.11 ∣ Data and statistical analysis

The data and statistical analysis comply with the recommendations on experimental design 

and analysis in pharmacology (Curtis et al., 2018). Data are presented as mean ± SEM of 

at least six animals per group. The sample size was estimated as n = 6 using G*power 

(RRID:SCR_013726) for a power calculation with 80% power, expectations of 50% effect 

size, with α set to 0.05. Exact numbers of samples per group are shown in the Figure 

legends. GraphPad Prism Version 9.0 (GraphPad Software, RRID: SCR_002798) was 

used for graph plotting and statistical analysis. The Student's t test was used to compare 

two independent groups. Statistical evaluation for three or more separate groups was 

performed by one-way or two-way analysis of variance (ANOVA), followed by Sidak's 

multiple comparison test, and the a priori level of significance at 95% confidence level was 

considered at P < 0.05. Appropriate diagnostic statistics were carried out to ensure valid use 

of parametric statistics. Specific statistical tests used are described in the Figure legends.

2.12 ∣ Materials

DG2 and mouse NGF was supplied by Millipore-Sigma (Burlington, MA, USA); T-5224 

and PGE2 by Cayman Chemicals (Ann Arbor, MI, USA). The recombinant mouse IL-6 was 

supplied by R&D Systems (Minneapolis, MN, USA).

2.13 ∣ Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in, the 

IUPHAR/BPS Guide to PHARMACOLOGY (http://www.guidetopharmacology.org) and are 

permanently archived in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander et 

al., 2019).

3 ∣ RESULTS

3.1 ∣ Ribosome profiling reveals c-Fos as a target of preferential translation

We previously conducted ribosome profiling and RNA sequencing on cultured DRG neurons 

subjected to either a vehicle or plasticity treatment consisting of a combination of NGF 

and IL-6 for 20 min (Figure 1a) (Barragan-Iglesias et al., 2020). Among transcripts with 

the largest significant increase in translation was the IEG and transcription factor, c-Fos 

(Figure 1b, adjusted fold change = 1.91). Under baseline conditions, c-Fos is readily 

detected (Figure 1c). The addition of NGF and IL-6 resulted in rapid translation of c-Fos as 

judged by accumulation of ribosome protected footprints. However, the levels of the c-Fos 

transcript were not significantly altered (Barragan-Iglesias et al., 2020). This result led us to 

hypothesize that translational regulation may facilitate c-Fos biosynthesis.
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3.2 ∣ c-Fos is expressed in DRG neurons

Next, we sought to characterize the expression of c-Fos in the DRG. We examined 

previously reported single-cell sequencing data (Usoskin et al., 2015). Cells were divided 

into clusters based on principal component analysis. We defined clusters based on the 

expression of the following marker genes: Vim (non-neuronal), Calca (peptidergic), Mrgprd 
(non-peptidergic), Th (tyrosine hydroxylase) and Nefh (large-diameter neurons) (Figure 

2a). Based on the relative expression of c-Fos across these groups, we found that it 

is ubiquitously present in neurons (29%) and non-neurons (31%). Within the neuronal 

population, c-Fos is broadly expressed in each neuronal subtype: peptidergic (14%), non-

peptidergic (25%), TH-positive (30%) and neurofilament (36%) (Figure 2a,b).

To test the prediction that DRG neurons express c-Fos, we conducted IHC on DRG 

tissues isolated from wild-type mice. It is of note that whereas NeuN is a pan-neuronal 

marker, peripherin is a marker for small- and medium-diameter neurons, which are mostly 

nociceptors (Ferri et al., 1990). We found that c-Fos is readily detected in cells that express 

the neuronal markers NeuN (90.52%) and peripherin (73%) (Figure 2c,d). To examine the 

subcellular localization of c-Fos, we conducted ICC on peripherin-positive DRG neurons. 

We found that c-Fos is predominantly present in the cytoplasm. The addition of NGF and 

IL-6 resulted in a modest increase in c-Fos levels (Figure 2e,f) and changed its cellular 

distribution becoming more localized in the nucleus (Figure 2e,g). This result resembles the 

recent finding that c-Fos is transported to the nucleus after nerve injury (Marvaldi et al., 

2020). Collectively, our results indicate that c-Fos is present in DRG neurons and that its 

expression profile changes after NGF/IL-6 treatment.

3.3 ∣ S6K1 mediates translation of c-Fos

We next asked how c-Fos levels are controlled in DRG neurons. As mTOR activity is 

stimulated by NGF and, to a lesser extent, by IL-6, we reasoned that the activity of S6K1 

would be elevated (Melemedjian et al., 2010). We examined S6 phosphorylation using 

immunoblots over a 2-h period following the addition of NGF and IL-6 (Figure 3a). We 

found that phosphorylation of S6 at the S235/236 position was increased by approximately 

175%, whereas total S6 levels were unchanged (Figures 3a). Importantly, phosphorylation 

was attenuated by the S6K1 inhibitor DG2 (Figure 3a). As an additional test, we conducted 

ICC and examined the same sites of phosphorylation. Phosphorylation of S6 at amino 

acids 235 and 236 was increased by NGF/IL-6 treatment and this was again abolished 

by co-treatment with DG2 (Figure 3b). We next probed S6 phosphorylation at a second 

position (s240/244) and observed similar dynamics (Figure 3c). Total S6 levels were unaltered 

by any of the treatments (Figure 3d). These observations prompted us to inquire as to 

if S6K activity is required for translational stimulation of c-Fos triggered by NGF and 

IL-6. We found that DG2 blocked preferential translation of c-Fos after the addition of 

NGF/IL-6 but importantly had no effect on the production of the GAPDH control (Figures 

3e). Collectively, these results reveal that inhibition of S6K1 with DG2 prevents both S6 

phosphorylation and preferential translation of c-Fos in DRG neurons.
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3.4 ∣ Pharmacological inhibition of S6K1 or c-Fos blocks NGF/IL-6-induced neuronal 
firing and behavioural hypersensitivity

Does c-Fos or the S6K pathway contribute to plasticity in nociceptors? We approached 

this problem initially by measuring nociceptor activity in vitro. We asked if antagonism of 

S6K1 by DG2 or of c-Fos by the low MW inhibitor T-5224 would reduce evoked activity 

of DRG neurons. Extracellular recordings of cultured DRG neurons were obtained using 

MEAs (Figure 4a) (Black et al., 2018; Black et al., 2019). In these devices, DRG neurons are 

cultured within microfabricated wells with substrated integrated electrode sites capable of 

detecting action potentials extracellularly. We asked if addition of NGF and IL-6 enhances 

spontaneous firing rates. In fact, the MFR was increased by over twofold (Figure 4b). We 

next asked if evoked firing was affected by co-treatment with DG2 (2, 20 and 200 μM). 

Indeed, we found that DG2 at 20 μM diminished evoked firing rates (Figure 4b,c). We tested 

the effects of c-Fos inhibition on evoked activity using three concentrations of T-5224 (1, 

10 and 100 μM) and found that T-5224 resulted in baseline levels of activity at each of 

the concentrations used (Figure 4b,d). A caveat to these measurements is that they were 

conducted in the presence of GDNF which enhances c-Fos expression (He et al., 2008). 

This is necessary because GDNF promotes maturation of the cultures. Collectively, the data 

suggest that S6Ks contribute to the enhanced firing and that c-Fos may play a key role in 

sensitization.

One assay to quantify allodynia is the measurement of mechanical withdrawal thresholds 

following the application of calibrated von Frey filaments (Aley et al., 2000; Reichling & 

Levine, 2009). At baseline, mice display a threshold of approximately 1.0–1.5 g before a 

reflexive withdrawal. Intraplantar injection of inflammatory mediators such as NGF and 

IL-6 causes sensitization in nociceptors and increased sensitivity to mechanical stimulation. 

Co-injection of drugs enables reliable assays of analgesia (an increase in threshold) or 

hyperalgesia (a decrease in threshold). After the resolution of an initial insult, we inject a 

second subthreshold dose (100 ng) of PGE2. In a naïve animal, this relatively low dose of 

PGE2 does not result in long-term sensitivity. However, in primed animals, PGE2 evokes 

long-lasting allodynia. This model, termed hyperalgesic priming, is thought to model the 

transition from acute to chronic pain (Reichling & Levine, 2009).

We first asked if S6Ks are required for the acute phase of mechanical sensitivity at either 

a low (100 ng) or high (600 ng) dose of DG2 (Figure 5a) and found that the low dose 

displayed similar sensitivity to the vehicle-treated control. However, the high dose led to a 

significant decrease in mechanical allodynia from 6 h to 3 days prior to returning to baseline. 

We next asked if priming was disrupted by DG2 following injection of PGE2 on Day 9 

(Figure 5b). Indeed, for the high-dose group, we found that priming was diminished. Given 

the effects of the high-dose DG2 on mechanical sensitivity, we also tested its effects on 

thermal sensitivity, by measuring thermal withdrawal latency using the Hargreaves method 

(Figure 5c). We found a small but significant antinociceptive effect from the high dose of 

DG2 at the 1-h time point. This effect was absent after 24 h.

Next, we examined the effects of the c-Fos inhibitor T-5224 on mechanical sensitivity 

(Figure 5d), using the same method. Both the low dose (300 ng) and the high dose (3 μg) 

of T-5224 reduced allodynia between 6 h and 6 days. The high dose also had a significant 
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effect at 1 h that was not evident at the lower dose. Both doses prevented priming at 24 h 

but did not have an effect at the 1-h time point (Figure 5e). Finally, we tested the effect of 

T-5224 on thermal sensitivity and found that the high dose reduced thermal sensitivity at the 

1-h time point (Figure 5f). Collectively, our results suggest that pharmacological inhibition 

of S6Ks or c-Fos diminished pain-associated behaviours in mice.

4 ∣ DISCUSSION

Our data enable us to make three major conclusions. First, translation of an IEG is mediated 

by S6K1 in DRG neurons. Second, S6K1 contributes to sensitization and inflammatory pain. 

Third and finally, the transcription factor c-Fos is similarly important to evoked nociceptor 

activity and behaviours associated with pain in response to inflammatory mediators. We 

discuss the implications of each of our finding in turn.

To date, we have identified two IEGs that are rapidly induced in DRG neurons in response 

to NGF and IL-6, Arc and c-Fos. In prior work, Arc was rapidly translated in vitro and 

locally translated in glabrous skin in vivo (Barragan-Iglesias et al., 2020). Mice that lack 

Arc display little to no change in nociceptive responses, despite changes in vasodilation 

(Barragan-Iglesias et al., 2020; Hossaini et al., 2010). This prompted us to ask if other 

transcripts subject to induced translation were involved in nociception. A key question is 

how the several hundred mRNAs, including c-Fos, identified in our ribosome profiling study 

are co-ordinated on a translational basis, in response to extracellular cues (Barragan-Iglesias 

et al., 2020). We focused on S6K1 in part because stimuli that trigger S6 phosphorylation 

also trigger the local translation of Arc in the CNS (Pirbhoy et al., 2016) and found that 

translation of c-Fos requires S6K1 activity. We also found that Arc translation is lost upon 

inhibition of S6Ks in DRG neurons (unpublished observation). Collectively, this suggests 

that S6K1 activity is broadly important for the production of IEGs in DRG neurons.

How does S6K1 target subsets of the transcriptome? There are multiple non-mutually 

exclusive possibilities. First, eEF2K is downstream of S6Ks and its activity has been linked 

to Arc biosynthesis (Park et al., 2008). eEF2K targets a single protein, eEF2, and represses 

its activity. It is clear that repression by eEF2K affects only a subset of the transcriptome 

(Kenney et al., 2016). Intriguingly, behavioural deficits in FMRP-deficient mice are rescued 

upon genetic removal of S6K1 (Bhattacharya et al., 2012). Ribosome profiling analyses 

suggest that length-dependent decreases in translation elongation in FMRP animals are 

rescued upon loss of S6K1 (Bohlen & Teleman, 2021). Thus, translation elongation may be 

a critical function of S6K signalling. A second possibility is that S6Ks act on eIF4B. eIF4B 

stimulates the helicase function of eIF4A (Andreou et al., 2017). However, the consequences 

of eIF4B phosphorylation on translation are unclear (Gingras et al., 2001). Third and finally, 

S6Ks and mTOR signalling have also been linked to upstream open reading frames (uORF; 

Schepetilnikov et al., 2013). uORF translation typically diminishes initiation at downstream 

start sites. However, activation of S6Ks appears to promote re-initiation. Given that a uORF 

has been linked to nociception, this is an interesting possibility (Barragan-Iglesias et al., 

2021).
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The mTOR signalling axis permeates plasticity. Although effects on the availability and 

activity of eIF4E have attracted significant attention, it is less clear if other factors play 

significant roles in pain-associated plasticity (Megat et al., 2019; Moy et al., 2017; Sarah 

Loerch et al., 2019). We found that inhibition of S6K1 diminishes evoked excitability. A 

prior study found that an S6K1 inhibitor, PF-4708671, resulted in mechanical allodynia 

(Melemedjian et al., 2013). This was observed after 3 days of systemic dosing at 50 mg·kg−1 

and may not have been a neuronally mediated effect. Additionally, this was one of the first 

S6K1 inhibitors to be discovered and has a 50% inhibitory concentration of 160 nM (Pearce 

et al., 2010). In addition to delivering a much lower dose directly into the paw, DG2 is much 

more potent and has an IC50 value of 9.1 nM (Bhatt et al., 2016; Okuzumi et al., 2009). Our 

data provide proof of concept that local disruption of S6K1 may provide a viable strategy for 

targeting inflammatory pain and establishes a rationale for probing the role of S6Ks in other 

pain states.

We identified c-Fos as a key player in sensitization and pain amplification (Figure 6). It is 

notable that our study was conducted in males. A lingering question is if this mechanism 

is shared in females. Additionally, a paramount question is if the effects we observe are 

entirely neuronally mediated. c-Fos expression is not confined to neurons, and it has 

been used as a marker of injury in the spinal cord (Avelino et al., 1997; Buritova et al., 

1997; Hunt et al., 1987). c-Fos also plays key roles in the immune system. Inhibition of 

c-Fos attenuates collagen-induced arthritis by preventing the production of matrix-degrading 

metalloproteases (MMPs) and inflammatory cytokines (Aikawa et al., 2008). Members of 

each group are prominent in neuropathic pain. Thus, we cannot discount the possibility that 

non-neuronal cells also contribute to the behavioural effects we observed. A potential caveat 

to the behavioural experiments is that the c-Fos inhibitor (T-5224) was injected into the paw. 

Given that c-Fos is understood largely as a transcription factor, a parsimonious explanation 

is that c-Fos inhibition in non-neuronal cells could be the mechanism underlying allodynia. 

Alternatively, administration of transcriptional inhibitors appears to affect transcription at 

distal sites. For example, injection of double-stranded oligonucleotides that mimic the 

consensus binding element of the neuronal transcription factor CREB in the paw diminished 

pain in an IL-6 priming model (Melemedjian et al., 2014). The finding that evoked firing 

in neuronal cultures is reduced by a c-Fos inhibitor implies that the compound might 

act on neurons, given that the vast majority of immune cells are eliminated through the 

cell isolation procedures. Moreover, the prolonged use of mitotic inhibitors during culture 

maintenance reduces the abundance of non-neuronal cells. The effects of DG2 and T-5224 

during the later phase (1–6 days after NGF/IL-6) and during the PGE2 priming phase of the 

hyperalgesic priming model also suggest involvement of nociceptors. c-Fos appears to act 

specifically in nociceptors as knockdown of c-Fos in nociceptors reduces thermal sensitivity 

in a neuropathic pain model (Marvaldi et al., 2020). Inhibition of c-Fos by T-5224 attenuated 

the development and maintenance of neuropathic pain, suggesting that c-Fos is broadly 

important for pain-associated behaviours. It is possible that S6K1-mediated regulation of 

c-Fos is the relevant mechanism driving early pain response whereas importin a3-mediated 

nuclear import of c-Fos is required for chronic pain. Unambiguous identification of the 

cellular process responsible for the contribution of c-Fos to pain-associated behaviours is 
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an important problem moving forward and could potentially be addressed through genetic 

experiments in vivo.

The identification of S6K1 and c-Fos as key regulators in the development of inflammatory 

pain opens exciting new targets for drug development. The low MW inhibitors DG2 

and T-5224 may function as broad-spectrum anti-hyperalgesic agents and this possibility 

warrants further investigation. Other members of the c-Fos family of transcription factors 

might also play a role in chronic pain. For instance, the c-Fos homolog FosB promotes 

long-term adaptive changes in the CNS and has been linked to the production of signalling 

molecules involved in pain such as dynorphin (Dubner & Ruda, 1992; Zachariou et al., 

2006). However, it is unclear precisely what c-Fos targets in the periphery and how distinct 

networks of gene control differ between members of the c-Fos family in neurons. This work 

provides a motivation to probe the targets of c-Fos in order to better understand its function 

within nociceptors.
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Abbreviations:

DG2 3-Bromo-4-(4-(2-methoxyphenyl)piperazin-1-yl)-1H-pyrazolo[3,4-

d]-pyrimidine

DRG dorsal root ganglion

IEG immediate early gene

IHC immunohistochemical

ICC immunocytochemistry

MEA multielectrode array

MFR mean firing rates

mTOR mammalian target of rapamycin
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NGF nerve growth factor

S6K S6 kinase

T-5224 5-[4-(cyclopentyloxy)-2-hydroxybenzoyl]-2-[(2,3-dihydro-3-oxo-1,2-

benzisoxazol-6-yl)methoxy]-benzenepropanoic acid

uORF upstream open reading frames
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What is already known about this subject

• Translational control in nociceptors plays an integral role in chronic pain.

• c-Fos is important in the development and maintenance of neuropathic pain.

What does this study adds

• S6K1 regulates preferential translation of c-Fos in DRG neurons after 

treatment of inflammatory mediators.

• Pharmacological inhibition of S6K1 (DG2) or c-Fos (T-5224) blocks 

inflammation-related neuronal firing and behavioural hypersensitivity.

What is the clinical significance

• We identified the S6 kinase pathway as a novel target for pain.

• The low MW inhibitors DG2 and T-5224 may function as broad-spectrum 

antihyperalgesics.
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FIGURE 1. 
Ribosome profiling reveals c-Fos as a target of preferential translation. (a) Schematic 

representation of ribosome profiling in cultured DRG neurons. Cultures were generated from 

DRG tissues prior to treatment with inflammatory mediators. After brief exposure to NGF 

and IL-6, translation was arrested with the addition of emetine. Lysates were subjected to 

limited RNAse digestion, and the resulting footprints were isolated and sequenced. RNA-seq 

was performed in parallel. (b) A volcano plot showing changes in translation (log2 ≥ −1.5; 

false discovery rate < 0.05). The ratio of ribosome density following treatment with NGF/

IL-6 divided by the vehicle levels is plotted against sample dispersion. Gene density is 

shaded according to the inset bar. The P value for c-Fos (0.028) was determined using a 

two-tailed Student's t test. (c) Traces of ribosome protected footprints on the c-Fos gene 

with vehicle or NGF/IL-6 treatment. The vehicle group (blue) is shown above the NGF- and 

IL-6-treated group (pink)
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FIGURE 2. 
c-Fos is expressed in DRG neurons. (a) Single-cell clusters based on the expression 

of marker genes for the following populations of cells: non-neuronal (Vim), peptidergic 

(PEP; Calca/CGRP), non-peptidergic (NP; Mrgprd), tyrosine hydroxylase (TH; Th) and a 

neurofilament present in large-diameter neurons (Nefh). Data were obtained from Usoskin et 

al. (2015) and subjected to unbiased clustering. Right—Cells that express c-Fos are shaded 

in black, whereas the c-Fos negative cells are shown in grey in the clusters defined by 

marker gene expression. (b) Quantification of co-expression of c-Fos with marker genes. 

c-Fos is ubiquitously expressed in non-neuronal and neuronal cells. There is no significant 

difference in c-Fos co-expression between neuronal and non-neuronal cell categories. (c) 

IHC demonstrated that c-Fos (red) is broadly expressed in DRG neurons and co-localizes 
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with NeuN (blue), a pan-neuronal marker, and peripherin (green), a marker for nociceptive 

neurons. Scale bar = 100 μm. (d) Quantification of co-expression of c-Fos with NeuN 

(blue) and peripherin (green). n = 5 DRGs from three different animals. (e) Representative 

ICC images from primary DRG cultures showing c-Fos expression after treatment with 

vehicle or NGF/IL-6. Representative images of cells labelled for c-Fos (red), peripherin 

(green) and the nuclear marker DAPI (cyan). Scale bar = 10 μm. (f) Quantification of ICC 

images comparing c-Fos levels between untreated and NGF/IL-6-treated peripherin-positive 

DRG neurons. *P < 0.05, significantly different as indicated; unpaired Student's t-test. Data 

presented are individual values with means ± SEM; n = 14 cells per group. (g) Analysis 

of c-Fos localization. Treatment of NGF/IL-6 also increased nuclear localization of c-Fos. 

Ratio of c-Fos expression in the nucleus to that in cytoplasm after vehicle or NGF/IL-6 

treatment. *P < 0.05, significantly different as indicated; unpaired Student's t-test. Data are 

presented as individual values with means ± SEM; n = 7 cells per group
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FIGURE 3. 
S6K1 mediates translation of c-Fos. (a) Treatment of primary DRG cultures with NGF/IL-6 

increased phosphorylation of S6 at the S235/236 position, whereas total S6 levels were 

unchanged. This NGF/IL-6-induced phosphorylation was abolished by co-treatment with 

the S6K1 inhibitor DG2 (20 μM). Data presented are individual values with means; n = 3 

samples per group. *P < 0.05, significantly different as indicated; F(1,4) = 54.36, two-way 

ANOVA with Sidak's multiple comparisons test. (b) ICC images from primary DRG cultures 

showing increased phosphorylation of S6 at the S235/236 position with NGF/IL-6 treatment, 

which was blocked by co-treatment of DG2. Data presented are individual values with 

means ± SEM; n = 20 cells per group. *P < 0.05, significantly different as indicated; F(2,57) 
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= 18.48, one-way ANOVA with Sidak's multiple comparisons test. (c) Treatment of NGF/

IL-6 on primary DRG cultures increased phosphorylation of S6 at the S240/244 position, 

which was abolished by co-treatment with DG2. Data presented are individual values with 

means ± SEM; n = 20 cells per group. *P < 0.05, significantly different as indicated; F(2,57) 

= 36.10, one-way ANOVA with Sidak's multiple comparisons test. (d) ICC images showing 

no change in the levels of total S6. Data presented are individual values with means ± SEM; 

n = 20 cells per group. (e) S6K1 activity is required for translational stimulation of c-Fos 

triggered by NGF/IL-6. DG2 blocked preferential translation of c-Fos, but it had no effect 

on the production of the GAPDH control. Data presented are individual values with means 

± SEM; n = 6 for the vehicle and NGF/IL-6 group, n = 3 for the NGF/IL-6 + DG2 group. 

*P < 0.05, significantly different as indicated; F(1,10) = 5.509, two-way ANOVA with Sidak's 

multiple comparisons test. Full blots are presented in Figure S2
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FIGURE 4. 
Pharmacological inhibition of S6K1 or c-Fos blocks NGF/IL-6-evoked sensory neuron 

excitability. (a) A schematic of the multielectrode array (MEA) approach. DRG neurons 

are cultured on plates containing electrodes. Baseline levels of activity were first assessed, 

and then, treatments were added to the culture media of each well. All data are stored 

and processed using computers with the Axion Maestro software. (b) Raster plots showing 

representative recordings for baseline and drug treatment over a 30-min period. A 30-min 

baseline is shown prior to the addition of NGF and IL-6 along with the compounds indicated 

on the left. (c) DG2 (20 μM) blocked NGF/IL-6-evoked neuronal firing rates. Data presented 

are individual values with means ± SEM; n = 35 (vehicle), 53 (NGF/IL-6), 56 (NGF/IL-6 

+ 2 μM DG2), 21 (NGF/IL-6 + 2 μM DG2) and 9 (NGF/IL-6 + 200 μM DG2). *P < 0.05, 

significantly different as indicated; F(4,169) = 6.394, One-way ANOVA with Sidak's multiple 

comparisons test. (d) The c-Fos inhibitor, T-5224, diminished NGF/IL-6-induced firing. 

Data presented are individual values with means ± SEM; n = 35 (vehicle), 53 (NGF/IL-6), 

52 (NGF/IL-6 + 1 μM T-5224), 49 (NGF/IL-6 + 1 μM T-5224) and 31 (NGF/IL-6 + 1 μM 

T-5224). *P < 0.05, significantly different as indicated; F(4,215) = 13.02, one-way ANOVA 

with Sidak's multiple comparisons test
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FIGURE 5. 
DG2 and T-5224 ameliorate NGF/IL-6-induced mechanical and thermal hypersensitivity. 

(a) Intraplantar (i.pl.) injection of NGF/IL-6 decreased the withdrawal threshold of mice 

to calibrated von Frey filaments, indicating mechanical hypersensitivity. This mechanical 

hypersensitivity induced by NGF/IL-6 was attenuated by co-treatment with the high dose 

(600 ng), but not of the low dose (100 ng), of DG2. Data are presented as means ± SEM; n 
= 6 animals per group. *P < 0.05, significant effect of DG2; drug effect, F(2,21) = 6.865, two-

way ANOVA with Sidak's multiple comparisons test. (b) Following resolution of the acute 

mechanical hypersensitivity, at Day 9, mice were given a subthreshold dose of PGE2 (100 

ng, i.pl.). Mice treated with NGF/IL-6 exhibited reduced withdrawal threshold indicating the 

development of hyperalgesic priming. Mice that were co-injected with 600 ng of DG2, but 

not the 100-ng dose, showed ameliorated response to PGE2. Data are presented as means ± 

SEM; n = 6 animals per group. *P < 0.05, significant effect of DG2; drug effect, F(2,21) = 

8.531, two-way ANOVA with Sidak's multiple comparisons test. (c) NGF/IL-6 transiently 

reduced withdrawal latency upon application of a radiant heat source (Hargreave's method), 

indicating thermal hypersensitivity. DG2 (600 ng) ameliorated the thermal hypersensitivity 

caused by NGF/IL-6 treatment. Data presented are individual values with means ± SEM; n 
= 6 animals per group. *P < 0.05, significantly different as indicated; drug effect, F(2,30) 

= 3.346, two-way ANOVA with Sidak's multiple comparison test. ns = not significant. (d) 

The c-Fos inhibitor, T-5224, reduced NGF/IL-6-induced mechanical hypersensitivity in the 
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von Frey test. Data are presented as mean ± SEM; n = 6 animals per group. *P < 0.05, 

significant effect of T-5224; drug effect, F(2,15) = 20.16, two-way ANOVA with Sidak's 

multiple comparisons test. (e) Hyperalgesic priming to PGE2 was also reduced in T-5224 

treated mice. Data are presented as mean ± SEM; n = 6 animals per group. *P < 0.05, 

significant effect of T-5224; time effect, F(2,30) = 29.40, two-way ANOVA with Sidak's 

multiple comparisons test. (f) T-5224 also attenuated the thermal hypersensitivity produced 

by NGF/IL-6. Data presented are individual values with means ± SEM; n = 6 animals per 

group. *P < 0.05, significantly different as indicated; drug effect, F(2,30) = 6.669, two-way 

ANOVA with Sidak's multiple comparisons test. ns = not significant
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FIGURE 6. 
A model for translational regulation of c-Fos. (a) NGF and IL-6 stimulate mTOR which 

acts on both 4EBPs and S6Ks. Downstream of S6Ks are three main effectors, the ribosomal 

protein S6, eEF2K and eIF4B. It is unclear which pathway is responsible for induction 

of c-Fos. (b) Translation is potentially regulated at multiple points through S6Ks. For 

example, eIF4B stimulates eIF4A, and although the precise function of S6 phosphorylation 

is not known, S6 is a component of the 40S ribosome (Ruvinsky & Meyuhas, 2006). eEF2 

phosphorylation inactivates translation although the precise molecular mechanism is not 

clear (Ryazanov et al., 1988). Once translated, c-Fos forms heterodimers with c-Jun, and we 

propose that the complex regulates nociceptive transcriptional networks (Chiu et al., 1988)
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