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Abstract

Background: Nerve injury-induced changes in gene expression in the dorsal root ganglion (DRG) contribute to neuro-

pathic pain genesis. Eukaryotic initiation factor 4 gamma 2 (eIF4G2) is a general repressor of cap-dependent mRNA

translation. Whether DRG eIF4G2 participates in nerve injury-induced alternations in gene expression and nociceptive

hypersensitivity is unknown.

Methods: The expression and distribution of eIF4G2 mRNA and protein in mouse DRG after spinal nerve ligation (SNL)

were assessed. Effects of eIF4G2 siRNA microinjected through a glass micropipette into the injured DRG on the SNL-

induced DRG mu opioid receptor (MOR) and Kv1.2 downregulation and nociceptive hypersensitivity were examined. In

addition, effects of DRG microinjection of adeno-associated virus 5-expressing eIF4G2 (AAV5-eIF4G2) on basal DRG MOR

and Kv1.2 expression and nociceptive thresholds were analysed.

Results: eIF4G2 protein co-expressed with Kv1.2 and MOR in DRG neurones. Levels of eIF4G2mRNA (1.7 [0.24] to 2.3 [0.14]-

fold of sham, P<0.01) and protein (1.6 [0.14] to 2.5 [0.22]-fold of sham, P<0.01) in injured DRG were time-dependently

increased on days 3e14 after SNL. Blocking increased eIF4G2 throughmicroinjection of eIF4G2 siRNA into the injured DRG

attenuated SNL-induced downregulation of DRG MOR and Kv1.2 and development and maintenance of nociceptive

hypersensitivities. DRG microinjection of AAV5-eIF4G2 reduced DRG MOR and Kv1.2 expression and elicited hypersen-

sitivities to mechanical, heat and cold stimuli in naı̈ve mice.

Conclusions: eIF4G2 contributes to neuropathic pain through participation in downregulation of Kv1.2 and MOR in

injured DRG and is a potential target for treatment of this disorder.

Keywords: dorsal root ganglion; eIF4G2; Kv1.2; mu opioid receptor; neuropathic pain
Received: 17 July 2020; Accepted: 19 October 2020

© 2020 British Journal of Anaesthesia. Published by Elsevier Ltd. All rights reserved.

For Permissions, please email: permissions@elsevier.com

706

mailto:yuanxiang.tao@njms.rutgers.edu
mailto:permissions@elsevier.com
https://doi.org/10.1016/j.bja.2020.10.032


Role of eIF4G2 in neuropathic pain - 707
Editor’s key points

� Nerve injury-induced changes in gene expression in the

dorsal root ganglion (DRG) contribute to neuropathic

pain.

� This study examined the role of eukaryotic initiation

factor 4 gamma 2 (eIF4G2) in nerve injury-induced al-

ternations in gene expression and nociceptive hyper-

sensitivity in mouse DRG.

� Nerve injury increased expression of eIF4G2 in injured

DRG, and blocking this increase rescued injury-induced

downregulation of mu opioid receptors and Kv1.2 in

injured DRG and attenuated development and main-

tenance of injury-induced nociceptive

hypersensitivities.

� Increased expression of eIF4G2 contributes to neuro-

pathic pain through downregulation of Kv1.2 and mu

opioid receptor expression in injured DRG andmay be a

target for treatment of this disorder.
Neuropathic pain caused by a lesion or disease of the so-

matosensory system is a major clinical and socioeconomic

problem affecting 7e10% of the world’s population.1 In the

USA alone, this public health problem translates into billions

of US dollars in healthcare expenses and lost productivity.2

Neuropathic pain is characterised by ongoing or intermittent

spontaneous pain, often burning in nature, and exaggerated

pain in response to noxious stimuli (hyperalgesia) or innoc-

uous stimuli (allodynia).3 Current treatments for these pain

hypersensitivities are limited as medications such as NSAIDs

and opioids are ineffective and lead to severe side-effects.2

Peripheral nerve injury leads to changes in the expression

of pain-associated genes at both transcriptional and trans-

lational levels in the first-order sensory neurones of dorsal

root ganglia (DRG).4,5 These changes play a key role in neuro-

pathic pain development and maintenance.4,6e10 For example,

peripheral nerve injury downregulates the expression of mu

opioid receptor (MOR) and Kv1.2 in injured DRG.6,10e16

Rescuing this downregulation attenuates nerve injury-

induced pain hypersensitivity.6,10e16 Mimicking their down-

regulation leads to pain-like hypersensitivity through depo-

larisation of the resting membrane potential and diminishing

current threshold for action potential generation in injured

DRG neurones or augmenting MOR-controlled neurotrans-

mitter release from the primary afferents.6,10e16 Thus, under-

standing how expression of these pain-associated genes is

altered in the DRG after peripheral nerve injury may provide a

new avenue for neuropathic pain management.

Eukaryotic initiation factor 4F (eIF4F) is one of the protein

complexes involved in the initiation phase of protein trans-

lation and is an important effector of post-transcriptional gene

regulation.17 The eIF4F complex consists of three subunits:

ATP-dependent RNA helicase eIF4A, cap-binding protein

eIF4E, and scaffolding protein eIF4G.18 eIF4G comprises three

isoforms: eukaryotic initiation factor 4 gamma 1 (eIF4G1),

eIF4G2, and eIF4G3.19 eIF4G2 (also known as DAP-5, p97, and

NAT1) shares similarities in its C-terminal region (containing

the binding sites for eIF4A and eIF3) with eIF4G1.18,20e22 Unlike

eIF4G1, which enhances cap-dependent and cap-independent

RNA translation, eIF4G2 acts as a general repressor of cap-

dependent translation of most RNAs by forming translation-

ally inactive complexes. Interestingly, eIF4G2 was also shown

to promote non-canonical, cap-independent translation
initiation, and cap-dependent translation of select

mRNAs.23e25 Previous reports have shown that eIF4G2 plays a

critical role in several pathological processes such as cancer,

autoimmunity, and neurodegenerative diseases.26,27 Whether

eIF4G2 participates in peripheral nerve injury-induced

neuropathic pain remains unknown.

In this study, we first examined whether expression of

eIF4G2 atmRNA and protein levels was increased in the DRG in

a well-characterised mouse model of neuropathic pain

induced by unilateral fourth lumbar spinal nerve ligation (SNL)

or sciatic nerve chronic constriction injury (CCI). We then

determined whether this increase contributed to the devel-

opment and maintenance of SNL-induced nociceptive hyper-

sensitivities. We finally investigated the mechanisms

underlying this process.
Methods

Animals

CD1mice (7e8 weeks old, male, weight 20e25 g) were obtained

from Charles River Laboratories (Wilmington, MA, USA). The

mice were group-housed (four per cage) with a standard 12 h

light and dark cycle at 23 [2]�C, with food and water available

ad libitum. The study was reported in accordance with the

guidelines of Animal Research: Reporting of In Vivo Experi-

ments (ARRIVE).28 Sample sizes (eight to 10 mice per group)

were similar to those used in previous studies of neuropathic

pain.11e16,29e34 No missing data and no outliers occurred in

this study. Animals were randomly assigned to various treat-

ment groups. All efforts were made to minimise the suffering

of animals and the number of animals used. Theexperi-

menters were blinded to group assignment and treatment

conditions during all behavioral tests, including locomotor

function test. All experimental procedures were approved by

the Institutional Animal Care and Use Committee of Rutgers

University and were conducted in accordance with the Guide

for the Care and Use of Laboratory Animals of the National

Institutes of Health and the International Association for the

Study of Pain.
Experimental protocol

Mice were randomised to each model on day 0. Expression of

eIF4G2 mRNA and eIF4G2 protein in the DRG and spinal cord

was assessed on days 3, 7, and 14 after surgery. The number of

eIF4G2-positive neurones was assessed in the DRG on day 7

after surgery. siRNA was microinjected into the injured DRG 5

days before surgery or on day 7 after surgery. Adeno-

associated virus 5 (AAV5) was microinjected into unilateral

L3 and L4 DRGs. Behavioural nociceptive testing was assessed

1 day before siRNA or AAV5 microinjection, 1 day before sur-

gery, and on days 3e14 after surgery or on weeks 2e8 after

microinjection. Expression of eIF4G2, Kv1.2 and MOR in the

injured DRG and expression of ERK1 and 2, p-ERK1 and 2 and

glial fibrillary acidic protein (GFAP) in the ipsilateral L4 spinal

cord were determined on days 5 and 14 after surgery or 8

weeks after microinjection.
Neuropathic pain models

The fourth lumbar (L4) SNL-induced neuropathic pain model

was carried out as described.10,12,30 Briefly, mice were anaes-

thetised with 2e3 vol% [correct?] isoflurane and placed in the

prone position. The unilateral L4 spinal nerve was exposed
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through removal of the L5 transverse process. After exposure

and isolation of the L4 spinal nerve, a tight ligation with 7e0

silk thread was made. The ligated nerve was then transected

distal to the ligature under a surgical microscope. The skin and

muscle were finally closed in layers. The sham group under-

went identical procedure except for nerve ligation.

The sciatic nerve CCI-induced neuropathic pain model was

carried out as described.10,12,30 In brief, mice were anaes-

thetised with 2e3 vol% isoflurane. The unilateral sciatic nerve

was exposed and loosely ligated with 7e0 silk thread at four

sites with intervals of about 1 mm proximal to the trifurcation

of the sciatic nerve. Sham group animals were subjected to

sciatic nerve exposure and isolation without ligation.
Dorsal root ganglion microinjection

DRGmicroinjection was carried out as described.10,12,30 Briefly,

a midline incision was performed in the lower lumbar back

region and the unilateral L4 DRG (for siRNA) or L3 and L4 DRGs

(for AAV5) exposed after removing the corresponding articular

processes. AAV5 (1 ml per DRG, 4�1012 GC ml�1) or siRNA (1 ml
per DRG, 40 mM; Santa Cruz Biotechnology Inc., Santa Cruz, CA,

USA; catalog # sc-35170 for eIF4G2 siRNA and catalog # sc-

44230 for negative control siRNA) was microinjected into the

exposed DRG through a glass micropipette connected to a

Hamilton syringe using a dissection microscope. Injected

DRGs were stained with blue dye to confirm successful injec-

tion. After microinjection, the pipette was kept in place for 10

min before removal. The surgical field was irrigated with

sterile saline and iodophor and closed with wound clips. None

of the mice showed abnormal locomotor activities after DRG

microinjection. Injected DRGs were also stained with haema-

toxylin and eosin to examinewhether their structural integrity

was maintained and whether they contained visible

leucocytes.
Behavioural tests

Mechanical, thermal, and cold nociceptive tests, conditioned

place preference (CPP) tests, and locomotor function tests

were carried out as described.10,12,30 To minimise intra- and

inter-individual variability in behavioural outcome measure-

ments, animals were acclimatised for at least 2 days before

experiments.

Paw withdrawal frequencies (PWFs) in response to cali-

brated von Frey filament stimuli (0.07 and 0.4 g; Stoelting Co.,

Wood Dale, IL, USA) were measured. Briefly, mice were placed

in a Plexiglas chamber on an elevated mesh screen. Each von

Frey filament was applied to the plantar side of a hind paw for

~1 s, and this was repeated 10 times for each hind paw at 5min

intervals. A quick withdrawal of the paw was regarded as a

positive response. Paw withdrawal response in each of these

10 applications was recorded as a percentage withdrawal fre-

quency [(number of paw withdrawals in 10 trials) � 100 ¼ %

response frequency].

Paw withdrawal latencies (PWLs) in response to noxious

heat stimuli were examined with a Model 336 Analgesic Meter

(IITC Life Science Inc., Woodland Hills, CA, USA). Briefly, mice

were placed in an individual Plexiglas chamber on a glass

plate. A beam of light from a hole of the light box through the

glass plate was applied on the middle of the plantar surface of

each hind paw. A quick lift of the hind paw automatically

turned off the light. The duration of the light beamwas defined

as the PWL. Each paw was tested three times with 5 min
intervals between each trial. A cut-off time of 20 s was used to

avoid tissue damage.

PWLs to noxious cold (0�C) were examined by placing mice

in an individual Plexiglas chamber on the cold aluminium

plate with continuous temperature monitoring. The length of

time between placement of the mouse on the plate and the

first sign of paw flinching and jumping was defined as the

PWL. Each trial was repeated three times at 10 min intervals

for the paw on the ipsilateral side. A cut-off time of 20 s was

used.

For the CPP test, an apparatus with two Plexiglas chambers

(same size, different visual and textured cues) connected by a

4 cm wide � 6 cm high removable door (MED Associates Inc.,

St. Albans, VT, USA) was used. Time spent in each chamber

was monitored by photobeam detectors and automatically

recorded in MED-PC IV CPP software. Preconditioning was

performed 7 weeks after viral microinjection. Mice were

allowed to explore both chambers for 30 min with the internal

door opened every day for 3 days. On the fourth day, the mice

were placed into one chamber with full access to both cham-

bers for 15 min. The duration of time spent in each chamber

was recorded. The mice that spent >720 or <180 s in any

chamber were excluded from further testing. The conditioning

protocol was then performed for the following 3 days with the

internal door closed. The mice were first injected intrathecally

with saline (5 ml) specifically paired with one conditioning

chamber in the morning for 30 min. About 6 h later, the mice

were then injected intrathecally with lidocaine (0.4%, 5 ml) and
placed in another chamber for 30min. Injection order of saline

and lidocaine was switched every day. On the test day, at least

20 h after conditioning, the mice were placed in one chamber

with free access to both chambers. The time spent in each

chamber was recorded for 15 min. Difference scores for

chamber preference were calculated by subtracting pre-

conditioning preference time from test time spent in the

lidocaine-paired chamber.

Locomotor function, including placing, grasping, and

righting reflexes, was examined after the above-described

behavioural tests. (1) Placing reflex: the hind limbs were

placed slightly lower than the forelimbs, and the dorsal sur-

faces of the hind pawswere brought into contact with the edge

of a table. Whether the hind paws were placed on the table

surface reflexively was recorded. (2) Grasping reflex: after the

animal was placed on a wire grid, whether the hind paws

grasped the wire on contact was recorded. (3) Righting reflex:

when the animal was placed on its back on a flat surface,

whether it immediately assumed the normal upright position

was recorded. Each trial was repeated five times at 5 min in-

tervals and the scores for each reflex were recorded based on

counts of each normal reflex.
Neuronal culture and transfection

Dorsal root ganglion neuronal cultures were prepared as

described.13,14 Briefly, bilateral DRGs collected from 4-week-

old CD1 mice were treated with enzyme solution (5 mg ml�1

dispase, 1 mg ml�1 collagenase type I in Hanks’ balanced salt

solution [HBSS] without Ca2þ and Mg2þ; Thermo Fisher Sci-

entific Inc., Waltham, MA, USA) at 37�C for 20 min. After trit-

uration and centrifugation, dissociated neurones were

resuspended in cold Neurobasal Medium (Thermo Fisher Sci-

entific) containing 10% fetal bovine serum (JR Scientific,

Woodland, CA, USA) and 1% penicillin and streptomycin

(Quality Biological, Gaithersburg, MD, USA), and were plated
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onto poly-D-lysine-coated (Sigma, St. Louis, MO, USA) six-well

plates. Neurones were cultured at 37�C in a 95% O2, 5% CO2

atmosphere. On the second day, 2e10 ml of AAV5 (titre �1�
1012 GC ml�1) was added to each well. For siRNA transfection,

siRNA was diluted to a concentration of 100 nM and trans-

fected into cultured neurones by Lipofectamine 2000 (Invi-

trogen, Carlsbad, CA, USA) according to the manufacturer’s

instructions. Three days later, neurones were harvested for

Western immunoblot analysis.
RNA extraction and quantitative real-time reverse
transcriptionepolymerase chain reaction

Total RNA extraction and quantitative real-time reverse

transcriptionepolymerase chain reaction (RTePCR) assays

were carried out as described.14,32,34 Briefly, unilateral L4 DRG

from fourmice were pooled to achieve enough RNA. Total RNA

was extracted using the miRNeasy kit with on-column diges-

tion of genomic DNA (Qiagen, Valencia, CA, USA) according to

the manufacturer’s instructions, and then reverse-transcribed

using ThermoScript reverse transcriptase (Invitrogen) using

oligo (dT) primers. The template was amplified in a Bio-Rad

CFX96 real-time PCR system using the following primers for

eIF4G2 mRNA (forward: 50-CTCCTCAATGTGGGTGTAGAGT-30,
reverse: 50-AGCGAGCTATACTTTGGCTCTT-30) or for Tuba1a

(forward: 50- TGTGGATTCTGTGGAAGGCG-30; reverse: 50-
AAGCACACATTGCCACATACAA-30). Each sample was run in

triplicate in a 20 ml reaction containing 250 nM forward and

reverse primers, 10 ml of SsoAdvanced Universal SYBR Green

Supermix (Bio-Rad Laboratories, Hercules, CA, USA), and 20 ng

of cDNA. PCR was carried out with an initial 3 min incubation

at 95�C, followed by 39 cycles of 95�C for 30 s, 60�C for 30 s, and

72�C for 30 s, and a final 5 min incubation at 72�C. Ratios of

ipsilateral-sidemRNA levels to contralateral-side mRNA levels

were calculated using the DCt method (2�DDCt). Data were

normalised to Tuba1a, an internal control shown to be stable

after peripheral nerve injury.29e31
Plasmid construction and virus production

To construct a plasmid expressing eIF4G2 protein, the full-

length sequences of eIF4G2 mRNA from mouse DRG was

reverse-transcribed using the SuperScript III One-Step RT-

qPCR Systemwith Platinum TaqHigh Fidelity DNA Polymerase

(ThermoFisher Scientific) and amplified by PCR with gene-

specific primers (forward: 50-ATAGAATTCGCCACCGTGGA-

GAGTGCGATTG; reverse: 50-GCGTCTA-
GATTAGTCAGCTTCTTCCTC). The resulting segment was

inserted into the pro-viral plasmid at the EcoRI and XbaI re-

striction sites. The recombinant clones were verified using

DNA sequencing. For packaging of AAV5 particles, HEK-293

cells were transfected with the pro-viral plasmid expressing

eIF4G2 or Gfp using a PEI Transfection method with pHelper.

Three days later, the transfected cells were collected and AAV5

particles were purified using the AAV-pro Purification Kit

(Takara Bio, Mountain View, CA, USA).
Western immunoblotting

Protein extraction and Western immunoblotting were carried

out as described.14,32,34 Briefly, unilateral L4 DRG from four

mice or unilateral L3 and L4 DRGs from two mice were pooled

to achieve enough protein. DRG or spinal cord samples were

homogenised and cultured neurones ultrasonicated on ice
with a lysis buffer (10 mM Tris, 1 mM phenylmethylsulfonyl

fluoride, 5 mM MgCl2, 5 mM ethylene glycol tetraacetic acid

[EGTA], 1 mM ethylenediaminetetraacetic acid [EDTA], 1 mM

dithiothreitol, 40 mM leupeptin, 250 mM sucrose). After

centrifugation at 4�C for 15 min at 1000�g, the supernatant

was collected. After protein concentration was measured,

samples were heated for 5 min at 99�C and loaded onto a 15%

stacking plus 7.5% separating sodium dodecyl sulphate (SDS)e

polyacrylamide gel (Bio-Rad Laboratories). Proteins were

electrophoretically transferred onto a polyvinylidene

difluoride membrane (Bio-Rad Laboratories). Membranes

were first blocked with 3% non-fat milk in Tris-buffered sa-

line containing 0.1% Tween-20 for 1 h and then incubated

overnight at 4�C with the following primary antibodies: rabbit

anti-eIF4G2 (1:1000; Invitrogen), rabbit anti-phosphorylated

extracellular signal-regulated kinase 1 and 2 (p-ERK 1 and 2)

(1:1000; Cell Signaling Technology Inc., Beverly, MA, USA),

rabbit anti- ERK 1 and 2 (1:1000; Cell Signaling Technology),

mouse anti-GFAP (1:1000; Cell Signaling Technology), rabbit

anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH;

1:3000; Santa Cruz Biotechnology), rabbit anti-MOR (1:1000;

Neuromics, Edina, MN, USA), or mouse anti-Kv1.2 (1:500,

NeuroMab, Davis, CA, USA). Proteins were detected by horse-

radish peroxidase-conjugated anti-rabbit or anti-mouse sec-

ondary antibodies (1:3000; Bio-Rad Laboratories) and

visualised using peroxide reagent and luminol plus enhancer

reagent (Clarity Western ECL Substrate; Bio-Rad Laboratories)

with exposure using a ChemiDoc XRS System with Image Lab

software (Bio-Rad Laboratories). The intensity of bands was

quantified by densitometry using Image Lab software (Bio-Rad

Laboratories), and was normalised to GAPDH.
Immunohistochemistry

Single- or double-labelled immunofluorescence histochem-

istry was performed as described.11,16,31 After mice were

deeply anaesthetised with isoflurane, they were trans-

cardially perfused with 50e100 ml of 4% paraformaldehyde

in 0.1 M phosphate buffer (pH 7.4). The DRG was harvested,

post-fixed, and cryoprotected in 30% sucrose in 0.1 M

phosphate buffer at 4�C overnight. Tissue was sectioned at a

thickness of 20 mm on a cryostat. For single labelling, every

fourth section was collected (at least three to four sections

per DRG). After being blocked for 1 h at 37�C in phosphate-

buffered saline (PBS) containing 10% goat serum and 0.3%

Triton X-100, sections were incubated alone with rabbit anti-

eIF4G2 (1:200; Invitrogen) overnight at 4�C. Sections were

then incubated with goat anti-rabbit IgG conjugated to Cy3

(1:200; Jackson ImmunoResearch, West Grove, PA, USA) for 2

h at room temperature. Control experiments included sub-

stitution of normal mouse serum for the primary antiserum

and omission of the primary antiserum. For double labelling,

seven sets of sections (at least one to two sections per set)

from naı̈ve DRGs were collected from each tissue by

grouping every seventh serial section. The seven sets were

incubated overnight at 4�C with primary rabbit anti-eIF4G2

and one each of the following primary antibodies or re-

agents, respectively: chicken anti-b III tubulin (1:200; EMD

Millipore, Billerica, MA, USA), mouse anti-glutamine syn-

thetase (GS; 1:200; Sigma-Aldrich), mouse anti-NF200 (1:100;

Sigma-Aldrich), biotinylated isolectin B4 (IB4, 1:100; Sigma-

Aldrich), mouse anti-calcitonin gene-related peptide (CGRP;

1:50; Abcam, Cambridge, UK), guinea pig anti-MOR (1:1000;

EMD Millipore) and mouse anti-Kv1.2 (1:200; NeuroMab,
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Davis, CA, USA). Sections were then incubated for 1 h at 37�C
with a mixture of goat anti-rabbit IgG conjugated with Cy3

(1:500, Jackson ImmunoResearch, West Grove, PA, USA) and

donkey anti-mouse IgG conjugated with Cy2 (1:500, Jackson

ImmunoResearch), donkey anti-guinea pig IgG conjugated to

Cy2 (1:500, Jackson ImmunoResearch), donkey anti-chicken

IgG conjugated to Cy2 (1:500, Jackson ImmunoResearch), or

FITC-labelled avidin D (1:200, Sigma-Aldrich). Fluorescent

photomicrographs were captured using a DMI 4000 fluores-

cence microscope (Leica Microsystems, Mannheim, Ger-

many) with a DFC365 FX camera (Leica) and analysed using

NIH ImageJ software.
Statistical analysis

All data are expressed as mean (standard error of the mean

[SD]). Data distribution was assumed to be normal based on

previous studies.11e16,29e34 Results from the behavioural tests,

RTePCR, Western immunoblot, and immunohistochemistry

were analysed using one-way or two-way analysis of variance

(ANOVA) or paired or unpaired Student’s t-tests. When ANOVA

showed a significant difference, pairwise comparisons
between means was performed using the post hoc Tukey

method. Data were analysed by SigmaPlot 12.5 (SYSTAT Soft-

ware, San Jose, CA, USA). All probability values were two

tailed, and a P value <0.05 was considered statistically

significant.
Results

Expression and distribution of eIF4G2 in doral root
ganglion

To determine the role of eIF4G2 in neuropathic pain, we first

examined its cellular expression in DRG. Double labelling of

eIF4G2 and b-tubulin III (a specific neuronal marker) or

glutamine synthetase (GS, a marker for satellite glial cells)

was carried out. eIF4G2 co-expressed with b-tubulin III in

some cells (Fig. 1a) but was not detected in GS-labelled cells

(Fig. 1b), indicating that eIF4G2 is expressed predominantly

in DRG neurones. About 34% (92 in 269) of b-tubulin III-

labelled neurones were positive for eIF4G2. Cross-sectional

area analysis of neuronal somata showed that ~41% of

eIF4G2-labelled neurones were large (>600 mm2 in area;
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Fig. 1c), 42% were medium (300e600 mm2 in area; Fig. 1c), and

17% were small (<300 mm2 in area; Fig. 1c). A DRG subpop-

ulation analysis revealed that ~13% of eIF4G2-positive neu-

rones were labelled by IB4 (a marker for small non-

peptidergic neurones; Fig. 1d), 14% by CGRP (a marker for

small DRG peptidergic neurones; Fig. 1e), and 79% by NF200

(a marker for medium and large neurones and myelinated

Ab fibres; Fig. 2f).
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7, and 14 after SNL, respectively, compared with those after

sham surgery at the corresponding time points (Fig. 2a).

Expression of eIF4G2 protein in the ipsilateral L4 DRG was also

increased by 1.6-fold (P<0.01), 2.5-fold (P<0.01), and 1.8-fold

(P<0.01) on days 3, 7, and 14 after SNL, respectively, as

compared with naı̈ve mice (0 day; Fig. 2b and c). Sham surgery

did not alter basal expression of eIF4G2 in the ipsilateral L4

DRG (Fig. 2b and c). Neither SNL nor sham surgery changed

basal levels of eIF4G2 in the contralateral L4 DRG, ipsilateral

(intact) L3 DRG or ipsilateral L4 spinal cord (Fig. 2def). Results

were similar after CCI. The level of eIF4G2 protein was

increased by 1.7-fold in the ipsilateral L3 and L4 DRGs on day 7

after CCI as compared with sham mice at the corresponding

time point (P<0.01; Fig. 1g). The number of eIF4G2-labelled

neurones in the ipsilateral L4 DRG was 2.4-fold greater than

that in the contralateral L4 DRG on day 7 after SNL (P<0.01;
Fig. 2hej).
Effect of microinjection of eIF4G2 siRNA on
development of nociceptive hypersensitivity

We examined whether the increased eIF4G2 in the injured

DRG participated in neuropathic pain. We blocked this in-

crease through microinjection of eIF4G2 siRNA into the ipsi-

lateral L4 DRG 5 days before mice were subjected to either SNL

or sham surgery. Negative control siRNA was used as the

control. As expected, the level of eIF4G2 protein was signifi-

cantly increased by 2.6-fold in the ipsilateral L4 DRGs in

negative control siRNA-microinjected SNL mice as compared

with the negative control siRNA-microinjected sham mice on

day 5 after surgery (P<0.01; Fig. 3a). However, this increase was

not seen in the eIF4G2 siRNA-microinjected SNL mice (1.2-fold

of negative control siRNA-sham, P¼0.15; Fig. 3a). Neither

siRNA altered basal expression of eIF4G2 in the ipsilateral L4

DRG of sham mice (Fig. 3a).

We further observed the behavioural responses of SNL or

sham mice after prior microinjection of siRNA. Consistent

with previous reports,23,32 SNL led to long-term mechanical

allodynia, thermal hyperalgesia, and cold allodynia on the

ipsilateral side in negative control siRNA-microinjected mice

(Fig. 3bee). The PWFs in response to 0.07 and 0.4 g von Frey

filament stimuli applied to the ipsilateral hind paw were

significantly increased on days 3 and 5 after SNL as compared

with pre-surgery baseline values (P<0.01; Fig. b and c). The

PWLs of the ipsilateral hind paw in response to heat and cold

were markedly reduced on days 3 and 5 after SNL (P<0.01;
Fig. 3d and e). Microinjection of eIF4G2 siRNA into the ipsilat-

eral L4 DRG largely blocked the SNL-induced increases in PWFs

to 0.07 g (25% [5.3%] vs 38% [6.4%] on days 3 and 18% [6.4%] vs

50% [7.6%] on day 5, P<0.01; Fig. 3b) and 0.4 g (46% [5.2%] vs 55%

[5.3%] on day 3 and 46% [5.2%] vs 70% [5.3%] on day 5, P<0.01;
Fig. 3c) von Frey filament stimuli. The SNL-induced decreases

in PWLs to heat (11 [0.5] s vs 9 [0.4] s on day 3 and 11 [0.5] s vs 8

[0.6] s, P<0.01; Fig. 3d) and cold (17 [0.9] s vs 14 [0.7] s on day 3

and 18 [0.9] s vs 12 [0.8] s on day 5, P<0.01; Fig. 3e) stimuli on

days 3 and 5 after SNL. DRG microinjection of neither siRNA

affected basal paw responses to mechanical, heat, or cold

stimuli on the contralateral side of SNL mice, and on either

side of sham mice during the observation period (Fig. 3beh).

Both SNL and sham mice with DRG microinjection of either

siRNA displayed normal locomotor activity (Supplementary

Table S1).

We also examined whether prior microinjection of eIF4G2

siRNA into the DRG affected SNL-induced dorsal horn central
sensitisation as indicated by increases in phospho-ERK1 and

ERK2 (a marker for neuronal hyperactivation) and GFAP (a

marker for astrocyte hyperactivation) in the dorsal horn dur-

ing the development period. In line with previous studies,23,32

levels of p-ERK1 and 2 (but not total ERK1 and 2) and GFAP

increased in the ipsilateral L4 dorsal horn on day 5 after SNL in

the negative control siRNA-microinjected SNL mice, but not in

sham mice (P<0.01; Fig. 3i). These increases were absent in

eIF4G2 siRNA-microinjected SNL mice (1.24 [0.07]-fold vs 2.32

[0.21]-fold for p-ERK1, 1.27 [0.11]-fold vs 2.39 [0.08]-fold for p-

ERK2 and 1.21 [0.07]-fold vs 2.38 [0.13]-fold for GFAP, P<0.01;
Fig. 3i). Neither siRNA altered basal expression of p-ERK1 and

2, total ERK1 and 2 or GFAP in the dorsal horn of sham mice

(Fig. 3i). Taken together, these results indicate that increased

eIF4G2 in the injured DRGmay be required for development of

SNL-induced nociceptive hypersensitivity and dorsal horn

central sensitisation.
Effect of microinjection of eIF4G2 siRNA on
maintenance of nociceptive hypersensitivity

To examine the role of increased DRG eIF4G2 in the mainte-

nance of SNL-induced nociceptive hypersensitivity, we

microinjected eIF4G2 siRNA into the ipsilateral L4 DRG start-

ing on day 7 after SNL, when SNL induced nociceptive hy-

persensitivity peaks. Ipsilateral mechanical, thermal, and

cold hypersensitivities were completely developed by this

time point (P<0.01, day 7 vs day e1; Fig. 4aed). However, these

hypersensitivities were reduced in the eIF4G2 siRNA-

microinjected mice compared with negative control siRNA-

microinjected mice on days 10, 12, and 14 after SNL (P<0.01,
negative control siRNA-SNL vs eIF4G2 siRNA-SNL; Fig. 4aed).

Neither siRNA changed basal responses to mechanical and

thermal stimuli on the contralateral side of SNL mice

(Fig. 4eeg). In the ipsilateral L4 DRG, SNL increased expres-

sion of eIF4G2 protein by 2.6-fold compared with the contra-

lateral L4 DRG on day 14 after SNL in negative control siRNA-

microinjected SNL mice (P<0.01; Fig. 4h), but this increase was

almost entirely absent in eIF4G2 siRNA-microinjected mice

(P<0.01, negative control siRNA-SNL vs eIF4G2 siRNA-SNL;

Fig. 4h). Moreover, SNL-induced increases in p-ERK1 and 2

(but not total ERK1 and 2) and GFAP in the ipsilateral L4 dorsal

horn on day 14 after SNL from negative control siRNA-

microinjected SNL mice were not seen in eIF4G2 siRNA-

microinjected mice (P<0.01, negative control siRNA-SNL vs

eIF4G2 siRNA-SNL; Fig. 4i). This evidence suggests that

increased DRG eIF4G2 also plays a role in the maintenance of

SNL-induced nociceptive hypersensitivities and dorsal horn

central sensitisation.
DRG overexpression of eIF4G2 increases
hypersensitivity to nociceptive stimuli

We further examined whether the increased eIF4G2 in injured

DRG was sufficient for nerve injury-induced nociceptive hy-

persensitivity. AAV5 encodingmouse full-length eIF4G2mRNA

(AAV5-eIF4G2) wasmicroinjected into unilateral L3 and 4 DRGs

of naı̈ve adult mice. AAV5-Gfp was used as a control. DRG

microinjection of AAV5-eIF4G2, but not control AAV5-Gfp, led

to marked increases in PWFs in response to 0.07 and 0.4 g von

Frey filament stimuli (P<0.01, AAV5-eIF4G2 vsAAV5-Gfp; Fig. 5a

and b) and decreases in PWLs in response to heat and cold

stimuli (P<0.01, AAV5-eIF4G2 vs AAV5-Gfp; Fig. 5c and d) on the

ipsilateral side. These nociceptive hypersensitivities started at
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ipsilateral L4 DRG on PWF to 0.07 g (b and f) and 0.4 g (c and g) von Frey filament stimuli and on paw withdrawal latency (PWL) to heat (d

and h) and cold (e) stimuli on the ipsilateral (bee) and contralateral (feh) sides at the different days after SNL or sham surgery. n¼8 mice

per group. Two-way ANOVA with repeated measures followed by post hoc Tukey test. Fgroup (3, 112)¼50 for 0.07 g, 14 for 0.4 g, 55 for heat, and 49

for cold. **P<0.01 vs the NC plus SNL group at the corresponding time points. (i) Effect of microinjection of eIF4G2 siRNA (Si) or negative

control siRNA (NC) into the ipsilateral L4 DRG on the expression of p-ERK1 and 2, total ERK1 and 2, and GFAP in the ipsilateral L4 dorsal

horn on day 5 after SNL or sham surgery. Left: representative Western immunoblots. Right: statistical summary of densitometric analysis.

n¼3 mice per group. Two-way ANOVA with repeated measures followed by post hoc Tukey test. Fgroup (1, 8)¼30 for p-ERK1, 108 for p-ERK2, 0.50
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3 or 4weeks aftermicroinjection and lasted for at least 8weeks

(Fig. 5aed), consistent with the previously reported 3e4 week

lag in AAV5 expression.14,16,29 Neither virus affected locomotor

function (Supplementary Table S1) or basal contralateral paw

withdrawal responses (Fig. 5aec). In addition to evoked noci-

ceptive hypersensitivities, DRGmicroinjection of AAV5-eIF4G2

led to stimulation-independent spontaneous pain indicated by

robust preference for the lidocaine-paired chamber (P<0.01,
AAV5-eIF4G2 vs AAV5-Gfp; Fig. 5e and f). In contrast, DRG

microinjection of AAV5-Gfp did not produce marked prefer-

ence for either the saline- or lidocaine-paired chamber, evi-

dence of no significant spontaneous pain (Fig. 5e and f).
Expression of eIF4G2 protein increased by 2.3-fold in AAV5-

eIF4G2-injected DRGs as compared with AAV5-Gfp-injected

DRGs 8 weeks after microinjection (P<0.01; Fig. 5g). DRG

microinjection of AAV5-eIF4G2 also led to an increase in p-

ERK1 and 2 (but not total ERK1 and 2) and GFAP in the ipsi-

lateral L4 dorsal horn (P<0.01, AAV5-eIF4G2 vs AAV5-Gfp;

Fig. 5h), suggesting that increased expression of eIFG2 is a

sufficient trigger for dorsal horn neuronal and astrocyte

hyperactivation. Overall, these findings indicate that

increased eIF4G2 in the DRG leads to both spontaneous and

evoked nociceptive hypersensitivities, signs of neuropathic

pain commonly seen in the clinic.
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Increased eIF4G2 downregulates MOR and Kv1.2
expression in injured dorsal root ganglion

We further examined the mechanisms by which increased

eIF4G2 in injured DRG participates in SNL-induced nociceptive

hypersensitivity. Given that peripheral nerve injury-induced

downregulation of MOR and Kv1.2 in injured DRG is known

to contribute to neuropathic pain,10e13,15,16,31,33 and that

eIF4G2 functions as a general repressor of cap-dependent

translation,20e22,35 we predicted that increased eIF4G2 con-

tributes to MOR and Kv1.2 downregulation in injured DRG.

Consistent with previous reports,10e13,15,16,31,33 SNL reduced
MOR andKv1.2 expression in the ipsilateral L4 DRG 5 days after

SNL in the negative control siRNA-microinjected mice (P<0.01,
SNL vs sham; Fig. 6a and b). These reductions were largely

reversed in eIF4G2 siRNA-microinjected mice (P<0.01, eIF4G2
siRNA vs negative control siRNA in SNL mice; Fig. 6a and b).

Prior microinjection of eIF4G2 siRNA did not change basal

expression of MOR and Kv1.2 protein in the DRG of sham mice

(Fig. 6a and b). Expression of MOR and Kv1.2 protein in the

ipsilateral L3 and L4 DRGs from AAV5-eIF4G2-microinjected

mice was decreased by 45% and 51%, respectively, compared

with AAV5-Gfp-microinejcted mice at 8 weeks after microin-

jection (P<0.01, AAV5-eIF4G2 vs AAV5-Gfp; Fig. 6c and d). In
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preference; eIF4G2, eukaryotic initiation factor 4 gamma 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFAP, glial fibrillary acidic

protein; p-ERK, phosphorylated extracellular signal-regulated kinase 1; PWF, paw withdrawal frequency; PWL: paw withdrawal latency.

Role of eIF4G2 in neuropathic pain - 715
addition, cultured DRG neurones co-treated with AAV5-eIF4G2

plus negative control siRNA showed a marked increase in the

amount of eIF4G2 and significant decreases in the levels of

MOR and Kv1.2 compared with neurones co-treated with

AAV5-Gfp plus negative control siRNA (P<0.01; Fig. 6e and f).
These effects were nearly abolished in cultured DRG neurones

co-treatedwith eIF4G2-siRNA plus AAV5-eIF4G2 (P<0.01, eIF4G2
siRNA vs negative control siRNA in neurones with eIF4G2

overexpression; Fig. 6e and f), indicating that the decreases in

MOR and Kv1.2 expression were specific responses to eIF4G2.
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Fig 6. Role of increased dorsal root ganglion (DRG) eIF4G2 in spinal nerve ligation-induced downregulation of Kv1.2 and mu opioid receptor

(MOR) in the injured DRG. (a, b) Expression of Kv1.2 and MOR in the ipsilateral L4 DRG on day 5 after SNL or sham surgery in mice

microinjected with eIF4G2 siRNA (Si) or negative control siRNA (NC). Representative Western immunoblots (a) and a statistical summary of

the densitometric analysis (b) are shown. n¼3 biological repeats (12 mice) per group. One-way analysis of variance (ANOVA) with repeated

measures followed by post hoc Tukey test. Fgroup,(3, 8)¼29 for Kv1.2 and 25 for MOR. **P<0.01 vs the corresponding NC plus sham group.
##P<0.01 vs the corresponding NS plus SNL group. (c, d) Levels of Kv1.2 and MOR proteins in the ipsilateral L3 and L4 DRGs 8 weeks after

microinjection of AAV5-eIF4G2 (eIF4G2) or control AAV5-Gfp (GFP) in naı̈ve mice. Representative Western immunoblots (c) and a statistical

summary of the densitometric analysis (d) are shown. n¼3 biological repeats (six mice) per group. **P<0.01 vs the corresponding AAV5-Gfp

group by two-tailed independent Student t test. (e, f) Expression of eIF4G2, Kv1.2 and MOR in mouse cultured DRG neurones transduced or

transfected as indicated. GFP, AAV5-Gfp; eIF4G2, AAV5-eIF4G2; NC, control negative siRNA; Si, eIF4G2 siRNA. Representative Western

immunoblots (e) and a summary of the densitometric analysis (f) are shown. n¼3 biological repeats per group. One-way ANOVA with

repeated measures followed by Tukey post hoc test. Fgroup (3, 8)¼260 for eIF4G2, 235 for Kv1.2, and 16 for MOR. **P<0.01 vs the corresponding

GFP plus NC group. ##P<0.01 vs the corresponding eIF4G2 plus GFP group. (g) Double-label immunofluorescent staining (arrows) of eIF4G2

(red) with Kv1.2 (green) or MOR (green) in naı̈ve DRG neurones. n¼3 mice. Scale bar, 50 mm. GAPDH, glyceraldehyde 3-phosphate dehy-

drogenase.
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Unexpectedly, eIF4G2-siRNA did not alter basal levels of

eIF4G2, MOR, and Kv1.2 expression in AAV5-Gfp-transduced

cultured DRG neurones (Fig. 6e and f). Finally, double-label

immunohistochemistry revealed that ~52% (38 in 73) of

eIF4G2-labelled neurones were positive for Kv1.2 and that

~24% (26 in 109) of eIF4G2-labelled neurones were positive for

MOR in naı̈ve DRG (Fig. 6g).
Discussion

Long-lasting nociceptive hypersensitivities induced by SNL

mimic post-traumatic neuropathic pain frequently seen in the

pain clinic. Current treatments for this common and debili-

tating disorder are limited, at least in part owing to an

incomplete understanding of the mechanisms that underlie

the development and maintenance of nerve injury-induced

pain hypersensitivities. In this study, we show that SNL pro-

duced an increase in eIF4G2 expression in the injured DRG.

This increase is shown to contribute to development and

maintenance of SNL-induced nociceptive hypersensitivities

through downregulation of MOR and Kv1.2 protein expression

in injured DRG. Our findings present a novel eIF4G2-mediated

post-transcriptional mechanism for induction and mainte-

nance of nerve injury-induced pain hypersensitivities.
The present study showed that eIF4G2, a eukaryotic initi-

ation factor implicated in regulation of protein translation,

was localised predominantly in DRG neurones, ~34% of which

were labelled by eIF4G2 under normal conditions. Our obser-

vations are in line with a previous report that showed distri-

bution of eIF4G2 in the somata and axons of hippocampal

neurones.36 Moreover, eIF4G2 mRNA and eIF4G2 protein

expression increased in injured DRG, but not in intact (unin-

jured) DRG, contralateral DRG and the ipsilateral spinal cord

dorsal horn, after either SNL or CCI. Consistently, eIF4G2 was

detected in a greater number of neurones in injured DRG after

SNL. These results suggest that the eIF4G2 gene is activated at

the transcriptional level leading to protein translation in

injured DRG after peripheral nerve injury. How peripheral

nerve injury causes an increase in eIF4G2 mRNA in the DRG is

unclear, but this increase is likely triggered by transcription

factors and epigenetic modifications or increases in RNA

stability.

Increased eIF4G2 in injured DRG is required for peripheral

nerve injury-induced nociceptive hypersensitivity. We found

that blocking the SNL-induced increase in DRG eIF4G2 through

microinjection of eIF4G2 siRNA into the injured DRG nearly

abolished SNL-induced nociceptive hypersensitivities to me-

chanical, heat, and cold stimuli and reduced dorsal horn
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central sensitisation during both development and mainte-

nance periods. Mimicking the SNL-induced increase in DRG

eIF4G2 through overexpression of eIF4G2 led to enhanced

nociceptive responses to mechanical, heat, and cold stimuli

and increased dorsal horn neuronal and glial activity in mice

even in the absence of nerve injury. Given that eIF4G2 siRNA

did not affect basal nociceptive responses or locomotor func-

tion, our findings provide for a specific and selective role of

DRG eIF4G2 in nerve injury-induced nociceptive hypersensi-

tivities. Unexpectedly, eIF4G2 siRNA administration failed to

decrease basal expression of eIF4G2 in sham DRGs or in AAV5-

Gfp-treated cultured DRGs. However, this siRNA at the same

dosage significantly blocked the SNL- or AAV5-eIF4G2-induced

increases in DRG eIF4G2. The mechanism by which eIF4G2

siRNA did not affect basal eIF4G2 expression in vivo and in vitro

is unknown, but could be attributable to its low basal level of

DRG eIF4G2 likely could not be further reduced significantly by

its siRNA.

Increased DRG eIF4G2 expression contributes to develop-

ment and maintenance of peripheral nerve injury-induced

nociceptive hypersensitivities likely through downregulation

of MOR and Kv1.2 expression in injured DRG. Nerve injury-

induced downregulation of Kv1.2 and MOR in the injured

DRG plays a key role in the development and maintenance of

nerve injury-induced nociceptive hypersensitivity. Kv1.2 is

highly expressed in large- andmedium-sized DRG neurones.11

Knocking down its expression increased excitability of DRG

neurones and produced an augmented responses to me-

chanical, heat, and cold stimuli in naı̈ve animals.16 Rescuing

DRG Kv1.2 expression attenuated nerve injury-induced noci-

ceptive hypersensitivity.11,16 Similarly, MOR knockout mice

exhibited enhanced responses to mechanical stimulation of

an uninjured paw in addition to increased mechanical allo-

dynia in injured paws of SNL animals.37 Restoring DRG MOR

expression blocked MOR-mediated neurotransmitter release

from primary afferents and nerve injury-induced nociceptive

hypersensitivity.13,15,32 The present work shows that blocking

increased DRG eIF4G2 rescued Kv1.2 and MOR expression in

injured DRG of SNLmice, and thatmimicking the nerve injury-

induced increase in DRG eIF4G2 decreased Kv1.2 and MOR

expression in naı̈ve DRG. Our in vitro cultured DRG studies

further showed regulation of Kv1.2 and MOR expression by

eIF4G2 and co-localisation of eIF4G2 with MOR or Kv1.2 in DRG

neurones. Given that both Kcna2 (encoding Kv1.2) and Oprm1

(encoding MOR) RNAs contain 50 cap structures and that

eIF4G2 is a repressor of cap-dependent mRNA trans-

lation,20e22,35 increased eIF4G2 likely participates in nerve

injury-induced pain hypersensitivity through repressing Kv1.2

and MOR mRNA translation in the injured DRG. It should be

noted that other potential mechanisms by which increased

DRG eIF4G2 participates in neuropathic pain cannot be ruled

out. eIF4G2 also promotes cap-independent translation of B-

cell lymphoma 2 (Bcl-2), cyclin-dependent kinase 1 (CDK1),

prolyl hydroxylase-domain protein 2 (PHD2), and Down syn-

drome critical region 1 isoform 4 (DSCR1.4).27,38,39 Whether

these targets are involved in eIF4G2 function in neuropathic

pain remains to be determined.

Previous studies showed that DNMT1- and DNMT3a-

mediated DNA methylation, G9a-mediated histone methyl-

ation, transcriptional repressors, FTO-mediated RNA m6A

demethylation, and Kcna2 antisense long non-coding RNA are

also involved in nerve injury-induced downregulation of Kv1.2

or MOR in injured DRG.6,10,12,13,15,16,33,40,41 It thus appears that

multiple mechanisms at both epigenetic and post-
translational levels contribute to nerve injury-induced down-

regulation of the DRG Kcna2 and Oprm1 genes.

Peripheral nerve injury produces pathological alternations

in both neurones and glia within the spinal cord dorsal

horn.42e44 Dorsal horn neurones stimulated by increased

neurotransmitters/neuromodulators from the injured primary

afferents release pro-inflammatory mediators, that cause

remarkable activation and gliosis of both microglia and as-

trocytes within dorsal horn.42e44 These activated glia in turn

release glial factors/mediators that alter neural excitability

through modulation of excitatory and inhibitory synaptic

transmission, leading to central sensitisation and neuropathic

pain.42e44 We observed that levels of p-ERK1 and 2 and GFAP

were markedly increased in dorsal horn on days 5 and 14 after

SNL. These increases were attenuated by blocking increased

eIF4G2 in injured DRG. Thus, anti-nociception produced by

blocking increased DRG eIF4G2 likely results from relieving

eIF4G2’s repression on DRG Kv1.2 and MOR protein trans-

lation, rescuing their downregulation, reducing nerve injury-

induced hyperexcitability of injured DRG neurones and

decreasing nerve injury-induced increase of neurotransmitter

and neuromodulator release from primary afferents. The

latter reduces dorsal horn neuronal and glial hyperactivation

(i.e. central sensitisation) under neuropathic pain conditions.

In summary, we identified an eIF4G2-mediated post-

translational mechanism by which nerve injury down-

regulates expression of Kv1.2 and MOR in injured DRG. Given

that blocking the increased eIF4G2 in the DRG impaired nerve

injury-induced nociceptive hypersensitivities without

affecting locomotor function and acute pain, eIF4G2may be an

essential mediator of neuropathic pain and a potential target

for management of this disorder. However, potential un-

wanted side-effects caused by targeting eIF4G2 should be

assessed because of its expression in other tissues.
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