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Injury-induced sensitization of nociceptors contributes to pain states and the development of chronic pain. Inhibiting activity-dependent
mRNA translation through mechanistic target of rapamycin and mitogen-activated protein kinase (MAPK) pathways blocks the devel-
opment of nociceptor sensitization. These pathways convergently signal to the eukaryotic translation initiation factor (eIF) 4F complex to
regulate the sensitization of nociceptors, but the details of this process are ill defined. Here we investigated the hypothesis that phosphor-
ylation of the 5" cap-binding protein eIF4E by its specific kinase MAPK interacting kinases (MNKs) 1/2 is a key factor in nociceptor
sensitization and the development of chronic pain. Phosphorylation of ser209 on eIF4E regulates the translation of a subset of mRNAs.
We show that pronociceptive and inflammatory factors, such as nerve growth factor (NGF), interleukin-6 (IL-6), and carrageenan,
produce decreased mechanical and thermal hypersensitivity, decreased affective pain behaviors, and strongly reduced hyperalgesic
priming in mice lacking eIF4E phosphorylation (eIF4E*****). Tests were done in both sexes, and no sex differences were found. Moreover,
in patch-clamp electrophysiology and Ca*" imaging experiments on dorsal root ganglion neurons, NGF- and IL-6-induced increases in
excitability were attenuated in neurons from eIF4E**’** mice. These effects were recapitulated in Mnk1/2~'~ mice and with the MNK1/2
inhibitor cercosporamide. We also find that cold hypersensitivity induced by peripheral nerve injury is reduced in eIF4E°**** and
Mnkl1/2~'~ mice and following cercosporamide treatment. Our findings demonstrate that the MNK1/2- eIF4E signaling axis is an im-
portant contributing factor to mechanisms of nociceptor plasticity and the development of chronic pain.
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Chronic pain is a debilitating disease affecting approximately one in three Americans. Chronic pain is thought to be driven by changes in
the excitability of peripheral nociceptive neurons, but the precise mechanisms controlling these changes are not elucidated. Emerging
evidence demonstrates that mRNA translation regulation pathways are key factors in changes in nociceptor excitability. Our work
demonstrates that a single phosphorylation site on the 5 cap-binding protein eIF4E is a critical mechanism for changes in nociceptor
excitability that drive the development of chronic pain. We reveal a new mechanistic target for the development of a chronic pain stateand
propose that targeting the upstream kinase, MAPK interacting kinase 1/2, could be used as a therapeutic approach for chronic pain.

ignificance Statement

Introduction tors, including ion channels, G-protein-coupled receptors and

Translation of mRNAs is dynamically regulated in cells by up- ~ tyrosine receptor kinases. For example, in dorsal root ganglion
stream signaling factors that respond to a broad variety of recep-

unpublished reagents/analytic tools; J.K.M., AX., M.N.A, B.J.B., J.LK, P.B-l, S.M., M.D.B., S.B., J.J.P., G.D., and
T.).P. analyzed data; J K.M., AK,, S.B., CG.G., JJ.P., J.S.M., G.D., N.S.,and T.J.P. wrote the paper.
Received Jan. 24, 2017; revised May 21, 2017; accepted June 27, 2017. This work was supported by National Institutes of Health Grants R01-NS-065926 (T.J.P.), R01-GM-102575 (T.J.P.
Author contributions: J.K.M., AK., 0.KM., S.B., C.G.G., JJ.P., JS.M., G.D., N.S., and T.J.P. designed research; and G.D.), R01-NS-073664 (T.J.P., S.B., and J.V.), The University of Texas STARS program (T.J.P. and G.D.), and the
JKM., AK, MN.A, BJB., J.LK, P.B-l., S.M., M.D.B., C.CB.-V., and T...P. performed research; J.V. contributed postdoctoral Consejo Nacional de Ciencia y Tecnologia fellowship program 274414 (P.B.-1.).



7482 - ). Neurosci., August 2, 2017 - 37(31):7481-7499

(DRG) neurons, nerve growth factor (NGF) and interleukin-6
(IL-6), two extracellular ligands intimately linked to pain across
mammalian species, signal via their cognate receptors to the
mechanistic target of rapamycin (mTOR) and mitogen-activated
protein kinase (MAPK) pathways to induce eukaryotic transla-
tion initiation factor (eIF) 4F complex formation and promote
translation (Melemedjian et al., 2010). The eIF4F complex is
composed of the 5" cap binding protein eIF4E, the deadbox RNA
helicase eIF4A, and the scaffolding protein eIF4G. Phosphoryla-
tion of 4E-binding proteins (4E-BPs) by mTOR relieves inhibi-
tion on eIF4E and allows for eIF4E association with eIF4G and
elF4A to form the eIF4F complex, which promotes cap-depen-
dent translation (Sonenberg and Hinnebusch, 2009). On the
other hand, MAPKs act via the MAPK interacting kinases
(MNKs) 1/2 to phosphorylate eIF4E at Serine 209 (Pyronnet et
al., 1999; Waskiewicz et al., 1999). While the precise role of e[F4E
phosphorylation is not known, eIF4E phosphorylation has been
linked to the development of cancer (Furic et al., 2010) and im-
munity (Herdy et al., 2012). Its physiological role in the context
of sensory neuron plasticity and pathological pain is unexplored.

The diversity of the mechanisms of translation control by the
elF4F proteins is more complex than previously thought. It is
now known that specific phosphorylation events on individual
elF4F complex proteins control the translation of distinct subsets
of mRNAs. The mTOR pathway has recently been shown to pri-
marily influence the translation of mRNAs that contain terminal
oligopyrimidine tracts in their 5" untranslated regions (UTRs;
Thoreen etal., 2012). Similarly, the RNA helicase eIF4A primarily
influences the translation of mRNAs with highly structured 5’
UTRs and/or 5" UTRs that contain sequence motifs that form
G-quadruplexes (Wolfe et al., 2014). In the context of pain, two
recent studies have shown distinct phenotypes in 4E-BP1 knock-
out mice or when elF2a phosphorylation is genetically reduced.
4E-BP1 knock-out mice show increased spinal cord expression of
neuroligin 1 and enhanced mechanical sensitivity with no change
in thermal thresholds (Khoutorsky et al., 2015). On the other
hand, mice lacking eIF2a phosphorylation on one allele have
reduced responses to thermal stimulation and a deficit in thermal
hypersensitivity after inflammation but normal mechanical pain
(Khoutorsky et al., 2016). These studies highlight that distinct
translation regulation signaling pathways produce diverse sen-
sory phenotypes.

The goal of this study was to test the hypothesis that e[F4E
phosphorylation is a central regulator of nociceptive plasticity
and participates in the development of a chronic pain state. We
tested this hypothesis using mice lacking the phosphorylation site
for MNK1/2 on eIF4E (eIF4ES?%%*), mice lacking both MnkI and
2 (Mnk™’"; Uedaetal., 2004), and an inhibitor of MNK1/2 kinase
activity, cercosporamide (Altman et al., 2013). We find that, dif-
ferent from 4E-BP1 knockouts or eIF2« mutants (Khoutorsky et
al., 2015, 2016), eIF4AE phosphorylation does not influence acute
pain behavior but does promote nociceptor sensitization by a
variety of endogenous factors known to promote pain in humans
(NGF and IL-6) as well as exogenous pain-sensitizing factors.
Moreover, eIFAE phosphorylation is an important contributor to
the development of a chronic pain state, as shown in hyperalgesic
priming, where mechanical hypersensitivity and grimacing are

The authors declare no competing financial interests.
Correspondence should be addressed to Theodore J. Price, School of Behavioral and Brain Sciences, University of
Texas at Dallas, JO 4.212, 800 West Campbell Road, Richardson, TX 75080. E-mail: Theodore.price@utdallas.edu.
DOI:10.1523/JNEUR0SCI.0220-17.2017
Copyright © 2017 the authors ~ 0270-6474/17/377482-19515.00/0

Moy et al. @ elF4E Phosphorylation Controls Pain Plasticity

decreased. Finally, we show that MNK1/2—-eIF4E signaling is in-
volved in the generation of cold hypersensitivity in a nerve injury-
induced neuropathic pain model. Our findings elucidate a new
pathway regulating plasticity in the nociceptive system with im-
plications for understanding signaling mechanisms in nocicep-
tors that promote the development of a chronic pain state.

Materials and Methods

Experimental animals. Male and female eIF4E5?°°* mice on a C57BL/6
background were generated in the Sonenberg laboratory at McGill Uni-
versity, as described previously (Furic et al., 2010), and bred at The Uni-
versity of Arizona or The University of Texas at Dallas to generate
experimental animals. Mnk1/2~/~ mice on a C57BL/6 background were
obtained from Rikiro Fukunaga (Osaka University of Pharmaceutical
Sciences in Japan, Osaka, Japan) (Ueda et al., 2004) and bred at McGill
University. All animals were genotyped using DNA from ear clips taken
at the time of weaning, and all animals were backcrossed to C57BL/6
background for at least 10 generations before experiments. All electro-
physiological experiments using elF4E5°** and WT mice were per-
formed using mice between the ages of 4 and 6 weeks at the start of the
experiment. Behavioral experiments using elF4E5?%** and WT mice were
performed using mice between the ages of 8 and 12 weeks, weighing
~20-25 g. Experiments using ICR mice obtained from Harlan Labora-
tories were performed using mice between 4 and 8 weeks of age, weighing
~20-25 g at the start of the experiment. All animal procedures were
approved by the Institutional Animal Care and Use Committees at The
University of Arizona, The University of Texas at Dallas, or McGill Uni-
versity and were performed in accordance with the guidelines of the
International Association for the Study of Pain.

Antibodies and chemicals. The peripherin and neurofilament 200
(NF200) antibodies used for immunohistochemistry (IHC) were ob-
tained from Sigma-Aldrich. Isolectin B, (IB,) conjugated to Alexa Fluor
568 and secondary Alexa Fluor antibodies were from Life Technologies.
Calcitonin gene-related peptide (CGRP) antibody was purchased from
Peninsula Laboratories International. Transient receptor potential V1
(TRPV1) antibody was procured from Neuromics. The phosphorylated
(p) and total eIF4E, 4EBP1, extracellular signal-related protein kinase
(ERK), and GAPDH antibodies were obtained from Cell Signaling Tech-
nology. The p-eIF4E antibody used for IHC was purchased from Abcam.
(RS)-3,5-Dihyroxyphenylglycin (DHPG) was purchased from Tocris
Bioscience. Cercosporamide was provided as a gift by Eli Lilly and Com-
pany to the Sonenberg laboratory. Mouse NGF was obtained from Mil-
lipore. Recombinant human or mouse IL-6 was purchased from R&D
Systems. 2-Aminothiazol-4-yl-LIGRL-NH, (2at-LIGRL) was synthe-
sized in our laboratory as described previously (Boitano et al., 2011).
Prostaglandin E, (PGE,) was purchased from Cayman Chemicals.
B-Cyclodextrin (45% weight/volume in H,0) was purchased from
Sigma-Aldrich. All other chemicals were attained from Thermo Fisher
Scientific. See Table 1 for additional details on antibodies and chemicals
used in this study.

Behavior. Mice were housed on 12 h light-/dark cycles with lights on at
7:00 A.M. Mice had food and water available ad libitum. All behavioral
experiments were performed between the hours of 9:00 A.M. and 4:00
P.M. Mice were randomized to groups from multiple cages to avoid using
mice from experimental groups that were cohabitating. Sample size was
estimated by performing a power calculation using G*Power (version
3.1.9.2). With 80% power and an expectation of d = 2.2 effect size in
behavioral experiments, and « set to 0.05, the sample size required was
calculated as n = 5 per group. We therefore sought to have an n = 6
sample in all behavioral experiments. SD (set at 0.3) for the power calcu-
lation was based on previously published mechanical threshold data. The
actual number of animals used in each experiment was based on available
animals of the appropriate sex and weight but was at least n = 5 for
behavior experiments, with the exception of testing the effects cerco-
sporamide on cold hypersensitivity after spared nerve injury (SNI) where
the sample size was determined by the amount of available drug and the
dosing schedule given the findings in previous publications (Table 2).
Mice were habituated for 1 h to clear acrylic behavioral chambers before
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Table 1. List of antibodies used in this study
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Primary antibodies (atalog number Incubation Secondary antibodies
elF4E Phospho-9741S p, 1:500; p(IHC), 1:1000; t, 1:1000; overnight at 4°C Goat anti-rabbit (Western blot, 1:10,000; IHC, 1:1000); 1 h at RT
Phospho (IH()-ab76256
Total-9742S
4E-BP1 Phospho-94595 p, 1:500; t, 1:1000; overnight at 4°C Goat anti-rabbit (1:10,000); 1 h at RT
Total-94525
ERK Phospho-9101S p, 1:3000; t, 1:3000; overnight at 4°C Goat anti-rabbit (1:10,000); 1 h at RT
Total-9102S
GAPDH 2118 1:10,000; overnight at 4°C Goat anti-rabbit (1:10,000); 1 h at RT
Peripherin SAB 4502419 1:500; overnight at 4°C Alexa Fluor goat anti-rabbit 488 (1:1000); 1 h at RT
Neurofilament 200 N0142 1:400; overnight at 4°C Alexa Fluor goat anti-mouse 568 (1:1000); 1 h at RT
1B,—568 121412 Spinal cord, 1:1000; DRG, 1:400; overnight at 4°C None
CGRP T-4032 Spinal cord and DRG, 1:1000; overnight at 4°C Alexa Fluor goat anti-rabbit 647 (1:2000); 1 h at RT
TRPV1 GP14100 Spinal cord and DRG, 1:1000; skin, 1:3000; overnight at 4°C Alexa Fluor goat anti-guinea pig 488 (1:2000); 1 h at RT

RT, Room temperature; t, total.

Table 2. Sex of animals by genotype in behavioral experiments in this study

WT WT elF4F20% elF4F20%

Test males females males females
Tail flick/von Frey 4 4 7 5
Formalin 6 4 7 5
DHPG 5 3 4 4
IL-6 5 3 6 4
NGF 4 4 4 2
NGF thermal 6 6
2at-LIGRL (PAR,) 4 2 4 2
Grimace [2at-LIGRL (PAR,)] 4 1 6
(arrageenan 5 6
(arrageenan thermal 5 5
CFA (MNK /™) 4 5 4(MNK~'™) 5(MNK—'™)
Cercosporamide plus 4 7

NGF (in elF4E%% mice)
SNI 4 4 6 2
SNI(in MNK '~ mice) 10 10 (MNK /™)
Cercosporamide (SNI) 4 4

beginning the experiment. Mechanical paw withdrawal thresholds were
measured using the up-down method (Chaplan et al., 1994) with cali-
brated von Frey filaments (Stoelting Company). Thermal latency was
measured using a Hargreaves device (IITC Life Science; Hargreaves et al.,
1988) with heated glass. Settings of 29°C glass, 20% active laser power,
and 20 s cutoff were used. Facial grimacing was evaluated using the
Mouse Grimace Scale (MGS) as described previously (Langford et al.,
2010). Nocifensive behavior in the formalin test was defined as licking,
biting, or shaking of the affected paw, and was recorded over an obser-
vation period of 45 min. For intraplantar injections, 50 ng of NGF, 0.1 ng
of IL-6, and 10 or 20 ng of 2at-LIGRL were diluted in 0.9% saline and
injected with a volume of 25 ul via a 30.5-gauge needle. For intrathecal
injections, 50 nmol DHPG was injected in a volume of 5 ul via a 30.5-
gauge needle (Hylden and Wilcox, 1980). Cercosporamide for local in-
jection was made up in 10% DMSO and 45% B-cyclodextrin in water and
injected into the paw 15 min prior NGF, and simultaneously with 2at-
LIGRL. Mice of both sexes were used in most experiments, and no sig-
nificant differences between sexes were noted for drug or genotype in any
experiments. The sexes of the mice used in all behavioral experiments is
shown in Table 2. The experimenter was blinded to the genotype of the
mice and the drug condition in all experiments. Behavioral experiments
were performed by ].LK.M., A.K., M.N.A,, P.B.-I., and S.M.
Immunohistochemistry. Animals were anesthetized with isoflurane and
killed by decapitation, and tissues were flash frozen in O.C.T. on dry ice.
Spinal cords were pressure ejected using chilled 1X PBS. Sections of
spinal cord (25 pm), DRGs (20 um), and glaborous skin (25 um) were
mounted onto SuperFrost Plus slides (Thermo Fisher Scientific) and
fixed in ice-cold 10% or 4% (skin) formalin in 1X PBS for 1 or 4 h (skin)
then subsequently washed three times for 5 min each in 1X PBS. Slides

were then transferred to a solution for permeabilization made of 1X PBS
with 0.2% Triton X-100 (Sigma-Aldrich). After 30 min, slides were
washed three times for 5 min each in 1 X PBS. Tissues were blocked for at
least 2 h in 1X PBS and 10% heat-inactivated normal goat serum. Anti-
bodies for CGRP, IB,, and TRPV1 were applied together and incubated
with spinal cord and DRG sections on slides at 4°C overnight. A combi-
nation of TRPV1 and p-eIF4E antibodies were applied to glabrous skin
sections and incubated at 4°C overnight. DRG slices were also stained
with peripherin and NF200. Immunoreactivity was visualized following
1 h incubation with goat anti-rabbit, goat anti-mouse, and goat anti-
guinea pig Alexa Fluor antibodies at room temperature. All IHC images
are representations of samples taken from three animals per genotype
except for glaborous skin THC where two animals per genotype were
used. Images were taken using an Olympus FluoView 1200 confocal
microscope. Analysis of images was done using Image] Version 1.48
(National Institutes of Health, Bethesda, MD) for Mac OS X (Apple).
Western blotting. Male mice were used for all Western blotting exper-
iments and were killed by decapitation following anesthesia, and tissues
were flash frozen on dry ice. Frozen tissues were homogenized 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), and homogenized using a pestle. Cultured primary DRG
neurons were used to test the effects of cercosporamide on eIF4E phos-
phorylation and other pathways. For these experiments, mice (~20 g)
were anesthetized with isoflurane and killed by decapitation. DRGs were
dissected and placed in chilled HBSS (Invitrogen) until processed. DRGs
were then digested in 1 mg/ml collagenase A (Roche) for 25 min at 37°C
then subsequently digested in a 1:1 mixture of 1 mg/ml collagenase D and
papain (Roche) for 20 min at 37°C. DRGs were then triturated in a 1:1
mixture of 1 mg/ml trypsin inhibitor (Roche) and bovine serum albumin
(BioPharm Laboratories), then filtered through a 70 um cell strainer
(Corning). Cells were pelleted then resuspended in DMEM/F12 with
GlutaMAX (Thermo Fisher Scientific) containing 10% fetal bovine se-
rum (FBS; Thermo Fisher Scientific), 1% penicillin and streptomycin,
and 3 pg/ml 5-fluorouridine with 7 ug/ml uridine to inhibit mitosis of
non-neuronal cells and were distributed evenly in a six-well plate coated
with poly-p-lysine (Becton Dickinson). DRG neurons were maintained
in a 37°C incubator containing 5% CO, with a media change every other
day. On day 5, DRG neurons were treated as indicated in the Results
section, and cells were rinsed with chilled 1X PBS, harvested in lysis
buffer containing protease and phosphatase inhibitors (Sigma-Aldrich),
and then sonicated for 10 s. To clear debris, samples were centrifuged at
14,000 rpm for 15 min at 4°C. Ten to 15 ug of protein was loaded into
each well and separated by a 10% SDS-PAGE gel. Proteins were trans-
ferred to a 0.45 PVDF membrane (Millipore) at 30 V overnight at 4°C.
Subsequently, membranes were blocked with 5% nonfat dry milk in 1X
Tris buffer solution containing Tween 20 (TTBS) for 3 h. Membranes
were washed in 1 X TTBS three times for 5 min each then incubated with
primary antibody overnight at 4°C. The following day, membranes were
washed three times in 1X TTBS for 5 min each then incubated with the
corresponding secondary antibody at room temperature for 30 min to
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1 h. Membranes were then washed with 1X TTBS six times for 5 min
each. Signals were detected using Immobilon Western Chemilumines-
cent HRP Substrate (Millipore). Bands were visualized using film (Kodak)
or with a Bio-Rad ChemiDoc Touch. Overexposed or saturated pixels
detected by the ChemiDoc Touch were not used in the analysis. Mem-
branes were stripped using Restore Western Blot Stripping buffer
(Thermo Fisher Scientific) and reprobed with another antibody. Analysis
was performed using Image] version 1.48.

Ca?* imaging. WT and eIF4E%?°** DRG neurons were dissociated and
cultured as described above with the exception that cells were plated on
glass-bottom poly-p-lysine-coated dishes (MatTek). DRG neurons were
maintained in a 37°C incubator containing 5% CO, with no media
changes.

Ca’" imaging experiments began 48 h after dissociation. Each dish
was loaded with 10 ug/ml fura-2 AM (Life Technologies) along with IL-6
(50 ng/ml) or vehicle in HBSS (Invitrogen) supplemented with 0.25%
w/vbovine serum albumin and 2 mm CaCl, for 1 hat 37°C. The cells were
then changed to a bath solution (125 mm NaCl, 5 mm KCI, 10 mm HEPES,
1 M CaCl,, 1 M MgCl,, and 2 M glucose, pH 7.4, adjusted with N-methyl
glucamine to an osmolarity of ~300 mOsm) for 30 min in a volume of 2
ml for esterification. Dishes were then washed with 2 ml of bath solution
before recordings. Only neurons were used in the analysis, and these
were defined as cells with a =10% ratiometric change in intracellular
Ca’™ in response to the 50 mm KCl perfusion. Maximum Ca*" re-
lease was calculated by comparing the ratio value change by time
compared with baseline. A change of at least 10% intracellular Ca*™"
in response to 1 nm PGE, or 250 nM capsaicin was used to classify a
neuron as being responsive to the stimulus. Experiments were con-
ducted using the MetaFluor Fluorescence Ratio Imaging Software on
an Olympus TH4-100 apparatus.

Extracellular electrophysiology. Microelectrode array (MEA)-based ex-
tracellular recording experiments were performed on dissociated mouse
DRG neurons between days in vitro 11 and 15 using Ti or ITO 60-channel
planar microelectrode arrays (Multichannel Systems) equipped with
hardware/software from Plexon Data were acquired at 40 kHz/channel
and digitally filtered (0.1-7000 Hz bandpass) during acquisition. An
additional four-pole Butterworth bandpass filter (250-7500 Hz) was
applied to raw, continuous data, enabling the detection of single-event
extracellular voltage changes (spikes). Spikes were defined by filtered
data crossing a 50 threshold based on root mean square values calculated
for each channel. Active channels were defined by template spike detec-
tion, resulting in average waveform amplitudes of =40 wV during any of
the three 1 h experimental intervals: baseline, IL-6 treatment, and wash.
Between each interval, recording was paused for ~2 min to allow for the
manual exchange of culture medium for medium plus IL-6 (IL-6 treat-
ment, 50 ng/ml) or fresh culture medium (Wash). Active channel data
were exported to NeuroExplorer (Nex Technologies) for mean spike rate
calculations and further analysis. Statistical comparisons of channel ac-
tivity were performed using OriginPro software (OriginLab). MEA cul-
tures were maintained at 37°C, 5% CO,, and 90% humidity throughout
all experiments (Okolab). Culture—surface preparation, DRG extraction,
dissociation, and cell seeding was performed as described above.

Patch-clamp electrophysiology. For culturing DRGs, acutely dissected
DRGs were incubated for 15 min in 20 U/ml papain (Worthington)
followed by 15 min in 3 mg/ml collagenase type II (Worthington). After
trituration through a fire-polished Pasteur pipette, dissociated cells were
resuspended in Liebovitz L-15 medium (Life Technologies) supplemented
with 10% FBS, 10 mm glucose, 10 mm HEPES, and 50 U/ml penicillin/
streptomycin and plated on poly-p-lysine and laminin (Sigma-Aldrich)-
coated dishes. Cells were allowed to adhere for several hours at room
temperature in a humidified chamber and were covered with the media
described above. DRG neurons were treated with 50 ng/ml NGF 18-24 h
before recordings or with 50 ng/ml mouse IL-6 for 1 h.

Whole-cell patch-clamp experiments were performed on isolated
mouse DRG neurons within 24 h of dissociation using a MultiClamp
700B (Molecular Devices) patch-clamp amplifier and PClamp 9 acquisi-
tion software (Molecular Devices). Recordings were sampled at 2 kHz
and filtered at 1 kHz (Digidata 1322A, Molecular Devices). Pipettes
(outer diameter, 1.5 mm; inner diameter, 0.86 mm) were pulled using a
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P-97 puller (Sutter Instrument) and heat polished to 1.5-4 M) resis-
tance using a microforge (MF-83, Narishige). Series resistance was typi-
cally <7 M{) and was compensated 60—80%. Data were analyzed using
Clampfit 10 (Molecular Devices) and Origin 8 (OriginLab). All neurons
included in the analysis had a resting membrane potential (RMP) —60
mV or lower. The RMP was recorded 1-3 min after achieving whole-cell
configuration. In current-clamp mode, action potentials were elicited by
injecting slow ramp currents from 0.1 to 0.7 nA with A = 0.2 nA over 1 s
to mimic slow depolarization. The pipette solution contained the follow-
ing (in mm): 140 KCI, 11 EGTA, 2 MgCl,, 10 NaCl, 10 HEPES, and 1
CaCl, pH 7.3 (adjusted with N-methyl glucamine), and osmolarity was
~320 mOsm. The external solution contained the following (in mm): 135
NaCl, 2 CaCl,, 1 MgCl,, 5 KCI, 10 glucose, and 10 HEPES, pH 7.4 (ad-
justed with N-methyl glucamine), and osmolarity was ~320 mOsm. For
neuronal voltage-gated sodium channel (VGNaC) current recordings,
the pipette solution contained the following (in mm): 120 CsCl, 10
EGTA, 2 MgCl,, 5 NaCl, 10 HEPES, and 2 CaCl,, pH 7.3 (adjusted with
N-methyl glucamine), and osmolarity was 320 mOsm. The external so-
lution contained the following (in mm): 95 choline, 20 tetraethyl ammo-
nium (TEA), 20 NaCl, 2 CaCl,, 1 MgCl,, 10 HEPES, 5 KCl, 0.1 CdCL,,
and 0.1 NiCl,, pH 7.3 (adjusted with N-methyl glucamine), and osmo-
larity was 320 mOsm. In whole-cell configuration, cells were voltage
clamped and VGNaC currents were evoked by a 50 ms depolarizing steps
(from —80 to +40 mV in 5 mV increments) from a holding potential of
—120 mV. Sodium currents were normalized to whole-cell capacitance
and expressed as current density (pA/pF).

Statistics. All data are represented as the mean = SEM. Individual
data points are represented in each graph to show the # in each group
and the overall distribution of individual data points. All analyses was
performed using GraphPad Prism 6 version 6.0 for Mac OS X (Graph-
Pad Software). Single comparisons were performed using Student’s
t test, and multiple comparisons were performed using a one-way or
two-way ANOVA with Bonferroni’s post hoc tests for across-group
comparisons or uncorrected Fisher’s least significant difference test
for within-group comparisons. Raw data from all experiments, including all
of the statistical analysis, is available in prism file format on our website
(http://www.utdallas.edu/bbs/painneurosciencelab/index.html).

Results

Nociceptive reflexes, acute pain behavior, and development of
DRG-spinal dorsal horn connectivity is normal in eIF4E52°%4
mice

To test the hypothesis that e[F4E phosphorylation is a key factor
in pain sensitization and the development of a chronic pain state,
we used mice harboring a point mutation on the only known
phosphorylation site in the eIF4E protein, S209 (Furic et al., 2010;
Herdy et al., 2012; Gkogkas et al., 2014). We compared baseline
thermal (Fig. 1A; t = 0.099, df = 18, p = 0.92) and mechanical
thresholds (Fig. 1B;t = 1.1,df = 18, p = 0.29) between e[F4E>***
mice and their wild-type (WT) littermates and noted no differ-
ences in tail flick latencies to 55°C water or von Frey stimulation.
When 5% formalin, a commonly used noxious irritant, was in-
jected into the hindpaw, no differences in pain behaviors were
noted between genotypes in either the first (Fig. 1C; 0—10 min;
t=0.29, df = 20, p = 0.78) or second (Fig. 1D; 15-45 min; t =
0.083, df = 20, p = 0.93) phases of the test. However, when
mechanical sensitivity was examined 3 d after formalin adminis-
tration, there was a striking difference between genotypes, with
eIF4E*%* mice failing to develop mechanical hypersensitivity
(Fig. 1E; F(; 49y = 12.56, p = 0.0010). The group I metabotropic
glutamate receptor (mGluR) agonist DHPG promotes tonic
pain-related behaviors when injected intrathecally (Karim et al.,
2001). These behaviors are decreased by the inhibition of spinal
mTOR signaling (Price et al., 2007). We did not detect any dif-
ference between genotypes in acute pain behaviors upon intra-
thecal injection of DHPG (Fig. 1F; t = 0.40, df = 14, p = 0.70),
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and WT mice (n = 10). E, Three days after intraplantar injection of 5% formalin, elF4F°2* mice exhibited a significantly higher mechanical withdrawal threshold compared with WT mice (n = 10).F, G, The
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but 6 h following injection eIF4E%**** mice again showed a reduc-

tion in the magnitude of mechanical hypersensitivity (Fig. 1G;
Fiiag) = 4629, p = 0.040).

We next used a variety of histochemical markers to assess the
possibility of developmental differences in sensory anatomy be-
tween eIF4E>*** mice and WT littermates. In both WT mice (Fig.
2A) and elF4E%**** mice (Fig. 2B), there was a clear delineation
between the projections of CGRP-positive afferents and the 1B,
population to lamina II of the dorsal horn. This was also true
for TRPV1-positive and IB,-positive staining, while CGRP and
TRPV1 afferents overlapped heavily in projections to lamina I
and lamina II. Peripherin is expressed predominately in unmy-
elinated neurons in the DRG, whereas NF200 staining is used to
label myelinated, large-diameter afferents that are mostly A fi-
bers. These two populations were nonoverlapping in both geno-
types (Fig. 2C), and the proportions of DRG neurons expressing
these markers were equivalent (Fig. 2C). Neuronal populations
expressing TRPV1, IB,, and CGRP were also no different in
eIF4E>*%** versus WT DRGs (Fig. 2D).

We were concerned about the possibility of feedback signaling
that might change activity in upstream signaling pathways (Car-
racedo et al., 2008; Melemedjian et al., 2013) and complicate
the interpretation of experimental results. We dissected lumbar

DRGs and dorsal horn of the spinal cord from WT and eIF4E>**
mice and examined eIF4E, ERK, and 4E-BP phosphorylation in
both tissues by Western blot. While eIF4E phosphorylation was
completely absent in eIF4E*°** mice, there was no change in
either ERK (Fig. 3A; t = 1.4, df = 10, p = 0.28) or 4E-BP (Fig. 3B;
t = 0.43, df = 19, p = 0.67) phosphorylation in DRGs or spinal
cord [Fig. 3C (t=0.58,df = 19,p = 0.57),D (t = 1.3,df = 11, =
0.22)] in eIF4E5°°* mice. These results rule out the possibility of
feedback signaling in the ERK and mTOR pathways in tissues
relevant to algesiometric assays.

Deficits in mechanical sensitization, affective pain expression,
and the development of hyperalgesic priming in eIF4E****
mice

Previous studies have shown that IL-6, NGF (Melemedjian et al.,
2010), and activation of protease-activated receptor 2 (PAR2;
Tillu et al., 2015) promote mechanical hypersensitivity in an
ERK-dependent fashion that requires de novo local protein syn-
thesis. To test the role of eIF4E phosphorylation in this process,
we injected IL-6, NGF, and the PAR2 agonist 2at-LIGRL (Flynn
et al.,, 2011) into the hindpaw of WT and elF4E?%°* mice. IL-6
(0.1 ng) injected into the paw evoked mechanical hypersensitivity
lasting ~72 h (Fig. 44; F(; g9y = 27.21, p < 0.0001) in WT mice.
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of peripherin-positive neurons per section (n = 3), the proportion of NF200-positive neurons per section (n = 3) or in overlap between the two markers (n = 3). D, WT and elF4F°?* DRGs were
stained for TRPV1 (red), 1B, (green), and CGRP (blue), and the proportion of neurons expressing each marker was assessed (TRPV1: WT mean = 34.3 = 3,1% vs elF4E **** mean = 32.9 = 1.3%;
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vs elF4E 2" mean = 71.1 = 2.3%) as demonstrated in the proportional Venn diagrams. Scale bars, 200 um.

The magnitude of mechanical hypersensitivity was significantly
reduced in e[F4E%*"* mice 24, 48, and 72 h after injection (Fig.
4A). We, and others, have previously shown that activity-depen-
dent translation regulation pathways are required for the full
expression of hyperalgesic priming (Melemedjian et al., 2010,
2014; Asiedu et al.,, 2011; Bogen et al., 2012; Ferrari et al,,
2015a,b), but the role of eIF4E phosphorylation in this develop-
ment of a chronic pain state has not been addressed. We
“primed” WT and eIF4E**°** mice with IL-6 (Fig. 4A) and, after
their mechanical thresholds had completely returned to baseline,
challenged these mice with a dose of PGE, (100 ng) that fails to
induce mechanical hypersensitivity in “unprimed” mice. We ob-
served that the response to PGE, injection in eIF4E%%** mice was
blunted compared with that in WT mice (Fig. 4B; F; 45 = 15.71,
p = 0.0002).

Similar experiments were performed using a hindpaw injection
of NGF (50 ng). NGF evoked robust mechanical hypersensitivity in
WT mice, whereas in eIF4E*2°** mice it was dramatically reduced
(Fig. 4C; F() g0y = 67.01, p < 0.0001). After the mice returned to

baseline mechanical thresholds, we assessed priming with a hind-
paw injection of PGE,. We observed that, similar to IL-6-induced
priming, NGF was unable to produce the same magnitude of
priming in eIF4E%**** mice compared with WT mice (Fig. 4D;
F136 = 28.24, p < 0.0001). To examine whether changes in
thermal hypersensitivity were also present in these mice, we used
the Hargreaves test (Hargreaves et al., 1988) in mice treated with
NGF. We observed decreased thermal hyperalgesia in elF4E*%*
mice compared with WT mice (Fig. 4E; F5 4, = 44.08, p <
0.0001) and a transient thermal hypersensitivity during priming
in WT mice, but no change in elF4E5?*** mice (Fig. 4F; Fi40) =
7.209, p = 0.0006).

Likewise, the specific PAR2 agonist 2at-LIGRL (20 ng) evoked
mechanical hypersensitivity and hyperalgesic priming precipi-
tated by PGE, in WT mice, but this effect was strongly reduced in
elF4E%"** mice [Fig. 4G (F,, 59, = 33.57,p < 0.0001), H (F,; 39, =
40.25, p < 0.0001)]. These results indicate that eIF4E phosphor-
ylation is a key downstream event for pronociceptive factors that
act via the ERK pathway to promote mechanical and thermal
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hypersensitivity, but whether this also influences spontaneous,
nonevoked components of pain is not known. We used the MGS
(Langford et al., 2010) to determine this with hindpaw injection
of 2at-LIGRL (20 ng). While PAR2 activation induced a robust
grimacing in WT mice, this effect was reduced in elF4E5?** mice
(Fig. 4L F(, 1) = 9.176, p = 0.0072), suggesting that this signaling
pathway is critical for the full expression of affective pain com-
ponents downstream of ERK activation. Additionally, when we
measured facial grimacing in response to PGE, injection in mice
previously injected with 2at-LIGRL, there was a significant in-
crease in grimacing in WT mice but no change in facial expres-
sion scores in eIF4ES2°* mice (Fig. 4J; Fi8 = 23.96, p <
0.0001).

Mechanical and thermal hypersensitivity induced by complex
inflammatory stimuli are regulated by MNK1/2-eIF4E
phosphorylation signaling
While the findings above indicate that eIF4E phosphorylation
strongly contributes to mechanical and thermal hypersensitivity
induced by algogens that signal via ERK, we asked whether eIF4E
phosphorylation likewise plays an important role in mechanical
and thermal hypersensitivity induced by inflammation. We
used a hindpaw injection of carrageenan (0.5% w/v) in WT and
eIF4E*?** mice and measured mechanical hypersensitivity (Fig.
5A; F(y 45) = 30.88, p < 0.0001) and thermal hypersensitivity (Fig.
5B; Fy 4y = 28.35, p = 0.05). WT mice developed robust me-
chanical and thermal hypersensitivity, whereas this effect was
abrogated in eIF4E%**°* mice (Fig. 5A,B). When we tested
whether carrageenan-induced hyperalgesic priming was depen-
dent on eIF4E phosphorylation, we observed that WT mice
developed increased long-lasting mechanical hypersensitivity
compared with elF4E5°’* mice when priming was precipitated
with PGE, injection (Fig. 5C; F(, ,,) = 17.69, p = 0.0003).
Additionally, we used mice lacking MNKI and 2 (MNK "/~
mice) and complete Freund’s adjuvant (CFA) to further test the
role of this signaling axis in inflammatory pain. We injected CFA
(0.5 mg/ml in 10 ul) into the hindpaw of WT and MNK /"~ mice.

While we observed mechanical (Fig. 5D; F(, 11, = 13.27, p =
0.0004) and thermal (Fig. 5E; F(, ;,,) = 5.989, p = 0.016) hyper-
sensitivity in both WT and MNK ™~ mice at early time points,
MNK /" mice recovered faster than their WT littermates. When
we tested whether MNK /™ mice transitioned into the primed
state with a subsequent injection of PGE,, we saw reduced me-
chanical (Fig. 5F; F(; 45) = 15.58, p = 0.0003) and thermal (Fig.
5G; F(5.45) = 5.943, p = 0.005) hypersensitivity in MNK '~ mice
but a robust response in WT mice.

Pharmacological inhibition of MNK1/2 with cercosporamide
recapitulates elF4E 52°°* phenotypes

To determine whether cercosporamide inhibits eIF4E phosphor-
ylation in DRG neurons, these cells were cultured for 5 d and
exposed to 10 uM cercosporamide (Altman etal., 2013) or vehicle
for 1 h. Western blot analysis demonstrated a significant decrease
of p-eIF4E in treated DRG neurons compared with vehicle (Fig.
6A; t = 6.6, df = 4, p = 0.027). Cercosporamide-treated DRG
neurons showed no change in levels of p-4E-BP1 (Fig. 6B; t = 1.1,
df = 4, p = 0.34), indicating that cercosporamide does not induce
feedback activation of mTORCI. Levels of p-ERK were also un-
changed (Fig. 6C; t = 0.32, df = 4, p = 0.76), demonstrating that
upstream regulators of MNK1/2 are unaffected by cercospora-
mide, and are not activated via a feedback mechanism as we have
shown previously for mTORC1 inhibitors (Melemedjian et al.,
2013). We also assessed whether systemic injection of cerco-
sporamide (40 mg/kg; Gkogkas et al., 2014) in mice influenced
elF4E phosphorylation. In DRG tissue taken 2 h after cercospora-
mide injection, we observed an ~50% decrease in eIF4E phos-
phorylation (Fig. 6D; t = 4.5, df = 10, p = 0.0011), whereas no
effect was observed in 4E-BP1 phosphorylation (Fig. 6E; t = 1.39,
df = 4,p = 0.24).

We then determined the effects of cercosporamide on NGF or
PAR2 activation-induced mechanical hypersensitivity and hy-
peralgesic priming in vivo. Similar to observations in elF4E52%%
mice, treatment with cercosporamide [10 pg, intraplantar (i.pl.)]
15 min before treatment with NGF (Fig. 6F; F(, ;4 = 11.43,
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p = 0.001) produced blunted mechanical hypersensitivity
acutely. Similar results were obtained when 2at-LIGRL was ap-
plied in the presence or absence of cercosporamide (Fig. 6G;
F, 45 = 13.84, p = 0.0006). When animals treated with NGF or
2at-LIGRL were subsequently tested for hyperalgesic priming
with PGE, [Fig. 6H (F, 5, = 37.72,p < 0.0001), I (F, ;5, = 9.62,
p = 0.0027)], there was also a reduction in the magnitude of
mechanical hypersensitivity. Moreover, coinjection of cerco-
sporamide with 2at-LIGRL slightly attenuated grimacing re-
corded 3 h after injection (Fig. 6]; F(, 15y = 3.1 p = 0.010),
although there was not a main effect for drug treatment in this ex-
periment, and prevented facial grimacing (Fig. 6K; F(, 15) = 6.744,
p = 0.018) in response to PGE, injection, which again is consistent
with observations in e[F4E°**** mice.

Our demonstration that hindpaw cercosporamide administration
reduces behavioral pain plasticity suggests that p-e[F4E-mediated lo-
cal translation in peripheral nociceptive fibers contributes to this effect.
We therefore sought to evaluate whether p-eIF4E could be ob-
served in nerve fibers innervating the hindpaw. Glabrous skin
from both WT and eIF4E%*’** mice was immunostained for
TRPV1 and p-elF4E and imaged. We observed p-elF4E in
TRPV1-positive nerve fibers in WT mice, and this staining was
completely absent in e[F4E%**** mouse skin samples (Fig. 6L),
demonstrating the specificity of this antibody and the presence of
p-eIF4E in terminals of TRPV1-positive nociceptors.

eIF4E phosphorylation regulates DRG neuron excitability
following NGF and IL-6 exposure

To directly test the effect of NGF and IL-6 on DRG neuron excit-
ability in the presence and absence of eIFAE phosphorylation, we
used patch-clamp electrophysiology. DRG neurons were isolated
from WT and eIF4E°**** mice and exposed to 50 ng/ml NGF or
vehicle for 18-24 h before recordings. In WT neurons, NGF
caused an increase in the number of action potentials fired in
response to slowly depolarizing ramp currents of 100 through
700 pA amplitudes (Fig. 7A; F(; 44y = 37.49, p < 0.0001). In
contrast, DRG neurons isolated from eIF4ES?°** mice showed
elevated baseline excitability versus WT neurons but did not
show a change in their excitability at any individual time points
after exposure to the same concentration of NGF over an identi-
cal time course, although there was a significant main effect for
NGF treatment (Fig. 7B; F(, 44) = 5.724, p = 0.02). For the DRG
neurons sampled from both treatments and genotypes, there
were no differences in membrane capacitance (Fig. 7C; F(; 5,y =
0.4859, p = 0.70) or other parameters such as resting membrane
potential (WT mice: —63.34 * 1.12mV, n = 10; eIF4E*?*** mice:
—61.63 £ 1.13mV, n = 11; p < 0.05, t test). We next examined
NGF-induced changes in DRG excitability in the presence of
cercosporamide (10 uM) for 1 h before recordings. Analogous to
eIF4E**** DRG neurons, cercosporamide inhibited NGEF-in-
duced hyperexcitability (Fig. 7D; F, ¢4y = 24.07, p < 0.0001),
demonstrating that brief pharmacological inhibition of MNK1/2

<«

(Figure legend continued.) ~ compared with WT mice, and a deficit in hyperalgesic priming
(n = 6). C-F, elF4F°?" mice also demonstrated decreased mechanical (€) and thermal (D;
n = 6) hypersensitivity in response to intraplantar injection of 50 ng of NGF (n = 6) and
NGF-induced hyperalgesic priming (E, F). G, Intraperitoneal injection of 20 ng of 2at-LIGRL
likewise induced decreased mechanical hypersensitivity in el/F4£°2°** mice and a decrease of
hyperalgesic priming in response to IL-6 (H; n = 6). 1, J, 2at-LIGRL induces facial grimacing in
WT mice but not in elF4E 2 mice (I); moreover, elF4F*2%** mice fail to show facial grimacing
after 2at-LIGRL priming when subsequently challenged with PGE, (n = 6;J). *p << 0.05;**p <
0.01; ***p << 0.001; ****p < 0.0001. BL, Baseline.
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reverses augmented excitability in DRG neurons induced by NGF
treatment.

Similar experiments were conducted with IL-6 (50 ng/ml),
except that IL-6 was applied for only 1 h before patch-clamp
recordings. IL-6, as we have observed previously in rat trigeminal
ganglion neurons (Yan et al., 2012), caused an increase in the
number of action potentials fired in response to ramp current
injection at 300, 500, and 700 pA amplitudes (Fig. 7E; F(, 5¢) =
48.67, p < 0.0001). As we observed with NGF, IL-6 failed to
increase the excitability of DRG neurons from eIF4E>*** mice at
any time point and there was no main effect of IL-6 treatment
(Fig. 7F; F(, 36y = 0.7019, p = 0.41). Again, there were no
significant differences in membrane capacitance in the popu-
lations sampled for any of these experimental conditions (Fig.
7G; F3,18) = 0.1955, p = 0.90). When we examined the effect
of cercosporamide on IL-6-induced hyperexcitability, we
found that, synonymous with eIF4E%*°** DRG neurons, cerco-
sporamide inhibited increased neuronal excitability induced
by IL-6 treatment (Fig. 7H; F(, 5,, = 31.22, p < 0.0001).

To assess whether cercosporamide is specific to MNK1/2 in
our behavioral paradigm, we used cercosporamide in eIF4E52%*
mice and measured mechanical hypersensitivity induced by
NGF. We found no differences in NGF-induced mechanical
hypersensitivity between cercosporamide and vehicle-injected
eIF4E>*°** mice (Fig. 8A; F(; 55) = 1.297, p = 0.26). Subsequent
injection of PGE, to precipitate hyperalgesic priming addition-
ally showed no difference in either eIF4E*°** mice previously
injected with cercosporamide or vehicle (Fig. 8B; F; ,5) = 0.001,
p = 0.99). While these behavioral results suggest that the ac-
tions of cercosporamide are specific to MNK1/2, we also tested
for a possible acute effect of cercosporamide on VGNaCs that
could lead to a decrease in excitability and confound results
with this drug. VGNaC currents were elicited in cultured DRG
neurons by 50 ms depolarizing steps, and currents were ex-
pressed as current density. Acute application of cercospora-
mide (10 wm) had no effect on VGNaC density, ruling out this
possibility [Fig. 8C (F; 150y = 0.038, p = 0.85), D (F(; 150 =
1.678, p = 0.20)].

As an independent assay to support our whole-cell patch-
clamp electrophysiological findings, we assessed excitability with
extracellular recordings using MEAs. DRG neurons from both
WT and eIF4E**%** mice were dissociated and cultured on MEA
devices (Breckenridge et al., 1995; Potter and DeMarse, 2001;
Frega et al., 2012; Enright et al., 2016; Fig. 9A) for 11-15 d before
recordings. Action potentials were recorded for 1 h before IL-6
exposure, during 1 h of IL-6 (50 ng/ml) treatment, and again
during a 1 h washout period. WT and eIF4E***** neurons were
mostly silent during recordings preceding IL-6 exposure. In WT
DRG neurons, spiking was significantly increased during IL-6
treatment and was maintained during washout (Fig. 9B). In con-
trast, DRG neurons isolated from elF4E5?’** mice showed a brief
increase in spiking in response to IL-6 that rapidly decreased to
spiking rates that were significantly less than what was observed
in WT neurons (Fig. 9C; F(, o) = 15.48, p = 0.0034).

The whole-cell patch-clamp and MEA experiments described
above indicate that NGF and IL-6 increase excitability in WT
neurons, but this response is blunted in eIF4E°*°** DRG neurons.
To further investigate the cellular mechanisms responsible for
this effect, we examined the effect of IL-6 treatment on sodium
current density. In DRG neurons from WT mice, there was a
significant increase in sodium current density after 1 h of IL-6
treatment compared with vehicle, suggesting that IL-6 treatment
altered the number of available VGNaCs or changed channel
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gating properties in WT DRG neurons (Fig. 9D; F; 40, = 25.78,
p <0.0001). Consistent with voltage-ramp experiments, baseline
VGNaC density was higher in elF4E%**** neurons. However,
these neurons failed to respond to IL-6 with an increase in
VGNaC density (Fig. 9E; F(, 7,5y = 7.897, p = 0.005). In fact, we
observed a trend toward decreased VGNaC density in elF4E52%%
mice. From these experiments, we conclude that, while baseline

excitability and VGNaC availability may be higher in eIF4E%***
nociceptors, these neurons fail to respond to algogens with an
increase in VGNaC-mediated responses. Importantly, this base-
line increased VGNaC availability in eIF4E%*** DRG neurons
does not lead to ectopic activity since no difference in spiking was
observed at baseline in our MEA experiments (Fig. 9B, C), and it
does not seem to be recapitulated by brief cercosporamide treat-
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Local inhibition of MNK1/2 with cercosporamide reduces elF4E phosphorylation, mechanical hypersensitivity, grimacing, and inhibits the development of hyperalgesic priming. A-C,

Invitro treatment for 1h of DRG neurons with cercosporamide (10 um) decreased elF4E phosphorylation (n = 3; A) but did not influence 4E-BP1 phosphorylation (B; n = 3) or ERK phosphorylation
(G;n = 3).D, E, Injection of cercosporamide (40 mg/kg, i.p.) results in a decreased elFAE phosphorylation in DRGs (n = 3; D) but does not affect 4E-BP1 phosphorylation (E; n = 3). F, G, Mechanical

hypersensitivity induced by NGF (50 ng) or 2at-LIGRL (20 ng) was reduced by cercosporamide (10 1.g, n = 9). Similar to /4

P29 mice, pharmacological inhibition of MNK1/2 using cercosporamide attenuated

the development of hyperalgesic priming induced by NGF (H) and 2at-LIGRL (I, n = 5).J, K, Facial grimacing induced by the injection of 2at-LIGRL (20 ng, i.pl.) was also attenuated with local cercosporamide
(10 ) treatment (J) as was facial grimacing with subsequent PGE, challenge (K; n = 5). L, Inmunostaining of glabrous skin for TRPV1 (red) and p-elF4E (green) revealed that elF4E phosphorylation is present
in TRPV1-positive fibers in WT mice, but is absent in elF4P2* mice. Scale bar, 20 m. *p << 0.05; **p << 0.01; ***p < 0.001; ****p << 00001. BL, Baseline; Cerco, cercosporamide.

ment because we did not observe enhanced excitability in whole-
cell patch-clamp experiments with this drug (Fig. 8C,D).

eIF4E phosphorylation regulates IL-6-induced enhancements
in Ca’* signaling in DRG neurons

To further elucidate the role of eIF4E phosphorylation on DRG
excitability, we investigated IL-6-induced changes in Ca*" sig-
naling in DRG neurons by measuring intracellular Ca** concen-
tration [Ca’"]; with ratiometric imaging. Dissociated DRG
neurons from both WT mice (Fig. 10A) and elF4E°?°** mice (Fig.

10B) were loaded with fura-2 and treated with either vehicle or
IL-6 (50 ng/ml) for 1 h. Kinetic changes in [Ca**]; in response to
PGE, (1 nM) were measured in all conditions. WT DRG neurons
treated with IL-6 displayed a significant decrease in the latency to
peak [Ca*™]; in response to PGE, compared with vehicle-treated
neurons (Fig. 10C; F 5 14,) = 24.65, p < 0.0001). In contrast, DRG
neurons isolated from eIF4E%?’** mice showed no differences in
the kinetics of PGE,-induced responses between IL-6 and vehicle
treatments (Fig. 10C). On the other hand, the number of WT DRG
neurons responding with a [Ca**]; that rise above a threshold
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Figure 7.  MNK1/2-elF4E signaling mediates NGF- and IL-6-induced changes in excitability in DRG neurons. A, WT DRG neurons were exposed to NGF or vehicle 18 —24 h before patch-clamp
recordings. Ramp current-evoked spiking demonstrates that NGF exposure increases the excitability of WT DRG neurons. B, elF4F *°** DRG neurons showed no difference in the number of spikes evoked
by ramp currents between NGF and vehicle-treated DRG neurons. €, Membrane capacitance measures between WT and elF4F2°# DRG neurons show no difference in neuron size between samples demon-
strating that small-diameter neurons were used for recordings. D, Pharmacological inhibition of MNK1/2 using cercosporamide (10 wum, n = 9) recapitulated the effect seen in elF4F*°** DRG neurons blocking
NGF-induced hyperexcitability. E, F,IL-6 (50 ng/ml) exposure to WT DRG neurons for 1 h caused an increase in excitability compared with vehicle (E) but failed to do so in elF4F*2° DRG neurons (F). G, Membrane
capacitance between these samples was not different. N for each condition is shown in the appropriate bar. H, Cercosporamide blocked enhanced excitability induced by IL-6 in small-diameter DRG neurons
(50 ng/ml; n = 7). Traces shown in all panels are for the 700 pA stimulus. *p << 0.05; **p << 0.01; ***p << 0.001; ****p < 0.0001. Cerco, Cercosporamide; VEH, vehicle.
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indicating the cercosporamide does not block voltage-gated sodium channels at this concentration. BL, Baseline; Cerco, cercosporamide; VEH, vehicle.
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IL6-induced sustained spiking and increased voltage-gated sodium current density is altered in elF4£°2°* DRG neurons. A, Image of DRG neurons cultured on an MEA device. Scale bar,

200 um. B, Raster plot showing electrical activity of WT and elF4F°*" DRG neuronal networks observed using MEAs during baseline, IL-6 treatment, and 1h wash. €, IL-6 elicited increased spiking
in WT DRG cultures during treatment that was sustained throughout the washout period and was significantly greater than the spiking observed in e/F4£2°* DRG neurons. D, E, Sodium current
density was increased after 1 h of IL-6 exposure in WT DRG neurons but was decreased in elF4E°2°” DRG neurons (WT, n = 7; elF4E 5%, n = 12). *p << 0.05, ***p < 0.001.

of 10% was drastically increased after IL-6 treatment, whereas no
change was observed in elF4E°°’* DRG neurons (Fig. 10D; WT
neurons: x> = 18.58, df = 1, p < 0.0001; elF4E5**** neurons:
x> = 1541, df = 1, p = 0.21). Capsaicin-evoked changes in
[Ca?*]; were equivalent in both WT and eIF4E***** DRG neu-
rons (Fig. 11A), and the proportion of TRPV1-positive DRG
neurons (defined as those neurons responding to the specific
agonist capsaicin) was the same in all conditions (Fig. 11B),
which is consistent with our immunostaining results. Responses

in [Ca*"]; evoked by increasing extracellular K" from 5 to 50 mm
were consistent between genotypes (Fig. 11C).

Cold hypersensitivity after peripheral nerve injury is reduced
in eIF4E%**** and Mnk ™'~ mice

WT, Mnk~'~ and eIF4E5?°** mice were subjected to SNI surgery,
and mechanical and cold hypersensitivity were measured over the
ensuing 35 d. We observed a delay in the development of full
mechanical hypersensitivity in eIF4E°*** mice, but by 14 d these
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Figure 12.

Decreased neuropathic pain in elF4F°2°* mice and through MNK1/2 inhibition. A, Following SNI surgery elF4£°2°* mice show reduced mechanical hypersensitivity that normalizes

14d following surgery compared with WT mice (n = 8). B, Mnk1/2 ™~ mice show blunted mechanical hypersensitivity lasting 35 d after SNI surgery (n = 10). C, Following SN e/F4F*°** mice have
adecrease in cold hypersensitivity as measured in the acetone test compared with WT mice (n = 8). D, Mnk1/2 /™ mice show a sustained decrease in cold hypersensitivity after SNl compared with
WT mice (n = 10). E, Following systemic administration of cercosporamide (40 mg/kg) for 3 d, WT mice show a transient decrease in cold hypersensitivity (n = 4). *p << 0.05; **p < 0.01;***p <

0.001; ****p << 0.0001. BL, Baseline; Cerco, cercosporamide.

mice developed mechanical hypersensitivity that was similar to
their WT littermates (Fig. 12A; F(, o5, = 9.915, p = 0.0022). On
the other hand, in Mnk ™/~ mice mechanical hypersensitivity
after SNI was blunted in magnitude compared with WT mice
(Fig. 12B; F( 156) = 43.47,p < 0.0001). e F4E***** mice displayed
significantly less cold hypersensitivity than WT littermates
throughout the time course of the experiment (Fig. 12C; F(; 5o, =
73.63, p < 0.0001), an effect that was also observed in Mnk '~
mice (Fig. 12D; F, ooy = 31.82, p < 0.0001). Finally, we asked
whether pharmacological inhibition of MNK1/2 with cerco-
sporamide could alleviate cold hypersensitivity in SNI mice. We
waited until 4 weeks after SNT (28 d), when mice display very
stable cold hypersensitivity, and treated mice with vehicle or 40
mg/kg cercosporamide for 3 consecutive days. On the third day,
we measured cold sensitivity using the acetone test. We observed
decreased cold hypersensitivity in the cercosporamide-treated
group at 1 h after the third injection of drug (Fig. 12E; F(, ;5, =
6.041, p = 0.024), suggesting, that even late after the development
of neuropathic pain, targeting MNK1/2 signaling to eIF4E is able
to alleviate some aspects of neuropathic pain.

Discussion

The activity-dependent regulation of protein synthesis is a core
mechanism mediating neuronal plasticity (Costa-Mattioli et al.,
2009). In the nociceptive system, translation regulation pathways

have been shown to contribute to the development and mainte-
nance of pain hypersensitivity in a variety of preclinical models,
suggesting that targeting these pathways may lead to new pain
therapeutics (Price and Géranton, 2009; Obara et al., 2012; Me-
lemedjian and Khoutorsky, 2015; Price and Inyang, 2015). Here
we report that phosphorylation of e[F4E at S209 is a key biochem-
ical event for the sensitization of DRG neurons by pronociceptive
factors that are known to promote pain in rodents and humans,
and that the loss of this phosphorylation event does not affect
baseline pain behaviors or neurodevelopment in the nociceptive
system. Our electrophysiological and Ca** imaging experiments
show that the generation of nociceptor hyperexcitability is influ-
enced by eIF4E phosphorylation by MNK1/2. Moreover, elF4E
phosphorylation plays a key role in the development of a chronic
pain state, as reflected by deficiencies in peripherally mediated
hyperalgesic priming and a loss of cold hypersensitivity after pe-
ripheral nerve injury. Our genetic and pharmacological experi-
ments demonstrate that targeting MNK1/2 recapitulates the
phenotype of eIF4E%*** mice pointing out that MNK1/2 might
be advantageously targeted in the peripheral nervous system for
the treatment and/or prevention of chronic pain conditions.
While upstream signaling factors like mTOR and MAPK have
been implicated in pain plasticity using pharmacological tools
and biochemical measures (Aley et al., 2001; Zhuang et al., 2004;
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Table 3. Different translation regulation pathways control different aspects of pain and pain amplification

Mutant mouse Thermal Mechanical Thermal hyperalgesia Mechanical hyperalgesia Proposed mechanism
elF4E 5209 Normal Normal Decreased to inflammatory Decreased to inflammatory stimuli Decreased nociceptor plasticity
stimuli
MNK ~/~ Normal Normal Decreased to inflammatory Decreased to inflammatory stimuli Decreased nociceptor plasticity
stimuli and neuropathic
Eif4ebp1 '~ (Khoutorsky Normal Increased sensitivity Not tested Increased hypersensitivity to Decreased spinal neuroligin 1
etal., 2015) inflammatory stimuli
elF2a "™ (Khoutorsky Decreased sensitivity Normal Not tested Decreased hypersensitivity to Decreased TRPV1 functional
etal., 2016) inflammatory stimuli activity in DRG
Fmr1 KO (Price et al., 2007) Normal Normal Not tested Decreased hypersensitivity to Decreased spinal and peripheral

mGluR1/5 and mTOR
signaling

inflammatory and neuropathic
stimuli

Price et al., 2007; Jiménez-Diaz et al., 2008; Asante et al., 2009,
2010; Codeluppi et al., 2009; Géranton et al., 2009; Melemedjian
et al., 2010, 2011, 2014; Obara et al., 2011; Ferrari et al., 2013),
specific downstream mechanisms and mRNA targets linked to
these kinase signaling cascades have been elusive until very re-
cently. Recent evidence suggests that different translation regula-
tion targets play strikingly uniquely roles in different aspects of
pain sensitivity. For example, genetic loss of a major downstream
target of mTORCI1, 4E-BP1, leads solely to changes in mechanical
sensitivity via central mechanisms governed by a synaptic adhe-
sion molecule known as neuroligin 1 (Khoutorsky et al., 2015). In
contrast, mice lacking a key phosphorylation site for elF2c on a
single allele have deficits in baseline thermal nociception without
any changes in mechanical thresholds (Khoutorsky et al., 2016).
This phenotype can be recapitulated with pharmacological mod-
ulation of elF2«, and a deficit in thermal, but not mechanical,
hyperalgesia is also associated with this pathway in inflammatory
pain. Collectively, these studies suggest that individual transla-
tion regulation pathways may target specific subsets of genes that
have profound impacts on certain aspects of nociception (e.g.,
thermal vs mechanical pain; Table 3, summary of previous find-
ings compared with the present article). We previously showed
that NGF and IL-6 are capable of promoting eIF4E phosphoryla-
tion in nociceptors in vitro and that disrupting eIF4F complex
formation with 4EGI-1 leads to a blockade of the development of
mechanical hypersensitivity and hyperalgesic priming by these pro-
nociceptive factors (Melemedjian et al., 2010; Tillu et al., 2015). Here
we used elF4E5?%** and MNK /"~ mice and pharmacological tools to
definitively demonstrate that eIF4E phosphorylation is a core bio-
chemical event modulating how inflammatory stimuli promote
mechanical and thermal hypersensitivity, spontaneous pain re-
sponses, and the development of a chronic pain state. These findings
distinguish the MNK1/2—eIF4E signaling cascade from 4E-BP1 and
elF2a signaling, which have specific effects on certain pain mo-
dalities. Our results support the conclusion that MNK1/2—eIF4E
signaling plays an important role in altering the excitability of a
wide population of nociceptors because genetic and pharmaco-
logical manipulation of this pathway had robust effects on ther-
mal and mechanical hypersensitivity, as well as spontaneous pain.
In our view, this identifies MNK1/2-mediated eIF4E phosphory-
lation as a crucial target for plasticity in nociceptors that drives
the development of a chronic pain state. MNK1/2-dependent
signaling to eIF4E therefore represents a strong mechanistic tar-
get for pharmacological manipulation of chronic pain.

Cold hypersensitivity induced by peripheral nerve injury was
decreased in eIF4E%2%** mice, but mechanical hypersensitivity
developed normally, albeit with a delay to reach its full magni-
tude. This is in contrast to a clear deficit in mechanical hypersen-

sitivity induced by inflammation or common inflammatory
mediators. A potential explanation is that mechanisms involved
in changes in mechanical reflex withdrawal responses after pe-
ripheral nerve injury are dependent on centrally mediated effects,
for instance downregulation of KCC2 function (Coull et al., 2003;
Price and Prescott, 2015). This would suggest that different sub-
sets of peripheral afferents are responsible for mechanical hyper-
sensitivity under different injury conditions. In fact, mechanical
hypersensitivity following nerve injury persists even when the
vast majority of C-fibers are eliminated (Abrahamsen et al., 2008;
Minett et al., 2014). On the other hand, eliminating neurons
in the TRPMS lineage is sufficient to eliminate cold hypersensi-
tivity after peripheral nerve injury (Knowlton et al., 2013). We
observed a strong decrease in cold hypersensitivity induced by
nerve injury in elF4E5?*** and Mnk /" mice, and cercospora-
mide treatment was able to lead to a transient decrease in cold
hypersensitivity. Therefore, our findings are consistent with the
notion that MNK-eIF4E signaling is a key signaling hub for the
sensitization of peripheral nociceptive neurons but that this sig-
naling pathway is dispensable for the generation of mechanical
hypersensitivity after nerve injury. In the nerve injury scenario,
this mechanical hypersensitivity could be generated exclusively
via AB-fiber input coupled to spinal dorsal horn disinhibitory
mechanisms such as those observed after spinal BDNF (Lee and
Prescott, 2015), cytokine (Kawasaki et al., 2008), chemokine
(Gosselin et al., 2005), or PGE, (Ahmadi et al., 2002) application
or with traumatic injury to peripheral nerves (Coull et al., 2005;
Abrahamsen et al., 2008; Minett et al., 2014). Another possibility
is that different translation regulation mechanisms are involved
in mechanical hypersensitivity after nerve injury. Interestingly,
AMP-activated protein kinase (AMPK) activators reduce neuro-
pathic mechanical hypersensitivity in rats and mice (Melemed-
jian et al., 2010). AMPK activation inhibits both mTOR and
MAPK pathway signaling (Melemedjian et al., 2010). Therefore,
only influencing an end point of MAPK signaling in the reduc-
tion of eIF4E phosphorylation may be insufficient to reduce neu-
ropathic mechanical hypersensitivity, and additional inhibition
of mTOR signaling may be needed.

Despite intact normal acute pain behavior and anatomy in
eIF4E*"* mice, we observed that DRG neurons surprisingly
trended toward higher levels of excitability in response to slowly
depolarizing ramp currents and a larger baseline sodium current
density. On the other hand, these neurons fail to demonstrate a
change in excitability in response to either IL-6 or NGF in vitro,
an effect that is reflected in a behavioral deficit in vivo. A recent
study (Martinez et al., 2015) revealed that e[F4E phosphorylation
is mechanistically linked to stress granule formation and mRNA
sequestration through an interaction with the eIF4E-interacting
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protein 4E-T and that this leads to the suppression of translation
of some mRNAs. While this has not been explored in neurons, it
is possible that eIF4E phosphorylation can suppress the transla-
tion of certain mRNA species under some circumstances and
promote the translation of the same, or other, mRNAs in differ-
ent circumstances, for instance in response to inflammatory me-
diators in DRG nociceptors. Such a mechanism linked to eIF4E
phosphorylation could lead to the cellular phenotype of in-
creased basal excitability but a loss of induced hyperexcitability in
the complete absence of eIF4E phosphorylation. In fact, similar
phenotypes have been consistently observed in Fmrl knock-out
mice (a model of fragile X syndrome), leading to baseline altera-
tions in neuronal excitability or in signaling pathway efficacy
coupled with a lack of plasticity (Grossman et al., 2006; Hanson
and Madison, 2007; Pfeiffer and Huber, 2007; Bureau et al.,
2008), including in the nociceptive system (Price et al., 2007).
Interestingly, recent studies found that eIF4E phosphorylation is
enhanced in fragile X syndrome and that crossing mice lacking
fragile X mental retardation protein with eIF4E*°** mice or
treating Fmrl mutant mice with cercosporamide rescues many
phenotypes in these mice (Gkogkas et al., 2014).

An unanswered question arising from this work is what are the
key mRNA targets for eIF4E phosphorylation in the context of
nociceptor excitability. Our electrophysiology and Ca** imaging
experiments provide some possible clues. The trafficking of chan-
nels to the membrane is an important regulatory mechanism for
nociceptor excitability (Matsuoka et al., 2007; Hudmon et al.,
2008; Andres et al., 2013). Our findings are consistent with a
model where eIF4E phosphorylation enhances the translation of
a subset of mRNAs that influence the membrane trafficking of
voltage-gated channels (e.g., VGNaCs, consistent with our cur-
rent density experiments) and G-protein-coupled receptors (e.g.,
PGE, receptors, consistent with our Ca** imaging experiments)
to enhance nociceptor excitability and increase their responsive-
ness to inflammatory mediators. While we cannot currently pin-
point the identity of these locally translated mRNAs, we have now
identified a precise signaling event that can be manipulated to iden-
tify these mRNAs. Discovering these eIF4E-controlled mRNAs will
yield significant insight into how nociceptors alter their excitability
downstream of initial phosphorylation events that are likely more
transient than the synthesis of new proteins that contribute to the
maintenance of long-term nociceptor plasticity.

Notes

Supplemental material for this article is available at http://www.utdallas.
edu/bbs/painneurosciencelab/index.html. This consists of raw data files
for all figures in the manuscript. This material has not been peer
reviewed.
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