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Abstract The aged population has a higher probability of
developing chronic pain from acute insults because of age-
associated low-grade inflammation. Several emerging
studies have shown a crucial role of cap-dependent trans-
lation in the development of chronic pain in young adult
animals; however, its role in the aged has never been
reported. Acute and chronic inflammatory responses, in-
cluding pain, are altered over age, and understanding how
cap-dependent translation can represent an important and
druggable pathway is imperative for understanding its
therapeutic potential. Here we have tested how an inflam-
matory stimulus, complete Freund’s adjuvant (CFA), af-
fects spontaneous and evoked pain, as well as inflamma-
tion in young versus aged mice that lack functional cap-
dependent translation machinery (eukaryotic translation
initiation factor 4E (eIF4E)) compared with age-matched
wild-type (WT) mice. Interestingly, we found that CFA-
induced acute pain and inflammation are modulated by
eIF4E phosphorylation in aged but not young animals.
Aged transgenic animals showed attenuated paw

temperature and inflammation, as well as a mitigation in
the onset and quicker resolution inmechanical and thermal
hypersensitivity. We found that levels of interleukin (IL)-
1β and tumor necrosis factor (TNF)-α are elevated in
dorsal root ganglia in aged WT and eIF4E transgenic
groups, despite faster resolution of acute inflammation
and pain in the aged eIF4E transgenic animals. We pro-
pose that these cytokines are important in mediating the
observed behavioral responses in the young and represent
an alternate pathway in the development of age-associated
inflammation and behavioral consequences. These find-
ings demonstrate that eIF4E phosphorylation can be a key
target for treating inflammatory pain in the aged.
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Introduction

Aged individuals represent more than 20% of the US
population and their numbers are predicted to increase
by 150% by 2050 (Roberts et al. 2018). There is an
association of neuropathological states such as inflam-
mation, chronic pain, depression, and anxiety with nor-
mal aging (Rea et al. 2018). The molecular processes
within cells deteriorate as age advances, leading to
changes in overall health and behavior (Kubben and
Misteli 2017). There are higher incidences of acute pain
transitioning to chronic in elderly individuals
(Dahlhamer et al. 2018). The persistence of pain in the
context of age-associated sustained low-grade
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inflammation needs to be studied to identify targets for
preventives and therapy. An important molecular bio-
logical process that is involved in the manifestation of
neuropathological states is translation regulation
(Gonskikh and Polacek 2017). This highly regulated
process enables translation of particular mRNA subsets
to mediate changes in the immune and nervous system.
We hypothesized that this pathway plays a critical role
in acute pain and the transition to chronic pain in aging.

Protein translation is heavily regulated to limit the
availability of intracellular and secreted proteins for cell-
to-cell communication, extracellular process formation,
and general use to the cell, based on exogenous stimuli
or responses to injury. The mammalian target of
rapamycin (mTOR) pathway is particularly responsive
to inflammatory modulators, with downstream effects
on cap-dependent translation (Johnson et al. 2013;
Thoreen et al. 2012). Signaling through mTOR and the
mitogen-associated protein kinases (MAPK) pathway
are two parallel pathways that converge to control cap-
dependent translation. mTOR can phosphorylate eIF4E
binding proteins (4E-BPs) to release eIF4E for initiating
translation (Joshi and Platanias 2014). The binding of
eukaryotic initiation factor 4F (eIF4F) complex to the 5′
7-methylguanosine (m7G) cap and poly-A binding pro-
tein to the 3′ end of mRNAs marks them for translation
once the 43S pre-initiation complex has been formed
(Merrick and Pavitt 2018). This complex contains a
scaffolding protein eIF4G, a 5′ cap-binding protein
eIF4E, and a RNA helicase eIF4A for unwinding sec-
ondary structures near the 5′ cap. Binding of eIF4E to
the 5′ m7G mRNA cap is the rate-limiting step for
translation initiation (Merrick and Pavitt 2018). MAPK
interacting kinases 1 and 2 (MNK1/2) can also phos-
phorylate eIF4E directly, which can affect its binding to
the mRNA 5′ cap (Buxade et al. 2008; Scheper et al.
2002). After exposure to an inflammatory stimulus or
injury, MNK1/2 are activated in response to various
pro-inflammatory cytokines and mediate translation of
selective mRNA subsets that are involved in modulating
pain and inflammation (Khoutorsky and Price 2018;
Megat et al. 2019). An upregulation of algogens such
as bradykinin, tumor necrosis factor alpha (TNFα),
interleukin 1 beta (IL-1β), and interleukin 6 (IL-6) has
been shown to mediate pain states and circulating levels
are reported to be higher in aged individuals (Ellis and
Bennett 2013; Cruz-Almeida et al. 2015).

Inflammatory mediators have been shown to sensi-
tize peripheral nociceptors, which in turn engender

changes in the cells of the central nervous system
(Pinho-Ribeiro et al. 2017). With age, the inflammatory
response is enhanced and a higher level of cytokines,
chemokines, and other signaling molecules are pro-
duced from already primed and activated glial cells
(Ye and Johnson 1999; Burton and Johnson 2012;
Dilger and Johnson 2008; Frank et al. 2010; Norden
and Godbout 2013). Persistent inflammation within the
peripheral nervous system leads to pain sensitization
which can be driven by plasticity in peripheral
nociceptors and through central sensitization (Rea
et al. 2018; Cruz-Almeida et al. 2015; Dilger and John-
son 2008; Frank et al. 2010; Chung et al. 2019; Gubbels
Bupp et al. 2018; Price and Gold 2018). There is evi-
dence that agedmicroglia in the brain also secrete higher
levels of pro-inflammatory cytokines, which in turn
mediate changes in pain states and behavioral plasticity
(Ye and Johnson 1999; Norden and Godbout 2013;
Garner et al. 2018; Mangold et al. 2017; Perkins et al.
2018).

Studies using MNK1/2 knock-out mice have eluci-
dated the differential contribution of each kinase to
phosphorylation of eIF4E and suggest that eIF4E regu-
lation by MNK phosphorylation does not influence cell
survival and growth (Ueda et al. 2004). The eIF4ES209A

mouse model has an alanine substituted for serine at
position 209 of eIF4E, which renders it resistant to
phosphorylation by the MNKs (Furic et al. 2010). This
animal model has been used to demonstrate the role of
eIF4E phosphorylation-mediated translation in
nociception and inflammation in adult mice (Megat
et al. 2019; Amorim et al. 2018a; Herdy et al. 2012;
Moy et al. 2017; Moy et al. 2018a; Shiers et al. 2019).
The progression of pain and the role of the immune
response in age-associated inflammation is yet to be
investigated. While we originally hypothesized that
modulation of eIF4E over the lifespan would have
anti-inflammatory effects, recent data has revealed that
the young adult eIF4ES209A model shows an upregula-
tion in a subset of pro-inflammatory mediators (Amorim
et al. 2018b; Aguilar-Valles et al. 2018). Upregulated
levels of pro-inflammatory cytokines interleukin 2 (IL-
2), interferon gamma (IFNγ), and tumor necrosis factor
alpha (TNFα) have been reported in the naïve brain and
plasma of eIF4ES209A mice and these levels were shown
to be exaggerated following peripheral lipopolysaccha-
ride treatment compared with wild-type animals
(Amorim et al. 2018b). Conversely, silencing of MNKs
in the presence of lipopolysaccharide treatment has been
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shown to reduce expression of TNFα in mouse macro-
phage cultures (Rowlett et al. 2008).

To date, no published studies have examined the
potential connection between eIF4E phosphorylation,
aging, pain, and age-associated inflammation. This
study used young and aged wild-type and eIF4ES209A

mice, to examine whether eIF4E phosphorylation affect-
ed CFA-induced pain behaviors and levels of pro-
inflammatory cytokines in the dorsal root ganglia
(DRG) and spinal cord.

Materials and methods

Animals

Young (6–9 months old) and aged (> 22 months old)
female and male eIF4ES209A phospho-mutants on a
C57BL/6 background were generated in the Sonenberg
laboratory as previously described (Furic et al. 2010)
and gifted to us. These were further bred at the Univer-
sity of Texas at Dallas to generate experimental animals.
Wild-type (WT) C57BL/6 mice were used as controls;
breeders were purchased from Jackson Laboratory and
bred in-house as WT counterparts for all experiments.
In-house bred eIF4ES209A mutant and WT mice were
weaned between 3 and 4 weeks of age and tail-clipped
to verify genotypes. All young mice weighed between
25 and 30 g at the time of experimental use, whereas all
aged mice weighed between 30 and 40 g. Animals were
group-housed in polypropylene cages maintained at
21 °C under a 12-h light/dark cycle with ad libitum
access to water and rodent chow. The animal housing
room lights were turned on at 6 AM and off at 6 PM
daily. At the end of the study, mice were examined post
mortem for gross signs of disease and any mouse found
unhealthy (e.g., tumors or splenomegaly) was excluded
from the dataset. Ethics approval: All procedures were
in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals
and were approved by the University of Texas at Dallas
Institutional Animal Care and Use Committee protocols
15-15 and 16-07.

Inflammatory insult

Complete Freund’s adjuvant (CFA) was purchased from
Sigma Aldrich (St. Louis, MO) at a 1 mg/ml concentra-
tion. Equal parts of sterile phosphate-buffered saline

(PBS) and CFA were thoroughly mixed via vortexing
to make an emulsion. The emulsion was also actively
vortexed prior to each intraplantar injection (20 μl) to
ensure equal volume injections for all animals. The
working solution administered contained 10 μg of
CFA. The injection was done on the left hind paw,
which was designated as ipsilateral and the right hind
paw was considered as a control and designated as
contralateral. After injection, the following time points
were measured for each animal: 4 h and days 1, 2, 3, 5,
and 7.

Behavioral tests

All behavioral tasks were done between 10 AM and
2 PM. Mice were acclimated to the experimental room
and acrylic behavior racks for 4 h for a minimum of
2 days before any data acquisition. Spontaneous pain
(Grimace Scale), paw temperature (FLIR), and mechan-
ical allodynia (Von Frey) assessments were all conduct-
ed in the behavior racks that were 11 cm long by 10 cm
wide and 4.5 cm in height. A total of 16 units were
available at any given time for 16 mice to be housed
individually and tested. The racks were cleaned with
70% ethanol to eliminate odor cues between each read-
ing, baseline or experimental. Two consecutive baseline
measures a day apart were taken in the behavior racks.
One baseline day was taken for thermal hypersensitivity
(Hargreaves) and paw edema (Plethysmometer) on the
corresponding apparatus after animals baselined on the
other three. Following completed baseline measures for
all tests, animals were injected with emulsified complete
Freund’s adjuvant (CFA) at a dose of 10 μg into the left
hind paw. After injection, the animals were tested at 4 h,
and on days 1, 2, 3, 5, and 7 for the pain and inflamma-
tion measures listed below (Fig. 1). In order to diminish
behavioral interference, tasks were done in the follow-
ing order for the entirety of the experiment: spontaneous
pain (Grimace), paw temperature (FLIR), mechanical
allodynia (Von Frey), thermal hyperalgesia (Har-
greaves), and paw edema (Plethysmometer). For me-
chanical allodynia, thermal hypersensitivity, paw tem-
perature, and paw edema, readings were noted for stim-
uli applied to the contralateral paw and were averaged
across all animals within a group. The mean value was
used to provide a basis of comparison, indicated by a
gray dashed line on the graphs and respective values.
Experimenters were blind to the genotype of the animals
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during testing; individuals blind to the treatment and
genotype analyzed data.

Assessment of spontaneous pain by grimace scale

Grimacing was assessed while the animals were in
the acrylic racks before Von Frey testing. Assess-
ment began approximately 1 h after being in the
rack to ensure that the mice were calm, but not
sleeping. Each mouse grimace score was measured
as an average of the five components of rodent
grimacing, i.e., orbital tightening or closing, ear
position, whisker position, nose bulging, and cheek
bulging. All five parameters measure the severity of
perceived spontaneous pain. Each parameter was
scored on a scale from 0 to 2, with 0 representing
a normal non-painful state, 1 indicating moderate
pain perceived, and 2 being representative of severe
pain perceived (Langford et al. 2010).

Mechanical allodynia by Von Frey filament test

Mice were habituated to acrylic racks for approximately
1 h before testing at each experimental timepoint. Hind
paw mechanical allodynia was measured by the up-
down method using calibrated Von Frey filaments
(Stoelting Co., Wood Dale, IL) as described by
(Chaplan et al. 1994). Withdrawals in response to fila-
ments up to 0.8 g were considered baseline.

Thermal hyperalgesia by Hargreaves test

Thermal hypersensitivity was measured using the Har-
greaves heat plantar device (IITC Life Science Inc., CA)
(Hargreaves et al. 1988). Mice were placed inside an
acrylic enclosure on a glass surface heated evenly to
29 °C, immediately after von Frey.Withdrawal latencies
were measured after animals received a laser beam
directed at the ipsilateral and contralateral hind paw. In
order to obtain baseline withdrawal measures around
10–12 s, we used the laser at an active intensity of
30%. The laser was preset to cutoff automatically at
25 s to avoid possible injury to the hind paw. A mini-
mum of three trials of withdrawal latencies were record-
ed for each time point. The readings for the contralateral
hind paws were averaged across all groups.

Inflammatory response tests

Paw edema measured by a plethysmometer

Paw edema was measured using the Plethysmometer appa-
ratus (IITC Life Science Inc., Woodland Hills, CA). Both
ipsilateral and contralateral hind paws were submerged in
the water contained in the cell consistently, up to the heel of
the animal throughout the experiment. The change in vol-
ume of the water level was calibrated to output a reading in
milliliters (ml) shown on the electronic monitor and volume
displacement was recorded.

Paw temperature recorded by forward-looking infrared
camera

A forward-looking infrared (FLIR) camera model
T650SC (Wilsonville, OR) was used to measure the
temperature of both ipsilateral and contralateral paws
throughout the duration of the experiment immediately
after grimace and before von Frey measurements. This
was to ensure filament or laser application did not have a
direct effect on paw temperature. The temperature
across the inflamed plantar paw region was recorded at
each time point and analyzed by a blind observer. (Moy
et al. 2018a).

Western blots

A month after the inflammation and pain parameters
were assessed, animals were deeply anesthetized with
isoflurane and quickly decapitated. Lumbar spinal cord
and dorsal root ganglia (L3-L5) ipsilateral to the site of
injection were extracted from the animals and snap-
frozen in liquid nitrogen before being stored at −
80 °C. These tissues were homogenized in protein ex-
traction buffer (50 mM Tris, 150 mM NaCl, 1 mM
EDTA, 0.5% Triton X-100, and 1% SDS). Protease
inhibitor cocktail (Sigma P8340), phosphatase inhibitor
cocktail 1 (Sigma P2850), and phosphatase inhibitor
cocktail 2 (Sigma P5726) were added at 1% final con-
centration to the protein extraction buffer immediately
before addition of buffer to tissue samples. Tissue was
homogenized by sonication at 30 Hz for 20–40 s until
no clumps remained followed by centrifugation at
13000×g for 15 min at 4 °C. The clarified supernatant
was used for western blotting. Total protein was esti-
mated using the BCA protein Assay Reagent Kit (Pierce
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23,223). Fifteen micrograms of protein was loaded per
lane on 12% resolving, 4% stacking polyacrylamide
gels. Proteins were transferred onto 0.22 μM nitrocellu-
lose membranes and blocked with 5% nonfat dry milk.
Membranes were probed with primary antibodies to
TNFα (1:500, Abcam ab1793), IL-1β (1:1000, Abcam
ab9722), phosphorylated eIF4E (1:1000, Abcam
ab76256), total eIF4E (1:1000, Cell Signaling Technol-
ogies 9742), and β-actin (Cell Signaling Technologies
8H10D10, 1:3000) at 4 °C overnight followed by 3
washes with tris-buffered saline (50 mM Tris, 150 mM
NaCl, 0.05% Tween-20 – TBST), and 1 h incubation
with horse radish peroxidase–conjugated secondary an-
tibodies. Membranes were washed three more times
using TBST, and target proteins detected via chemilu-
minescence. Levels were normalized according to β-
actin signal.

Statistical analyses

GraphPad Prism software version 8.4 was used for all
statistical analysis. For behavior tests, to determine dif-
ferences between genotypes (WT and eIF4ES209A), two-
way repeated measures ANOVA was used for young
and aged cohorts, followed by Sidak’s post hoc analysis.

For comparing all four cohorts, effect size was calculat-
ed by taking the difference of measures after CFA
injection at every time point and baseline. Two-way
ANOVA was used to analyze the generated values,
followed by Tukey’s post hoc test for multiple compar-
isons. Western blot analyses were performed in Image
Lab software from BioRad. Target band intensities were
normalized according to intensity value changes for β-
actin. Two-way ANOVA was used for comparing
groups based on age and genotypes followed by
Tukey’s post hoc. All data are graphically represented
by the mean and standard error of the mean. A p value ≤
0.05 was considered significant.

Results

Validation of eIF4ES209A genotypes and eIF4E protein
in all groups

After breeding animals in-house, we checked the geno-
types for successful mutants using clipped tails. A repre-
sentative genotyping gel for WT, eIF4ES209A+/− or hetero-
zygous, and eIF4ES209A−/− or homozygous mutant geno-
types is shown in Fig. 1b. We only used homozygous
mutants compared with WT animals for all of our

Fig. 1 Timeline of the behavioral tests performed and validation
of mutant mice. a All cohorts of mice were acclimated to the
behavior testing apparatus for 2 days, 4 h each, before starting
experiments. The baseline readings for grimacing behavior, paw
withdrawal in response to von Frey filaments, paw withdrawal in
response to heat stimuli, paw temperature, and paw edema were
recorded before injection of CFA into the left hind paw, whichwas

designated as the ipsilateral paw. Experimental readings for the
affective behaviors were recorded at 4 h, day 1, 2, 3, 5, and 7 after
the injection. CFA, complete Freund’s adjuvant. b Representative
agarose gel showing genotypes of WT, eIF4ES209A−/−, and
eIF4ES209A+/− mice. c eIF4E protein is not phosphorylated in the
eIF4ES209A cohorts. d Total eIF4E protein levels in tested tissues
from all cohorts show no differences across age and genotypes
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experiments. We checked phosphorylated eIF4E in ipsi-
lateral DRGs and spinal cord for all four groups (Fig. 1c
representative image). The young and aged eIF4ES209A

animals showed no presence of phosphorylated eIF4E,
which was clearly seen in both young and aged WT
groups. We also confirmed that the expression of total
eIF4E protein in the spinal cord and ipsilateral DRGs did
not change with age or genotype (Fig. 1d).

Aged eIF4ES209A mice show faster resolution
of inflammation at the injection site

We assessed inflammation at the injection site over
7 days after CFA injection by recording paw tempera-
tures with an infrared camera and measuring paw edema
by a plethysmometer. Young mice, both WT and
eIF4ES209A, showed consistently elevated paw temper-
atures and edema across 7 days, indicating ongoing
inflammation in their ipsilateral paws (Fig. 2 a and b).
Aged mice showed a decrease in ipsilateral paw tem-
perature and edema, comparable with contralateral paw
readings on day 7 after CFA injection; however, both
were still higher than baseline (Fig. 2 a and b). Con-
versely, the aged eIF4ES209A mice had decreased ipsi-
lateral paw temperature and edema starting day 2 post
injection, indicating that inflammation had reduced (Fig.
2 a and b). When the magnitudes of differences were
compared for all four groups, the aged eIF4ES209A mice
had significantly lower temperatures and reduced edema
compared with young eIF4ES209A mice and aged WT
(Fig. 2 a and b) and significantly less edema than aged
WTmice. Our results demonstrate that eIF4E phosphor-
ylation differentially contributes to inflammation reso-
lution in young versus old mice.

Aged eIF4ES209A mice have a higher threshold
for spontaneous pain

We then checked for spontaneous pain over 7 days post
CFA injection in the four groups using the grimace scale
to score grimacing behavior. The young WT and
eIF4ES209A groups did not differ significantly from
one another in that they both showed grimacing
(Fig. 3a). The aged WT mice showed less grimacing
on days 5 and 7, indicating reduced spontaneous pain
(Fig. 3b). The aged eIF4ES209A group showed a trending
decrease in levels of grimacing across the experiment
(Fig. 3b). When the magnitudes of differences for all
four groups were compared, an age-dependent effect of

eIF4E phosphorylation was seen (Fig. 3c). From this
data, we suggest that eIF4E phosphorylation may con-
tribute to spontaneous pain more strongly in aged mice.

Aged eIF4ES209A mice show reduced mechanical
allodynia and less thermal hyperalgesia in response
to CFA

Next, we examined the response to evoked pain in all
four groups using von Frey filaments for mechanical
allodynia and the Hargreaves device for thermal
hyperalgesia. Both young WT and eIF4ES209A mutant
mice showed mechanical allodynia and thermal
hyperalgesia in response to CFA injection (Fig. 4 a
and d). The aged WT mice showed the same pattern as
their young counterparts (Fig. 4 a–e); however, the aged
eIF4ES209A mice showed reduced mechanical allodynia
and thermal hyperalgesia compared with WT animals
(Fig. 4 b and e). Interestingly, when the magnitudes of
differences for all four groups were compared, the aged
eIF4ES209A group was significantly different from the
young mutant group and the aged WT group for me-
chanical allodynia and thermal hyperalgesia (Fig. 4 c
and f). We therefore conclude that, as shown for spon-
taneous pain, eIF4E phosphorylation contribution to
evoked pain behavior is stronger in aged mice.

Levels of inflammatory mediators vary based on age
and genotype

We examined the levels of pro-inflammatory cytokines IL-
1β (Fig. 5) and TNFα (Fig. 6) in the ipsilateral DRGs and
the spinal cord, 30 days post CFA injection.We found that
the aged mice (bothWT and eIF4ES209A) had elevated IL-
1β (Fig. 5a) and TNFα (Fig. 6a) in their ipsilateral DRGs
and spinal cord, respectively. We found no difference
between cytokine levels in aged WT mice and those
lacking eIF4E phosphorylation. Overall, the aged groups
had higher levels of IL-1β and TNFα than their young
counterparts which is consistent with an age-associated
pro-inflammatory phenotype.

Levels of DRG ion channel proteins change with age

Given the dissociation of higher levels of pro-
inflammatory mediators in aging and pain behaviors, we
examined the effects of eIF4E phosphorylation on noci-
ceptor plasticity in aging. We probed ipsilateral DRG
samples from all four groups for transient receptor
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potential ankyrin 1 (TRPA1) and small conductance
calcium-activated potassium channel 2 (SK2) two cap-
dependent ion channels. While we did not find a genotype
effect for either protein (Fig. 7 a and b), we found that
levels of TRPA1 were decreased in samples taken from
aged mice (Fig. 7a), indicating that aging may affect ion
channel expression for certain TRP channels in the DRG.

Discussion

We have found that in the absence of phosphorylated
eIF4E, CFA-induced acute inflammation, spontaneous
pain, and mechanical and thermal hypersensitivity are
reduced in aged eIF4E mutant mice. However, the levels
of pro-inflammatory cytokines IL-1β and TNFα in the

Fig. 2 Inflammation at the injection site is resolved faster over
7 days in aged eIF4ES209A mice compared with WT. Graphs
depicting the paw temperatures recorded by FLIR at indicated
times post CFA injection in young (a) and aged (b) mice. Data
plotted as means with standard error (young WT, n = 7; young
eIF4ES209A, n = 10; aged WT, n = 21; aged eIF4ES209A, n = 8).
The dashed gray line indicates the mean temperature of the con-
tralateral paws from all experimental animals on that graph. Two-
way repeated measures ANOVA with Sidak’s post hoc was per-
formed. ns, not significant, ****p < 0.0001. c Effect size for all
four cohorts. Two-way ANOVA with Tukey’s post hoc test was

performed for multiple comparisons between genotypes for young
and aged animals. **p 0.0043, ***p 0.0005. Graphs depicting the
volume of water displaced from the plethysmometer due to paw
edema at indicated times post CFA injection in young (d) and aged
(e) mice with effect size for all 4 cohorts (f). The dashed line
indicates the mean volume of water displaced by the contralateral
paw. Data are plotted and analyzed as stated for parts a, b, and c.
For d and e, ns, not significant, ***p 0.0009, ****p < 0.0001. For
f, **p 0.0087. BL, baseline; 4 h, four hours; D1, day 1; D2, day 2;
D3, day 3; D5, day 5; D7, day 7; CFA, complete Freund’s
adjuvant; FLIR, forward-looking infrared

Fig. 3 Aged eIF4ES209A demonstrate reduced spontaneous pain.
Graphs depicting grimace at indicated times post CFA injection in
young (a) and aged (b) mice. Data are plotted as means with
standard error (young WT, n = 7; young eIF4ES209A, n = 10; aged
WT, n = 21; aged eIF4ES209A, n = 8). For a and b, two-way
repeated measures ANOVA with Sidak’s post hoc test was

performed. ns, not significant, **p = 0.0066. c Effect size for all
four cohorts compared with baseline. Two-way ANOVA was
performed with Tukey’s post hoc. *p 0.0191, ****p < 0.0001.
BL, baseline; 4 h, four hours; D1, day 1; D2, day 2; D3, day 3;
D5, day 5; D7, day 7; CFA, complete Freund’s adjuvant
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ipsilateral DRGs and spinal cord were comparable with
aged WT animals. Similar to previous studies, the young
mutant mice did not differ significantly in assessed pain
behaviors, but we report inflammatory protein levels in
specific peripheral nervous system tissue and observed a
genotype effect in the levels of IL-1β in their ipsilateral
DRGs comparedwith youngWTmice.However, the aged
mutant mice showed a clear increase of IL-1β in the spinal
cord and TNFα in ipsilateral DRGs. This data suggests
that loss of eIF4E phosphorylation modulates the levels of
different pro-inflammatory cytokines, which is dependent
upon tissue type. Interestingly, how these inflammatory
molecules engender changes in pain behavior in the aged
may be less relevant as nociceptor plasticity takes over.

The aged mutants demonstrated faster recovery from
CFA-induced inflammatory insult across 7 days when
compared with their WT counterparts and young mice of
either genotype (Fig. 2). It has been documented that
young adult mice lacking eIF4E phosphorylation show
decreased pain responses in hyperalgesic priming, a model
of the transition to chronic pain (Moy et al. 2017; Moy

et al. 2018b). These mice also show blunted spontaneous
pain immediately after inflammatory injury, as measured
by paw guarding, but no change in acute peak inflamma-
tory responses (Moy et al. 2018a), consistent with our
results. Our data adds novel perspectives to the eIF4E
phosphorylation literature revealing that inflammatory re-
sponses are attenuated and resolve faster along with spon-
taneous and evoked pain responses in the aged. To reveal
inflammatory mechanisms, we assayed relevant tissue-
specific levels of inflammatorymediators and showed they
are increased (Figs. 5 and 6). This suggests that longer-
lasting pro-inflammatory cytokine-mediated activation of
cells in the peripheral as well as the central nervous system
may not be as important for the behavioral effects seen in
aging. This leads us to ascertain that eIF4E
phosphorylation-dependent translation may play a crucial
role in nociceptor plasticity during aging and that this
nociceptor plasticity supersedes inflammatory mediators
in terms of pain outcomes. To delve into this possibility,
we probed DRG tissue for TRPA1 and SK2, ion channels
implicated in neuron plasticity, and aging. Interestingly,

Fig. 4 Aged and young eIF4ES209Amice show faster resolution of
evoked pain. Graphs depicting ipsilateral paw withdrawal in re-
sponse to Von Frey filaments at indicated times post CFA injec-
tion in young (a) and aged (b) mice. Data are plotted asmeans with
standard error (young WT, n = 7; young eIF4ES209A, n = 10; aged
WT, n = 21; aged eIF4ES209A, n = 8). The dashed gray line repre-
sents the mean contralateral paw withdrawal for filament applied
for all experimental animals. Two-way repeated measures
ANOVA with Sidak’s post hoc test was performed for multiple
comparisons between genotypes for young and aged animals. ns,
not significant, ***p = 0.0003, ****p < 0.0001. c Effect size for
all four cohorts. Two-way ANOVA was performed with Tukey’s
post hoc for multiple comparisons between age and genotypes.

**p 0.0046, ****p < 0.0001. Graphs depicting paw withdrawal
latencies in response to heat applied at ipsilateral paw at indicated
times post CFA injection in young (d) and aged (e) mice. Data
plotted and analyzed as stated for parts a and b. ns, not significant,
*p 0.0177 for young mice, *p 0.0153 for aged mice. The dashed
gray line represents the mean contralateral paw withdrawal latency
in response to heat applied for all experimental animals. f Effect
size for all four cohorts compared with baseline. Data plotted and
analyzed as for c. *p 0.0417 for eIF4ES209A mice and **p 0.0376
for aged mice. BL, baseline; 4 h, four hours; D1, day 1; D2, day 2;
D3, day 3; D5, day 5; D7, day 7; CFA, complete Freund’s
adjuvant
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Fig. 5 Levels of IL-1β in indicated tissues. a Representative
western blot for IL-1β in ipsilateral DRGs and its densitometric
analysis. Data are represented as mean and standard error of the
mean (young WT and eIF4ES209A, n = 5; aged WT and
eIF4ES209A, n = 7). A two-way ANOVA was performed followed

by Tukey’s post hoc for multiple comparisons. *p = 0.0264. b
Representative western blot for IL-1β in the spinal cord and its
densitometric analysis. Data plotted and analyzed as for part a
(young and aged WT, n = 7; young and aged eIF4ES209A, n = 6).
**p = 0.0064

Fig. 6 Levels of TNFα in indicated tissues. a Representative
western blot for TNFα in ipsilateral DRGs and its densitometric
analysis. Data are represented as mean and standard error of the
mean (young WT and eIF4ES209A, and aged eIF4ES209A n = 6;
aged WT n = 7). A two-way ANOVA was performed followed by

Tukey’s post hoc for multiple comparisons. *p = 0.0216. b Rep-
resentative western blot for TNFα in the spinal cord and its
densitometric analysis. Data plotted and analyzed as for part a
(youngWT, n = 6; young eIF4ES209A, n = 5; agedWT, n = 7; aged
eIF4ES209A, n = 6). **p = 0.0041
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there is an age-dependent decrease in TRPA1 levels that
could explain some of our observations, but further inves-
tigation is needed (Fig. 7).

Our work builds on previous research showing that
eIF4E phosphorylation is involved in pain behavior
(Moy et al. 2017; Moy et al. 2018b). The present findings
illustrate that this pathway plays an even more important
role in inflammation and inflammatory pain in aged mice.
Given that nociceptor biology is similar between mice and
humans (Rostock et al. 2018), further studies in human
samples will be useful to assess clinical applications.
Targeting MNK to block eIF4E phosphorylation may be
an important therapeutic strategy for the treatment of per-
sistent inflammatory pain in later life.

To our knowledge, this is novel evidence that a specific
signaling pathway can become more important for a pain
phenotype in the aged. Our findings provide evidence that
translation control pathways may be at the center of the
disconnect between age-associated inflammation and
nociception. Gaining further insight into how translation
regulation in aged nociceptors regulates their excitability
will be important for gaining a better understanding of pain
signaling mechanisms in the aged and developing better
pain therapeutics.
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