o
8
S
&
<
&
&
2
£
2
=4
@
@
=
§
7l
=
x
<
@
@
=
>
=
@
i
u
=
z
5
=
2
o
Q
=
s
=
3
3
g
S
€
H
3
a

CrossMark
& click for updates

elF2a phosphorylation controls thermal nociception

Arkady Khoutorsky®P<41, Robert E. Sorge®®", Masha Prager-Khoutorsky™', Sophie Anne Pawlowski®9,
Geraldine Longo®?, Seyed Mehdi Jafarnejad®®, Soroush Tahmasebi®®, Loren J. Martin®*, Mark H. Pitcher",
Christos G. Gkogkas', Reza Sharif-Naeini®J, Alfredo Ribeiro-da-Silva®?, Charles W. Bourque®, Fernando Cervero®?,

Jeffrey S. Mogil®*2, and Nahum Sonenberg®"2

cd

?Department of Biochemistry, McGill University, Montreal, QC, Canada H3A 1A3; PRosalind and Morris Goodman Cancer Research Centre, McGill University,
Montreal, QC, Canada H3A 1A3; “Department of Anesthesia, McGill University, Montreal, QC, Canada H3G 1Y6; “Alan Edwards Centre for Research on Pain,
McGill University, Montreal, QC, Canada H3G 1Y6; ®Department of Psychology, McGill University, Montreal, QC, Canada H3A 1B1; fCenter for Research in
Neuroscience, McGill University, Montreal General Hospital, Montreal, QC, Canada H3G 1A4; 9Department of Pharmacology and Therapeutics, McGill
University, Montreal, QC, Canada H3G 1Y6; PNational Center for Complementary and Alternative Medicine, National Institutes of Health, Porter
Neuroscience Research Center, MD 20892; 'Patrick Wild Centre and Centre for Integrative Physiology, University of Edinburgh, Edinburgh EH8 9XD, United
Kingdom; and ‘Department of Physiology, McGill University, Montreal, QC, Canada H3G 1Y6

Contributed by Nahum Sonenberg, August 25, 2016 (sent for review November 19, 2015; reviewed by Eric Klann and Mark J. Zylka)

A response to environmental stress is critical to alleviate cellular
injury and maintain cellular homeostasis. Eukaryotic initiation
factor 2 (elF2) is a key integrator of cellular stress responses and
an important regulator of mRNA translation. Diverse stress signals
lead to the phosphorylation of the a subunit of elF2 (Ser51), result-
ing in inhibition of global protein synthesis while promoting ex-
pression of proteins that mediate cell adaptation to stress. Here
we report that elF2« is instrumental in the control of noxious heat
sensation. Mice with decreased elF2a phosphorylation (elF2o/5>'%)
exhibit reduced responses to noxious heat. Pharmacological atten-
uation of elF2a phosphorylation decreases thermal, but not mechan-
ical, pain sensitivity, whereas increasing elF2a phosphorylation has
the opposite effect on thermal nociception. The impact of elF2a
phosphorylation (p-elF2a) on thermal thresholds is dependent on
the transient receptor potential vanilloid 1. Moreover, we show
that induction of elF2a phosphorylation in primary sensory neu-
rons in a chronic inflammation pain model contributes to thermal
hypersensitivity. Our results demonstrate that the cellular stress
response pathway, mediated via p-elF2a, represents a mechanism
that could be used to alleviate pathological heat sensation.

pain | elF2a | cellular stress response pathway | TRPV1

esponse to stress is a major cellular function involved in
many physiological and pathological conditions. Cells re-
spond to various forms of stress by activating specific molecular
cascades that orchestrate antistress responses or induce apoptosis
(1). A key effector of cellular stress responses is the eukaryotic
initiation factor 2 (eIF2) (2). Phosphorylation of eIF2 causes a
reduction in global translation, allowing cells to conserve energy
and modify gene expression to effectively manage stress condi-
tions. Diverse stress signals converge onto elF2 to integrate stress
responses through phosphorylation of the o subunit of elF2.
elF2 binds GTP and the initiator methionyl-tRNA (Met-tRNA;)
to form the ternary complex (eIF2-GTP-Met-tRNA;). The ter-
nary complex binds the small ribosomal subunit to form the ribo-
somal preinitiation complex, which scans the 5"UTR of the mRNA
for the start codon to initiate mRNA translation (3). On engage-
ment of the initiation codon, GTP is hydrolyzed to GDP (4). The
recycling of inactive GDP-bound elF2 to the active GTP-bound
form is catalyzed by the guanine nucleotide exchange factor, eIF2B.
Phosphorylation of the o subunit of eIF2 at serine 51 converts eIF2
from a substrate to a competitive inhibitor of eIF2B (4). Because
the amount of eIF2B is lower than elF2, phosphorylation of a
small fraction of the eIF2 in the cell is sufficient to strongly in-
hibit eIF2B activity and translation initiation.
elF2a is phosphorylated by four eIF2a kinases, each activated
in a different stress condition (5-7). PKR (double-stranded
RNA-dependent protein kinase) is activated by double-stranded
RNA during viral infection; PERK (PKR-like ER kinase)
by endoplasmic reticulum stress; GCN2 (general control non—

www.pnas.org/cgi/doi/10.1073/pnas.1614047113

derepressible-2) by nutrient deprivation and UV light; and HRI
(heme-regulated inhibitor) by heme deficiency. The elF2a ki-
nases, except for HRI, are prominently expressed in the mam-
malian nervous system (8).

Phosphorylation of elF2a blocks general translation but par-
adoxically stimulates translation of mRNAs that contain upstream
ORFs (uORFs) in their 5” UTR, such as ATF4 [a cAMP-response
element binding protein 2 (CREB-2)] and CHOP (a proapoptotic
transcription factor) (9). ATF4 enhances the expression of a related
transcription factor, ATF3, which together with ATF4 contribute to
stress adaptation by regulating genes involved in metabolism, the
cellular redox status, and apoptosis (10, 11). In neurons, an activity-
dependent decrease in elF2a phosphorylation augments long-term
potentiation (LTP) and memory via suppression of ATF4 expres-
sion (12). Conversely, up-regulation of p-eIF2u is associated with
long-term depression (LTD) (13, 14) and several pathophysiological
conditions including viral infection, inflammation, and neuro-
degeneration (15-18). Elevated phosphorylation of eIF2a has been
documented in the brain of aged animals (19) and Alzheimer’s
disease patients and model mice (20, 21). Normalization of p-eIF2a
in Alzheimer’s disease model mice rescued deficits in protein syn-
thesis, synaptic plasticity, and spatial memory (22). Additionally,
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phosphorylation of eIF2a is associated with synaptic deficits and
neuronal loss in prion-disease model mice (23).

The role of elF2 in the pain pathway is unknown. An endo-
plasmic reticulum (ER) stress response is induced in the periph-
eral nervous system of type I diabetic rats, as phosphorylation of
PERK and elF2a, along with other ER stress markers, is up-
regulated (24). Induction of ER stress is accompanied by hyper-
sensitivity, and attenuation of ER stress by an inhibitor of soluble
epoxide hydrolase (sEH) down-regulated ER stress markers,
p-PERK, p-elF2a, and reversed mechanical hypersensitivity (24).
Despite these intriguing observations, a direct link between elF2a
phosphorylation and nociception has not been established. Using a
transgenic mouse model with reduced phosphorylation (by ~50%)
of elF2a (elF2a*/5°'™), we show that p-eIF2a controls thermal,
but not mechanical, sensitivity via the regulation of transient re-
ceptor potential vanilloid receptor 1 (TRPV1) activity. Moreover,
we find that eIF2a phosphorylation is induced in primary noci-
ceptors in a chronic inflammation model and that it contributes to
inflammatory pain hypersensitivity.

Results

p-elF2a Is Increased in Dorsal Root Ganglia After Chronic Inflammation.
First, we examined the distribution of eIF2a and its phosphory-
lated form, p-eIF2a, in dorsal root ganglia (DRGs) and spinal
cord. Immunostaining revealed neuronal expression of elF2a
and p-elF2a in peptidergic (CGRP-positive), nonpeptidergic (IB4-
positive), TRPV1-positive small diameter, and NF200-positive
large diameter neuronal cell bodies in DRGs (Fig. 1 A and B).
Colocalization analysis showed that 19.7% of p-eIF2o—positive
cells express CGRP, 36.6% express 1B4, 20.8% express TRPV1,
and 47% express NF200 (Fig. 1B, Bottom). In the dorsal horn of
the spinal cord, eIF2a and p-eIF2a were found in neurons, as they
colocalized with the neuronal marker NeuN, but not with the as-
trocyte marker, glial fibrillary acidic protein (GFAP) (Fig. S1).
However, in the spinal cord p-eIF2a signal was rather weak and
detected only in a small fraction of NeuN-positive neurons (Fig. S1).

To determine whether phosphorylation of elF2a is affected by
chronic inflammation, we injected complete Freund’s adjuvant
(CFA) s.c. into the mouse hind paw (intraplantar injection) and
measured the levels of p-eIF2a in lumbar DRGs and dorsal horn
of the spinal cord. Levels of p-eIF2a were increased in DRGs,
but not in the spinal cord, 1 d after the onset of inflammation,
decreased subsequently, and returned to normal after 10 d (Fig.
1C). The alterations in p-eIF2a concurred with the inflammation-
induced changes in thermal and mechanical thresholds (Fig. 1D),
raising the possibility that the increase in eIF2a phosphorylation
mediates the inflammatory hypersensitivity.

P-elF2a Controls Thermal Sensitivity. Having established that p-eIF2a
is increased in DRGs in response to chronic inflammation, we
investigated its role in nociception. To this end, we used a
transgenic knock-in (KI) mouse model (25), in which serine-51 is
mutated to a nonphosphorylatable alanine residue in one allele
(eIF2a™53', homozygous KI mice are not viable), leading to a
~50% reduction in basal eIF2a phosphorylation (Fig. 24). Me-
chanical sensitivity in the von Frey and tail clip tests did not
differ between elF2a"/5>'* mice and their WT littermates (Fig. 2B).
However, thermal withdrawal and nocifensive behavior latencies
were significantly prolonged in elF2a™'* mice compared with
WT mice in the radiant heat paw withdrawal, hot water tail with-
drawal, and hot-plate tests (40.2 + 9.7%, 44.0 + 13.1%, and 21.6 +
6.6% increase, respectively; Fig. 2C), indicating reduced sensitivity
to noxious heat in elF2a™>>' mice. No difference in sensitivity to
noxious cold was observed between WT and elF2a™5°'* mice (Fig.
2D). elF2a™*'” mice also exhibited reduced inflammatory pain in
the formalin test. Nocifensive (licking/shaking) behavior was sig-
nificantly reduced (by 31.9 + 6.0%) in elF2a*>>' mice during the
late/tonic phase (10-60 min after formalin injection), compared
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Fig. 1. elF2a is expressed in DRG neurons and its phosphorylation is in-
creased in an inflammatory pain model. The distribution of total and p-elF2a
in mouse lumbar DRG was examined using immunostaining. Total (4) and
p-elF2a (B) were costained with CGRP, IB4, TRPV1, and NF200. Percent of
p-elF2a—positive neurons expressing the markers is shown in B (Bottom).
(C) Mice were injected (intraplantar) with CFA, and levels of elF2a phos-
phorylation were measured in DRGs at different time points after injection
using Western blot analysis (n = 4 mice per condition). (D) CFA induces
thermal (Left) and mechanical (Right) hypersensitivity as assessed in radiant
heat paw withdrawal and von Frey assays, respectively (n = 5 males and 4
females per assay). Data are presented as mean + SEM. *P < 0.05, **P < 0.01 by
Bonferroni post hoc test following one-way ANOVA. (Scale bar, 100 pm.) For
distribution of elF2a and p-elF2« in the spinal cord, see Fig. S1.

with WT mice, whereas no differences were found in the early/
acute phase (0-10 min) between these groups (Fig. 2E). The be-
havioral differences occurred despite equal degrees of paw edema
in the two genotypes (Fig. 2E). Taken together, these results
demonstrate that p-eIF2a is up-regulated in DRGs in response to
chronic inflammation, and mice with reduced elF2a phosphory-
lation exhibit decreased heat sensitivity but not mechanical
sensitivity.

As elF2a is phosphorylated by four different kinases (Fig. 34),
it was pertinent to study the effect of each kinase on p-eIF2a and
thermal threshold. Because HRI expression is very low in the
nervous system (12), we examined sensitivity to noxious heat in
Perk*'= (Perk™~ exhibits severe postnatal growth retardation)
(26), Pkr~'=, and Gen2™'~ mice. Perk heterozygous had reduced
p-elF2a in DRGs and decreased noxious heat sensation (43.0 +7.7%
increase in latency to withdrawal in the radiant heat paw with-
drawal test; Fig. 3B). Mechanical thresholds in the von Frey test
were not altered in Perk™™ mice, similar to elF2a*"5>' mice.
Gen2™'~ and Pkr™'~ mice did not display a significant reduction
in p-eIF2a level and sensitivity to noxious heat (Fig. 3 C and D);
however, double KO mice for Gen2 and Pkr (Gen2/Pkr DKO)
exhibited reduced p-eIF2a levels (Fig. 3C) and elevated thermal
thresholds (Fig. 3E). This finding suggests a redundant role for
these two kinases.

Khoutorsky et al.
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Fig. 2. Noxious heat sensation is reduced in elF2a*"**' mice. (A) elF2a
phosphorylation is reduced in DRGs and spinal cord of elF2a™**' mice.

elF2a*5>" mice demonstrate no alterations in mechanical sensitivity (B; n =
4 males and 4 females per genotype, P > 0.05), whereas noxious heat sen-
sation is significantly attenuated (C; n = 4 males and 4 females per genotype
per assay, P < 0.05). (D) Sensitivity to cold is not changed in elF2a*5>' mice
(n = 4 males and 6 females per genotype). (E) Nocifensive (licking/shaking)
behavior is significantly reduced in formalin test during the late/tonic phase
(10-60 min after formalin injection, P < 0.05), whereas no differences are
found in the early/acute phase (n = 4 males and 4 females per genotype).
Changes in paw weight, indicative of formalin-induced inflammation, are
not different in elF2a™*>'" mice (E, Right; P > 0.05). Data are presented as
mean + SEM. *P < 0.05, **P < 0.01; ns, not significant by Student t test.

Next, we examined whether modulation of eIF2a phosphory-
lation by drugs alters the thermal threshold. eIF2a phosphory-
lation was decreased by an inhibitor of elF2a kinase, PKR
(PKRi) (27). i.p. administration of PKRi over 3 d reduced nox-
ious heat sensation in a dose-dependent manner, as indicated by
the increased withdrawal latency in the radiant heat paw with-
drawal test (Fig. 3F), with no effect on mechanical threshold.
Conversely, when elF2o phosphorylation was increased by i.p.
administration of Sal003, an inhibitor of the elF2a phosphatase
complex, GADD34/PP1 (growth arrest and DNA-damage-
inducible 34/protein phosphatasel) (28) (Fig. 34), thermal
thresholds were decreased (Fig. 3 G and H), whereas mechanical
thresholds were not affected. In summary, using genetic and
pharmacological approaches, we show that decreasing elF2a
phosphorylation reduces noxious heat sensation, whereas increasing
p-elF2a levels engenders the opposite effect.

TRPV1 Activity Mediates the Effect of Reduced p-elF2a on Thermal
Thresholds. The strikingly specific impact of eIF2a phosphoryla-
tion on noxious heat sensation suggests that mechanisms con-
trolling heat transduction might be selectively controlled. TRPV1
channels transduce noxious heat and are also implicated in in-
flammation-induced thermal hypersensitivity (29). TRPV1 activity
is tightly regulated via gene expression and posttranslational
mechanisms (30). We examined the possibility that TRPV1 me-
diates the effect of eIF2a phosphorylation on heat sensation by
studyi ﬁ the impact of PKRi and Sal003 on thermal thresholds in
TrpvI™™ mice (29) PKRi increased thermal threshold in WT mice,
but not in TrpvI~~ mice (Fig. 44). Conversely, Sal003 decreased

Khoutorsky et al.

thermal threshold in WT mice, but not in Trpvl’/’ mice (Fig.
4B). These data demonstrate that eIF2o phosphorylation con-
trols thermal threshold in a TRPV1-dependent manner. To as-
sess TRPV1 activity, we recorded TRPV1- dependent currents in
sensory neurons from elF2a™5>'* and WT mice. Capsaicin, a
specific TRPV1 agonist, elicited significantly smaller currents in
dissociated DRG neurons prepared from elF2a*5'* compared
with WT mice (92% decrease in eIF2a™5°'* neurons; Fig. 4C).
For whole-cell recordings, small-diameter (<30 pm) neurons
were selected, and only capsaicin-sensitive neurons (~30% of all
tested neurons in WT and eIF2a/5°' groups) were included in
the analysis. Resting membrane potential (V;.s), input resistance
(Rin), and membrane capac1tance (C,,) were not different be-
tween WT and elF2a*"5°' neurons (WT Viest —49.74 £ 3.41 mV,
elF2a">'"A Vo —46.79 £ 3.99 mV, P = 0.584; WT R, 686.21 +
117.41 MQ, elF2a*$>'* R;,, 517.13 + 38.41 MQ, P = 0.193; WT
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Fig. 3. elF2a kinases control thermal threshold. (A) elF2a kinases and
phosphatase GADD34/PP1 (growth arrest and DNA-damage-inducible 34/
protein phosphatase1). (B) Perk™~ mice show a decrease in p-elF2a (n =4
mice per genotype, P < 0.05) and in noxious heat sensitivity (n = 4 males and
4 females per genotype, P < 0.001). Gecn2™"~ and Pkr™~ mice show no alteration
in thermal latencies (C and D, respectively; n = 4 males and 4 females per
genotype, P > 0.05). (E) Gen2™'~ Pkr~ double KO mice show reduced noxious
heat sensitivity (n = 3 males and 4 females per genotype, P < 0.05). elF2a
phosphorylation in DRGs of Gen2™~, Pkr™-, and Gen2™~ Pkr™'~ double KO mice
is shown in C (n = 3 mice per genotype). PKR inhibitor (PKRi) (F) and Sal003 (G)
were injected i.p. for 3 d daily, and thermal and mechanical thresholds were
measured 30 min after the last injection (n = 4 males and 4 females per con-
dition). (H) elF2a phosphorylation in DRGs of mice injected with PKRi (1 mg/kg)
and Sal003 (1 mg/kg) is shown (n = 5 mice per drug). Data are presented as
mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant by Student
t test and Bonferroni post hoc test following one-way ANOVA.
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Fig. 4. elF2a phosphorylation regulates thermal threshold via TRPV1.
Modulation of elF2a phosphorylation in Trpv1™~ mice does not alter heat
sensation. PKRi (1 mg/kg for 3 d daily, i.p.) elevates thermal threshold in WT
but not in Trpv1~~ mice (A; n = 4 males and 4 females per genotype-drug
condition). Sal003 (1 mg/kg for 3 d daily, i.p.) decreases thermal threshold in
WT but not in Trov1 ™'~ mice (B, n = 4 males and 4 females per genotype-drug
condition). For the radiant heat paw withdrawal test, the light beam was set
to 20% of the maximal intensity in A and to 15% in B. Capsaicin (1 pM)
evokes smaller currents (C, n = 12 cells for elF2a**>' and 10 for WT, from
three different neuronal cultures per genotype) and smaller calcium tran-
sients (D, n = 72 cells for elF2a **°'" and n = 46 cells for WT, from four
different neuronal cultures per genotype, using Fura-2 340/380-nm ratio) in
cultured DRG neurons prepared from elF2a*"*>'* compared with WT mice.
Capsaicin (2.5 pg), injected s.c. into the plantar surface of the hindpaw, eli-
cited less nocifensive behaviors in elF2a™>>'" compared with WT mice (E; n =
4 males and 4 females per genotype or drug), whereas in mice injected with
Salo03 (1 mg/kg for 3 d daily, i.p.) capsaicin-induced pain behavior is in-
creased (F). Western blot analysis shows that the TRPV1 protein levels are
not altered in membrane and cytosolic fractions, as well as in total lysates of
DRGs of elF2a**>'A mice (G; n = 4 mice and genotype). TRPV1 surface levels
were measured in DRG cultured neurons prepared from elF2a*"*°' and WT
mice using surface biotinylation assay (H; n = 3/group). Data are presented as
mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by Student t test and
Student t test following two-way (genotype x drug) ANOVA.
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C,, 13.67 + 2.18 pF, elF2a"55'A C,, 14.68 + 1.95 pF, P = 0.735,
n = 8/genotype). Moreover, using calcium imaging, we ob-
served smaller capsaicin-induced calcium transients in cultured
elF2a™5' DRG neurons compared with WT neurons (Fig.
4D). The cell body diameter of the responding neurons was not
different between the two genotypes (WT 19.18 + 0.45 pm, n =
53, elF2a*5°' 19.32 + 0.39 pm, n = 88, P = 0.81). Consistent
with these results, intraplantar s.c. administration of capsaicin
induced significantly less nocifensive behavior in elF2a*S5'*
compared with WT mice (Fig. 4E). Conversely, mice with high
p-elF2a levels, following Sal003 injections, exhibited increased
nociceptive responses to capsaicin (Fig. 4F). Despite the reduction
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in the amplitude of TRPV1-mediated currents in elF2a*/5'4

neurons, Western blot analysis showed that protein levels of
TRPV1 in cytosolic and membrane fractions of DRG lysates
from elF2a™5°'» mice were not changed compared with WT
mice (Fig. 4G). To examine whether trafficking of TRPV1 to the
cell surface is affected by elF2a phosphorylation, we used a
surface biotinylation assay followed by Western blot analysis of
TRPV1. We found no differences in TRPV1 amounts on the cell
surface (Fig. 4H), indicating that TRPV1 activity, but not protein
levels or trafficking to the plasma membrane, is reduced in
elF2a™53'A neurons. Taken together, these data indicate that
TRPV1 is an important mediator of the effect of p-eIF2a on the
thermal threshold and suggest that TRPV1 activity is modulated
by eIF2a phosphorylation.

PKR-Mediated elF2a Phosphorylation Contributes to Thermal
Hypersensitivity. After establishing that eIF2a phosphorylation
regulates thermal sensation, we studied whether CFA-induced
increase in p-elF2a contributes to thermal hypersensitivity.
elF2a kinase, PKR, has been implicated in inflammatory re-
sponses (31). Thus, we assessed PKR activation in DRGs following
CFA injection and found that levels of p-PKR were significantly
increased (Fig. 54), raising the possibility that the increase in
p-eIF2a is mediated via PKR activation. Conse(%uently, we
assessed thermal and mechanical hypersensitivity of Pkr~~ mice after
CFA-induced inflammation. Pkr™~ mice exhibited reduced thermal,
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Fig. 5. TNF-a-mediated PKR activation elevates p-elF2a. (A) Phosphoryla-
tion of PKR (Thr451) was measured at different time points after CFA in-
jection (n = 4 mice). (B) CFA-induced thermal hyperalgesia is attenuated in
Pkr~'~ mice compared with WT mice, whereas mechanical hyperalgesia is not
changed (n = 4 males and 4 females per genotype). (C) P-elF2a in DRGs was
measured at different time points after CFA injection in WT and Pkr™'~ mice.
(D) HEK293 cells were treated with TNF-a (100 ng/mL) for 15, 30, and 60 min,
and p-elF2a was measured (n = 3, P < 0.05). (E) TNF-a (20 ng in 5 pL PBS +
0.5% BSA) was injected i.t. three times every 3 h in WT and Pkr~'~ mice, and
the p-elF2a was measured in lumbar DRGs 30 min after the last injection.
TNF-o induced an increase in p-elF2a in WT but not in Pkr'~ mice (n =5
females per genotype per drug). (F) TNF-a (20 ng, i.t., three injections at 3-h
intervals) elicited bigger thermal hyperalgesia in WT mice compared with
Pkr~'~ mice (n = 4 males and 4 females per genotype per drug, P < 0.05).
Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by
Bonferroni post hoc test following one-way ANOVA and Student t test fol-
lowing two-way (genotype x drug) ANOVA.
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but not mechanical, pain hypersensitivity after CFA injection
(Fig. 5B). Moreover, p-eIF2a increased after CFA injection in
DRGs of WT mice, but not in Pkr~'~ mice (Fig. 5C). These data
demonstrate that PKR is required for the up-regulation of p-eIF2a
following CFA and contributes to thermal hyperalgesia.

TNF-o induces a robust up-regulation of eIF2a phosphoryla-
tion in cultured cells and in the nervous system via activation of
PKR (32-36). Because TNF-a is a major proinflammatory cy-
tokine (37-40), which plays a critical role in the pathogenesis of
inflammatory pain (41, 42), we examined whether inflammation-
induced TNF-a promotes elF2a phosphorylation. First, we
showed that TNF-a elevates p-eIF2a in HEK293 cells, replicat-
ing previous studies (Fig. 5D). Importantly, intrathecally de-
livered TNF-a increased p-eIF2a in DRGs of WT mice, but not
Pkr~'~ mice (Fig. 5SE), supporting the idea that TNF-a stimulates
p-eIF2a via PKR. In accordance with previous reports, TNF-a
(i.t.) induced heat hyperalgesia in WT mice (37), whereas in
Pkr~'~ mice this hyperalgesia was significantly attenuated (Fig.
5F). Taken together, these results demonstrate that TNF-a- and
PKR-dependent elF2a phosphorylation contributes to chronic
inflammation-induced thermal hypersensitivity.

Discussion

Here we describe a previously unrecognized role for the cellular
stress response pathway in nociception. Transgenic mice with
decreased elF2a phosphorylation (eIF2a*/5°'%) exhibited re-
duced responses to noxious heat and attenuated nocifensive
behavior in the late phase of formalin test, whereas cold sensi-
tivity and mechanical thresholds were not altered. The noxious
heat-specific phenotype was recapitulated in transgenic mice in
which the eIF2a kinases PERK and PKR/GCN2 were reduced or
knocked out, as well as in response to pharmacological manip-
ulation of elF2a phosphorylation. Reducing eIlF2a phosphory-
lation with a PKR inhibitor attenuated noxious heat sensitivity,
whereas increasing elF2a phosphorylation with Sal003 had the
opposite effect. Our findings indicate that the effect of p-eIF2a
on thermal nociception is mediated via modulation of TRPV1
activity. First, we show that pharmacological modulation of
elF2a phosphorylation altered noxious heat sensation in WT
mice, but had no effect in mice lacking TRPV1. Second, capsa-
icin-induced TRPV1-mediated currents and pain behavior were
greatly reduced in elF2a*/5°'* mice. Taken together, these data
demonstrate that the eIF2o pathway controls noxious heat sen-
sation via TRPV1. Because we found no evidence of alterations
in TRPV1 protein levels or trafficking to the membrane, we
postulate that the mechanism by which elF2a phosphorylation
affects thermal sensation involves modulation of TRPV1 activity.
Under inflammatory conditions, TRPV1 can be sensitized by nu-
merous inflammatory mediators (e.g., bradykinin, nerve growth
factor, prostaglandins, serotonin, and histamine), via multiple ag-
onists and modulators [protein kinase A (PKA), protein kinase C
(PKC), metabolites of the cyclooxygenase (COX), lipoxygenase
(LOX), and cytochrome-P450 (CYP)-pathways, phospholipids,
protons, and heat, among others], leading to the reduction in the
activation threshold and eventually to pain hypersensitivity (43,
44). The modulators, which mediate the sensitization of TRPV1
activity by p-eIF2o, remain to be determined. eIF2a phosphory-
lation promotes translation of ATF4 mRNA (9, 11). Interestingly,
ATF4 is increased in DRGs following facet joint distraction (45).
Moreover, ATF4 transcriptionally activates ATF3 expression,
which is a well-known cellular marker of nerve injury (46). This
evidence suggests that some of the effects of p-eI[F2a on thermal
thresholds could be mediated by ATF4/ATF3 axis.

1. Holcik M, Sonenberg N (2005) Translational control in stress and apoptosis. Nat Rev
Mol Cell Biol 6(4):318-327.

2. Ron D (2002) Translational control in the endoplasmic reticulum stress response. J Clin
Invest 110(10):1383-1388.
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We show that TNF-« induces p-eIF2a in WT but not in Pkr~'~
mice, indicating that TNF-a up-regulates p-eIF2a via PKR. PKR
is activated after CFA injection, suggesting that TNF-o—mediated
activation of PKR contributes to p-elF2a up-regulation and
thermal hypersensitivity. Our results do not exclude the involve-
ment of other elF2a kinases. For example, ER stress induces a
robust PERK activation (19), which has a strong effect on elF2a
phosphorylation and thermal sensitivity (Fig. 3B).

A recent study found that hyperglycemia, activation of unfolded
protein response (UPR), or dysregulation of calcium homeostasis
induce ER stress in primary sensory neurons, as evident by the
activation of PERK (and eIF2a), inositol-requiring enzyme la
(IREla), ATF6, MAPK (p38 and JNK), and autophagy (LC3)
(24). Whether the ER stress-induced mechanical pain is caused by
elevated p-eIF2a or through other mechanisms was not docu-
mented. Because elevated p-eIF2a affects thermal, but not me-
chanical thresholds, it seems unlikely that the effects of ER stress
on nociception are mediated via p-eIF2a, but could be attributed
to the activation of p38 and JNK or to other ER stress-dependent
mechanisms. Increased p-eIF2a was also documented in the
sciatic nerve of rats with presumed neuropathic pain (47); how-
ever, the impact of this phosphorylation event on nociception has
not been investigated.

Recent preclinical studies concluded that modulators of eIF2a
phosphorylation might have therapeutic potential in treatment
of several cellular stress-related pathologies such as Alzheimer’s
disease (22, 48), prion diseases (23), diabetes (49), Huntington’s
disease (50), and amyotrophic lateral sclerosis (51). It will be
important to consider the effect of eIF2a phosphorylation on
thermal nociception while developing clinically applicable com-
pounds to the latter maladies.

In summary, we uncovered a previously unknown role for the
cellular stress response pathway in nociception. This knowledge
can be used to develop strategies to treat conditions associated
with altered heat sensation, most notably burn pain, and should
be considered while introducing eIF2a modulators to clinical
practice.

Experimental Procedures

Behavioral Experiments, Electrophysiological Recordings, and Calcium Imaging.
See S| Experimental Procedures for details of the experimental procedures.
All procedures complied with Canadian Council on Animal Care guidelines
and were approved by McGill University’s Downtown Animal Care Committee.

Drugs. PKR inhibitor (PKRi) and Sal003 were purchased from Calbiochem and
dissolved in 30% polyethylene glycol in saline. Capsaicin was purchased from Sigma
and dissolved in ethanol. TNF-o was purchased from Kamiya Biomedical.

Western Blotting and Immunohistochemistry. Proteins were resolved on SDS-
polyacrylamide gels using standard techniques. See S/ Experimental Proce-
dures for details of the experimental procedures and antibodies used.

Statistical Analyses. All results are expressed as mean + SEM. All statistical
comparisons were made with either the Student t test or a one-way ANOVA
followed by between-group comparisons using the Bonferroni post hoc test,
unless otherwise indicated, with P < 0.05 as the significance criterion. Power
analyses were not possible because we had no a priori expectation of effect
size but rather were informed by normative practices in the pain field (52).

ACKNOWLEDGMENTS. We thank A. Sylvestre, S. Perreault, C. Lister, and I. Harvey
for technical assistance and I. Daou for technical advice. This work was sup-
ported by Canadian Institutes of Health Research (CIHR) Operating Grant
MOP-114994 (to N.S.), an unrestricted gift from the Louise and Alan Edwards
Foundation (to J.5.M.), CIHR Grant FDN-143337 (to C.W.B.), and the James
McGill Chair Program (C.W.B.).

3. Hinnebusch AG, Ivanov IP, Sonenberg N (2016) Translational control by 5-un-
translated regions of eukaryotic mRNAs. Science 352(6292):1413-1416.

4. Sonenberg N, Hinnebusch AG (2009) Regulation of translation initiation in eukary-
otes: Mechanisms and biological targets. Cell 136(4):731-745.

PNAS | October 18,2016 | vol. 113 | no.42 | 11953

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614047113/-/DCSupplemental/pnas.201614047SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614047113/-/DCSupplemental/pnas.201614047SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614047113/-/DCSupplemental/pnas.201614047SI.pdf?targetid=nameddest=STXT

L T

/

1\

=y

Downloaded at MCGILL UNIVERSITY LIBRARIES on September 28, 2020

Gl

o

00

©

20.

2

=

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

. Donnelly N, Gorman AM, Gupta S, Samali A (2013) The elF2alpha kinases: Their

structures and functions. Cell Mol Life Sci 70(19):3493-3511.

. Raven JF, Koromilas AE (2008) PERK and PKR: Old kinases learn new tricks. Cell Cycle

7(9):1146-1150.

. Wek RC, Jiang HY, Anthony TG (2006) Coping with stress: elF2 kinases and trans-

lational control. Biochem Soc Trans 34(Pt 1):7-11.

. Trinh MA, Klann E (2013) Translational control by elF2a kinases in long-lasting syn-

aptic plasticity and long-term memory. Neurobiol Learn Mem 105:93-99.

. Harding HP, et al. (2000) Regulated translation initiation controls stress-induced gene

expression in mammalian cells. Mol Cell 6(5):1099-1108.

. Han J, et al. (2013) ER-stress-induced transcriptional regulation increases protein

synthesis leading to cell death. Nat Cell Biol 15(5):481-490.

. Rutkowski DT, Kaufman RJ (2003) All roads lead to ATF4. Dev Cell 4(4):442-444.
. Costa-Mattioli M, Sossin WS, Klann E, Sonenberg N (2009) Translational control of

long-lasting synaptic plasticity and memory. Neuron 61(1):10-26.

. Trinh MA, et al. (2014) The elF2«a kinase PERK limits the expression of hippocampal

metabotropic glutamate receptor-dependent long-term depression. Learn Mem
21(5):298-304.

. Di Prisco GV, et al. (2014) Translational control of mGluR-dependent long-term de-

pression and object-place learning by elF2a. Nat Neurosci 17(8):1073-1082.

. Hetz C, Mollereau B (2014) Disturbance of endoplasmic reticulum proteostasis in

neurodegenerative diseases. Nat Rev Neurosci 15(4):233-249.

. Ozcan U, et al. (2004) Endoplasmic reticulum stress links obesity, insulin action, and

type 2 diabetes. Science 306(5695):457-461.

. Wang M, Kaufman RJ (2014) The impact of the endoplasmic reticulum protein-fold-

ing environment on cancer development. Nat Rev Cancer 14(9):581-597.

. Koromilas AE (2015) Roles of the translation initiation factor elF2a serine 51 phos-

phorylation in cancer formation and treatment. Biochim Biophys Acta 1849(7):
871-880.

. Segev Y, Michaelson DM, Rosenblum K (2013) ApoE ¢4 is associated with elF2«

phosphorylation and impaired learning in young mice. Neurobiol Aging 34(3):
863-872.

Chang RC, Wong AK, Ng HK, Hugon J (2002) Phosphorylation of eukaryotic initiation
factor-2alpha (elF2alpha) is associated with neuronal degeneration in Alzheimer’s
disease. Neuroreport 13(18):2429-2432.

. O'Connor T, et al. (2008) Phosphorylation of the translation initiation factor elF2alpha

increases BACE1 levels and promotes amyloidogenesis. Neuron 60(6):988-1009.

Ma T, et al. (2013) Suppression of elF2« kinases alleviates Alzheimer’s disease-related
plasticity and memory deficits. Nat Neurosci 16(9):1299-1305.

Moreno JA, et al. (2012) Sustained translational repression by elF2a-P mediates prion
neurodegeneration. Nature 485(7399):507-511.

Inceoglu B, et al. (2015) Endoplasmic reticulum stress in the peripheral nervous system
is a significant driver of neuropathic pain. Proc Nat/ Acad Sci USA 112(29):9082-9087.
Scheuner D, et al. (2001) Translational control is required for the unfolded protein
response and in vivo glucose homeostasis. Mol Cell 7(6):1165-1176.

Zhang P, et al. (2002) The PERK eukaryotic initiation factor 2 alpha kinase is required
for the development of the skeletal system, postnatal growth, and the function and
viability of the pancreas. Mol Cell Biol 22(11):3864-3874.

Jammi NV, Whitby LR, Beal PA (2003) Small molecule inhibitors of the RNA-dependent
protein kinase. Biochem Biophys Res Commun 308(1):50-57.

Novoa |, Zeng H, Harding HP, Ron D (2001) Feedback inhibition of the unfolded
protein response by GADD34-mediated dephosphorylation of elF2alpha. J Cell Biol
153(5):1011-1022.

Caterina MJ, et al. (2000) Impaired nociception and pain sensation in mice lacking the
capsaicin receptor. Science 288(5464):306-313.

Planells-Cases R, Valente P, Ferrer-Montiel A, Qin F, Szallasi A (2011) Complex regu-
lation of TRPV1 and related thermo-TRPs: Implications for therapeutic intervention.
Adv Exp Med Biol 704:491-515.

Kang R, Tang D (2012) PKR-dependent inflammatory signals. Sci Signal 5(247):pe47.
Mantuano E, et al. (2011) The unfolded protein response is a major mechanism
by which LRP1 regulates Schwann cell survival after injury. J Neurosci 31(38):
13376-13385.

11954 | www.pnas.org/cgi/doi/10.1073/pnas.1614047113

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

a4

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Sharma B, Altman JK, Goussetis DJ, Verma AK, Platanias LC (2011) Protein kinase R as
mediator of the effects of interferon (IFN) gamma and tumor necrosis factor (TNF)
alpha on normal and dysplastic hematopoiesis. J Biol Chem 286(31):27506-27514.
Hu S, et al. (2007) Translational inhibition of colonic epithelial heat shock proteins
by IFN-gamma and TNF-alpha in intestinal inflammation. Gastroenterology 133(6):
1893-1904.

Gilbert SJ, Duance VC, Mason DJ (2004) Does protein kinase R mediate TNF-alpha- and
ceramide-induced increases in expression and activation of matrix metalloproteinases
in articular cartilage by a novel mechanism? Arthritis Res Ther 6(1):R46-R55.
Lourenco MV, et al. (2013) TNF-a mediates PKR-dependent memory impairment and
brain IRS-1 inhibition induced by Alzheimer’s p-amyloid oligomers in mice and
monkeys. Cell Metab 18(6):831-843.

Zhang L, et al. (2011) TNF-a contributes to spinal cord synaptic plasticity and in-
flammatory pain: Distinct role of TNF receptor subtypes 1 and 2. Pain 152(2):419-427.
Ohtori S, Takahashi K, Moriya H, Myers RR (2004) TNF-alpha and TNF-alpha receptor
type 1 upregulation in glia and neurons after peripheral nerve injury: Studies in
murine DRG and spinal cord. Spine 29(10):1082-1088.

Schéfers M, Geis C, Svensson Cl, Luo ZD, Sommer C (2003) Selective increase of tumour
necrosis factor-alpha in injured and spared myelinated primary afferents after chronic
constrictive injury of rat sciatic nerve. Eur J Neurosci 17(4):791-804.

Ugeyler N, Tscharke A, Sommer C (2008) Early cytokine gene expression in mouse CNS
after peripheral nerve lesion. Neurosci Lett 436(2):259-264.

Xu ZZ, et al. (2010) Resolvins RVE1 and RvD1 attenuate inflammatory pain via central
and peripheral actions. Nat Med 16(5):592-597.

Cunha FQ, Poole S, Lorenzetti BB, Ferreira SH (1992) The pivotal role of tumour ne-
crosis factor alpha in the development of inflammatory hyperalgesia. Br J Pharmacol
107(3):660-664.

Morales-Lazaro SL, Simon SA, Rosenbaum T (2013) The role of endogenous molecules
in modulating pain through transient receptor potential vanilloid 1 (TRPV1). J Physiol
591(13):3109-3121.

. Sisignano M, Bennett DL, Geisslinger G, Scholich K (2014) TRP-channels as key inte-

grators of lipid pathways in nociceptive neurons. Prog Lipid Res 53:93-107.

Dong L, Guarino BB, Jordan-Sciutto KL, Winkelstein BA (2011) Activating transcription
factor 4, a mediator of the integrated stress response, is increased in the dorsal root
ganglia following painful facet joint distraction. Neuroscience 193:377-386.

Braz JM, Basbaum Al (2010) Differential ATF3 expression in dorsal root ganglion
neurons reveals the profile of primary afferents engaged by diverse noxious chemical
stimuli. Pain 150(2):290-301.

Melemedjian OK, et al. (2011) Targeting adenosine monophosphate-activated pro-
tein kinase (AMPK) in preclinical models reveals a potential mechanism for the
treatment of neuropathic pain. Mol Pain 7:70.

Fullwood MJ, Zhou W, Shenolikar S (2012) Targeting phosphorylation of eukaryotic
initiation factor-2a to treat human disease. Prog Mol Biol Transl Sci 106:75-106.
Back SH, et al. (2009) Translation attenuation through elF2alpha phosphorylation
prevents oxidative stress and maintains the differentiated state in beta cells. Cell
Metab 10(1):13-26.

Reijonen S, Putkonen N, Ngrremglle A, Lindholm D, Korhonen L (2008) Inhibition of
endoplasmic reticulum stress counteracts neuronal cell death and protein aggrega-
tion caused by N-terminal mutant huntingtin proteins. Exp Cell Res 314(5):950-960.
Saxena S, Cabuy E, Caroni P (2009) A role for motoneuron subtype-selective ER stress
in disease manifestations of FALS mice. Nat Neurosci 12(5):627-636.

Mogil JS, et al. (2006) Screening for pain phenotypes: Analysis of three congenic
mouse strains on a battery of nine nociceptive assays. Pain 126(1-3):24-34.
Abraham N, et al. (1999) Characterization of transgenic mice with targeted disruption
of the catalytic domain of the double-stranded RNA-dependent protein kinase, PKR.
J Biol Chem 274(9):5953-5962.

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative assessment
of tactile allodynia in the rat paw. J Neurosci Methods 53(1):55-63.

Gong K, Kung LH, Magni G, Bhargava A, Jasmin L (2014) Increased response to glu-
tamate in small diameter dorsal root ganglion neurons after sciatic nerve injury.
PLoS One 9(4):95491.

Coté S, Ribeiro-da-Silva A, Cuello AC (1993) Current protocols for light microscopy
immunocytochemistry. Immunohistochemistry Il, ed Cuello AC (Wiley, Chichester,
UK), pp 147-168.

Khoutorsky et al.


www.pnas.org/cgi/doi/10.1073/pnas.1614047113

