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Abstract

Fibroblast growth factor-inducible-14 (Fn14), a receptor for tumor necrosis-like weak inducer of
apoptosis, is expressed in the neurons of dorsal root ganglion (DRG). Its mMRNA is increased in the
injured DRG following peripheral nerve injury. Whether this increase contributes to neuropathic
pain is unknown. We reported here that peripheral nerve injury caused by spinal nerve ligation
(SNL) increased the expression of Fnl4 at both protein and mRNA levels in the injured DRG.
Blocking this increase attenuated the development of SNL-induced mechanical, thermal, and cold
pain hypersensitivities. Conversely, mimicking this increase produced the increases in the levels of
phosphorylated extracellular signal-regulated kinase %2 and glial fibrillary acidic protein in
ipsilateral dorsal horn and the enhanced responses to mechanical, thermal, and cold stimuli in the
absence of SNL. Mechanistically, the increased Fn14 activated the NF-xB pathway through
promoting the translocation of p65 into nucleus of the injured DRG neurons. Our findings suggest
that Fn14 may be a potential target for the therapeutic treatment of peripheral neuropathic pain.
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Introduction

Nerve injury-induced neuropathic pain is a complex and debilitating public health concern
that affects the quality of life of approximately seven percent of the world population [1-3].
Over 100 billion dollars are spent each year on chronic pain-related healthcare expenses and
lost productivities. Current successful treatment options for this disorder are limited [4,5].
Although opioids are still the gold standards for pharmacological treatment of neuropathic
pain, they cause severe adverse effects [6-8]. Particularly, the increase in opioid
prescriptions recently in the United States has been accompanied by a huge increase in the
incidence of addiction and opioid-related mortality [9] . Thus, identifying novel mechanisms
of neuropathic pain is essential for the discovery of new treatments and preventive tactics for
this disorder.

The transmembrane protein fibroblast growth factor-inducible-14 (Fn14) is a receptor for
tumor necrosis-like weak inducer of apoptosis (TWEAK), a member of the tumor necrosis
factor superfamily of structurally related cytokines [10]. TWEAK binding to Fn14 promotes
cell proliferation, migration, and differentiation, as well as the expression of
proinflammatory molecules [11]. Fn14 has been demonstrated to be associated with
autoimmune diseases, lung injury, impaired renal function, abnormal endothelial cell
proliferation, and skeletal muscle atrophy [12-18]. In the central nervous system, TWEAK
targets endothelial cells, astrocytes, and neurons [19-21]. The TWEAK-Fn14 signaling
pathway participates in neurodegenerative diseases, multiple sclerosis, neuropsychiatric
systemic lupus erythematosus, stroke, and glioma [12,22-24]. Although a previous study
showed a TWEAK-independent increase in the expression of Fnl14 in neurons of dorsal root
ganglion (DRG) during sciatic nerve regeneration [18], the role of DRG Fn14 in nerve
injury-induced neuropathic pain is unknown.

In this study, we first observed whether peripheral nerve injury increased the expression of
Fn14 in the DRG in the preclinical mouse model of unilateral fourth lumbar spinal nerve
ligation (SNL)-induced neuropathic pain. We then examined whether this increase
contributed to the development and maintenance of SNL-induced pain hypersensitivities. We
finally elucidated how this increase participated in nerve injury-induced neuropathic pain.

Materials and Methods

Animal preparations

The experimental procedures were approved by the Animal Care and Use Committee at New
Jersey Medical School and all the experiments were performed in accordance with the
ethical guidelines of the US National Institutes of Health and the International Association
for the Study of Pain. The CD1 male mice (7—8 weeks) were purchased from Charles River
Laboratories (Wilmington, MA). To minimize intra- and inter-individual variability of
behavioral outcome measures, mice were trained for 1-2 days before behavioral testing was
carried out. All efforts were made to minimize animal suffering and reduce the number of
animals used. The experimenters were blinded to treatment condition during behavioral
testing.
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Neuropathic pain models

SNL-induced neuropathic pain model in mice was carried out as described previously [25].
Briefly, the CD1 mice were anesthetized with 2—-3% isoflurane. The left fourth lumbar (L4)
transverse process was identified and then removed. The underlying L4 spinal nerve was
carefully isolated and tightly ligated with a 70 silk suture under a surgical microscope. The
ligated nerve was then transected just distal to the ligature. The skin and muscles were
closed in layers. The surgical procedure for the sham surgical group was identical to that for
the SNL group, except that the spinal nerve was not transected and ligated.

The CCl-induced neuropathic pain model was carried out with minor modification, as
described previously [26]. Briefly, mice were placed under anesthesia with isoflurane. The
sciatic nerve was exposed and loosely ligated with 70 silk thread at three sites with an
interval of about 1mm proximal to trifurcation of the sciatic nerve. Sham animals received
an identical surgery but without the ligation.

Behavioral tests

Mechanical test was carried out as described previously [27,26,28]. Briefly, the mice were
placed individually in a Plexiglas chamber on an elevated mesh screen and allowed to
habituate for 30 min. The calibrated von Frey filament (0.4 g, Stoelting Co.) was used to
stimulate the hind paw for 1-2 s and repeated 10 times on both hind paws with 5min
interval. A quick withdrawal of the paw was regarded as a positive response. Paw
withdrawal frequency was calculated as follow: (number of paw withdrawals/10 trials) x
100%.

Heat test was performed as described [28,27,26]. Briefly, paw withdrawal latency to noxious
heat was measured with a Model 336 Analgesia Meter (IITC Inc. Life Science Instruments.
Woodland Hills, CA). The mice were placed in a Plexiglas chamber on a glass plate. A beam
of light was emitted from the light box and applied on the middle of the plantar surface of
each hind paw. A quick lift of the hind paw was regarded as the signal to turn off the light.
The length of lighting beam time was defined as the paw withdrawal latency. For each side,
five trials with 5-min interval time were carried out. A cutoff time of 20 s was used to avoid
tissue damage.

Cold test was carried out by measuring paw withdrawal latencies to noxious cold (0 °C)
using a cold aluminum plate as described [28,27,26]. Briefly, each mouse was placed in a
Plexiglas chamber on the plate with continuous temperature monitoring by a thermometer.
The length of time between the placement and the sign of mouse jumping was defined as the
paw jumping latency. Each trial was repeated three times at 10-min intervals. A cutoff time
of 20 s was used to avoid tissue damage.

Conditional place preference test was carried out as described [29]. Briefly, an apparatus
with two Plexiglas chambers connected with an internal door (Med Associates Inc.) was
used. One of the chambers was made of rough floor and walls with black and white
horizontal stripes and another one was composed of a smooth floor and walls with black and
white vertical stripes. Movement of the mice and time spent in each chamber were
monitored by photobeam detectors installed along the chamber walls and automatically
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recorded in MED-PC IV CPP software. Mice were first preconditioned for 30 min with full
access to two chambers to habituate them to the environment. At the end of the
preconditioning phase, the basal duration time spent in each chamber was recorded within
15 min to check whether mice had a preexisting chamber bias. Animals spending more than
80% or less than 20% of the total time in any chamber were excluded from further testing.
The conditioning protocol was performed for the following 3 days with the internal door
closed. The mice first received intrathecal injection of saline (5 pl) specifically paired with
one conditioning chamber in the morning. Six hours later, lidocaine (0.8 % in 5 pl of saline)
was given intrathecally paired with another conditioning chamber in the afternoon. Injection
order of saline and lidocaine every day was switched. On the test day, at least 20 hours after
the conditioning, the mice were placed in one chamber with free access to both chambers.
The duration of time that each mouse spent in each chamber was recorded for 15 min.
Difference scores were calculated through subtracting preconditioning time by test time
spent in the lidocaine chamber.

Locomotor functional tests, including placing, grasping, and righting reflexes, were carried
out after the pain behavioral tests described above were completed [30]. For the placing
reflex, the hind limbs were placed slightly lower than the forelimbs and the dorsal surfaces
of the hind paws were brought into contact with the edge of a table. Then, data on whether
or not the hind paws were placed on the table surface reflexively was recorded. For the
grasping reflex, animals were placed on a wire grid, and data on whether or not the hind
paws grasped the wire on was recorded. For the righting reflex, animals were placed on its
back on a flat surface, and data was recorded on whether or not the mouse could
immediately assume the normal upright position. Each trial was repeated five times with 5-
min intervals in between and the score for each test was determined by counting the number
of times a normal reflex was observed.

DRG microinjection

DRG microinjection was carried out as described previously [27,26]. For knockdown
experiments, the adeno-associated virus serotype 5 (AAV5) was microinjected into
ipsilateral L4 DRG 35 days before SNL/sham surgery. For overexpression experiments,
AAV5 was microinjected into unilateral L3/4 DRGs of naive mice. Briefly, a dorsal midline
incision was made in the lower lumbar region. The left L3/4 articular processes were
exposed and then removed. After the DRG was exposed, AAV5 viral solution (1 ul/DRG, 2%
1013 tu/ul) was injected into the DRG with a glass micropipette connected to a Hamilton
syringe. The pipette was removed 10 min after injection. The surgical field was irrigated
with sterile saline and the skin incision was closed with wound clips.

Western blot analysis

Two unilateral DRGs from two mice were pooled together to achieve enough proteins. The
tissues were homogenized and the cultured cells ultrasonicated in chilled lysis buffer (10
mM Tris, 1 mM phenylmethylsulfonyl fluoride, 5 mM MgCl,, 5 MM EGTA, 1 mM EDTA,
1mM DTT, 40 uM leupeptin, 250 mM sucrose). Approximately 10% of the homogenates in
volume were used for total proteins. The remaining was centrifuged at 4 °C for 15 min at
1,000 g. The supernatant was collected for cytosolic proteins and the pellet for nuclear
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proteins. After the concentrations of the proteins in the samples were measured using the
Bio-Rad protein assay (Bio-Rad), the samples were heated at 99 °C for 5 min and loaded
onto a 4-15% stacking/7.5% separating SDS-polyacrylamide gel (Bio-Rad). The proteins
were then electrophoretically transferred onto a polyvinylidene difluoride membrane (Bio-
Rad). The membrane was first blocked with 3% nonfat milk in Tris-buffered saline
containing 0.1% Tween-20 for 1 h at room temperature and then incubated at 40C overnight
with the following primary antibodies: rabbit anti-Fn14 (1:1,000; CST), rabbit anti-p65
(1:1,000; CST), rabbit anti-GAPDH (1:1,000; Santa Cruz), rabbit anti-H3 (1:1,000; Santa
Cruz) , mouse anti-glial fibrillary acidic protein (GFAP; 1:1,000; Abcam), rabbit anti-
phosphorylated extracellular signal-regulated kinase ¥z (p-ERK1/2; 1:1,000; CST), rabbit
anti-total extracellular signal-regulated kinase %2 (ERK1/2; 1:1000; CST). The proteins were
detected by horseradish peroxidase—conjugated anti-mouse or anti-rabbit secondary antibody
(1:3,000; Jackson ImmunoResearch) and visualized by western peroxide reagent and
luminol/enhancer reagent (Clarity Western ECL Substrate, Bio-Rad). Exposure was done
using ChemiDoc XRS and System with Image Lab software (Bio-Rad). The intensity of
blots was quantified with densitometry using Image Lab software (Bio-Rad). All cytosol
protein bands were normalized to GAPDH, whereas all nucleus protein were normalized to
total histone H3.

Quantitative real-time RT-PCR

Total RNA extraction and quantitative real-time RT-PCR were carried out as described
[26,27,31]. Briefly, unilateral L4 DRGs from four adult mice were collected rapidly and
pooled together to achieve enough RNA. Total RNA was extracted by miRNeasy kit
(Qiagen, Valencia, CA) according to manufacturer’s instructions, and reverse-transcribed
using the ThermoScript Reverse Transcriptase (Invitrogen/Thermo Fisher Scientific) with
oligo (dT) primers (Invitrogen/Thermo Fisher Scientific). Template (1 pl) was amplified in a
Bio-Rad CFX96 real-time PCR system using specific primers listed on Supplementary Table
1. Each sample was run in triplicate in a 20l reaction volume containing 250 nM forward
and reverse primers, 10 pl of SsoAdvanced Universal SYBR Green Supermix (Bio-Rad
Laboratories), and 20 ng of cDNA. The PCR amplification consisted of 30 s at 95°C, 30 s at
60°C, 30 s at 72°C, and 5 min at 72°C for 39 cycles. Ratios of ipsilateral-side mMRNA levels
to contralateral-side mMRNA levels were calculated using the ACt method (2-2ACY after
normalization to Tuba-Iaas it has been demonstrated to be stable even after peripheral nerve
injury insult in mice as shown previously[31].

Single cell real-time RT-PCR

Single cell real-time RT-PCR was carried out as described previously[27,26]. Briefly, freshly
cultured DRG neurons from mice were prepared as described before[31,32]. Four hours after
plating, a single living DRG neuron (large: > 35 um; medium: 25-35 um; small: < 25 um)
was collected in a PCR tube with 10 pl of cell lysis buffer (Signosis, Sunnyvale, CA) under
an inverted microscope fit with a micromanipulator and microinjector. After centrifugation,
the supernatants were harvested and divided into three PCR tubes, respectively, for
Tnfrsfl2a (encoding Fnl14 protein), Rela (encoding p65 protein) and Gapdh (as a positive
control) mRNAs. The primers used are listed in Supplementary Table 1. The remaining real-
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time RT-PCR procedures were carried out based on the manufacturer’s protocol with the
single-cell real-time RT-PCR assay kit (Signosis).

Plasmid construction and virus production

A Tnfrsfl12a shRNA duplex was designed corresponding to bases 583-601 of the mouse
Tnfrsf12a mRNA (GenBank accession number NM_013749). The oligonucleotides
harboring the shRNA sequences were synthesized and annealed. A mismatch shRNA with a
scrambled sequence and no known homology to a mouse gene (scrambled shRNA) was used
as a control. The fragments were ligated into the pro-viral plasmid by BamH1/Xbal
restriction sites. To construct a plasmid that expresses Fn14 protein, the full-length
sequences of 7nfrsf1Za mRNA from mouse DRG was reverse-transcribed and amplified by
PCR and primers (Supplementary Table 1). The resulting segment was digested by EcoRl
and BamHI and then inserted into the pro-viral plasmid. The resulting vectors expressed the
genes under the control of the cytomegalovirus promoter. The recombinant clones were
verified by using DNA sequencing. The AAVS5 viral particles were prepared using AAV5
Helper Free Packaging System (Cell Biolabs, Inc., San Diego, CA). The AAVS5 particles
were purified using AAVpro Purification Kit (Takara, Mountain View, CA).

Statistical analysis

Results

Animals were assigned into various treatment groups randomly. All results are given as
means + S.E.M. One-way or two-way repeated analysis of variance (ANOVA) with the post
hoc Tukey testing and paired or unpaired Student’s t-test were applied for normally
distributed data, and the Mann-Whitney U-test was used for non-parametric data (SigmaPlot
12.5, San Jose, CA). Significance was set at P < 0.05.

Fnl4 expression is increased in the ipsilateral DRG after SNL

We first examined the Fn14 expression in the DRG after SNL and sham surgery. Basal level
of Fnl4 protein expression was relatively lower in the DRG of sham or naive mice. SNL
time-dependently increased the expression of 7nfrsf22a mRNA and its encoding Fn14
protein in the L4 DRG on the ipsilateral side, but not on the contralateral side (Fig. 1). The
levels of 7nfrsf12a mRNA in the ipsilateral L4 DRG were increased by 7.4-fold on day 3,
5.9-fold on day 7, and 5.4-fold on day 14 after SNL compared to in sham surgery mice at the
corresponding time points (Fig. 1A). The amounts of Fn14 protein in the ipsilateral L4 DRG
were increased by 2.2-fold on day 3, 2.5-fold on day 7, and 3.3-fold on day 14 compared to
the corresponding contralateral L4 DRG after SNL (Fig. 1B). As expected, sham surgery did
not alter basal levels of Fn14 protein in the ipsilateral L4 DRG (Fig.1, C). Fn14 protein in
the ipsilateral L3 DRG during the observation period did not change (Fig.1, D). SNL and
sham surgery did not change basal amounts of 7nfrsfi2a mRNA (data not shown). We also
tested Fn14 protein expression in the ipsilateral L3/4 DRGs after CCl, another established
neuropathic pain model. The level of Fnl4 protein was increased by 2.2-fold on day 7 post-
CCI compared to the corresponding sham surgery mice (Fig. 1E).
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Intrathecal Fn14 inhibitor alleviates SNL-induced neuropathic pain

We then observed whether inhibition of DRG Fn14 affected SNL-induced pain
hypersensitivity. On day 3 after SNL or sham surgery, the Fnl4 inhibitor L524-0366
(dissolved in 5% DMSO; Focus Biomolecular LLC, Plymouth Meeting, PA) or vehicle (5%
DMSO, dissolved in saline) with total volume of 5 pl was injected intrathecally. Behavioral
tests were carried out one day prior to surgery, before injection, and 15, 30, 45, 60, 90 and
120 min after injection on day 3 post-surgery. Consistent with the previous studies [33,27],
SNL, but not sham surgery, produced mechanical allodynia, thermal hyperalgesia, and cold
allodynia on the ipsilateral side on day 3 post-SNL (Fig. 2). Compared with the sham plus
vehicle group, paw withdrawal frequencies in response to mechanical stimulation were
significantly increased and paw withdrawal latency in response to heat and cold stimuli
markedly reduced in the SNL plus vehicle group (Fig. 2A-2C). These pain hypersensitivities
were time-dependently attenuated on the ipsilateral side after intrathecal injection of L524—
0366 at 20 pg in SNL mice (Fig. 2A-2C). The paw withdrawal frequencies in response to
mechanical stimulation applied to the ipsilateral hindpaw of SNL mice were significantly
decreased at 15, 30, 45, 60, 90 and 120 min post-injection compared with the corresponding
SNL plus vehicle mice (Fig. 2A). The paw withdrawal latencies of the ipsilateral hindpaw in
response to both heat and cold stimuli in SNL mice were markedly increased at 15, 30, 45,
60, 90, and 120 min post-injection compared to the corresponding SNL plus vehicle mice
(Fig. 2B and 2C).

The effects of L524-0366 were dose-dependent (Fig. 2D-2F). L524-0366 at the dose of 10
ug produced significant reductions in paw withdrawal frequency to mechanical stimulation
at 15, 30, 45, 60 and 90 min post-injection (Fig. 2D) and a marked increase in paw
withdrawal latency to heat stimulation at 15 min post-injection (Fig. 2E) on the ipsilateral
side of SNL mice compared with the SNL plus vehicle mice. L524-0366 at the dose of 10
ug had no effects on SNL-induced significant reductions in paw withdrawal latency to cold
stimulation at any observation time points (Fig. 2F). There were no differences in paw
withdrawal responses to mechanical, heat, and cold stimuli between the 5 pg L524-0366
plus SNL group and vehicle plus SNL groups (Fig. 2D-2F). L524-0366 at the dosage used
did not change locomotor functions (Supplementary Table 2) or basal paw withdrawal
responses mechanical, heat, and cold stimuli on the contralateral side of SNL mice or on
both ipsilateral and contralateral sides of sham mice (Fig. 2A-2C; Supplementary Fig.
1A-1D).

Blocking the increased DRG Fn14 attenuates SNL-induced neuropathic pain

Intrathecal L524-0366 may lack the anatomical and pharmacological specificity. To further
confirm the role of DRG Fn14 in neuropathic pain, we examined whether blocking the SNL-
induced increase in DRG Fn14 through microinjection of AAV5 expressing Fn14 shRNA
(AAV5-Fn14 shRNA) into the ipsilateral L4 DRG, affected SNL-induced pain
hypersensitivity. The AAVS5 harboring scrambled shRNA (AAV5-scramble shRNA) was
used as the control. Consistent with the observation above, SNL led to significant increases
in paw withdrawal frequency to mechanical stimulation and decreases in paw withdrawal
latencies to heat and cold stimuli from days 3 to 14 post-SNL on the ipsilateral side of the
AAV5-scramble shRNA-treated mice (Fig. 3A-3C). However, the SNL mice pre-
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microinjected with AAV5-Fn14 shRNA displayed the attenuations in the increased paw
withdrawal responses to mechanical stimulation and in the decreased paw withdrawal
responses to heat and cold stimuli from days 3 to 14 post-SNL on the ipsilateral side as
compared to the corresponding AAV5-scramble shRNA-treated SNL mice (Fig. 3A-3C).
Neither AVV5-Fn14 shRNA nor AAV5-scramble shRNA altered locomotor functions
(Supplementary Table 2) and basal paw withdrawal responses to mechanical, heat, and cold
stimuli on the contralateral side of SNL mice and on the ipsilateral and contralateral sides of
sham mice (Fig. 3A-3E).

After behavioral tests, we collected the ipsilateral L4 DRG on day 14 post-surgery and
verified the expression of Fn14 in DRG. As expected, the level of Fnl14 protein was
increased by 3.2-fold in the ipsilateral L4 DRG of the AAV5-scramble shRNA-treated SNL
mice as compared to that in the AAV5-scramble shRNA-treated sham mice (Fig. 3F). This
increase was not seen in the SNL mice pre-microinjected with AAV5-Fn14 shRNA (Fig.
3F). The amount of Fn14 protein in the ipsilateral L4 DRG of the AAV5-Fn14 shRNA-
treated SNL mice was reduced by 49% compared to the AAV5-scramble shRNA-treated
SNL mice. No significant decrease in the amount of Fnl14 protein was observed in the
ipsilateral L4 DRG of the sham mice pre-microinjected with AAV5-Fn shRNA (Fig. 3F).
The evidence revealed that AAV5-Fn14 shRNA could block the SNL-induced increase in
Fn14 protein expression in the injured DRG.

Mimicking the SNL-induced increase in DRG Fn14 leads to pain hypersensitivity

We then determined whether mimicking the SNL-induced increase in DRG Fn14 expression
through microinjection of AAVS5 expressing full-length 7nfrsfi2a mRNA (AAV5-Fn14) into
unilateral L3/4 DRGs altered nociceptive thresholds in naive mice. AAV5 expressing green
fluorescent protein (AAV5-GFP) was used as the control. As expected, the level of Fn14
protein in the ipsilateral L3/4 DRGs of the AAV5-Fn-microinjected mice was increased by
1.5-fold compared to that in the AAV5-GFP-microinjected mice after behavioral tests on
week 9 post-viral microinjection (Fig. 4A). Behaviorally. microinjection of AAV5-Fn14, but
not AAV5-GFP, produced mechanical allodynia, thermal hyperalgesia, and cold allodynia as
evidenced by the ipsilateral increases in paw withdrawal frequencies in response to
mechanical stimuli (Fig. 4B) and by the ipsilateral decreases in paw withdrawal latencies in
response to heat (Fig. 4C) and cold (Fig. 4D) stimuli. These pain hypersensitivities
developed between 4-5weeks and persisted for at least 9 weeks (Fig. 4B-4D). Viral
microinjection did not affect locomotor functions (Supplementary Table 2) or basal paw
responses to mechanical, heat, and cold stimuli on the contralateral side (Fig. 4B-4D).

In addition to stimulation-evoked pain hypersensitivities, we also tested whether mimicking
the SNL-induced increase in DRG Fn14 produced spontaneous ongoing nociceptive
responses using a conditional place preference (CPP) paradigm on week 8 post-viral
microinjection. The AAV5-Fnl14-microinjected mice displayed an obvious preference for
spending time in the lidocaine-paired chamber (Fig. 4E-4F), indicating stimulation-
independent spontaneous nociceptive responses. As predicted, the AAV5-GFP-microinjected
mice did not exhibit significant preference toward either the saline- or lidocaine-paired
chamber (Fig. 4E-4F). Together, these findings indicate that mimicking the SNL-induced
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increase in DRG Fn14 leads to both spontaneous and evoked pain hypersensitivities, typical
symptoms of neuropathic pain in the clinic, in the absence of nerve injury. These pain
hypersensitivities were further supported by the increases in expression of the biomarkers
for cell activity in spinal cord dorsal horn. The levels of p-ERK1/2 (a marker for neuronal
hyperactivation) and GFAP (a marker for astrocyte hyperactivation) significantly increased
in the ipsilateral L3/4 dorsal horn of the AAV5 Fnl4-microinjected mice as compared to that
in the AAV5-GFP-microinjected mice on week 9 post-viral microinjection (Fig. 5A and 5B).
No significant differences in the amounts of total ERK1/2 were seen in the ipsilateral L3/4
dorsal horn between two virial microinjected groups (Fig. 5A and 5B).

The increased Fnl14 activates NF-xB pathway in the ipsilateral DRG after SNL

Given that nerve injury-induced DRG NF-xB pathway activation contributed to neuropathic
pain and that NF-xB pathway was a potential downstream of Fn14 [10,34-36], we finally
examined whether blocking the SNL-induced increase in DRG Fn14 participated in the
activation of DRG NF-xB pathway under neuropathic pain conditions. The activation of NF-
xB pathway was evidenced by the translocation of p65, a key member of NF-xB family,
from cellular cytoplasm to nucleus [37-39]. The expression of p65 protein expression was
markedly increased in the nucleus of the ipsilateral L4 DRG cells on day 14 after SNL in
mice pre-microinjected with AAV5-scramble shRNA (Fig. 6A-6B), although the level of
total p65 protein was not altered in the ipsilateral L4 DRG cells of the AAV5-scramble
shRNA-microinjected mice on day 14 after SNL, when compared to the AAV5-scramble
shRNA-microinjected sham mice (Fig. 6A and 6B). This increase was significantly hindered
in the AAV5-Fn14 shRNA-microinjected mice (Fig. 6A and 6B). Microinjection of AAV5-
Fnl14-shRNA did not dramatically change basal expression of p65 protein in the nucleus of
the ipsilateral L4 DRG cells of sham mice or basal expression of total p65 in the ipsilateral
L4 DRG cells of sham or SNL mice (Fig. 6A and 6B). Single-cell reverse transcription
polymerase chain reaction (RT-PCR) analysis revealed the co-expression of TnfrsfiZa
(encoding Fn14 protein) and Rela (encoding p65 protein) in individual small, medium, and
large DRG neurons (Fig. 6C-6E). These results revealed that Fn14 might activate the NF-xB
pathway in the ipsilateral DRG after SNL.

Discussion

Peripheral nerve injury caused by SNL leads to mechanical allodynia, thermal hyperalgesia,
and cold allodynia in mice, which mimics trauma/surgery-induced neuropathic pain in the
clinic. In this study, we demonstrated that SNL led to an increase in Fn14 expression at both
mRNA and protein levels in the ipsilateral DRG and that this increase contributed to
neuropathic pain through an activation of the transcription factor NF-xB pathway in the
DRG. Our findings suggest that Fn14 may be a potential target for the therapeutic treatment
of peripheral neuropathic pain.

Fn14 is widely expressed in various tissues including heart, brain, kidney, colon, skeletal
muscle. The level of Fn14 expression is rather low in most normal tissues and is rapidly up-
regulated in response to tissue injury and inflammation under pathological conditions
including rheumatoid arthritis, multiple sclerosis, inflammatory liver diseases, and
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inflammatory bowel disease [12-16]. Fn14 plays an important role in the pathogenesis of
nerve system diseases, such as neuropsychiatric disease, multiple sclerosis, and cerebral
ischemia [18-20]. For example, Fn14 mRNA increases in ischemic brain at the early period
after the onset of middle cerebral artery occlusion (MCAQ) and inhibition of Fnl4 early
after MCAO was protective [20]. However, whether and how Fn14 contributes to
neuropathic pain was not reported previously.

The Tnfrsf1Zagene in the DRG can be activated at the transcriptional level in the response
to peripheral nerve injury. A previous report revealed that 7nfrsf12a mRNA expression was
increased 1 d after axotomy of sciatic nerve and persisted for at least 4-7 days
postoperatively in the injured DRG, although basal 7nfrsf12a mRNA was barely detectable
[18]. By in situhybridization, this increase was demonstrated to occur at the injured DRG
neurons [18]. Consistent with this observation, the present study further confirmed that the
amounts of 7nfrsf12a mRNA and Fnl14 protein were time-dependently and significantly
elevated in the injured DRG, but not in intact DRG, after SNL or CCI. Due to current
commercial unavailability of Fn14 antibody for immunostaining, the detailed subpopulation
distribution of Fn14-positive neurons in the DRG post-SNL remains to be determined.
Additionally, how peripheral nerve injury triggers the transcriptional activation of 7nfrsfi2a
gene under neuropathic pain conditions is still elusive. The potential possibilities, such as
the changes in epigenetic modifications and increases in transcription factor expression
and/or mRNA stability that may produce an elevation of 7nfrsf12a mRNA following
peripheral nerve injury, could not be ruled out.

The contribution of the increased DRG Fn14 to neuropathic pain was demonstrated in this
study not only by intrathecal administration of the specific Fnl14 inhibitor L542-0366, but
also by blocking the increased DRG Fn14 through microinjection of AAV5-Fn14 shRNA
into the injured DRG. Unexpectedly, microinjection of AAV5-Fn14 shRNA did not
significantly decrease the level of Fn14 expression in sham DRG. The reason for no effect of
AAV5-Fn14 shRNA on basal Fn14 expression is unknown, but it may be related to lower
basal level of DRG Fn14 expression. AAV5-Fn14 shRNA given at current volume and title
likely cannot further lead to a significant reduction in DRG Fn14 at baseline.

The NF-KB pathway may mediate the role of the increased DRG Fn14 in neuropathic pain.
It is well documented that NF-xB, a nuclear transcription factor, controls numerous genes
encoding inflammatory cytokines and nociceptive mediators and plays a key role in
neuropathic pain genesis [32,40,41]. Peripheral nerve injury activates NF-xB signaling in
the DRG [42,3,43]. Intrathecal administration of pyrrolidine dithiocarbamate, an inhibitor of
NF-xB, alleviates neuropathic pain and neuro-inflammation [41-44]. The present study
revealed that blocking the increased DRG Fn14 expression attenuated SNL-induced nuclear
translocation of NF-xB subunit p65 in the injured DRG. Given that 7nfrsf12a mRNA
(encoding Fn14 protein) co-expresses with Re/amRNA (encoding p65 protein) in individual
DRG neurons, Fn14 is very likely required for the activation of NF-xB signaling in the DRG
neurons under neuropathic pain conditions. Whether the increased DRG Fn14 triggers other
cellular signals following peripheral nerve injury is unknown, but DRG Fn14 contributes to
neuropathic pain at least in part through the activation of the NF-xB pathway in the DRG
neurons.

Mol Neurobiol. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huang et al. Page 11

Conclusions

In conclusion, our present study reveals that pharmacological inhibition or genetic
knockdown of DRG increased Fnl14 displays significant effects on peripheral nerve injury-
induced pain hypersensitivities, without altering basal or acute nociceptive responses and
locomotor functions. These findings suggest that Fn14 may be a potential target for the
management of neuropathic pain. However, it is worth noting that Fnl4 is expressed in other
tissues besides DRG and may target other cellular signaling pathways in addition to NF-«xB.
Therefore, careful attention should be paid to potential adverse effects caused by Fn14
inhibitors.
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Fig. 1.

Peripheral nerve injury-induced increases in 7nfrsf1Za mRNA and Fnl4 protein in the
ipsilateral L4 DRG. (A) 7nfrsf12a mRNA expression in the ipsilateral and contralateral L4
DRG after SNL or sham surgery. Unilateral L4 DRGs from four mice were pooled together.
n = 3 biological replicates (12 mice) per time point. Two-way analysis of variance (ANOVA)
followed by Tukey post hoc test. **P <0.01 vsthe corresponding sham group. (B) Fn14
protein expression in the ipsilateral and contralateral L4 DRG after SNL. Representative
Western blots (left) and a summary of densitometric analysis (right) are shown. n =3
biological replicates (12 mice) per time point. Two-way analysis of variance (ANOVA)
followed by Tukey post hoc test. **P <0.01 vsthe corresponding contralateral side. (C)
Fn14 protein expression in the ipsilateral L4 DRG after sham surgery. n = 3 biological
replicates (12 mice) per time point. Two-way analysis of variance (ANOVA) followed by
Tukey post hoc test. (D) Fnl4 protein expression in the ipsilateral L3 DRG after SNL.
Representative Western blots and a summary of densitometric analysis are shown. n = 3
biological replicates (12 mice) per group. (E) Fn14 protein expression in the ipsilateral
L3/L4 DRGs on day 7 after CCI or sham surgery. Representative Western blots and a
summary of densitometric analysis are shown. n = 3 biological replicates (6 mice) per group.
Two-tailed, independent Student’s ftest. **P <0.01 vsthe sham group.
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Fig. 2.

Effect of intrathecal Fn14 inhibitor L524-0366 on SNL-induced neuropathic pain on the
ipsilateral side. (A to C) Effect of intrathecal vehicle or 20 pg L524-0366 on paw
withdrawal frequencies to mechanical stimulation (A), paw withdrawal latencies to heat (B)
and cold (C) stimuli on 3 day post-SNL or sham surgery. n = 8 mice/group. Two-way
analysis of variance (ANOVA) followed by Tukey post hoc test. *~< 0.05 or **P <0.01 vs
the sham plus vehicle group at the corresponding time point. #£< 0.05 or ## P <0.01 vsthe
SNL plus vehicle group at the corresponding time point. (D to F) Dose-dependent effect of
intrathecal L524-0366 or vehicle on paw withdrawal frequency to mechanical stimuli (D)
and paw withdrawal latencies to heat (E) and cold (F) stimuli on day 3 post-SNL or sham
surgery. n = 8 mice/group. Two-way analysis of variance (ANOVA) followed by Tukey post
hoc test. *P< 0.05 or **P <0.01 vsthe SNL plus vehicle group at the corresponding time
point.
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Efgfect of DRG microinjection of AAV5-Fn14 shRNA on SNL-induced neuropathic pain. (A
to E) Effect of DRG microinjection of AAV5-Fn14 shRNA or AAV5-scramble shRNA on
paw withdrawal frequencies to mechanical stimulation (A and D), paw withdrawal latencies
to heat (B and E) and cold (C) stimuli on the ipsilateral (A to C) and contralateral (D and E)
sides at different time points after SNL or sham surgery. n = 12 mice/group. Two-way
analysis of variance (ANOVA) followed by Tukey post hoc test. **P <0.01 vsthe sham plus
scramble group at the corresponding day. #~< 0.05 vsthe SNL plus scramble group at the
corresponding day. (F) Fn14 protein expression in the ipsilateral L4 DRG of the AAV5-Fn14
shRNA-injected or AAV5-scramble shRNA-injected mice on day 14 after SNL or sham
surgery. Unilateral L4 DRGs from four mice were pooled together. n = 3 biological
replicates (12 mice) per group. One-way analysis of variance (ANOVA) followed by Tukey
post hoc test. **P <0.01 vsthe sham plus scramble group. ##P <0.01 vsthe SNL plus
scramble group.
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Fig. 4.
Effect of DRG Fnl14 overexpression on nociceptive thresholds in naive mice. (A) Fn14

protein expression in the injected L3/4 DRGs 9 weeks after microinjection of AAV5-Fn14 or
control AAV5-GFP. n = 5 biological replicates (10 mice)/group. Two-tailed, independent
Student’s ttest, *P <0.05 vsthe AAV5-GFP group. (B to D) Effect of microinjection of
AAV5-Fn14 or control AAV5-GFP into the unilateral L3/4 DRGs on paw withdrawal
frequencies to mechanical stimulation (B) and paw withdrawal latencies to heat (C) and cold
(D) stimuli (D) on the ipsilateral and contralateral sides at different weeks after viral
microinjection. n = 10 mice/group. Two-way analysis of variance (ANOVA) followed by
Tukey post hoc test. **P <0.01 vsthe control AAV5-GFP group on the ipsilateral side at the
corresponding time points. (E and F) Effect of microinjection of AAV5-Fn14 or control
AAV5-GFP into the unilateral L3/4 DRGs on spontaneous ongoing pain as assessed by CPP
paradigm. Pre: preconditioning. Post: Postconditioning. n =10 mice/group. **P <0.01 vsthe
corresponding preconditioning by two-way analysis of variance (ANOVA) followed by
Tukey post hoc test (E) or the AAV5-GFP group by two-tailed, independent Student’s ftest

(F).
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Fig. 5.

Effect of microinjection of AAV5-Fn14 or control AAV5-GFP into the unilateral L3/4 DRGs
on the expression of the phosphorylation of ERK 1/2 (p-ERK1/2) and GFAP in the
ipsilateral L3/4 dorsal horn 9 weeks after viral microinjection. (A-B) Representative Western
blots (A) and a summary of densitometric analysis (B) are shown. n = 5 biological replicates
(10 mice) per group. **P <0.01 vsthe AAV5-GFP group by two-tailed, independent
Student’s ttest.
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Fig. 6.

anl4-triggered activation of the NF-xB pathway in the ipsilateral L4 DRG after SNL. (A-B)
Expression of p65 protein in total and nuclear fractions from the injected L4 DRG of the
mice pre-microinjected with AAV5-Fn14 shRNA or AAV5-scramble shRNA 14 days after
SNL or sham surgery. Representative Western blots (A) and a summary of densitometric
analysis (B) are shown. n = 3 biological replicates (12 mice) per group. One-way analysis of
variance (ANOVA) followed by Tukey post hoc test. **P£ <0.01 vsthe corresponding sham
plus scramble group. ##P <0.01 vsthe corresponding SNL plus scramble group. (C to E)
Co-expression of Tnfrsf12a mRNA with RelamRNA in large (C), medium (D), and small
(E) DRG neurons. Gapdh mRNA was used as a positive control. n = 3 biological replicates.
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