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Abstract

Genetic knockout or knockdown of fat-mass and obesity-associated protein (FTO), a demethylase that participates in RNA
N®-methyladenosine modification in injured dorsal root ganglion (DRG), has been demonstrated to alleviate nerve trauma-
induced nociceptive hypersensitivities. However, these genetic strategies are still impractical in clinical neuropathic pain
management. The present study sought to examine the effect of intrathecal administration of two specific FTO inhibitors,
meclofenamic acid (MA) and N-CDPCB, on the development and maintenance of nociceptive hypersensitivities caused by
unilateral L5 spinal nerve ligation (SNL) in rats. Intrathecal injection of either MA or N-CDPCB diminished dose-dependently
the SNL-induced mechanical allodynia, heat hyperalgesia, cold hyperalgesia, and spontaneous ongoing nociceptive responses
in both development and maintenance periods, without altering acute/basal pain and locomotor function. Intrathecal MA also
reduced the SNL-induced neuronal and astrocyte hyperactivities in the ipsilateral L5 dorsal horn. Mechanistically, intrathecal
injection of these two inhibitors blocked the SNL-induced increase in the histone methyltransferase G9a expression and res-
cued the G9a-controlled downregulation of mu opioid receptor and Kv1.2 proteins in the ipsilateral L5 DRG. These findings
further indicate the role of DRG FTO in neuropathic pain and suggest potential clinical application of the FTO inhibitors for
management of this disorder.
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Introduction

Peripheral neuropathic pain, resulting from nerve trauma,
is a debilitating clinical condition with both medical and
socioeconomic consequences [1]. Several categories of
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medication are currently used for management of this dis-
order, including acetaminophen, antidepressants, topical
agents, non-steroidal anti-inflammatory drugs, antiepileptic
drugs (e.g., gabapentinoids), and opioids [2]. However, the
majority of neuropathic pain patients report unsatisfactory
pain control and/or severe side effects [3]. Understanding the
molecular and cellular mechanisms that underlie the induc-
tion and maintenance of neuropathic pain may provide a new
potential approach for treatment of this disorder.
Peripheral nerve trauma leads to alterations in pain-
associated gene expression at both transcriptional and
translational levels in the dorsal root ganglion (DRG)
[4, 5]. These alterations are believed to participate in
neuropathic pain development and maintenance [6-8].
Recent evidence has demonstrated that epitranscrip-
tomic modifications including RNA N°®-methyladenosine
(m®A) modification influence the changes in the expres-
sion of pain-associated genes in injured DRG, contribut-
ing to neuropathic pain genesis [9—11]. The fat-mass and
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obesity-associated protein (FTO), a demethylase, erases
m®A methylation in mRNA [12]. Peripheral nerve trauma
increased the expression of FTO in injured DRG neurons
[10]. This increase catalyzed reversal of m°A in euchro-
matic histone lysine methyltransferase 2 (Ehmt2) mRNA,
reduced the binding of YTH m°®A RNA binding protein 2
to 3'-untranslated region of Ehmt2 mRNA, stabilized the
increased expression of Ehmt2 mRNA and its coding pro-
tein G9a, and downregulated opioid receptors and Kv1.2
in injured DRG [10]. Genetic knockdown or knockout
of FTO in injured DRG alleviated nerve trauma-induced
nociceptive hypersensitivities by reversing a loss of m°A
sites in Ehmt2 mRNA, destabilizing the increased Ehmt2
mRNA/G9a and subsequently rescuing nerve trauma-
induced downregulation of opioid receptors and Kv1.2 in
injured DRG [10]. FTO is likely a potential new target for
neuropathic pain management.

Given that the application of a genetic strategy is still
impractical in clinical neuropathic pain management, the
present study examined the effect of intrathecal admin-
istration of two specific FTO inhibitors, N-CDPCB [13]
and meclofenamic acid (MA) [14, 15], on unilateral
fifth lumbar (L5) spinal nerve ligation (SNL)-induced
nociceptive hypersensitivity during the development and
maintenance periods. We also examined the effect of
intrathecal FTO inhibitors on the SNL-induced neuronal
and astrocyte hyperactivities in the ipsilateral L5 dor-
sal horn. Finally, we observed whether intrathecal FTO
inhibitors affected the SNL-induced increase of G9a and
downregulation of mu opioid receptor (MOR) and Kv1.2
in injured DRG.

Materials and Methods
Animal Preparation

Male Sprague—Dawley rats weighing 180-250 g from
Charles River were used. Rats were housed separately
with food and water provided ad libitum on a 12:12-h
light—dark cycle. All animal experimental procedures fol-
lowed ethical guidelines produced by the National Institutes
of Health, the International Association for the Study of
Pain, and the guidelines for Animal Research: Reporting
of In Vivo Experiments (ARRIVE). Animal protocols were
approved by the Rutgers New Jersey Medical School Ani-
mal Care and Use Committee. Every effort was made to
minimize the number of animals used and any subsequent
suffering. Animals were randomly assigned to experimen-
tal groups (n = 6 rats/group) and exposed to habituation
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for 2 days prior to use. All experimenters were blind to
treatment condition.

Neuropathic Pain Model

L5 SNL-induced neuropathic pain model was carried out
as described previously [10, 16, 17]. In brief, after the
animals were anesthetized by isoflurane, an incision on
the lower back was made and the left L6 transverse pro-
cess was removed to expose the L5 spinal nerve. After
the underlying L5 spinal nerve was isolated, a tight liga-
ture was then made with 4-0 silk and the nerve was tran-
sected distal to this ligature. The skin and muscles were
finally closed in layers. In sham-operated rats, the left LS
spinal nerve was isolated, but without the ligature and/
or transection.

Intrathecal Catheterization and Drug Delivery

Intrathecal catheterization was performed following the
procedures described previously [18, 19]. Briefly, after
rats were fully anesthetized with 2% isoflurane, a 1-cm
longitudinal incision was made over the spinous pro-
cesses of L4 and L5 vertebrae. The fascia was opened,
and superficial muscles around the spinous process were
dissected. The dura was carefully punctured using a
22-gauge needle, and a polyethylene-10 (PE-10) catheter
was inserted into the subarachnoid space. The residual
catheter was anchored to the muscles and tunneled under
the skin to the neck area. The catheter location was con-
firmed by the administration of 10 pl of 2% lidocaine
2 days after the surgery. Only rats that showed com-
plete paralysis of the tail and bilateral hind legs within
30 s followed by total recovery in 30 min after lidocaine
injection were considered to have a successful catheter
insertion. Seven days following catheter implantation,
rats without any locomotor deficits or poor grooming
habits were used for the experiments.

The MA (Millipore-Sigma, St. Louis, MO) was dis-
solved in 0.01 M phosphate-buffered saline (PBS), while
N-CDPCB (kindly provided by Dr. Junbiao Chang from
Zhengzhou University) was dissolved in 10% DMSO.
Vehicle 1 (0.01 M PBS), vehicle 2 (10% DMSO, dis-
solved in 0.01 M PBS), MA, or N-CDPCB was intrathe-
cally injected 30 min before surgery and once daily for
5 days post-surgery, or once daily for 5 days starting on
post-operative day 9. The drugs or vehicles were admin-
istrated intrathecally in a 10-pl volume followed by 12 pl
of saline for flushing. Intrathecal dosages of the drugs
were determined by the previous reports [20, 21] and
our pilot study.
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Behavioral Tests

Mechanical, heat, and cold tests, as well as locomotor func-
tion test and conditioned place preference (CPP) test were
carried out as described [10, 16, 17]. There was a 1-h inter-
val between two tests.

To assess mechanical sensitivity, paw withdrawal
thresholds were determined as the hind paw withdrawal
response to von Frey hair stimulation using the up-and-
down method, following previously described procedure
[22, 23]. In brief, each rat was placed in an individual
Plexiglas chamber on an elevated mesh screen. Von Frey
hairs (Stoelting Co., Wood Dale, IL) in log increments
of force (0.407, 0.692, 1.202, 2.041, 3.63, 5.495, 8.511,
15.14, 26.0 g) were applied to the plantar surface of the
left and right hind paws, beginning with the 3.63-g Von
Frey hair. A positive response was defined as a clear paw
withdrawal or shaking. Whenever a positive response
occurred, the next lower hair was applied. In contrast,
whenever a negative response occurred, the next higher
hair was applied. The test was terminated under either one of
two following conditions: 1) a negative response was obtained
with the highest force (26.0 g) and ii) three stimuli were applied
after the first positive response. The pattern of response
was converted to a 50% von Frey threshold, using the
formula described previously [22, 23].

Heat hypersensitivity was determined by measuring the
paw withdrawal latency with a Model 336 Analgesia Meter
(IITC Inc. Life Science Instruments. Woodland Hills, CA)
according to the method described [10, 16, 17]. Briefly, the
animal was placed in an individual Plexiglas chamber on a
glass plate. A beam of light that provided radiant heat was
aimed at the middle of the plantar surface of each hind paw
through the glass plate. The light beam was automatically
turned off when the animal withdrew its foot. The paw
withdrawal latency was defined as the time (s) between the
start of the light beam and the foot response. The cutoff time
is 20 s to avoid tissue damage. Each trial was repeated five
times at 5-min interval for each side.

Paw withdrawal latencies to noxious cold (0 °C) were
measured with a cold aluminum plate, which was moni-
tored continuously by a thermometer. The paw withdrawal
latency was recorded by the length of time between the
placement of the animals on the plate and a quick paw
withdrawal with or without paw flinching/shaking. Each
test was repeated three times at 10-min intervals on the
ipsilateral side. To avoid tissue damage, a cut-off time of
60 s was used.

The locomotor function was examined after above-
described behavioral tests and determined by the follow-
ing three reflexes: 1) Placing reflex: The placed positions
of the hind limbs were slightly lower than those of the
forelimbs and the dorsal surfaces of the hind paws were

brought into contact with the edge of a table. Whether
the hind paws were placed on the table surface reflex-
ively were recorded. 2) Grasping reflex: After the animal
was placed on a wire grid, whether the hind paws grasped
the wire on contact were recorded. 3) Righting reflex:
When the animal was placed on its back on a flat sur-
face, whether it immediately assumed the normal upright
position was recorded. Each trial was repeated five times
with 5-min intervals and the scores for placing, grasping,
and righting reflexes were recorded based on counts of
each normal reflex exhibited in five trials. In addition,
the animal’s general behaviors, including spontaneous
activity, were observed.

The CPP test was carried out as described previ-
ously [24]. In brief, the rats were first preconditioned
with full access to two different Plexiglas chambers con-
nected through an internal door (MED Associates Inc.,
St. Albans, VT) for 30 min. The photobeam detectors
installed along the chamber walls monitored and auto-
matically recorded the movement of each animal and time
spent in each chamber using MED-PC IV CPP software.
At the end of the preconditioning phase, the basal dura-
tion time spent in each chamber was recorded within
15 min (900 s). Rats spending greater than 80% or less
than 20% of the time in a chamber were excluded from
further testing. The conditioning protocol was performed
for the following 3 days with the internal door closed. The
rat was injected intrathecally with saline (10 pl) paired
with one conditioning chamber in the early morning. The
lidocaine (0.8% in 10 pl saline) was injected intrathecally
paired with another conditioning chamber in the later
afternoon. The injection order of saline and lidocaine
was switched each consecutive day. On testing day, the
rats were placed in one chamber with free access to both
chambers. The length of time spent in each chamber was
recorded for 15 min. Difference in scores were defined as
post-conditioning time subtracted from preconditioning
time spent in the lidocaine-paired chamber.

Western Blot Analysis

Western blot analysis was performed according to our
previous published procedures [10, 16, 17]. Briefly,
the bilateral L5 DRGs and ipsilateral L5 spinal dorsal
horn were harvested and placed temporarily in liquid
nitrogen. To achieve enough proteins, two ipsilat-
eral L5 DRGs from 2 rats were pooled together. The
samples were homogenized with ice-cold lysis buffer
(10 mM Tris, 1 mM phenylmethylsulfonyl fluoride,
5 mM MgCl,, 5 mM EGTA, 1 mM EDTA, 1 mM DTT,
40 pM leupeptin, 250 mM sucrose, and 1% phosphatase
inhibitor cocktail II and III) and centrifuged at 4 °C for
15 min at 1,000 g. The supernatant was collected for

@ Springer



1998

B.-X. Zheng et al.

cytosolic proteins and the pellets for nuclear proteins.
After the protein concentrations were measured, the
samples (30-40 pg/sample) were heated for 5 min at
99 °C and loaded onto a 4—15% stacking/7.5% separating
SDS—polyacrylamide gel (Bio-Rad Laboratories). The
proteins were then electrophoretically transferred onto a
nitrocellulose membrane (Bio-Rad Laboratories). After
the membranes were blocked with 5% nonfat milk in
Tris-buffered saline containing 0.1% Tween-20 for 1 h,
they were incubated at 4 °C overnight with the following
primary antibodies: mouse anti-FTO (1:1000, Abcam,
Cambridge, MA), rabbit anti-G9a (1:800, Abcam),
mouse anti-Kv1.2 (1:800, NeuroMab, Davis, CA), rabbit
anti-MOR (1:1,000, Immunostar), rabbit anti-phospho-
ERK1/2 (Thr202/Tyr204, 1:1,000, Cell Signaling), rab-
bit anti-ERK1/2 (1:1,000, Cell Signaling), mouse anti-
GFAP (1:1,000, Cell Signaling), rabbit anti-GAPDH
(1:2,000, Santa Cruz, Dallas, TX), or rabbit anti-his-
tone H3 (1:2,000, Cell Signaling). The proteins were
detected by horseradish peroxidase-conjugated anti-
mouse or anti-rabbit secondary antibody (1:3,000, Jack-
son ImmunoResearch), developed by western peroxide
reagent and luminol/enhancer reagent (Clarity Western
ECL Substrate, Bio-Rad), and visualized by 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 H3 or GAPDH.

Statistical Analysis

All data values were expressed as mean + S.E.M. Although
no statistical power calculation was conducted, the sample
size of each experimental group was based on our previous
similar studies and was similar to those generally used in
the field [10, 18, 19]. The data were statistically analyzed
with one-way or two-way analysis of variance (ANOVA)
with repeated measures followed by post hoc Tukey testing
(SigmaStat, San Jose, CA). The Mann—Whitney U-test was
used for non-parametric data (SigmaStat). Significance was
set at P < 0.05.

Results

Effect of Intrathecal FTO Inhibitors

on the Development of Nerve Trauma-Induced
Nociceptive Hypersensitivities

We first examined the effect of intrathecal MA on the

development of SNL-induced nociceptive hypersensitivi-
ties. Consistent with our previous studies [10, 17, 24],
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SNL produced long-term mechanical allodynia, heat
hyperalgesia, and cold hyperalgesia on the ipsilateral, but
not contralateral, side in the vehicle 1-injected SNL rats
(Fig. 1A-E). The paw withdrawal thresholds in response
to von Frey filament stimulation and the paw withdrawal
latencies in response to heat and cold stimuli were mark-
edly decreased on days 3 and 5 post-SNL (Fig. 1A-C).
These nociceptive hypersensitivities were attenuated by
pre-intrathecal injection of MA, in a dose-dependent fash-
ion (Fig. 1A-C, F-H). Intrathecal MA at both 10 and
20 pg significantly reversed the SNL-induced decreases
in paw withdrawal thresholds to mechanical stimuli and
paw withdrawal latencies to heat and cold stimuli on
the ipsilateral side (Fig. 1A—C, F—H). Intrathecal MA at
1 pg did not affect the SNL-induced decreases in the paw
withdrawal thresholds and latencies on the ipsilateral side
(Fig. 1F-H). Intrathecal administration of neither MA at
three doses used nor vehicle 1 altered basal paw with-
drawal responses on the contralateral side in SNL rats
and on both ipsilateral and contralateral sides in sham
rats (Fig. 1A-J]).

In addition to stimulation-induced evoked nociceptive
hypersensitivities, we also examined the effect of intrathe-
cal MA on the SNL-induced spontaneous ongoing noci-
ceptive responses using the CPP paradigm. As expected,
the vehicle 1-injected SNL rats exhibited an obvious pref-
erence (that is, they spent more time) for the lidocaine-
paired chamber on day 5 post-SNL (Fig. 2A, B), indi-
cating stimulation-independent spontaneous nociceptive
responses. In contrast, SNL rats pre-injected intrathecally
with 20 pg MA, like the vehicle 1- or 20-ug MA-injected
sham rats, did not display significant preference toward
either the saline- or lidocaine-paired chamber on day 5
post-SNL, indicating no marked spontaneous nociceptive
responses (Fig. 2A, B).

MA also has an anti-inflammatory property [14, 15].
To further verify the pharmacological effect of the FTO
inhibitors on neuropathic pain development, we intrathe-
cally pre-injected another FTO inhibitor, N-CDPCB, in
SNL rats. Similar behavioral responses were seen after
intrathecal injection of N-CDPCB at three doses (5, 10,
and 15 pg) or vehicle 2 on days 3 and 5 post-SNL or sham
surgery (Fig. 3A-J).

Effect of Intrathecal FTO Inhibitors
on the Maintenance of Nerve Trauma-Induced
Nociceptive Hypersensitivities

We further examined the effect of intrathecal MA on the
maintenance of SNL-induced mechanical, thermal, and
cold nociceptive hypersensitivities. MA was intrathe-
cally administered once daily for 5 days starting on day 9
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Fig.1 Effect of intrathecal pre-administration of meclofenamic acid
(MA) on the SNL-induced nociceptive hypersensitivities during the
development period. MA at three doses (1, 10, and 20 pg) or vehicle
1 (0.01 M PBS) was administered intrathecally (i.th.) starting 30 min
before SNL or sham surgery and once daily for 5 days after surgery.
Behavioral tests were performed one day before surgery and on days
3 and 5 after surgery. Effect of 20 ug MA or vehicle 1 on paw with-
drawal threshold (PWT) to mechanical stimulation (A and D) and
paw withdrawal latency (PWL) to heat (B and E) and cold (C) stimuli
on the ipsilateral (A—C) and contralateral (D and E) sides. n = 6 rats
per group. Two-way ANOVA with repeated measures followed by

post-surgery, at this time point, SNL-induced nocicep-
tive hypersensitivities were completely developed [10,
17, 24]. On days 12 and 14 post-SNL, mechanical allo-
dynia, heat hyperalgesia, and cold hyperalgesia were
dose-dependently reduced by intrathecal MA (Fig. 4A-D,
F-H). The paw withdrawal thresholds to mechanical stim-
uli and paw withdrawal latencies to heat and cold stimuli
were markedly higher in the 10 pg or 20 ug MA-injected
rats than those in the vehicle 1-injected rats on the ipsi-
lateral side on days 12 and 14 post-SNL (Fig. 4A-D,
F-H). In contrast, intrathecal MA at 1 ug did not affect

post hoc Tukey test, Fgroup (3, 60) = 33.26 in (A), 131.5 in (B) and

98.4 in (C), **P < 0.01 versus the vehicle 1-treated SNL rats at the
corresponding time point. Effect of MA at 1, 10, and 20 pg or vehicle
1 on paw withdrawal threshold (PWT) to mechanical stimulation (F
and I) and paw withdrawal latency (PWL) to heat (G and J) and cold
(H) stimuli on the ipsilateral (F-H) and contralateral (I and J) sides.
n = 6 rats per group. Two-way ANOVA with repeated measures fol-
lowed by post hoc Tukey test, Fgmup 3, 60) = 11.47 in (F), 50.96
in (G), and 14.85 in (H), *P < 0.05, **P < 0.01 versus the vehicle
1-treated SNL rats at the corresponding time points

the SNL-induced decreases in paw withdrawal thresholds
to mechanical stimuli and paw withdrawal latencies to
heat and cold stimuli on days 12 and 14 post-SNL on the
ipsilateral side (Fig. 4F-H). Neither MA at the dosages
used nor vehicle 1 altered basal paw withdrawal responses
on the contralateral side of SNL rats and on the bilat-
eral sides of sham rats during the observation periods
(Fig. 4A—H). Similar behavioral responses were seen on
days 12 and 14 post-SNL or sham surgery after intrathecal
injection of N-CDPCB at three doses or vehicle 2 once
daily starting on day 9 post-surgery (Fig. 5A-]).
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Fig.2 Effect of intrathecal pre-administration of meclofenamic acid
(MA; 20 pg) on the SNL-induced spontaneous ongoing nocicep-
tive responses as assessed by the conditioned place preference para-
digm. (A) Time spent in each chamber. (B) Difference in scores for
chamber preference were calculated by subtracting preconditioning
preference time from post-conditioning time spent in the lidocaine-
paired chamber. Pre: preconditioning, Post: post-conditioning, Vehl:

Effect of Intrathecal MA on the SNL-Induced Central
Sensitization in Spinal Cord Dorsal Horn

We also examined whether intrathecal injection of MA
affected the SNL-induced dorsal horn central sensitiza-
tion as evidenced by increases in the phosphorylation of
extracellular signal regulated kinase 1/2 (p-ERK1/2; a
marker for neuronal hyperactivation) and glial fibrillary
acidic protein (GFAP; a marker for astrocyte hyperactiva-
tion) in the dorsal horn. Consistent with previous studies
[25, 26], the amounts of the phosphorylation of ERK1/2
(but not total ERK1/2) and GFAP were significantly
increased in the ipsilateral LS dorsal horn on day 5 after
SNL in the vehicle 1-injected SNL rats, but not in the
vehicle 1-injected sham rats (Fig. 6A—N). These increases
were absent in the SNL rats with pre-intrathecal injection
of MA at 20 pg (Fig. 6A, B). Neither MA nor Vehicle 1
changed basal expression of phosphorylation of ERK1/2,
total ERK1/2, or GFAP in the ipsilateral L5 dorsal horn
of sham rats (Fig. 6A, B).

Effect of Intrathecal FTO Inhibitors on Locomotor
Activities

To rule out the possibility that the observed behavio-
ral effects described above were affected by impairing
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vehicle 1. n = 6 rats per group. (A) Two-way ANOVA with repeated
measures followed by post hoc Tukey test, Fyyining (1, 40) = 15.14,
**P < 0.01 versus the corresponding preconditioning. (B) Two-way
ANOVA with repeated measures followed by post hoc Tukey test,
Foqea (1, 20) = 7.67, *P < 0.05 versus the vehicle 1-treated sham
group, Fieament (1, 20) = 7.80, #P < 0.05 versus the vehicle 1-treated
SNL rats

locomotor activities, we examined locomotor functions
including grasping, placing, and righting reflexes in the
injected rats. MA-, N-CDPCB-, vehicle 1-, and vehicle
2-injected rats displayed normal placing, grasping, and
righting reflexes (Table 1). In addition, convulsions and
hypermobility were not observed in any of the intrath-
ecal-injected rats. No significant differences in general
behaviors, including gait and spontaneous activity, were
seen among the intrathecal-injected rats.

Effect of Intrathecal FTO Inhibitors
on the SNL-Induced Increase of G9a and Decreases
of Mu Opioid Receptor and Kv1.2 in Injured DRG

The evidence from our previous study demonstrated
that FTO contributed to neuropathic pain through sta-
bilizing nerve trauma-induced upregulation of G9a and
subsequently causing the downregulation of mu opioid
receptor (MOR) and Kv1.2 in injured DRG [9-11]. Thus,
we finally examined whether the antinociceptive effects
caused by intrathecal MA or N-CDPCB were mediated
by the inhibition of the FTO-triggered increase in G9a
and the rescue of G9a-controlled downregulation of
MOR and Kv 1.2 in injured DRG. In line with previ-
ous studies [27, 28], SNL led to marked increases in the
levels of G9a’s two protein isoforms (short and long)
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Fig.3 Effect of intrathecal pre-administration of N-CDPCB on the
SNL-induced nociceptive hypersensitivities during the development
period. N-CDPCB at three doses (5, 10, and 15 pg) or vehicle 2 (10%
DMSO) was administered intrathecally (i.th.) starting 30 min before
SNL or sham surgery and once daily for 5 days after surgery. Behav-
ioral tests were performed one day before surgery and on days 3 and
5 after surgery. Effect of 15 ug N-CDPCB or vehicle 2 on paw with-
drawal threshold (PWT) to mechanical stimulation (A and D) and
paw withdrawal latency (PWL) to heat (B and E) and cold (C) stimuli
on the ipsilateral (A—C) and contralateral (D and E) sides. n = 6 rats
per group. Two-way ANOVA with repeated measures followed by

and decreases in the levels of MOR and Kv1.2 in the
ipsilateral L5 DRG on day 5 post-SNL in the vehicle
1-injected SNL rats (Fig. 7A, B). These changes were
significantly blocked by intrathecal pre-injection with
MA at 20 ug or N-CDPCB at 15 pg, although the SNL-
induced increase of FTO in the ipsilateral L5 DRG was
not affected (Fig. 7A, B). Neither MA nor N-CDPCB had
the effect on basal levels of G9a’s two protein isoforms,
MOR and Kv1.2 in the ipsilateral L5 DRG on day 5 post-
sham surgery (Fig. 7A, B).

post hoc Tukey test, Fy,, (3, 60) = 67.51 in (A), 98.40 in (B), and
137.50 in (C). **P < 0.01 versus the vehicle 2-treated SNL rats at the
corresponding time point. Effect of N-CDPCB at 5, 10, and 15 pg or
vehicle 2 on paw withdrawal threshold (PWT) to mechanical stimu-
lation (F and I) and paw withdrawal latency (PWL) to heat (G and
J) and cold (H) stimuli on the ipsilateral (F-H) and contralateral (I
and J) sides. n = 6 rats per group. Two-way ANOVA with repeated
measures followed by post hoc Tukey test, Fyp, (3, 60) = 4.50 in
(F), 13.09 in (G), and 25.52 in (H). *P < 0.05, **P < 0.01 versus the
vehicle 2-treated SNL rats at the corresponding time points

Discussion

The present study demonstrated that intrathecal FTO
inhibitors, MA and N-CDPCB, dose-dependently miti-
gated the SNL-induced evoked nociceptive hypersensi-
tivities and spontaneous ongoing nociceptive responses
during the development and maintenance periods.
Intrathecal MA and N-CDPCB also blocked the SNL-
induced increase in G9a expression and rescued the
SNL-induced downregulation of MOR and Kv1.2 in
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Fig.4 Effect of intrathecal post-administration of meclofenamic acid
(MA) on the SNL-induced nociceptive hypersensitivities during the
maintenance period. MA at three doses (1, 10, and 20 pg) or vehi-
cle 1 (0.01 M PBS) was administered intrathecally (i.th.) once daily
for 5 days starting on day 9 post-surgery. Behavioral tests were per-
formed one day before surgery, prior to MA or vehicle 1 injection
on day 9 post-surgery and on days 12 and 14 post-surgery. Effect
of 20 ug MA or vehicle 1 on paw withdrawal threshold (PWT)
to mechanical stimulation (A and D) and paw withdrawal laten-
cies (PWL) to heat (B and E) and cold (C) stimuli on the ipsilateral
(A-C) and contralateral (D and E) sides. n = 6 rats per group. Two-

injured DRG. Additionally, intrathecal MA attenuated
the SNL-induced dorsal horn neuronal and astrocyte
hyperactivities. These findings further confirmed a key
role of DRG FTO in the peripheral mechanisms of neu-
ropathic pain.

FTO is a demethylase particularly for m°A sites in
RNAs. Peripheral nerve trauma increased the expression
of FTO in injured DRG neurons [10]. This increase erased
m®A in Ehmt2 mRNA, produced a loss in the binding
of YTHDF2 to Ehmt2 mRNA, stabilized the increased
expression of Ehmt2 mRNA/G9a, and consequently
downregulated mu opioid receptors (including MOR)
and Kv1.2 in injured DRG [10]. Genetic knockdown or

@ Springer

way ANOVA with repeated measures followed by post hoc Tukey

test, Fyyp (3, 80) = 63.95 in (A), 294.9 in (B), and 164.3 in (C),

**P < 0.01 versus the vehicle 1-treated SNL rats at the correspond-
ing time point. Effect of MA at 1, 10, and 20 pg or vehicle 1 on paw
withdrawal threshold (PWT) to mechanical stimulation (F and I)
and paw withdrawal latencies (PWL) to heat (G and J) and cold (H)
stimuli on the ipsilateral (F—H) and contralateral (I and J) sides. n =6
rats per group. Two-way ANOVA with repeated measures followed

by post hoc Tukey test, Fgmup (3, 80) = 18.5 in (F), 31.67 in (G), and

16.98 in (H), *P < 0.05 or **P < 0.01 versus the vehicle 1-treated
SNL rats at the corresponding time points

knockout of DRG FTO alleviated nerve trauma-induced
nociceptive hypersensitivities [10]. These effects likely
resulted from destabilizing nerve trauma-caused G9a
upregulation and then rescuing G9a-controlled downreg-
ulation of opioid receptors and Kv1.2 in injured DRG.
However, these genetic approaches are impractical in cur-
rent clinical neuropathic pain managements.

The present study revealed that intrathecal admin-
istration of two FTO inhibitors, MA and N-CDPCB,
not only blocked the SNL-induced increase in G9a
and rescued the SNL-induced decreases in MOR and
Kv1.2 in injured DRG but also attenuated the SNL-
induced mechanical allodynia, heat hyperalgesia, cold
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Fig.5 Effect of intrathecal post-administration of N-CDPCB on the
SNL-induced nociceptive hypersensitivities during the maintenance
period. N-CDPCB at three doses (5, 10, and 15 pg) or vehicle 2 (10%
DMSO) was administered intrathecally (i.th.) once daily for 5 days
starting on day 9 post-surgery. Behavioral tests were performed
one day before surgery, prior to N-CDPCB or vehicle 2 injection
on day 9 post-surgery and on days 12 and 14 post-surgery. Effect of
15 ug N-CDPCB or vehicle 2 on paw withdrawal threshold (PWT) to
mechanical stimulation (A and D), paw withdrawal latencies (PWL)
to heat (B and E) and cold (C) stimuli on the ipsilateral (A—C) and
contralateral (D and E) sides. n = 6 rats per group. Two-way ANOVA

hyperalgesia, and spontaneous ongoing nociceptive
responses, even if these two inhibitors have differ-
ent structures [13, 15]. MA appears to have a stronger
effect on SNL-induced pain hypersensitivities as com-
pared to N-CDPCB. Pre-intrathecal administration of
MA at 10 ug once daily for 5 days significantly blocked
mechanical allodynia and heat hyperalgesia at both days
3 and 5 post-SNL, whereas pre-intrathecal injection of
N-CDPCB at 10 pg once daily for 5 days markedly atten-
uvated mechanical allodynia and heat hyperalgesia only
at day 5 post-SNL. In addition, post-intrathecal adminis-
tration of MA, but not N-CDPCB, once daily for 5 days
produced time-dependent anti-nociceptive effect on the

with repeated measures followed by post hoc Tukey test, F,,, (3,

80) = 118.50 in (A), 172.10 in (B), and 329.10 in (C). **P < 0.01
versus the vehicle 2-treated SNL rats at the corresponding time point.
Effect of N-CDPCB at 5, 10, and 15 pg or vehicle 2 on paw with-
drawal threshold (PWT) to mechanical stimulation (F and I) and paw
withdrawal latencies (PWL) to heat (G and J) and cold (H) stimuli on
the ipsilateral (F—H) and contralateral (I and J) sides. n = 6 rats per
group. Two-way ANOVA with repeated measures followed by post

hoc Tukey test, Fgroup (3, 80) =4.171 in (F), 17.56 in (G), and 33.80

in (H). **P < 0.01 versus the vehicle 2-treated SNL rats at the cor-
responding time points

SNL-induced mechanical allodynia, heat hyperalgesia,
and cold hyperalgesia. Lower efficacy of N-CDPCB
may be associated with its solubility only in DMSO.
In contrast, MA not only is water-soluble but also may
have other inhibitory effects besides FTO inhibition. For
example, it was reported that MA was a gap-junction
blocker [20]. Taken together, the present study carried
out two distinct FTO inhibitors to further demonstrate
DRG FTO as a new potential target for neuropathic pain
treatment.

Peripheral nerve trauma-induced downregulation of
MOR and Kv1.2 in injured DRG contributes to neu-
ropathic pain genesis. The mice with MOR deficiency
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Fig.6 Effect of intrathecal pre-administration of meclofenamic acid
(MA; 20 pg) on the SNL-induced dorsal horn central sensitization.
The levels of the phosphorylation of ERK1/2 (p-ERK1/2), total
ERK1/2 and GFAP in the ipsilateral lumbar 5 dorsal horn on day 5
post-SNL or sham surgery. Representative Western blots (A) and a
summary of densitometric analysis (B) are shown. n = 3 biological
repeats (6 rats) per group. Two-way ANOVA followed by post hoc

displayed increased responses to mechanical stimula-
tion on the contralateral side in addition to enhanced
SNL-induced mechanical allodynia on the ipsilateral side
[29]. Rescuing downregulation of MOR in injured DRG
attenuated the MOR-mediated neurotransmitter release
from primary afferents as well as nerve trauma-induced
nociceptive hypersensitivity [28, 30, 31]. Similarly,
knockdown of DRG Kv1.2 increased the excitability of
DRG neurons and led to neuropathic pain-like symp-
toms in naive animals [16, 17]. Restoring DRG Kv1.2
downregulation alleviated the nerve trauma-induced
nociceptive hypersensitivities [16, 17]. Our previous
studies demonstrated that downregulation of MOR and
Kv1.2 in injured DRG was determined at least in part by
the nerve trauma-induced increase in DRG FTO, since
genetic knockout or knockdown of FTO in injured DRG
reduced G9a expression and rescued the G9a-controlled
downregulation of MOR and Kv1.2 in injured DRG [10].
The present study further verified that intrathecal MA or
N-CDPCB had similar effects. Thus, the anti-nociceptive
effect of MA or N-CDPCB is likely attributed to the res-
cue of the G9a-controlled MOR and Kv1.2 donwregula-
tion, the decreases in DRG neuronal hyperexcitability
and MOR-mediated neurotransmitter release from pri-
mary afferents, and consequent reduction in dorsal horn
central sensitization. Consistent with this conclusion, our
present study revealed that intrathecal MA attenuated the
SNL-induced increases in phosphorylation of ERK1/2
and GFAP, two markers for neuronal and astrocyte
hyperactivities, respectively, in the ipsilateral L5 dorsal
horn on day 5 post-SNL. It should be noted that intrath-
ecal MA or N-CDPCB partially, but not fully, blocked
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Tukey test, F 41 (1, 8) = 36.63 for p-ERK1, 95.19 for p-ERK2, 0.51
for ERK1, 0.10 for ERK2, and 11.71 for GFAP, **P < 0.01 versus
the corresponding vehicle 1 (Vehl)-treated sham group. F.,imen: (1,
8) = 15.60 for p-ERK1, 46.54 for p-ERK2, 0.51 for ERK1, 0.06 for
ERK2, and 5.99 for GFAP, #P < 0.05, ##P < 0.01 versus the corre-
sponding vehicle 1-treated SNL group

SNL-induced nociceptive hypersensitivities. These par-
tial effects may be related to multiple mechanisms that
participate in nerve trauma-caused downregulation of
MOR and Kv1.2 in injured DRG. In additional to the
role of FTO/GY9a, the increases in DNA methylation of
Oprml and Kcna2 genes and expression of eukaryotic
initiation factor 4 gamma 2 also contributed to nerve
trauma-induced downregulation of MOR and Kv1.2 in
injured DRG [24, 26, 31-33]. Nerve trauma-induced
DRG Kv1.2 downregulation may also be related to nerve
trauma-induced increase of endogenous long noncoding
Kcan?2 antisense RNA in injured DRG [17, 34]. Taken
together, the combined different approaches that target
multiple mechanisms underlying downregulation of DRG
MOR and Kv1.2 likely produce profound effects in neu-
ropathic pain management.

Table 1 Locomotor function

Treatment groups Locomotor function test

Placing Grasping Righting
Sham + vehicle 1 5(0) 5(0) 5(0)
Sham + 20 pg MA 5(0) 5(0) 5(0)
SNL + vehicle 1 5(0) 5(0) 5(0)
SNL + 20 ug MA 5(0) 5(0) 5(0)
Sham + vehicle 2 5(0) 5(0) 50
Sham + 15 ug N-CDPCB 5(0) 5(0) 5(0)
SNL + vehicle 2 5(0) 5(0) 5(0)
SNL + 15 ug N-CDPCB 5(0) 5(0) 5(0)

MA = meclofenamic acid

n = 6 rats per group. 5 trials. Mean (SEM)
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Fig.7 Effect of intrathecal pre-administration of MA or N-CDPCB
on the SNL-induced upregulation of G9a and downregulation of
MOR and Kv1.2 in injured DRG. L: long isoform. S: short isoform.
(A) The levels of FTO, G9a’s two protein isoforms, MOR and Kv 1.2
proteins in the ipsilateral lumbar 5 DRG on day 5 post-surgery in rats
with intrathecal injection with 20 pg MA or vehicle 1 (0.01 M PBS)
starting 30 min before surgery and once daily for 5 days after surgery.
n = 6 rats per group. Two-way ANOVA followed by post hoc Tukey
test, g1 (1, 8) = 166.9 for FTO, 13.40 for G9a-L, 22.86 for G9a-S,
20.75 for MOR, and 40.65 for Kv 1.2, **P < 0.01 versus the corre-
sponding vehicle 1-treated sham rats, Fymen (1, 8) = 0.08 for FTO,
7.04 for G9a-L, 12.86 for G9a-S, 6.26 for MOR, and 17.72 for Kv

Conclusions

The present study demonstrated the anti-nociceptive effect of
intrathecal FTO inhibitors MA and N-CDPCB on both develop-
ment and maintenance of neuropathic pain. The study dosage
used did not alter acute/basal pain and locomotor function. Given
that MA is an FDA-approved nonsteroidal anti-inflammatory
drug [14, 15], our findings suggest that MA may have potential
application for neuropathic pain treatment in a clinical setting.

G9a-L G9a-S MOR Kv1.2

1.2, #P < 0.05, ##P < 0.01 versus the corresponding vehicle 1-treated
SNL rats. (B) The levels of G9a’s two protein isoforms, MOR and
Kv 1.2 proteins in the ipsilateral lumbar 5 DRG on day 5 post-sur-
gery in rats with intrathecal injection with 15 pg N-CDPCB or vehi-
cle 2 (10% DMSO) starting 30 min before surgery and once daily for
5 days after surgery. n = 6 rats per group. Two-way ANOVA followed
by post hoc Tukey test. F 4 (1, 8) = 18.58 for Ga9-L, 24.47 for
G9a-S, 16.91 for MOR, and 90.98 for Kv 1.2. **P < 0.01 versus the
vehicle 2-treated sham rats. F . ,men (1, 8) = 24.73 for G9a-L, 13.23
for G9a-S, 41.24 for MOR, and 32.95 for Kv 1.2, ##P < 0.01 versus
the vehicle 2-treated SNL rats
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