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Abstract
At present, chronic post-surgical pain (CPSP) is difficult to prevent and cure clinically because of our lack of understanding of its
mechanisms. Surgical injury induces the upregulation of voltage-gated sodium channel Nav1.7 in dorsal root ganglion (DRG)
neurons, suggesting that Nav1.7 is involved in the development of CPSP. However, the mechanism leading to persistent
dysregulation of Nav1.7 is largely unknown. Given that nerve growth factor (NGF) induces a long-term increase in the neuronal
hyperexcitability after injury, we hypothesized that NGF might cause the long-term dysregulation of Nav1.7. In this study, we
aimed to investigate whether Nav1.7 regulation by NGF is involved in CPSP and thus contributes to the specific mechanisms
involved in the development of CPSP. Using conditional nociceptor-specific Nav1.7 knockout mice, we confirmed the involve-
ment of Nav1.7 in NGF-induced pain and identified its role in the maintenance of pain behavior during long-term observations
(up to 14 days). Using western blot analyses and immunostaining, we showed that NGF could trigger the upregulation of Nav1.7
expression and thus support the development of CPSP in rats. Using pharmacological approaches, we showed that the increase of
Nav1.7 might be partly regulated by an NGF/TrkA-SGK1-Nedd4-2-mediated pathway. Furthermore, reversing the upregulation
of Nav1.7 in DRG could alleviate spinal sensitization. Our results suggest that the maintained upregulation of Nav1.7 triggered
by NGF contributes to the development of CPSP. Attenuating the dysregulation of Nav1.7 in peripheral nociceptors may be a
strategy to prevent the transition from acute post-surgical pain to CPSP.
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Introduction

Currently, chronic post-surgical pain (CPSP) is still hard to
prevent and cure in clinic and has a strong effect on the quality
of life of patients [1, 2]. According to epidemiology, there are
many risk factors associated with the incidence and severity of
CPSP, including preoperative, intraoperative, and postopera-
tive factors [2]. Since the mechanisms for pain chronification
after surgery are complicated, the pathogenesis underlying the
transition of acute post-surgical pain to CPSP is not entirely

clear to date. However, it is generally believed that peripheral
sensitization caused by surgical injury is the primary factor
affecting the transition process [2]. Consistently, some studies
revealed that the severity of acute postoperative pain was a
strong risk factor for the development of CPSP [3, 4].

Peripheral sensitization is primarily related to the changes
in proinflammatory molecules and ion channels. In particular,
the voltage-gated sodium channels (Navs) play a key role in
the sensitization of nociceptors, as they regulate the rising
phase of the action potential and resting membrane potential
of nociceptors [5]. Among the sodium channels, Nav1.7 is the
most abundant one in primary nociceptors, and enhanced ex-
pression of Nav1.7 has been demonstrated to result in chronic
neuronal hyperexcitability [6]. Several studies suggested the
involvement of Nav1.7 in many different chronic pain syn-
dromes [7–9]. Our research group has previously shown that
genetic polymorphisms in SCN9A, which encodes Nav1.7,
could influence postoperative pain sensitivity in patients
[10]. In addition, our recent study has demonstrated that the
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upregulation of Nav1.7 contributes to the development of
acute post-surgical pain [11]. Furthermore, a current study
demonstrated that increased Nav1.7 played a central role in
CPSP [12]. However, the mechanism underlying the dysreg-
ulation of Nav1.7 after surgery remains unclear.

After tissue or nerve injury, the “inflammatory soup”,
which includes several factors secreted by nociceptive neu-
rons and recruited by non-neural cells, affects the chemical
environment surrounding nociceptive neurons [13]. These
mediators can lead to rapid or long-term post-translational
modification (PTM) of the expression and function of ion
channels in nociceptive neurons, consequently leading to no-
ciceptor hyperexcitability. The long-term changes may be par-
tially explained by the phenomenon that pronociceptive mol-
ecules, such as nerve growth factor (NGF), persist around the
site of injury [14, 15]. NGF has been previously demonstrated
to induce marked long-term changes in the excitability of neu-
rons [16] and has been considered one of the critical factors in
the initiation of peripheral sensitization and subsequent per-
sistent pain [17, 18]. In addition, accumulating studies, includ-
ing our previous studies, have demonstrated the upregulation
of NGF in surgical pain models [12, 19–22].

Moreover, NGF has been shown to upregulate the expres-
sions and currents of Navs and prolong the period of increased
sensitivity after binding to tropomyosin receptor kinase A [16,
23–27]. A very recent study from Atmaramani et al. showed
that the treatment of NGF and IL-6 could increase the excit-
ability of adult DRG neurons, which was attenuated by Nav1.7
and Nav1.8 antagonist [28]. But, in contrast to several prior
reports, their results showed that the increase in excitability
induced by NGF and IL-6 unlikely related to the increase of
the expression of Nav1.7 and Nav1.8 [28]. Therefore, the exact
effect of NGF on Nav1.7 and the potential mechanism by
which NGF regulates Navs urgently need to be investigated.
PTM is a well-described process that modifies the expression
and function of Navs [29]. NGF can trigger the PTMs of Navs,
resulting in long-term increased hyperexcitability in
nociceptors [30]. Ubiquitylation is an important PTM that neg-
atively affects the function and expression of Navs [31].
Neuronal precursor cell-expressed developmentally downreg-
ulated 4-2 (Nedd4-2), a member of the E3 ubiquitin ligase,
increases the rate of internalization and degradation of Navs.
Previous in vitro experiments have demonstrated that Nedd4-2
negatively regulates Navs [32, 33]. In addition, the expression
of Nav1.7 in the sciatic nerve and the expression of Nav1.8 in
the DRG in Nedd4-2 knockout mice were increased, suggest-
ing that Nedd4-2 is essential for the downregulation of Navs
protein expression [34]. Importantly, NGF is known to induce
the phosphorylation of Nedd4-2, resulting in decreased
ubiquitylating efficiency [35].

The central nervous system is another important neurobio-
logical basis for the transition of chronic postoperative pain,
and the changes within the central nervous system contribute

to the maintenance of chronic pain [36]. The hyperexcitability
of primary nociceptors after surgery may result in increased
release of excitatory transmitters and enhance the synaptic
connections within the spinal dorsal horn, ultimately leading
to a state of central sensitization and chronic pain. Alleviating
the peripheral sensitization may prevent the initiation and
maintenance of central sensitization and CPSP. While periph-
eral sensitization has been shown to be associated with
Nav1.7, whether Nav1.7 contributes to the development of
central sensitization remains unstudied. The present study
aimed to test the hypothesis that sustained increased NGF
after surgery may induce dysregulation of Nav1.7, and
preventing the dysregulated Nav1.7 in primary nociceptors
may alleviate central sensitization and prevent the transition
to CPSP.

Methods

Animals

Animals were housed and kept in controlled conditions (tem-
perature: 22–24 °C; humidity: 50–60%; light: 12-h light/dark
cycle) in the animal center of Tongji Hospital. All animals
were group-housed in cages (2–5 per cage) with standard ro-
dent chow and water ad libitum. Nav1.7 conditional knock-
out (cKO) mice, which were presented by Professor Stephen
G. Waxman (Yale University School of Medicine, USA),
were generated as described previously [27] and were bred
at our facility in Wuhan. PCR genotyping was performed as
described previously [37]. Adult male Nav1.7 cKO mice, and
wild-type littermate mice were used for the NGF intraplantar
injection experiments. The skin/muscle incision and retraction
(SMIR) model was established using adult male Sprague
Dawley rats (weight: 250–300 g). All experiments were per-
formed in a blinded manner.

Behavioral Testing

Three days before the behavioral test, all animals were indi-
vidually placed in plastic chambers, which were elevated by a
wire mesh or glass floor, for 30 min daily to habituate to the
testing environment. Before each test, animals were allowed
to habituate for 30 min. For rats, mechanical sensitivity was
assessed by an electronic von Frey filament (Model 38450;
Ugo Basile, Gemonio, Italy), as described previously [22].
The average was calculated from three tests. For mice, me-
chanical sensitivity was assessed using the up-down method
with grade-strength von Frey monofilaments (0.008, 0.02,
0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 1.4, and 2.0 g), as previously
described [38]. The paw withdrawal threshold (PWT) was
measured by applying the filaments to the mid-plantar surface
of the ipsilateral hind paw vertically. Rapid withdrawal,
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shaking, or licking of the paw was regarded as a positive
response. All stimuli applications were performed in a calm
state, not during grooming or sleeping. The baseline mechan-
ical sensitivity was calculated from the average of the three
baseline measurements that were conducted on separate days
before the procedure. Behavioral tests were performed be-
tween 8:00 and 12:00.

NGF Administration

NGF (Sigma) was dissolved in sterile saline to a concentration
of 0.15 μg/μl. After anesthetizing with 2% isoflurane through
a nose cone, wild-type and Nav1.7 cKO mice were adminis-
tered 20 μl NGF in hind paws using a microsyringe, while
controls were administered 20 μl of saline. Mechanical sensi-
tivity tests were performed at 4 h and on days 1, 3, 5, 7, 10,
and 14 after NGF administration depending on acute or chron-
ic studies [39].

Establishment of Skin/Muscle Incision and Retraction
(SMIR) Model

SMIR was performed as described previously [40]. General
anesthesia was predominantly used to alleviate pain during the
experiments. Briefly, after anesthesia with pentobarbital sodi-
um intraperitoneally at a dose of 50 mg/kg, the medial region
of the right thigh was shaved, and the animals were laid on the
back. After sterilizing with sterile alcohol, a 1.5–2-cm incision
about 4 mm medial to the saphenous vein was made on the
skin to reveal the muscle of the thigh, and a 7–10-mm incision
was then made on the superficial muscle layer. The superficial
muscle was subsequently parted by spreading blunt scissors to
insert a microdissection retractor (NO. R22009–02, RWD
Life Science Inc.). The incision of the thigh was retracted by
2 cm to reveal the fascia underlying adductor muscles, and the
process of retraction was maintained for 1 h. The surgical area
was covered with sterile gauze to prevent dehydration of the
surgical site. After retraction, the skin and muscle were closed
respectively. Sham-operated rats underwent the same proce-
dure, except for retraction. Mechanical sensitivity tests were
performed on days 1, 3, 5, 7, 10, 14, and 21 after surgery.

Intrathecal Catheter Implantation

On a preoperative day, a polyethylene-10 (PE-10) intrathecal
catheter was implanted to the subarachnoid space as described
previously [41]. Briefly, after anesthesia with pentobarbital
sodium intraperitoneally at a dose of 50 mg/kg, an incision
about 2 cm was made in the center of the backside, and
laminectomy was then performed at the L5 vertebra of ani-
mals. After the intravertebral space between L4 and L5 was
exposed, the spinal dura mater was punctured by a blunt nee-
dle, and the catheter was then implanted into the subarachnoid

space to reach the lumbar enlargement level. The catheter was
fixed by medical silk, and the incision was closed layer by
layer. Rats were housed individually after surgery, and the
location of the catheter was determined by intrathecal injec-
tion of lidocaine (10 μl, 2%). The rats with transient hind paw
paralysis after lidocaine injection were used for further exper-
iments, while the rats that failed to show any paralysis or
showed any signs of nerve damage were excluded from the
experiments. There were at least 5 days for rats to recover
before further experiments.

Drug Administration

GW441756 (Selleck Chemicals, Houston, TX, USA), a vali-
dated and specific tropomyosin receptor kinase A (TrkA) in-
hibitor (IC50 = 2 nM), displays a higher selectivity on TrkA
than other inhibitors do. GW441756 was dissolved in dimethyl
sulfoxide (DMSO) and diluted with normal saline. The highly
selective serum and glucocorticoid-inducible kinase (SGK)1
inhibitor EMD638683 (IC50 = 3 μM) (MedChem Express,
Monmouth Junction, NJ, USA) was dissolved in DMSO and
diluted with normal saline. The specificity and selectivity of
EMD638683 have been demonstrated previously [42]. For
acute treatment, a single dose of GW441756 (10 μl, 1 μM/
10 μM/100 μM) or EMD638683 (10 μl, 50 μM) was admin-
istered on day 10 after the establishment of the surgical pain
model through the intrathecal catheter with a microsyringe.
Behavioral tests were conducted before administration and 1,
2, 4, and 6 h after administration. For chronic treatment,
GW441756 (10 μl, 1 μM/10 μM/100 μM)) or EMD638683
(10 μl, 50 μM) was administered once daily from day 10 to
day 14. The dose of drugs was chosen according to our pre-
liminary results and the findings in previous studies [43–45].
Mechanical sensitivity tests were performed before administra-
tion and from day 10 to day 14 after administration.

Western Blotting

Animals were sacrificed by cervical dislocation after being
anesthetized with pentobarbital sodium (60 mg/kg, i.p.), and
tissue samples were collected during daytime hours for further
analyses. Following decapitation, the spinal column was
opened to expose the lumbar spinal cord. The L3–L5 seg-
ments of the DRG and lumbar enlargement of the spinal cord
were collected rapidly. The collected samples were homoge-
nized in radioimmunoprecipitation assay lysis buffer. The ho-
mogenates were centrifuged at 12,000×g for 15 min at 4 °C,
and the supernatants were then collected. Protein concentra-
tions were determined by Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific). The supernatants were boiled at
100 °C in loading sample buffer for 5 min. Equal amounts of
proteins (30–60 μg) were electrophoresed on 8–12% SDS/
PAGE gel and then transferred onto polyvinylidene fluoride
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membranes (EMD Millipore, Billerica, MA, USA). After
blocking with 5% (w/v) defatted milk in tris-buffered saline
with 0.1% Tween 20 (TBST; 2 mmol/L Tris–HCl, 50 mmol/L
NaCl, pH 7.4) for 2 h at room temperature, the membranes
were incubated overnight at 4 °C with specific primary anti-
bodies for NGF (1:1000; ab52918; Abcam), TrkA (1:200,
BA0404; Boster), Nav1.7 (1:500; ASC-008; Alomone),
SGK1 (1:500; BM4452; Boster), Nedd4-2 (1:1000; 4013S;
CST), phospho-Nedd4-2(ser342) (1:1000; 12146S; CST), β-
Tubulin (1:2000; AC021; ABclonal), brain-derived neuro-
trophic factor (BDNF; 1:500; DF6387; affinity), vesicular glu-
tamate transporter 2 (VGLUT2; 1:2000; A15177; ABclonal),
chemokine ligand 21 (CCL21; 1:1000; DF6681; Affinity),
or β-actin (1:2000; BM0627; Boster). After washing with
TBST three times, membranes were incubated with HRP-
conjugated goat anti-rabbit (1:5000; AS1107; Aspen) or
goat anti-mouse secondary antibody (1:5000; AS1106;
Aspen) for 2 h at room temperature. After further washing
with TBST three times, the blots were visualized using the
SuperLumia ECL Plus HRP Substrate Kit (K22030;
Abbkine). The protein bands were quantified based on the
gray values using an image analysis system (Bio-Rad,
ChemiDoc XRS+, USA), and the gray values were normal-
ized to those of β-actin or β-tubulin.

Immunohistochemistry

Rats were deeply anesthetized with pentobarbital sodium
(60 mg/kg, i.p.) during daytime hours and subsequently per-
fused transcardially with 0.1-M PBS, followed by 4% ice-cold
paraformaldehyde in PBS. The L3–L5 segments of DRGs and
spinal cords were collected and post-fixed in 4% paraformal-
dehyde overnight and were cryoprotected overnight in 0.1-M
PBS containing 30% sucrose. The embedded DRGs and spinal
cords were respectively cut at 14-μm and 20-μm thickness
u s i ng a c r yo s t a t (CM1900 , Le i c a , Ge rmany ) .
Immunohistochemistry was performed as described previously
[46]. Briefly, the sections were penetrated with 0.3% Triton X-
100 for 15 min and blocked with 10% sheep serum (AR0009;
Boster) for 1 h at room temperature. The sections were then
incubated with primary antibodies overnight at 4 °C. Primary
antibodies included rabbit anti-TrkA antibody (1:100;
BA0404; Boster), rabbit anti-SGK1 antibody (1:100;
BM4452; Boster), rabbit anti-phosphor-Nedd4-2 (1:200;
12146S; CST), rabbit anti-Nav1.7 (1:200; ASC-008;
Alomone), mouse anti-CGRP antibody (1:250; ab81887;
Abcam), rabbit anti-BDNF antibody (1:200; DF6387;
Affinity), or rabbit anti-VGLUT2 antibody (1:200; A15177;
ABclonal). After washing three times in PBS, the sections were
incubated with Alexa Fluor 594-conjugated goat anti-rabbit
secondary antibody (1:200; A23220; Abbkine) or Alexa
Fluor 488-conjugated goat anti-mouse secondary antibody
(1:200; A23420; Abbkine) for 2 h at room temperature.

Images were captured using a fluorescence microscope
(DM2500, Leica, Germany).

Statistical Analyses

GraphPad Prism 5.01 software (GraphPad Software, Inc., La
Jolla, CA, USA, RRID:SCR-002798) was used for statistical
analyses. Data are expressed as mean ± standard deviation
(SD). Analyses of behavioral tests were performed using a
two-way analysis of variance (ANOVA) with repeated mea-
sures, followed by the Bonferroni post hoc test. The expres-
sion values of proteins were analyzed using Student’s un-
paired t test or one-way ANOVA followed by Bonferroni post
hoc test. A p value of < 0.05 was considered statistically
significant.

Results

Nav1.7 Was Required for NGF-Induced Long-Term
Pain Behaviors, and NGF Upregulated the Expression
of Nav1.7

Nav1.7 cKO mice were generated by crossing the floxed
(SCN9A) Nav1.7 mice with the mice in which Cre expression
was driven by the Nav1.8 promotor. These mice have been
demonstrated to show tissue-specific ablation of Nav1.7 in
nociceptive neurons expressing Nav1.8 [27, 37]. We used
western blotting to examine the expression of Nav1.7 in the
DRG of Nav1.7 cKOmice to confirm the efficacy of deletion.
As shown in Fig. 1a, the expression level of Nav1.7 was lower
in Nav1.7 cKO mice than in wild-type mice. To test whether
Nav1.7 is involved in NGF-induced pain behaviors, we tested
the mechanical sensitivity in Nav1.7 cKO mice and wild-type
mice after NGF injection. As shown in Fig. 1b, no significant
differences were found at baseline among the three groups.
Nav1.7 cKO mice displayed hypersensitivity to mechanical
stimuli at the early stage after NGF injection; however, at
the late stage, Nav1.7 cKO mice displayed a recovery in me-
chanical hypersensitivity and did not develop long-lasting hy-
persensitivity after NGF injection. In addition, the expression
of Nav1.7 was increased in the DRG in wild-type mice after
intraplantar NGF injection (Fig. 1c). The experimental time-
line was shown in Fig. 1d. These findings suggested that
Nav1.7 expressed in Nav1.8-positive neurons in the DRG
was required for the development of NGF-induced long-term
pain behaviors, and NGF was able to upregulate the expres-
sion of Nav1.7 as upstream signaling.

Pain-Related Behavior in Rats Following SMIR Surgery

In this study, we used the SMIR rat model, a well-described
CPSP rat model, which is a reliable tool for studying CPSP.
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The PWTs were assessed at baseline and on days 3, 5, 7, 10,
14, and 21 after surgery to observe the development of me-
chanical hyperalgesia. As shown in Fig. 2a, baseline mechan-
ical sensitivity was similar in the SMIR and sham groups. The
mechanical withdrawal threshold significantly decreased from
5 days after surgery in the SMIR group, while no significant
changes were observed in the sham group. The findings sug-
gest that SMIR surgery evoked a persistent mechanical
hypersensitivity.

Dynamic Expression of NGF and Nav1.7 in the DRG
After SMIR Surgery

To further explore the correlation between NGF andNav1.7 in
CPSP, we examined their expression patterns in SMIR rats.
Using western blotting, we examined the expression of NGF
in the skin around the incision and the DRG. The results
showed that the expression of NGF in the skin increased in

the early stage and then declined (Fig. 2b), and the protein
level of NGF in the DRG persistently increased until day 21
(Fig. 2c). In addition, we found that the expression of Nav1.7
in DRG increased from day 7 until day 21 in the DRG in
SMIR rats (Fig. 2d). The changes in NGF expression preceded
the increase in Nav1.7 expression. Therefore, we speculate
that the increase in Nav1.7 after SMIR surgery may be related
to the upregulation of NGF.

P-Nedd4-2 Was Overexpressed in the DRG in SMIR
Rats

It has been demonstrated that ubiquitin ligases regulate the
internalization and degradation of Navs in the sensory nervous
system [29]. Therefore, we examined the expression of Nedd4-
2 in SMIR rats, which plays a key role in downregulating the
expression of Navs. We found that the expression of Nedd4-2
in the DRG decreased after SMIR surgery (Fig. 2e). In contrast,

Fig. 1 Nav1.7 is required for NGF-induced long-term pain behavior. a
Deletion of Nav1.7 in the DRG was verified by western blotting. The
expression of Nav1.7 in the DRG significantly decreased in Nav1.7 cKO
mice compared with WT mice. *p < 0.05 vs WT mice; n = 3 mice per
group. b Intraplantar NGF-induced long-term mechanical hypersensitiv-
ity in WT mice. In contrast, the mechanical hypersensitivity in Nav1.7
cKO mice was significantly recovered in the later stage. ***p < 0.001 vs
the WT+NS group; #p < 0.05, ##p < 0.01 vs the WT+NGF group; n =
4–6 mice per group. cWestern blotting analyses showed that intraplantar

NGF administration upregulated the expression of Nav1.7 in the DRG in
WT mice. ***p < 0.001 vs the WT +NS group; n = 4–6 mice per group.
Each value was presented as mean ± SD. d Timeline for the experiments.
Behavioral tests were performed 3 days before experiments. Wild-type
and Nav1.7 cKO mice were administered NGF intraplantarly, while con-
trol mice were administered normal saline. Mechanical sensitivity tests
were performed at 4 h and on days 1, 3, 5, 7, 10, and 14 after NGF or
normal saline administration. WT: wild-type; NS: normal saline
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the protein levels of p-Nedd4-2 significantly increased in the
DRG in SMIR rats compared with sham-operated rats (Fig. 2f).
The phosphorylated modification influences the efficiency of
Nedd4-2. It suggested that the increase of Nav1.7 might be
related to the phosphorylatedmodification of Nedd4-2. A study
by Arevalo et al. showed that NGF could trigger the phosphor-
ylation of Nedd4–2 [35]. However, the underlying mechanism
remained unclear. To explore the underlying mechanism/
signal pathway, we examined the expression of SGK1 kinase,
which can phosphorylate Nedd4–2 in a PY motif-dependent
manner. We found that SGK1 obviously increased in the
DRG in SMIR rats (Fig. 2h). Based on the findings in previous
studies and our results, we speculate that increased NGF in
SMIR rats may trigger the phosphorylation of Nedd4-2 by
activating SGK1. The experimental timeline was shown in
Fig. 2i.

Analgesic Effects of GW441756 and EMD638683 in
SMIR Rats

To determine whether upregulated Nav1.7 is modulated by
the NGF-SGK1-Nedd4-2-mediated pathway, we intrathecally
administrated inhibitors of TrkA and SGK1 in SMIR rats.
GW441756 and EMD638683 are specific TrkA and SGK1
inhibitors, respectively. The rats were administrated intrathe-
cally a single dose of GW441756 (10 μl, 1 μM/10 μM/
100 μM) or EMD638683 (10 μl, 50 μM) on day 10 after
surgery to determine whether GW441756 and EMD638683
could alleviate pain in the advanced phase of SMIR.
Behavioral tests were conducted before and at 1, 2, 4, and
6 h after drug administration. As shown in Fig. 3a, intrathecal
administration of low-dose TrkA inhibitor (10 μl, 1 μM
GW441756) had no significant effects on PWTs. On the other
hand, intrathecal administration of 10 μl of 10 μM or 100 μM
GW441756 markedly reduced mechanical hyperalgesia dose-
dependently. The upregulation of PWTs peaked at 1 h and

lasted for 6 h. As shown in Fig. 3d, intrathecal injection of
10 μl of 50 μM EMD638683 had a significant effect on
PWTs. The upregulation of PWTs began at 1 h, peaked at
2 h, and lasted for 6 h.

To address whether repetitive treatment with GW441756
or EMD638683 has cumulative analgesic effects, we admin-
istered GW441756 or EMD638683 once daily from day 10 to
day 14. Behavioral tests were performed before drug admin-
istration and at 1 h after GW441756 administration (10 μl,
1 μM/10 μM/100 μM) or 2 h after EMD638683 administra-
tion (10 μl, 50 μM) from day 10 to day 14. As shown in Fig.
3b, c, e, and f, repeated injection of GW441756 (10 μl,
100 μM) and EMD638683 (10 μl, 50 μM)markedly reversed
the mechanical allodynia in SMIR rats without tolerance.
These results show that consecutive treatments with
GW441756 (10 μl, 100 μM) and EMD638683 (10 μl,
50 μM) have cumulative analgesic effects in rats with chronic
surgical pain. The experimental timeline was shown in Fig. 3g
and h.

GW441756 and EMD638683 Suppressed the Increase
of Nav1.7 in SMIR Rats

To investigate whether the increase of Nav1.7 after SMIR
surgery was induced by NGF/TrkA pathway, we used western
blotting and immunohistochemistry to test the expression of
Nav1.7 after TrkA inhibitor administration. We found that
increased expressions of Nav1.7 could be reversed by re-
peated treatment with the TrkA inhibitor GW441756
(10 μl, 100 μM) (Fig. 4d and e). In addition, the expres-
sions of SGK1 and p-Nedd4-2 were also decreased.
Moreover, increased expression of p-Nedd4-2 was also
inhibited by repeated treatment with the SGK1 inhibitor
EMD638683 (10 μl, 50 μM) (Fig. 5b and d). Altogether,
these findings suggest that the NGF/TrkA-SGK1 pathway
in the DRG may be involved in the development of SMIR
pain.

Nav1.7 Was Required in NGF-Induced Central
Sensitization

Increased outputs from primary afferent neurons increase the
excitability of secondary neurons and enhance the release of
the central mediators. The activation of glutamatergic synaptic
transmission, glial signaling, and neuronal plasticity in the
spinal cord play critical roles in the initiation and maintenance
of central sensitization and chronic pain [47–50]. Notably,
VGLUT2, BDNF, and CCL21 play key roles in the activation
of glutamatergic synaptic activity, neuronal plasticity, and gli-
al signaling in the spinal cord [49, 51, 52]. Therefore, we
examined the level of central sensitization-related mediators
in the spinal cord in Nav1.7 cKO mice after intraplantar NGF
injection to investigate the role of Nav1.7 in spinal

�Fig. 2 NGF negatively regulates ubiquitination of Nav1.7 in rats with
SMIR-induced post-surgical pain. a The time course of the mechanical
paw withdrawal threshold in sham and SMIR rats. ***p < 0.001 vs the
sham group; n = 7 rats per group. b The time course of NGF expressions
in the skin in SMIR rats (normalized by β-actin). c The time course of
NGF expressions in the DRG in SMIR rats (normalized by tubulin). d
The expressions of Nav1.7 in the DRG were upregulated from day 7 to
day 21 after surgery in SMIR rats (normalized by tubulin). e Nedd4-2 in
the DRG significantly decreased in the later stage in the SMIR model
(normalized by Tubulin). f P-Nedd4-2 increased in the DRG in SMIR rats
(normalized by tubulin). g The expression of TrkA in the DRG increased
in SMIR rats during the observation period (normalized by tubulin). h
The expression of SGK1 in the DRG was upregulated from day 7 to day
21 after surgery in SMIR rats. *p < 0.05, **p < 0.01, ***p < 0.001 vs the
sham group, n = 4–6 rats per group. Each value is presented as mean ±
SD. i Timeline for the experiments. Rats underwent SMIR surgery or a
sham-operated procedure. Behavioral tests were performed on days 1, 3,
5, 7, 10, 14, and 21 after the surgery
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sensitization. As shown in Fig. 6, the expressions of
VGLUT2, BDNF, and CCL21 increased in the wild-type +
NGF group compared to the wild-type + normal saline
(NS) group. However, the increased expressions were sig-
nificantly attenuated in the Nav1.7 cKO group compared
with the wild-type + NGF group. It is well-known that the
increased peripheral input induced by hyperexcitability
nociceptors leads to central sensitization in the spinal cord
[53]. Importantly, the increase in sodium channels and in-
creased conductance can cause neuronal hyperexcitability
[54]. Therefore, these results suggest that Nav1.7 is in-
volved in NGF-induced central sensitization.

Upregulation of Nav1.7 Induced by NGF Contributed
to Central Sensitization in the Spinal Cord in SMIR
Rats

To further determine the role of Nav1.7 in surgery-induced
central sensitization, we examined the expressions of central
sensitization mediators in the spinal cord in SMIR rats. As
shown in Fig. 7, the expressions of VGLUT2, BDNF, and
CCL21 increased in the spinal cord in SMIR rats. Then, the
inhibitors of TrkA or SGK1 were intrathecally administered.
Western blot analyses showed that the upregulated expres-
sions of VGLUT2, BDNF, and CCL21 were reduced by re-
peated treatment with GW441756 (10 μl, 100μM) (Fig. 8a–c)

and EMD638683 (10 μl, 50 μM) (Fig. 9a–c). Similarly, im-
munofluorescence showed that the immunoactivity of CGRP,
VGLUT2, and BDNF was suppressed by repeated
GW441756 (10 μl, 100 μM) (Fig. 8d) or EMD638683
(10 μl, 50 μM) (Fig. 9d). Therefore, the inhibition of the
NGF/TrkA-SGK1 pathway could suppress central sensitiza-
tion in the spinal cord in SMIR rats. Taken together, these
results suggest that increased Nav1.7 induced by NGF con-
tributes to surgery-related central sensitization, and downreg-
ulation of Nav1.7 could alleviate central sensitization.

Discussion

The principal findings in this study were as follows: (1)
Nav1.7 was involved in NGF-induced long-term pain, and
the expression of Nav1.7 was increased after NGF applica-
tion; (2) the increased expression of Nav1.7 in SMIR rats was
suppressed by repetitive TrkA and SGK1 inhibitor treatment;
(3) conditional deletion or pharmacological inhibition of
Nav1.7 alleviated the development of spinal sensitization.
Taken together, we speculate that the upregulation of
Nav1.7 in SMIR rats may be attributed to the persistence of
NGF in the DRG, which triggers SGK1-dependent phosphor-
ylation of Nedd4-2. Therefore, attenuating the upregulation of
Nav1.7 may prevent the development of central sensitization
and the transition of CPSP.

Both NGF and Nav1.7 play crucial roles in the peripheral
sensitization, as well as long-term generation andmaintenance
of chronic pain [6, 55]. To date, the association between NGF
and Nav1.7 remains unclear. Nassar et al. found a reduction in
acute thermal hypersensitivity within 8 h after intraplantar
injection of 500 ng NGF in Nav1.7 cKO mice but did not
investigate long-term changes [27]. We found that Nav1.7
cKO mice displayed reduced hypersensitivity at the late stage
after NGF administration and did not develop long-lasting
mechanical hypersensitivity, suggesting that Nav1.7 is re-
quired for NGF-induced chronic pain. There are three pos-
sible reasons for the mechanical hypersensitivity in Nav1.7
cKO mice at the early stage after NGF injection. First, the
initiation of hyperalgesia may be induced by NGF in
Nav1.8-negative DRG neurons, which remain intact within
Nav1.7 cKO mice. Second, at the early stage, NGF-induced
pain is mainly evoked by the activation of transient receptor
potential vanilloid familymember (TRPV) 4 or TRPV1 after
binding to TrkA, suggesting that Nav1.7 is associated with
thesemechanosensitive channels in theDRG [56, 57]. Third,
Nav1.7may play a downstream role inmechanotransduction
through the mechanically activated currents in sensory neu-
rons [58]. In addition, after NGF injection, we found that the
expression of Nav1.7 in the DRG was significantly in-
creased. These findings suggest that NGF may be an

�Fig. 3 Analgesic effects of intrathecal (i.t.) administration of TrkA
inhibitor or SGK1 inhibitor in SMIR rats. a A single dose of TrkA
inhibitor (10 μl, 1 μM/10 μM/100 μM) was intrathecally administered
on day 10 after SMIR surgery. Behavioral tests were performed at 1, 2, 4,
and 6 h after drug administration. b–c For chronic treatment, the TrkA
inhibitor (10 μl, 1 μM/10 μM/100 μM) was administrated from day 10 to
day 14. Behavioral tests were conducted at 1 h before daily treatment and
1 h after daily treatment. d A single dose of SGK1 inhibitor (10 μl,
50 μM) was intrathecally administered on day 10 after SMIR surgery.
Behavioral tests were performed at 1, 2, 4, and 6 h after drug
administration. e–f SGK1 inhibitor was administered for 5 days (from
days 10 to 14). Behavioral tests were conducted at 1 h before daily drug
injection and 2 h after daily treatment. **p < 0.01, ***p < 0.001 vs the
sham group; #p < 0.05, # #p < 0.01, ###p < 0.001 vs the SMIR + vehicle
group; $$p < 0.01, $$$p < 0.001 vs the SMIR +10 μM TrkA inhibitor
group; n = 6 rats per group. Each value was presented as mean ± SD. g
Eight days before experiments, intrathecal catheters were implanted into
the subarachnoid space of rats. The location of the catheter was
determined by intrathecal injection of lidocaine. TrkA inhibitor was
administered on day 10 through the intrathecal catheter. Behavioral
tests were conducted before administration and at 1, 2, 4, and 6 h after
administration. TrkA inhibitor was administered once daily from day 10
to day 14. Mechanical sensitivity tests were performed before
administration and from day 10 to day 14 after administration. h
Intrathecal catheters were implanted into the subarachnoid space of rats
8 days before experiments. SGK1 inhibitor was administered on day 10
through the intrathecal catheter. Behavioral tests were conducted before
administration and at 1, 2, 4, and 6 h after administration. SGK1 inhibitor
was administered once daily from day 10 to day 14. Behavioral tests were
performed before administration and from day 10 to day 14 after
administration
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upstream regulator of Nav1.7 and upregulate Nav1.7
expressions.

After confirming the association between NGF and
Nav1.7, we used the SMIR model, which is a CPSP rat
model created by Flatters et al. in 2008, to investigate the
underlying mechanism. Our results showed the expression
of NGF increased in the skin at the early stage of SMIR,
while it sustainably increased in the DRG. This finding
suggests that NGF around nociceptors might be more crit-
ical for the development of CPSP. In addition, our results
showed that the upregulation of NGF preceded expression
changes of Nav1.7. Furthermore, intrathecal administra-
tion of the inhibitors of TrkA attenuated the upregulation
of Nav1.7 in SMIR rats. Based on our results and the
findings in previous reports, we speculate that the in-
creased NGF in the DRG might upregulate Nav1.7 in
SMIR rats.

As one of the important neurotrophic factors, NGF is
known to be involved in a wide range of biological processes
related to viability, plasticity, neuronal growth, and neuronal
protection [59, 60]. For examples, Su et al. demonstrated that
NGF played a protective role in Aβ25–35-induced injury

through the Nrf2/HO-1 pathway [61]. In addition, a recent
study from Dai et al. showed that the inhibitory effect of
curcumin on oxidative stress was attributed to the activation
of NGF/Akt and Nrf2/HO-1 pathways [62]. Although many
studies have demonstrated the neuroprotective effect of NGF
in several biological processes [63, 64], accumulating re-
searches have indicated many negative neurological effects
of NGF, such as inflammation, hyperexcitability, oxidative
stress, and neurodegeneration [65–67]. The effect of oxidative
stress induced by oxidants on Navs has been verified [68, 69].
A recent study from Friederike et al. showed that oxidation
enhanced the function of Nav1.7 and Nav1.8 [70]. The rele-
vance of neuroprotection and neurotoxicity of molecules may
be associated with the principles of hormesis [71, 72]. A va-
riety of endogenous cellular activities and biochemical signal-
ing were regulated by hormetic does responses [73, 74].
Preconditioning signal leading to cellular protection through
hormesis is an important redox-dependent aging-associated
neurodegenerative/ neuroprotective issue. Therefore, it may
be that the one of possible mechanisms underlying the effect
of NGF on the modification of Nav1.7 and chronic pain may
be associated with hormetic responses. Hormetic responses

Fig. 4 TrkA inhibitor GW441756 attenuates increased expressions of
Nav1.7 in SMIR rats. a–d Representative bands showed the expression
levels of TrkA, SGK1, p-Nedd4-2, and Nav1.7 in different groups.
Histograms showed semi-quantitative analyses after normalization to cor-
responding Tubulin. Western blot analyses showed that repeated
GW441756 (10 μl, 100 μM) restore the protein expressions of TrkA,

SGK1, p-Nedd4-2, and Nav1.7; *p < 0.05, **p < 0.01, ***p < 0.001 vs
the sham group or SMIR + vehicle group; n = 4–6 rats per group. Each
value was presented as mean ± SD. e Immunofluorescence showed that
immunoactivities of TrkA, SGK1, p-Nedd4-2, and Nav1.7 were sup-
pressed by GW441756 (10 μl, 100 μM)
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occur in a wide range of biological models for a large and
diverse array of endpoints. However, further investigation is
needed to evaluate the quantitative features of the dose-
response relationships and underlying mechanisms that can
account for the biphasic nature of the hormetic response after
exposure to NGF.

Nevertheless, the mechanism by which NGF regulates
Nav1.7 remains to be further investigated. Brackenbury
et al. showed that NGF positively regulated total Navs protein
expression but did not affect the Nav1.7 mRNA level in the
Mat-LyLu rat prostate cancer cell line, suggesting that the
regulation of Nav1.7 by NGF might be post-translational

Fig. 5 SGK1 inhibitor EMD638683 inhibits increased expressions of p-
Nedd4-2 and Nav1.7 in SMIR rats. a–c Representative bands showed the
expressions of TrkA, SGK1, p-Nedd4-2, Nedd4-2, and Nav1.7 in differ-
ent groups. Histograms showed the quantitative analysis after normaliza-
tion to corresponding Tubulin. The protein expressions of TrkA, SGK1,
p-Nedd4-2, and Nav1.7 were significantly lower in EMD638683 (10 μl,

50 μM) repeatedly treated SMIR rats than in vehicle-treated SMIR rats. d
Immunofluorescence showed that immunoactivities of TrkA, SGK1, p-
Nedd4-2, and Nav1.7 were suppressed by repeated EMD638683 (10 μl,
50μM). Scale bar (a–i) = 100 μm. *p < 0.05, **p < 0.01, ***p < 0.001 vs
the sham group or SMIR + vehicle group; n = 4–6 rats per group
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[26]. Ubiquitylation is a well-described post-translational
modification of Nav1.7. After ubiquitylation by Nedd4-2,
the rate of internalization of Nav1.7 increases. Subsequently,
the internalized Nav1.7 protein is degraded or recycled,
resulting in reduced expressions. In contrast, the reduction of
Nedd4-2 increases the expression of membrane proteins with
a PYmotif [75]. Consistent with our results, Laedermann et al.
showed that the expression of Nedd4-2 in DRG cells was
decreased in neuropathic pain model [34]. In addition, accu-
mulating evidence has established that the downregulation of
Nedd4-2 is implicated in chronic pain [76]. However, the
mechanism underlying the downregulation of Nedd4-2 in
chronic pain condition remains unclear. A previous study
showed that SGK1 increased Nav1.5 mediated sodium current

and expression in Xenopus oocytes by inactivating NEDD4-2
[77]. Importantly, it has been demonstrated that the SGK1
inhibits Nedd4-2 function by increasing phosphorylation of
Nedd4-2 [78]. SGK1 is a serine-threonine protein kinase and
is regulated by diverse hormones, growth factors, and cyto-
kines [79, 80]. It is reported that NGF could trigger the phos-
phorylation of Nedd4-2 after binding to the TrkA receptor
[35]. After binding to the TrkA receptor, three major signaling
cascades including phospholipase C-γ (PLC-γ), mitogen-
activated protein kinase (MAPK), and phosphatidylinositol
3-kinase (PI3K) are activated depending on different cell
physiological conditions [81]. SGK1 is a critical downstream
regulator of PI3K activation and is involved in the regulation
of cellular activity by phosphorylating target proteins [82]. It

Fig. 6 Nav1.7 is involved in NGF-induced central sensitization. a–c
Representative bands showed the expressions of CCL21, VGLUT2,
and BDNF in different groups. Histograms showed the quantitative anal-
ysis after normalization to corresponding β-actin. The protein expres-
sions of CCL21, VGLUT2, and BDNF significantly increased in the

WT + NGF group but decreased in the Nav1.7 cKO group. *p < 0.05,
**p < 0.01, ***p < 0.001 vs the WT + NS group or WT + NGF group;
n = 3–4 mice per group. Each value was presented as mean ± SD. WT:
wild-type; NS: normal saline; SC: spinal cord

Fig. 7 Upregulation of CCL21, VGLUT2, and BDNF contributes to
central sensitization in the spinal cord in SMIR rats. a–c Western blot
analyses showed significantly increased CCL21, VGLUT2, and BDNF

levels in the spinal cord in the SMIR model (normalized by β-actin).
*p < 0.05, **p < 0.01, ***p < 0.001 vs the sham group; n = 4–6 rats per
group. Each value was presented as mean ± SD. SC: spinal cord
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is well-known that the phosphorylation of protein could trig-
ger the degradation of protein [83–85]. Together, we specu-
lated that the long-term phosphorylation of Nedd4-2 mediated
by SGK1 may result in subsequently degradation of Nedd4-2.
Thus, it may be a possible mechanism underlying the de-
creased expression of Nedd4-2 in the condition of CPSP.

Recently, the role of SGK1 in pain perception has been
demonstrated. Peng et al. found that SGK1 contributed to
post-inflammatory hyperalgesia, which is involved in spe-
cific glutamatergic receptors trafficking [86]. In addition,

the inhibitors of SGK1 alleviate mechanical allodynia in-
duced by neuropathic pain [87, 88]. Therefore, we specu-
late that sustainably increased NGF after surgery might
upregulate the expression of Nav1.7 through a Trk
receptor-mediated mechanism, which activates SGK1
and promotes the phosphorylation of Nedd4-2. We found
that after the administration of the TrkA inhibitor, the ex-
pression of SGK1 and p-Nedd4-2 was suppressed.
Moreover, the inhibitor of SGK1 also could attenuate the
upregulation of p-Nedd4-2. Furthermore, repetitive

Fig. 8 TrkA inhibitor GW441756 inhibits central sensitization in the
spinal cord in SMIR rats. a–c Histograms showed the semi-quantitative
analyses after normalization to corresponding β-actin. Western blot anal-
yses showed that the upregulation of CCL21, VGLUT2, and BDNF was
restored by chronic GW441756 (10 μl, 100 μM). *p < 0.05, **p < 0.01

vs the sham group or SMIR + vehicle group; n = 4–6 rats per group. Each
value represented mean ± SD. SC: spinal cord. (D) Immunofluorescence
showed suppressed immunoactivity of CGRP, VGLUT2, and BDNF by
GW441756 (10 μl, 100 μM). Scale bar (a–i) = 200 μm
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administration of the inhibitors of TrkA and SGK1 atten-
uated the upregulation of Nav1.7 and reversed mechanical
hyperalgesia in SMIR rats. Although many other compli-
cated mechanisms may also be involved in this process,
our results partly suggested that the NGF-induced upreg-
ulation of Nav1.7 via the activation of SGK1 and phos-
phorylation of Nedd4-2 might contribute to hyperalgesia
in SMIR rats.

Increased outputs from primary afferent neurons increase
the excitability of secondary neurons and enhance the release

of the central mediators. To determine the role of Nav1.7 in
spinal sensitization, we examined some relevant mediators in
the spinal cord in Nav1.7 cKO mice after NGF injection. The
activation of glutamatergic synaptic transmission, glial signal-
ing, and neuronal plasticity in the spinal cord play critical roles
in the initiation and maintenance of central sensitization and
chronic pain [47–50]. Notably, VGLUT2 controls glutamater-
gic synaptic activity through loading glutamate into synaptic
vesicles [49]. The upregulation of VGLUT2 leads to increased
glutamatergic activity in the spinal cord. BDNF has been

Fig. 9 SGK1 inhibitor EMD638683 inhibits central sensitization in the
spinal cord in SMIR rats. a–c Histograms showed the semi-quantitative
analyses after normalization to corresponding β-actin. Western blot anal-
yses showed that the upregulation of CCL21, VGLUT2, and BDNF was
restored by repeated EMD638683 (50 μM). *p < 0.05, **p < 0.01,

***p < 0.001 vs the sham group or SMIR + vehicle group; n = 4–6 rats
per group. Each value represented mean ± SD. SC: spinal cord. d
Immunofluorescence showed suppressed immunoactivity of CGRP,
VGLUT2, and BDNF by EMD638683 (50 μM). Scale bar (a–i) =
200 μm
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found to be involved in chronic pain and is identified as a
driving force behind neuronal plasticity in central sensitization
[51]. The activation of glial signaling, especially microglia
activation, has been demonstrated to be important in spinal
sensitization after incision [47, 89, 90]. Importantly, CCL21
is considered a potent modulator of microglial activation.
Zhao et al. demonstrated the critical role of CCL21 in
microglial activation and neuronal hyperexcitability in the spi-
nal cord injury model [52]. We found that the expression
levels of these mediators were significantly reduced in the
spinal cord in Nav1.7 cKOmice after NGF injection, suggest-
ing Nav1.7 in nociceptors plays a vital role in the development
of spinal sensitization. We found that these central sensitiza-
tion mediators were upregulated during the development of
CPSP. After Nav1.7 was suppressed by TrkA or SGK1 inhib-
itor in SMIR rats, these mediators were decreased in the spinal

cord. Therefore, the findings suggest that attenuation of the
upregulation of Nav1.7 in the DRG alleviates spinal sensiti-
zation. Since Nav1.7 plays a critical role in both surgery-
related peripheral sensitization and spinal sensitization,
Nav1.7 may be implicated in the transition of long-term
post-surgical pain. Navs specially Nav1.7 are required for
the normal function of sensory neurons, but also for pain pro-
cessing and an increase of neural excitability. Thus, the mod-
ification of Nav1.7 results in the development of CPSP. This
condition linked protein homeostasis with health of the organ-
ism [74]. Given polyphenol compounds, redox status, and the
vitagene network play critical role neuroprotection and neu-
rodegeneration [91–93], the interaction of these factors may
be also involved in the development of chronic pain. It is also
known that polyphenols are strong antioxidants and metal
chelators, with characteristics that are of beneficial therapeutic
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Fig. 10 Diagram of the mechanisms by which peripheral sensitization
induced by upregulation of Nav1.7 in nociceptors after surgery leads to
spinal sensitization and persistent post-surgical pain. Damage to tissues or
nerves during surgery results in increased release of local NGF. NGF
binds to the extracellular TrkA receptor and then triggers downstream
intracellular signaling pathways. The NGF-TrkA complex is endocytosed
and retrogradely transported to the cell bodies of nociceptors, leading to
an increase in the concentration of peptides and post-translational modi-
fication of Nav1.7. Nedd4-2 binds directly to the PY-motifs of Nav1.7
and causes the ubiquitination of Nav1.7. SGK1, activated by NGF, can
provoke Nedd4-2 phosphorylation. Phosphorylated Nedd4-2 cannot bind
to Nav1.7. Therefore, ubiquitination and degradation of Nav1.7 induced

by Nedd4-2 at the cell surface are decreased, leading to an increase of
Nav1.7 and persistent hyperexcitability of nociceptors. Excitatory outputs
from primary afferent terminals increase the excitability of secondary
neurons in the spinal cord. The activity of nociceptive neurons in the
spinal cord is also regulated by resident cells such as astrocytes, microg-
lia, and interneurons. The enhanced excitability of peripheral nerves in-
creases the release of CGRP, BDNF, and glutamate, which further sensi-
tizes the neurons and helps to maintain the state of central sensitization.
U: ubiquitin; BDNF: brain-derived neurotrophic factor; TrkB: tyrosine
kinase receptor B; NMDA: N-methyl-D-aspartate receptor; AMPA: α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; CGRP:
calcitonin gene-related peptide
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values for their development as candidates targeting neurode-
generative diseases [94]. Thus, interplay and coordination and
redox interactions of polyphenols are an emerging field of
research interest in anticancer, antidegenerative, and analgesic
therapeutics.

However, this study has some limitations. First, we did not
investigate the specific mechanism by which NGF activates
SGK1, which will be addressed in our future investigations.
Second, whether the upregulation of Nav1.7 on the cell mem-
brane is due to internalization inhibition needs to further verify
by ubiquitin assay in DRG primary culture. And because
our primary aim was to establish the possible association of
Nav1.7 with NGF in CPSP, we did not investigate the func-
tion of Nav1.7 channel and specific mechanism of internal-
ization or degradation, which will be examined in future
studies. Third, we did not investigate the role of the
supraspinal mechanism in CPSP in this study. Because of
the key role of descending modulation in the development
of chronic pain, future studies are needed to investigate the
supraspinal mechanism. Fourth, sex/gender-dependent dif-
ferences are important in pain syndromes; however, we
only used male mice and rats in this study. Therefore, fur-
ther studies are needed to confirm the present findings in
female rodents.

In conclusion, this study indicates that sustained NGF in
the DRG may upregulate Nav1.7 partly through activating
SGK1 to phosphorylate Nedd4-2. In addition, the upregula-
tion of Nav1.7 in the DRG may facilitate nociceptive trans-
mission to the spinal cord, leading to the development of spi-
nal sensitization involved in the transition of CPSP (Fig. 10).
Therefore, the attenuation of dysregulation of Nav1.7 in pe-
ripheral nociceptors may prevent the transition of CPSP. Our
findings would improve the understanding of the underlying
mechanism of CPSP.
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