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Abstract
The inflammatory response is a critical regulator for the regeneration of axon
following nervous system injury. Nuclear factor‐kappa B (NF‐κB) is characteristically
known for its ubiquitous role in the inflammatory response. However, its functional
role in adult mammalian axon growth remains elusive. Here, we found that the NF‐κB
signaling pathway is activated in adult sensory neurons through peripheral axotomy.
Furthermore, inhibition of NF‐κB in peripheral sensory neurons attenuated their axon
growth in vitro and in vivo. Our results also showed that NF‐κB modulated axon
growth by repressing the phosphorylation of STAT3. Furthermore, activation of
STAT3 significantly promoted adult optic nerve regeneration. Taken together, the
findings of our study indicated that NF‐κB/STAT3 cascade is a critical regulator of
intrinsic axon growth capability in the adult nervous system.
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1 | INTRODUCTION

those immune cells produce and secrete a variety of cytokines to regulate
the regenerative response of the nervous system. Consistently, in the

Owing to the limited axon regenerative capabilities, injury to the adult

peripheral nervous system (PNS), the inflammatory response has also

mammalian central nervous system (CNS) usually leads to permanent

been shown to play an essential role in Wallerian degeneration and

neurological deficit including cognitive, sensory, and/or motor disabilities.

subsequent axon growth (Bollaerts, Van, Andries, De, & Moons, 2017;

Although the molecular mechanisms that controlling axon growth are

Mietto, Mostacada, & Martinez, 2015). Moreover, in mammalian axonal

multifactorial, the neuroinflammation remains the predominant regula-

regeneration models, stimulation of inflammation has revealed as one of

tory mechanisms. The inflammatory response develops immediately after

the critical factors in inducing a regenerative response. Earlier studies

traumatic injuries. Immune cells, including neutrophils and macrophages,

have also demonstrated that inflammation reactions induced by

are rapidly activated and recruited to the site of the lesion. Subsequently,

intravitreal injection of zymosan, a proinflammatory glucan molecule
from the yeast cell walls, could effectively promote the optic nerve axon

*Jin‐Jin Ma, Ren‐Jie Xu, and Shi‐Bin Qi contributed equally to this work.
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growth in rodents (Fischer, Pavlidis, & Thanos, 2000; Leon, Yin, Nguyen,
wileyonlinelibrary.com/journal/jcp
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Irwin, & Benowitz, 2000; Lorber, Berry, & Logan, 2005). Following a spinal

(100 mg/kg) and xylazine (10 mg/kg). The cornea was protected with

cord injury, neutrophils and macrophages are recruited to the injured

eye ointment.

area, and together with reactive astrocytes, they contribute to glial scar
formation (Fischer & Leibinger, 2012; Lee‐Liu, Edwards‐Faret, Tapia, &
Larrain, 2013). Consequently, manipulation of the inflammatory response

2.2 | Reagents and antibodies

has been proposed as a promising strategy to promote axonal growth in

Ammonium Pyrrolidinedithiocarbamate (PDTC) was purchased from

the nervous system.

Sigma‐Aldrich (Saint Louis, MO). Etoposide (VP16) and S3I‐201 were

The function of nuclear factor‐kappa B (NF‐κB) in the immune

purchased from Selleck Chemicals (Houston, TX). Colivelin (CLN) was

system has been most widely studied. It is known to play a central role

purchased from Tocris Bioscience (MI). Primary antibodies against p65,

in regulating the transcription of genes involved in both innate as well as

phospho‐p65, STAT3, phospho‐STAT3 (p‐STAT3), phospho‐GSKα/β,

adaptive immune responses including inflammation, cell proliferation,

c‐Jun, GAP‐43, and ATF3 were purchased from Cell Signaling

and apoptosis (Liang, Zhou, & Shen, 2004). Furthermore, NF‐κB has

Technology (Danvers, MA,). Antibodies to c‐Myc and glyceraldehyde

been recently demonstrated to regulates the development and function

3‐phosphate dehydrogenase were purchased from Abcam (Cambridge,

of the mammalian nervous system. A previous study demonstrated that

UK). The antibody to phosphatase and tensin homolog deleted on

NF‐κB decoy DNA treatment inhibits the induction of long‐term

chromosome ten (PTEN) was purchased from Genetex (Irvine, CA).

depression and reduces long‐term potentiation in the hippocampal

Antibody against the Tuj1 came from Sigma‐Aldrich. All horseradish

slices (Albensi & Mattson, 2000). Besides, NF‐κB activity in neurons also

peroxidase (HRP)‐conjugated antibodies were purchased from Mole-

regulates neuronal survival. Inhibition of NF‐κB activity in spinal cord

cular Probes, Inc. (Eugene, OR). The small interfering RNA (siRNA) for

motor neurons induces death of these neurons (Mincheva et al., 2011),

p65 and STAT3 was purchased from GenePharma (Shanghai, China).

and conversely, the activation of NF‐κB signaling with nerve growth
factor has been shown to exhibit a neuroprotective effect on

NF‐κB p65 siRNA sequences were as follows: 5′‐GCCCTATCCCTTT
ACGTCATT‐3′ and 5′‐TGACGTAAAGGGATAGGGCTT‐3′;

sympathetic neurons (Maggirwar, Sarmiere, Dewhurst, & Freeman,

STAT3 siRNA sequences were as follows: 5′‐GCCAAUUGUG

1998). The NF‐κB family comprises five members: p65, RelB, cRel, p50,

AUGCUUCCCUGAUUG‐3′ and 5′‐CAAUCAGGGAAGCAUCACAA

and p52, and among them p65/p50 is the main functional subunit of NF‐

UUGGC‐3′.

κB. Notably, it has been demonstrated that NF‐κB has distinct functional
roles on axon outgrowth of the different developing neurons. Activation
of NF‐κB signaling via overexpression of p65/p50 promotes axon

2.3 | Primary sensory neuron culture

growth of developing sensory neurons. However, in contrast, over-

Dorsal root ganglion (DRG) cells were dissected out from adult

expression of p65/p50 markedly blocks the developing sympathetic

Institute of cancer research (ICR) mice and digested with 1 mg/ml

neuronal axon growth (Humberto, Valerie, Xavier, & Alun, 2005). Thus,

collagenase A at 37°C for 90 min. After then, added 0.25% TrypLE

its precise functional roles of NF‐κB signaling during adult axon growth

(Life Technology, Carlsbad, CA) for 18 min at 37°C. The DRG cells

remain elusive.

were then dissociated with a 1 ml pipette tip in culture medium

The present study demonstrated that NF‐κB signaling is activated

(Minimum essential media [MEM] in 5% Fetal bovine serum [FBS],

in the PNS sensory neurons following peripheral axotomy and that its

100 units/ml penicillin, and 100 ng/ml streptomycin). Isolated DRG

activity is critical for the regeneration of adult PNS axon. Inhibition of

neurons were plated onto plastic coverslips in 24‐well plates coated

NF‐κB signaling attenuates axon growth in peripheral neurons both

with a mixture of 100 µg/ml poly‐D‐lysine (Sigma Aldrich) and 10 µg/ml

in vitro and in vivo. Moreover, the study also revealed a significant

laminin (Sigma Aldrich), and were cultured for 3 days at 37°C in a 5%

regulatory effect of NF‐κB signaling on the axon growth of adult

CO2 incubator.

sensory neuron, which is mediated through STAT3 phosphorylation
state. Our results also indicated that the activation of STAT3 in the
RGC neurons significantly promoted optic nerve axon regeneration.

2.4 | Western blot

Taken together, the study provides strong evidence of important

Samples were lysed with radio‐immunoprecipitation assay (RIPA) buffer

crosstalk between NF‐κB and STAT3 signaling cascades as an essential

on ice for 30 min. Then, using a bicinchoninic acid (BCA) Kit (Beyotime,

regulator of axon regenerative capability in the adult nervous system.

Shanghai, China) to determine the protein concentration. Proteins were
separated on 10% gradient Sodium dodecyl sulfate‐polyacrylamide

2 | MATERIALS AND METHODS
2.1 | Animals

gelelectrophoresis (SDS‐PAGE) gels and transferred to Polyvinylidene
fluoride (PVDF) membranes (Millipore, Burlington, MA). After blocking
with 5% nonfat milk, the PVDF membranes were sequentially incubated
with primary antibodies overnight at 4°C. The membrane was then

8 to 12‐week‐old adult ICR mice (weighing from 30 to 40 g) and 4‐

incubated with the HRP‐conjugated secondary antibody for 1 hr. The

week‐old C57BL/6 mice were used. Experimental procedures were

membrane was developed by enhanced chemiluminescent (ECL)

approved according to the guidelines of the Ethics Committee of

Detection Reagent (GE Healthcare, Chicago, IL). Using the ImageJ

Soochow University. The animals were anesthetized with ketamine

(NIH, Bethesda, MD) to quantify the protein band intensity.
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2.5 | RNA interference
For transfection of siRNA, dissociated neurons were suspended in 80 µl
of specific buffer (Lonza, Cologne, Germany) with mixtures of 0.2 nmol
of siRNAs and the 5.0 µg of EGFP plasmid. The cells were electro-

22519

labeled regenerating axon fibers were manually measured from the
distal tips to the lesion site in the flattened nerve segments.

2.9 | Sciatic nerve axotomy

porated in a 2.0‐mm cuvette via the Lonza Nucleofector apparatus.

Under deep anesthesia with a mixture of ketamine and xylazine, a

Then, cells were transferred to a 500 µl of culture medium and plated

skin incision was made aseptically in the left thigh. The overlaying

on coverslips. The coverslips were precoated with 100 µg/ml poly‐D‐

gluteal muscles were exposed and retracted. The sciatic nerve was

lysine and 10 µg/ml laminin. After 4 hr, the culture medium was

resected in each animal. Sham surgery was performed as controls.

replaced to dislodge the remaining cell toxic electroporation buffer.

2.10 | Optic nerve crush and intravitreal injection
2.6 | Immunofluorescence staining
The cultured cells were fixed with 250 µl of 4% paraformaldehyde
(PFA) for 10–15 min at room temperature, and then blocked with 2%
BSA solution (0.1% Triton X‐100 and 0.1% sodium azide) for 60 min
at room temperature. Primary antibodies were incubated for 4 hr,
and secondary antibodies were incubated for 1 hr at room
temperature, respectively. Coverslips were then washed with 1×
PBS three times and mounted onto glass slides for future analysis.
For histological tissue staining, the animals were slowly perfused
with 4% PFA. The L4 and L5 DRG tissues were carefully dissected out
and further fixed with 4% PFA at 4°C. Following this, the samples
were sectioned via cryostat in 12‐µm thickness. After then, each
cryo‐section was blocked by 10% FBS solution containing 0.5%
Triton X‐100 at room temperature for 1 hr. Afterward, the cryosec-

Under anesthesia, the optic nerve was exposed intraorbitally from
4‐week‐old female C57 mice, and crushed with a fine forceps at about
1.0 mm behind the optic disc for 1–2 s. After nerve injury, either with 2 µl
of 20% ethyl alcohol (n = 6) or CLN, a potent STAT3 activator (100 nM in
20% ethyl alcohol), was intravitreally microinjected immediately. CLN
was sterilized by ultraviolet light for 60 min. After 12 days, 1.5 μl of
cholera toxin β subunit (CTB) conjugated with Alexa‐488 fluorescence
(2 μg/μl; Invitrogen, Carlsbad, CA) was intravitreally injected as an
anterograde tracer to label regenerating axons 2 days before sacrificing
the animals. Killed animals were fixed by perfusion with 20 ml of 0.1 M
PBS, followed by 40 ml of 4% PFA at 5 ml/min. Whole retina and optic
nerve were dissected out and further fixed in 4% PFA overnight at 4°C.

2.11 | Whole mount staining

tions were incubated with primary antibody and corresponding

Whole retinas were blocked in PBS containing 10% FBS and 0.3%

secondary antibody for 1 hr at room temperature, respectively.

Triton X‐100 for 1 hr at room temperature. They were incubated with
Tuj1 (1:500) and Alexa Fluor 594‐conjugated secondary antibody for

2.7 | Measurement of axon length in vitro

1 hr at room temperature, respectively. Eight random field images

The longest axon of each cell was measured via AxioVision 4.7

positive cells were counted using ImageJ software. The survival rate

software (Carl Zeiss MicroImaging, Inc., Oberkochen, Germany). The

was calculated by measuring the ratio of Tuj1‐positive cell number in

axon of DRG cells was traced manually from multiple areas of each

retinas with an optic nerve injury to that of noninjured control retinas.

were taken per retina, distributed into four quadrants of the eye. Tuj1‐

randomly selected coverslip and the axon length per neuron was
measured from 100 DRG neurons per group in each condition. The
mean axon length and Standard error of the mean (SEM) values were
obtained from three independent experiments.

2.12 | Qualification of regenerating axon numbers
in the optic nerve
The numbers of CTB labeled regenerating axon were counted as
described previously (Kevin Kyungsuk et al., 2008). Briefly, CTB

2.8 | In vivo electroporation of adult mouse DRGs

positive axon numbers were counted in four longitudinal sections for
each optic nerve. We calculated the number of CTB positive axons at

As the procedure described in our previous study (Saijilafu, Hur, &
Zhou, 2011), after anesthesia in mice, the left L4‐L5 DRGs were
exposed. Using a glass capillary pipette powered by a Picospritzer II
(Parker Ins., Cleveland, OH), a 1 µl mixture solution of 100 nM
siRNAs plus 3.0 µg green fluorescent protein (GFP) plasmids was
carefully microinjected into the L4 and L5 DRGs, respectively. Then,
the DRGs were electroporated using a custom made electrode

three distances d (250,500, or 1,000 µm) from the lesion site. By
counting the number of axons and measuring the width of the
longitudinal section, we calculate the axons numbers crossing per
millimeter, and get the average values of the four sections. Then, by
using the formula of Σad = πr2× [average axons/mm]/t, the total axons
numbers at the distance d in the nerve with radius r were computed
by summing all sections with thickness t (12 µm).

(Ø1.0 mm) and an ECM830 Electro Square Porator BTX. After 2 days,
the ipsilateral sciatic nerve was crushed with Dumont #5 forceps, and
11‐0 nylon suture was placed on the lesion site. Another 3 days later,

2.13 | Statistics

the animals were transcardially perfused with 4% PFA. The whole

Statistical analyses were expressed as means ± standard error of the

sciatic nerve segments were dissected out, and the lengths of GFP‐

mean. Studentʼs t test was used to determine significance between
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F I G U R E 1 NF‐κB signaling is activated
in the peripheral sensory neurons by axon
injury. (a) Representative western blot
analysis image. After peripheral sciatic
nerve injury, phosphorylation level of p65
is upregulated in adult DRG neurons.
(b) Representative immunohistological
staining showing that sciatic nerve
injury‐induced the accumulation of
phosphorylated p65 in the nucleus of DRG
neurons. Green: Tuj‐1, Red: phospho‐p65.
Scale bar: 100 µm. NF‐κB, nuclear factor‐
kappa B [Color figure can be viewed at
wileyonlinelibrary.com]

two groups. One‐way analysis of variance was used to compare

pharmacological findings, we suppressed NF‐κB expression in the DRG

between multiple groups using the Prime 5 software. Statistical

neurons using specific siRNA for p65. Consistently, suppression of p65

significance was set as p < 0.05.

expression with siRNA also markedly inhibited axonal growth in adult
DRG neurons (Figure 2e–h). Although activation of NF‐κB signaling

3 | RES U LTS
3.1 | NF‐κB signaling is activated in the peripheral
sensory neurons by axon injury

with 5.0 µM etoposide (VP16; Meley et al., 2010) did not augment the
axon growth of sensory neurons, treatment with VP16 facilitated
upregulation of the phosphorylated p65 in sensory neurons (Figure
S1a–d). These results indicated that the activity of NF‐κB signaling is
essential for adult sensory neuronal axon regeneration.

A previous study demonstrated that NF‐κB transcriptional activity
promotes axon growth in the developing PNS and CNS (Humberto et al.,
2005). However, its functional role during adult nervous system axon
regeneration remains largely unknown. Here, our data revealed that

3.3 | NF‐κB signaling modulates p‐STAT3 and
c‐Myc expression in adult sensory neurons

sciatic nerve axotomy upregulates the phosphorylation status of p65 (a

Next, we investigated the molecular mechanism by which NF‐κB

main functional subunit of NF‐κB) expression in peripheral sensory

controls axon growth of the adult neurons and identified a potential

neurons (Figure 1a). In addition, immunohistochemical staining further

target of NF‐κB. Using western blot analysis, we examined the

confirmed that the accumulation of phosphorylated p65 in the nucleus

expression of some well‐known axon regeneration‐associated genes.

of DRG neurons following sciatic nerve injury (Figure 1b). Taken

Our results indicated that inhibition of NF‐κB signaling with 100 nM

together, these results indicated that NF‐κB signaling is activated in the

PDTC resulted in significant inhibition of p‐STAT3 and c‐Myc

peripheral sensory neurons following axon injury.

expression in cultured sensory neurons (Figure 3a,b). Both c‐Myc
(Belin et al., 2015) and p‐STAT3 (Qiu, Cafferty, Mcmahon, &
Thompson, 2005) are well‐recognized axon regeneration‐associated

3.2 | Inhibition of NF‐κB signaling reduces axon
growth from peripheral sensory neurons in vitro

genes. It has been reported that the phosphorylation status of STAT3

Using an in vitro DRG neuronal culture model, we tested the functional

phosphorylated STAT3 is correlated with enhanced axon growth

role of NF‐κB signaling in the regeneration of the adult sensory axon.

ability (Qiu et al., 2005). Consistent with a previous study, our results

Our findings indicated that application of Ammonium Pyrrolidine-

also revealed that phosphorylation of STAT3 significantly upregulated

dithiocarbamate (PDTC,100 nM), a specific inhibitor of NF‐κB,

in DRG neuronal nuclei following sciatic nerve injury (Figure 3c,d).

drastically abolished axon growth of adult DRG neurons (Figure

Furthermore, we also demonstrated that STAT3 signaling is also

2a,b). Consistent with the previous study (Cai et al., 2017), PDTC

required for adult sensory axon growth. Inhibition of STAT3 activation

treatment significantly attenuated the phosphorylation of p65, a main

with specific inhibitor S3I‐201 (50.0 µM) significantly repressed the

functional subunit of NF‐κB (Figure 2c,d). To further validate the

phosphorylation of STAT3 in the adult DRG neurons (Khandaker et al.,

is increased in DRG neuronal soma after sciatic nerve transection, and
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F I G U R E 2 Inhibition of NF‐κB signaling blocks axon growth from peripheral sensory neurons. (a,b) The treatment of cultured adult DRG
neurons with the specific NF‐κB inhibitor, PDTC, for 3 days, which blocks axon growth of adult DRG neurons dose‐dependently,**p < 0.01,
***p < 0.001, n = 3. (c,d) Western blot analysis image showing that 0.1 µM PDTC treatment inhibits expression of phospho‐p65 in DRG neurons,
*p < 0.05, n = 3. (e,f) Western blot analysis image showing that transfection of adult DRG neurons with a siRNA against p65 blocks p65
expression, **p < 0.01, n = 3. (g,h) Knockdown of p65 expression with siRNA markedly inhibits adult DRG neuronal axon growth in vitro,
*p < 0.05, n = 3. Scale bar: 100 µm. NF‐κB: nuclear factor‐kappa B; siRNA: small interfering RNA [Color figure can be viewed at
wileyonlinelibrary.com]
2007; Figure 4a,b). Moreover, either treatment with S3I‐201 or

growth blocking effect induced by downregulation of NF‐κB

si‐STAT3 transfection caused marked reductions in axon length

activity with specific siRNA (Figure 5c,d). However, overexpres-

(Figure 4c–h). These findings indicated that STAT3 signaling is

sion of c‐Myc plasmids in the DRG neurons did not influence axon

required for sensory axon growth, and NF‐κB signaling cascade may

length shortage induced by downregulation of NF‐κB activity with

modulate p‐STAT3 expression in adult DRG neuronal axon growth.

specific siRNA (data not shown). Taken together, our data
indicated that NF‐κB signaling controls the axon growth of adult

3.4 | STAT3 acts as the downstream substrate of
NF‐κB signaling to control sensory axon regeneration
Next, we assessed whether the phosphorylation status of STAT3
was a functional downstream substrate of NF‐κB signaling during
axon regeneration. We found that axotomy‐induced increase of
p‐STAT3 in the DRG neurons was largely repressed by the specific

sensory neurons through regulation of STAT3 activity, rather than
through c‐Myc.

3.5 | NF‐κB and STAT3 activity are required for
sensory axon growth in vivo
Then, using in vivo DRG electroporation methods, we further tested

NF‐κB inhibitor PDTC (Figure 5a,b). Furthermore, activation of

the functional roles of both NF‐κB and STAT3 during sensory axon

STAT3 with CLN (100 pM, CLN) completely restored the axon

growth. Compare with the GFP transfected control, we found that
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F I G U R E 3 NF‐κB signaling modulates phospho‐STAT3 expression in adult sensory neurons. (a,b) Western blot data showing that treatment
with NF‐κB inhibitors, 0.1 µM PDTC, resulted in significant inhibition of p‐STAT3 and c‐Myc expression in cultured sensory neurons, **p < 0.01,
n = 3. (c) Immunohistological staining showing that sciatic nerve injury‐induced the accumulation of p‐STAT3 in the nuclei of DRG neurons. Red:
Tuj‐1, Green: phosphorylated STAT3. Scale bar: 50 µm. (d) Western blot data revealed that the phosphorylation status of STAT3 increased in
the peripheral sensory neurons after axon injury. GADPH: glyceraldehyde 3‐phosphate dehydrogenase; NF‐κB: nuclear factor‐kappa B;
p‐STAT3: phospho‐STAT3 [Color figure can be viewed at wileyonlinelibrary.com]

either transfection of siRNA against p65 or STAT3 significantly
blocks axon growth of injured sciatic nerve (Figure 6a–c). Thus,
consistent with in vitro results, our data indicate that in vivo axon
growth of sensory neurons is also modulated by NF‐κB and STAT3
activity.

3.6 | Activation of STAT3 enhances axon
regeneration of adult PNS and CNS neurons
Earlier studies have revealed that activation of STAT3 stimulates
axon growth in rat primary sensory neurons in vitro (Miao et al.,
2006). Consistently, our results also showed that CLN effectively
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F I G U R E 4 Inhibition of STAT3 signaling blocks axon growth from peripheral sensory neurons. (a,b) Western blot analysis image showing that
50.0 µM S3I‐201 treatment significantly inhibits the expression of phosphorylated STAT3 in DRG neurons, **p < 0.01, n = 3. (c,d) Treatment of cultured
adult DRG neurons with the specific STAT3 inhibitor, S3I‐201, for 3 days, significantly blocks axon growth of adult DRG neurons, *p < 0.05, n = 3. (e,f)
Western blot analysis image showing that transfection of adult DRG neurons with a specific STAT3 siRNA significantly blocks STAT3 expression,
*p < 0.05, n = 3. (g,h) Knockdown of STAT3 expression with siRNA inhibits mature DRG neuronal axon growth in vitro, scale bar: 100 µm, *p < 0.05, n = 3.
GADPH: glyceraldehyde 3‐phosphate dehydrogenase; siRNA: small interfering RNA [Color figure can be viewed at wileyonlinelibrary.com]

increases the phosphorylation level of STAT3 and the treatment

signaling alone is sufficient to enhance axon regeneration in adult

of CLN significantly promotes axonal growth of sensory neurons

RGCs.

(Figure S2a,b). We then examined the role of STAT3 in the process of
optic nerve regeneration. Optic nerves belong to the CNS, and their
axons are difficult to regenerate spontaneously after injury. We

4 | D I S C U SS I O N

found that phosphorylation of STAT3 in adult RGCs significantly
reduced following optic nerve injury (Figure 7a). This result indicated

The initiation of axon regeneration and its continuous regeneration are

that optic nerve injury triggers a rapid downregulation of the STAT3

both critical for the functional recovery of the injured nervous system

activity in RGC neurons. However, we found that intravitreal

(Chen, Piao, & Bonaldo, 2015). So far, several molecules have been

injection of CLN (2 µl, 100 nM in 20% ethyl alcohol), a STAT3

suggested to regulate the intrinsic regenerative ability of the mature

activator, can stimulate rigorous optic nerve regeneration in vivo

nervous system. For example, genetically depletion of PTEN has

(Figure 7b,c). In addition, intravitreal injection of CLN also

determined to enhance the axon regenerative capability of mammalian

moderately increased RGC neuronal survival after optic nerve injury

CNS neurons (Kevin Kyungsuk et al., 2008). Moreover, other molecules,

(Figure S3a,b). These findings showed that the activation of STAT3

including KLF4 (Moore et al., 2009), SOX11 (Zimei, Ashley, Adam,

22524

|

MA

ET AL.

F I G U R E 5 Activation of STAT3 rescues the axon growth inhibitory effect induced by p65 knockdown in adult DRG neurons. (a,b) Western
blot results showing that axotomy‐induced increase of p‐STAT3 in the DRG neurons was blocked by the 100 mg/kg PDTC intraperitoneal
injection, **p < 0.01, n = 3. (c,d) Activation of STAT3 with 100 pM CLN restored axon growth shortage induced by knocking down p65 with
siRNA, scale bar: 100 µm, n = 3, *p < 0.05. GADPH: glyceraldehyde 3‐phosphate dehydrogenase; p‐STAT3: phospho‐STAT3; siRNA: small
interfering RNA [Color figure can be viewed at wileyonlinelibrary.com]
Christopher, & Blackmore, 2015), SOCS3 (Patrice et al., 2009), and c‐

sensory axon regeneration. As a critical transcription factor, NF‐κB has

Myc (Belin et al., 2015) and so forth have also been found to regulate

been demonstrated to modulate the large numbers of downstream

axon regenerative capability in adult neurons. However, comparing with

target genes for regulating inflammation, immune and stress

developmental axon growth, we know much less about the molecular

responses. Our preliminary findings also showed that pharmacological

mechanisms that control axon growth in the adult nervous system. The

inhibition of NF‐κB significantly reduced the phosphorylation level of

increasing number of studies showed that NF‐κB transcriptional activity

STAT3. The transcription factor STAT3 has been reported to mediate

regulates the developing PNS and CNS neuronal axon growth. For

various cellular functions, including cell survival and proliferation

instance, activation of NF‐κB signaling via overexpression of p65/p50

(Stepkowski, Wenhao, Ross, Nagy, & Kirken, 2008; Turkson, 2000).

promotes axon growth of developing sensory neurons (Humberto et al.,

STAT3 also has a neuronal protection effect on motor neurons.

2005). It has been indicated that developmental axon growth may share

Genetic deletion of STAT3 expression in facial motor neurons results

common molecular mechanisms with injury‐induced axon regeneration

in their reduced survival rate after facial nerve axotomy (Schweizer

(Yaniv, Issman‐Zecharya, Oren‐Suissa, Podbilewicz, & Schuldiner, 2012).

et al., 2002). In addition, STAT3 activity has also been shown to be

Thus, it is also likely that NF‐κB signaling is a critical modulator of

required for axon regeneration (Bareyre et al., 2011; David & Curt,

mature axon regeneration.

2002), and increased STAT3 expression has been found to be directly

In this study, we found that inhibiting NF‐κB activity in adult DRG

involved in the axotomy‐induced activation of adult DRG neuronal

neurons significantly reduced axon growth in vitro and in vivo. These

intrinsic axon growth ability (Qiu et al., 2005). Consistent with these

results indicated that NF‐κB signaling is essential for adult peripheral

findings, our results also showed that pharmacological inhibition or

MA

|

ET AL.

22525

F I G U R E 6 NF‐κB and STAT3 activity
are required for sensory axon regeneration
in vivo. (a) Schematic diagram of in vivo
DRG electroporation. (b,c) Knocking down
of either p65 or STAT3 in DRG neurons
significantly blocks its axon regeneration
in vivo. The fine dotted line shows the
lesion sites, and the arrows are
regenerating axons. n = 6, Scale bar:
500 µm. NF‐κB: nuclear factor‐kappa B
[Color figure can be viewed at
wileyonlinelibrary.com]

genetic silencing of STAT3 expression with a specific siRNA against

promoted optic nerve axon regeneration. This result indicated that

p65 significantly prevents adult sensory axon regeneration in vitro and

STAT3 activity is sufficient to enhance the growth of axons in mature

in vivo, indicating that STAT3 is an important factor related to

CNS. However, the detailed molecular mechanism that NF‐κB/STAT3

mammalian axon regeneration.

signaling cascade how to regulate the adult axon regeneration is

Here, our results showed that both NF‐κB and STAT3 signaling

unknown. It has been revealed that axonal synthesis of STAT3 at the

are activated in the adult DRG neurons after peripheral injury.

lesion site is essential for the axotomy‐induced condition lesion

Furthermore, in cancer, it was reported that NF‐κB can induce and/or

effect of sensory neurons (Ben et al., 2012). On the other hand, there

maintain STAT3 activation through the IL‐6 expression (Braden et al.,

is increasing evidence indicated that axonal protein synthesis is likely

2013). We thus examined the crosstalk interaction between NF‐κB

to provide new cytoskeleton proteins for axon regeneration (Jung,

and STAT3 during axon regeneration. Interestingly, we found that

Yoon, & Holt, 2012). Therefore, it is also possible that NF‐κB/STAT3

pharmacological inhibition of NF‐κB activity blocks axotomy‐induced

signaling cascade controls intrinsic axon regenerative ability through

activation of STAT3 in the adult DRG neurons. More important,

the regulation of local proteins synthesis in the axon of injured

activation of STAT3 was able to effectively rescue the axon growth

neurons.

inhibitory effect of p65 knockdown. Our data provide strong

In summary, our findings revealed an important crosstalk

evidence that STAT3 acts as a downstream substrate of NF‐κB

interaction between NF‐κB and STAT3 signaling cascades. Notably,

signaling to regulate adult axon regeneration.

this crosstalk regulates the intrinsic axon regenerative capability of

It has been suggested that the failure of optic nerve regeneration

the adult nervous system. Furthermore, investigation of regulatory

is mainly due to the declined axon regenerative capability after the

signaling pathway which modulates intrinsic axon regeneration

birth of 7 days (Goldberg, Klassen, Hua, & Barres, 2002). Here, our

ability will help us in determine novel strategies that could be

results indicated that the activation of STAT3 in RGCs markedly

combined with currently available therapies, leading to synergistic
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F I G U R E 7 Activation of STAT3 enhances the axon regeneration of the injuried optic nerve. (a) Optic nerve injury downregulates the
phosphorylation level of STAT3 in adult RGCs. Green: Tuj‐1, Red: phospho‐STAT3, Blue: DAPI. Scale bar: 50 µm. (b,c) Intravitreal injection of
2 µl CLN (100 nM in 20% ethyl alcohol), a STAT3 activator, can stimulate significant RGC axon regeneration in vivo. Scale bar: 50 µm, n = 5,
**p < 0.01. CLN, colivelin; DAPI, 4',6‐diamidino‐2‐phenylindole [Color figure can be viewed at wileyonlinelibrary.com]

effects that would maximize the rate of axon regeneration and
restore function following nervous system injury.
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