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Abstract
While axon regeneration is a key determinant of functional recovery of the nervous
system after injury, it is often poor in the mature nervous system. Influx of extracellular
calcium (Ca2+) is one of the first phenomena that occur following axonal injury, and
calcium/calmodulin‐dependent protein kinase II (CaMKII), a target substrate for calcium
ions, regulates the status of cytoskeletal proteins such as F‐actin. Herein, we found that
peripheral axotomy activates CaMKII in dorsal root ganglion (DRG) sensory neurons, and
inhibition of CaMKII impairs axon outgrowth in both the peripheral and central nervous
systems (PNS and CNS, respectively). Most importantly, we also found that the activation
of CaMKII promotes PNS and CNS axon growth, and regulatory effects of CaMKII on axon
growth occur via affecting the length of the F‐actin. Thus, we believe our findings provide
clear evidence that CaMKII is a critical modulator of mammalian axon regeneration.
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1 | INTRODUCTION

axons of the mature central nervous system (CNS) cannot regenerate
spontaneously owing to their poor capacity of intrinsic axon growth

Failure of axonal growth in the damaged mammalian nervous system

and the inhibitory microenvironment. In comparison with the CNS

is the main impediment to its functional recovery. However, damaged

neurons, axons of the peripheral nervous system (PNS) neurons can
partly regenerate after lesion; however, its functional outcome is
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often poor, especially in humans. This is largely because of atrophic
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changes in denervated Schwann cells in distal nerves and target

provide strong evidence that CaMKII is a critical modulator of

atrophy (Fu & Gordon, 1995b). Therefore, the rate of axon growth is

mammalian axon regeneration.

a major limitation of the damaged nervous system’s functional
recovery. Most studies concerning axon regeneration in the past few
decades have focused on ways to antagonize the effects of inhibitory

2 | M A T E R I A L S AN D M E T H O D S

molecules and/or activate the intrinsic axon growth ability of adult
neurons (Fu & Gordon, 1995a; Glenn & Zhigang, 2006; Kevin

2.1 | Animals

Kyungsuk et al., 2008; Moore et al., 2009; Qiu et al., 2002). However,

Forty 8–10‐week‐old adult and six pregnant ICR (Institute of Cancer

thus far, little attention has been paid to enhance the rate of axon

Research) mice were used. For surgical procedures, animals were

regeneration by modulating the local axonal cytoskeleton assembly

anesthetized by intraperitoneal injection with a mixture solution of

at the growth cone where axon outgrowth actually occurs. In

100 mg/kg ketamine and 10 mg/kg xylazine. This study was approved by

addition, increasing evidence has shown that long‐distance axon

the Institutional Animal Care and Use Committee of Soochow University.

regeneration was achieved by regulating the cytoskeletal assembly in
the nerve growth cone (Hellal et al., 2011; Hur et al., 2011; Lin et al.,
2011; Rivieccio et al., 2009; Sengottuvel, Leibinger, Pfreimer,
Andreadaki, & Fischer, 2011). Thus, manipulation of the cytoskeletal
protein assembly in the growth cone may be an effective strategy to
promote axon regeneration of the damaged nervous system.
Calcium/calmodulin‐dependent protein kinase II (CaMKII) is
the most conventional member of the CaMK family that regulates
a series of functions in the nervous system, such as neurotransmitter synthesis/release, synaptic plasticity, learning, and memory. Four isoforms of CaMKII are expressed in the nervous
system: α, β, γ, and δ; among these, the γ isoform is most
abundantly expressed in the dorsal root ganglion (DRG) neurons
(Bangaru et al., 2015); whereas isoforms α and β are primarily
expressed in the brain tissue (Erondu & Kennedy, 1985). Calcium/

2.2 | Reagents and antibodies
KN93 were obtained from the Selleck Chemicals. CdCl2 was from Sigma‐
Aldrich. Primary antibody against β‐actin, GAPDH and phospho‐CaMKII
were from Cell Signaling Technology. The anti‐βIII tubulin (Tuj1) antibody
was from Sigma‐Aldrich. Alexa fluor® plus 488 or 568 secondary
antibodies were purchased from Life Technologies. Dextran biotin (BDA)
was purchased from Life Technologies. Cy3‐Streptavidin was from
Jackson Laboratories. Actin‐stain 555 Fluorescent Phalloidin was from
Cytoskeleton. The small interfering RNA (siRNA) against CaMKIIγ was
from GenePharma (Shanghai, China), which targeted the following
sequences: AACGTGGTACATAATGCTACA, CACAGTCACTCCTGAAGC
TAA, and ATCATTAAGATCACAGAACAA.

calmodulin can bind to CaMKII and activate it through autonomous phosphorylation and subsequently sustain its kinase
activity (Blitzer, Wong, Nouranifar, Iyengar, & Landau, 1995). A

2.3 | Cell culture and in vitro electroporation

previous study demonstrated that the calcium influx occurred

DRG tissues were dissected out from adult mice and incubated with

immediately after axonal damage; furthermore, this calcium

1.0 mg/ml collagenase A at 37.0°C for 90.0 min. Then, the samples

influx plays key roles subsequent to axonal growth (Anindya,

were incubated with 0.25% trypsin for 20.0 min. The isolated sensory

Zilu, Alexandr, Yishi, & Chisholm, 2010). In addition, another

neurons were cultured in minimal essential medium (MEM) contain-

study showed that the overexpression of CaMKII promotes

ing 5.0% fetal bovine serum (FBS), 100.0 mg/ml penicillin and

neurite outgrowth from neuro2a and NG108‐15 neuroblastoma

streptomycin. The embryonic cerebral cortical neurons isolated from

cells (Goshima, Ohsako, & Yamauchi, 1993). Moreover, CaMKII

embryos at E14.5, and hippocampal neurons were isolated from

activity is also specifically required for NCAM, and N‐cadherin‐

embryos at E18.5. Then, the embryonic neuron was treated with

induced neurite outgrowth (Williams, Mittal, Walsh, & Doherty,

0.25% trypsin for 5.0 min and cultured in neurobasal medium

1995). Thus, it is likely that CaMKII protein could regulate

containing GlutaMAX, penicillin/streptomycin, and B27 supplements.

mammalian axon regeneration; however, to our knowledge, the

Either adult DRG or embryonic dissociated neurons were cultured on

functional role of CaMKII on primary neuronal axon regeneration

coverslips, which were coated with 100.0 μg/ml poly‐D‐lysine and

has not yet been studied.

10.0 μg/ml laminin mixture.

Herein, our results indicate that the phosphorylation level of

The siRNA was transfected via electroporation as mentioned in our

CaMKII in DRG sensory neurons was increased because of peripheral

previous paper (Saijilafu, Hur, & Zhou, 2012). Removal of supernatant by

nerve injury. Moreover, the pharmacological inhibition of CaMKII

centrifugation of the dissociated cells, and resuspended the cells in

activity or genetic knockdown of CaMKIIγ blocks axon growth in

100.0 μl mixture of siRNA or/and enhanced green fluorescent protein

DRG sensory neurons and developing CNS neurons. By contrast, the

(EGFP) and electroporation buffer. Then, it was removed to a cuvette and

pharmacological activation of CaMKII with CdCl2 promotes the axon

electroporated with an AmaxaTM device. After then, the cells were mixed

outgrowth of DRG sensory neurons and developing CNS neurons. In

with the 500‐μl prewarmed MEM medium and cultured in a 24‐well

addition, we found that the inhibition of CaMKII activity reduces the

plate. Four hours later, when the cells had adhered to the bottom of the

F‐actin length in the growth cone, and on the contrary, the activation

24‐well plate, the medium containing residual electroporation buffer was

of CaMKII increases the F‐actin length. Taken together, our results

replaced.
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2.4 | Quantitative real‐time polymerase chain
reaction

2.7 | In vivo DRG electroporation

For real‐time polymerase chain reaction (RT‐PCR), the TRIzol reagent

was performed (Saijilafu et al., 2012). Under anesthesia, the left side of

(Invitrogen, CA) was used to isolate total RNAs, and Maxima H Minus

the L4‐L5 DRGs was exposed, a 1‐μl mixture solution containing siRNA

Reverse Transcriptase (Thermo Fisher Scientific, MA) were used to

and/or green fluorescent protein (GFP) plasmid was carefully micro-

reverse transcribe. The PCR amplification was performed with SYBR‐

injected into each DRG with a capillary pipette. After microinjection,

Green Real‐Time PCR Master Mix (Toyobo Co., Japan), and cycle

using tweezers‐like electrodes (Ø1.0 mm), the electroporation was

threshold values versus template concentration (standard curves)

performed by ECM830 electric transducers BTX (35 V, 15‐ms pulse, and

were made for each target gene and the endogenous reference (18S)

950‐ms interval). The skin was subsequently sutured. Two days later, a

in each sample. The following primers were used:

crush injury was created on the ipsilateral sciatic nerve using #5 forceps,

As mentioned in our previous published paper, in vivo electroporation

and an 11–0 nylon epineural suture was placed on the injury site.
CaMKIIγ forward: 5ʹ‐TACAGTGAAGCTGATGCCAG‐3ʹ;

Another 3 days postcrush injury, the entire sciatic nerve segment was

CaMKIIγ reverse: 5ʹ‐TTGACACCGCCATCTGACTT‐3ʹ

resected out after perfusion of the animals with 4% PFA. Using
AxioVision 4.7 software (Carl Zeiss MicroImaging, Inc.), the GFP‐
positive green axons was tracked manually from the distal axon tips to
the injury site in whole‐mounted tissue.

2.5 | Western blotting
Radioimmunoprecipitation assay buffer was used to lyse the cultured
neurons or tissues at 4.0°C for 30.0 min. Using the Bicinchoninic acid

2.8 | Measure of axon length and F‐actin length

Kit, the protein concentration was determined. Then, equal amount of

Axon length was measured using the “Measure/Curve/Outline”

extracted samples were separated with 10.0% sodium dodecyl sulfate‐

application of AxioVision 4.7 software. To quantify the average axon

polyacrylamide gel electrophoresis gel. Next, the protein was electro-

length for each condition, the longest axons of each neuron were

blotted onto a polyvinylidene difluoride membrane (Immobilon‐P;

tracked manually, and more than 100 neuronal axons were measured in

Millipore). The blot was incubated with 5.0% skimmed milk and

three independent experiments. For F‐actin length qualification, we

primary antibodies overnight at 4.0°C. Then, the blot was further

measured the distance from the fluorescent phalloidin‐labeled F‐actin

incubated for 1–2 hr with the appropriate horseradish peroxidase‐

tips to Tuj1 labeled microtubules ends with the AxioVision 4.7 software.

conjugated secondary antibody at room temperature. Afterward, the
membrane was developed by the Enhanced Chemiluminescence Prime
Western blotting Detection Reagent (GE Healthcare) to visualize the
protein band. The density of protein bands was quantified with the
Image J software from three independent experiments.

2.9 | Corticospinal tract tracing and axon
retraction measuring
To trace the cortical spinal tract, we injected BDA into the
sensorimotor cortex as indicated previously (Liu et al., 2010). In

2.6 | Immunofluorescence staining

brief, 14 days postinjury, a 1.6 μl 10% BDA in PBS was microinjected
into the sensorimotor cortex of four sites (1.0 mm lateral; 0.5 mm

The cultured neurons were fixed with 4% paraformaldehyde (PFA)

deep into the cortex; and 1.0, 0.5, −0.5, and −1.0 posterior from the

for 20 min and then incubated with 2% bovine serum albumin

bregma) with a 5‐μl Hamilton microsyringe. Fourteen days after

containing 0.1% Triton X‐100 for 1 hr, then, incubated with primary

injection, whole spinal cords were resected out and further fixed in

antibody (anti‐βIII tubulin, 1:1000; phospho‐CaMKII, 1:500) for 2 hr,

PFA for 6 hr at 4°C. Then, tissues were dehydrated in 30% sucrose

and secondary antibody for another 1 hr. To visualize the F‐actin, ice

solution and sectioned a 25‐μm thick either sagittal or cross‐sections.

cold methanol was used to fix the cells and incubated with Actin‐

Sections of spinal cords were stained with Cy3‐Streptavidin (Jackson,

stain 555 fluorescent Phalloidin for 30–60 min. Then, the samples

1:500) for 3.0 hr. Then, the samples were washed with PBS three

were mounted with Mowiol®.

times, and mounted with Mowiol® to obtain photos using fluores-

For immunohistostaining, the deep‐anesthetized mice were trans-

cence microscopy. To evaluate axon retraction, distances from the

cardically perfused with 4% PFA. Left L4‐L5 DRG tissues were cut out

BDA‐labeled axon tips to the center of the crush site were measured.

and further fixed with 4% PFA at 4.0°C. The samples were

The averages of all axons of five sections the spinal cord were

cryosectioned at 12‐μm thickness. Then, the sections were blocked

calculated and at least five mice were used for each group.

with 10% FBS containing 0.3% Triton X‐100 for 1 hr and incubated
overnight with anti‐βIII tubulin (Tuj1, 1:1000) antibody and phospho‐
CaMKII (1:500) antibody. Next day, the cryosections were washed

2.10 | Statistics

three times in phosphate‐buffered saline (PBS), and then incubated

All the data are presented as the mean ± standard error of the mean.

with fluorescent‐labeled secondary antibody for 1 hr. The samples were

“n” Indicates the number of independent experiments. The significant

mounted with Mowiol®.

differences between two groups were evaluated by a single factor
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with t test. A p value of less than 0.05 is considered statistically

phosphorylated CaMKII protein was also increased after sciatic

significant.

nerve injury (Figure 1b,c), indicating that peripheral axotomy
activates the CaMKII signaling pathway in peripheral sensory

3 | RES U LTS
3.1 | Peripheral axotomy increases the
phosphorylation level of CaMKII in sensory neurons
The results of previous studies have revealed that the axonal injury

neurons. However, total CaMKII protein expression was not changed
after peripheral axotomy (Figure 1b).

3.2 | Inhibition of CaMKII activity prevents axon
growth of mature sensory neurons

induces Ca2+ influx at the lesion site (Mar, Bonni, & Sousa, 2014), and

Next, we investigated the functional role of CaMKII on axon

calcium/calmodulin binds to CaMKII to activate it by autonomous

regeneration. Adult DRG neurons were treated with dimethyl

phosphorylation. Thus, we first examined the phosphorylation status

sulfoxide (DMSO) and either 2.5 or 5.0 µM KN93, a specific CaMKII

of CaMKII in sensory neurons after sciatic nerve transection.

inhibitor, and cultured for 3 days. The total CaMKII protein

Immunohistochemical staining was performed 3 days after the nerve

expression was not changed by KN93 treatment. However, the

injury showed elevated phosphorylation levels of CaMKII in the

phosphorylation level of CaMKII was effectively blocked by KN93

sensory neurons compared with the naïve DRG neurons (Figure 1a).

(Figure 2a,b), and the regenerative axon growth was also significantly

In addition, western blot data also further validated that the level of

inhibited by KN93 (Figure 2c,d). To confirm the pharmacological

F I G U R E 1 Peripheral axotomy increases phospho‐CaMKII expression in DRG neurons. (a) Compared with the naïve control group, p‐CaMKII
expression was increased in the DRG neurons after sciatic nerve axotomy. Green: Tuj1; red: p‐CaMKII. Scale bar = 100.0 μm. (b,c) Results of
western blotting showed increased p‐CaMKII expression levels in sensory neurons 7 days after sciatic nerve transection. CaMKII, calcium/
calmodulin‐dependent protein kinase II; Ctrl, control; DRG, dorsal root ganglion [Color figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 2 Inhibition of CaMKII activity prevents axon growth in adult sensory neurons (a,b) Inhibition of CaMKII activity with its
pharmacological inhibitor KN93 significantly blocks the phosphorylation level of CaMKII in DRG neurons. (c,d) KN93 treatment markedly
inhibits the DRG neuronal axon growth in vitro in a dose‐dependent manner. Neurons were visualized with Tuj1 staining, Scale bar = 200.0 μm,
n = 3. (e,f) A specific siRNA against CaMKIIγ significantly blocks pan‐CaMKII expression in the DRG neurons. (g,h) Transfection of siCaMKIIγ
markedly inhibits DRG neuronal axon growth. Scale bar = 20.0 μm, n = 3. CaMKII, calcium/calmodulin‐dependent protein kinase II; Ctrl, control;
DRG, dorsal root ganglion; siRNA, small interfering RNA [Color figure can be viewed at wileyonlinelibrary.com]
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results, we knocked down CaMKIIγ expression using specific siRNAs

flattened nerve (Saijilafu et al., 2013). All EGFP‐labeled axons length

in the cultured DRG sensory neurons. Among four isoforms of

was then manually measured from the proximal lesion site to the

CaMKII, the γ isoform is abundantly expressed in sensory neurons.

distal axonal tip. Consistent with our in vitro results, the axon

Our western blot results also revealed that siRNA against the γ

regeneration was significantly impaired by siCaMKIIγ (Figure 3a–c),

isoform efficiently suppressed CaMKII expression in the DRG

thereby indicating that the activity of CaMKII is essential for

neurons (Figure 2e,f). Furthermore, consistent with pharmacological

peripheral axon growth in vivo.

results, gene silencing of CaMKIIγ expression with specific siRNA
dramatically inhibited regenerative axon growth of sensory neurons
(Figure 2g,h).

3.3 | CaMKIIγ knockdown inhibits peripheral
sensory axon growth in vivo

3.4 | CaMKII activity regulates axon growth of
embryonic hippocampal and cortical neurons
Typically, intrinsic axon growth capability of the PNS and CNS
neurons is different. Therefore, we questioned whether CaMKII
regulates the axon growth capability of CNS neurons as well. To

To further explore the functions of CaMKII on axon growth in vivo,

test this hypothesis, we treated E14.5 cortical and E18.5

we used DRG electroporation technique to introduce siCaMKIIγ

hippocampal neurons with DMSO or 2.5 μM KN93 for 3 days.

plus EGFP into adult mouse lumbar (L) 4/5 DRG neurons. Two days

Similarly, treatment of KN93 induced significant axon growth

later, using fine forceps, the ipsilateral sciatic nerve crush injury was

inhibition in both cortical and hippocampal neurons (Figure 4a–d).

made. As mentioned in our previous paper, 3 days after the sciatic

To further confirm the pharmacological inhibitor results, we used a

nerve injury, the axon length was assessed in the whole mount

specific siRNA against CaMKIIγ to knockdown CaMKIIγ expression

F I G U R E 3 CaMKII activity is essential for the peripheral sensory axon growth in vivo (a) Representative images of axon regeneration in vivo
following siCaMKIIγ transfection. Red lines indicate the crush sites; the arrowheads indicate the regenerating axon tips. Scale bar = 200.0 μm.
(b,c) Qualification of average axon length of EGFP‐positive regenerating fibers showing CaMKIIγ knockdown in mature sensory neurons
dramatically inhibits its axon growth in vivo, (n = 6 mice for each). CaMKII, calcium/calmodulin‐dependent protein kinase II; Ctrl, control; EGFP,
enhanced green fluorescent protein [Color figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 4 Inhibition of CaMKII activity impairs axon growth in embryonic CNS neurons. (a,b) Inhibition of CaMKII activity with the 2.5 μM
KN93 blocks cortical neuron axon growth. Scale bar = 100.0 μm, n = 3. (c,d) Inhibition of CaMKII activity with the 2.5 μM KN93 blocks
hippocampal neuronal axon growth. Scale bar = 100.0 μm, n = 3. (e,f) Knockdown of CaMKII activity with a specific siCaMKIIγ blocks cortical
neuron axon growth. Scale bar = 20.0 μm, n = 3. (g,h) Knockdown of CaMKII activity with a specific siCaMKIIγ blocks hippocampal neuron axon
growth. Scale bar = 20.0 μm, n = 3. CaMKII, calcium/calmodulin‐dependent protein kinase II; CNS, central nervous system; Ctrl, control [Color
figure can be viewed at wileyonlinelibrary.com]
in the E14.5 cortical and E18.5 hippocampal neurons. In line with
the results of pharmacological inhibition results, siCaMKIIγ
transfection also markedly inhibited both cortical and hippocampal
neuronal axon growth (Figure 4e–h). Taken together, our results
suggest that CaMKII activity is essential for CNS axon growth as
well.

3.5 | Activation of CaMKII promotes axon growth
in adult sensory neurons and embryonic CNS neurons
A previous study showed that cadmium ions could activate
CaMKII in mesangial cells (Ying & Templeton, 2007). Consistent
with that, in cultured DRG neurons, we also found that the
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treatment with 10.0 μM CdCl2 significantly upregulates the

the treatment of CdCl 2 promotes embryonic cortical (Figure 5e,f)

expression level of phosphorylated CaMKII without affecting

hippocampal neuronal axon growth (Figure 5g,h). Consistently,

the expression level of total CaMKII protein (Figure 5a,b) . Hence,

administration of calcium ionophores (1.0 μM, A23187) also

we further examined whether activation of CaMKII with CdCl 2

promotes adult DRG and embryonic cortical neuronal axon

regulates the in vitro axon growth. Interestingly, our results

growth (Figure 5d,f). Thus, our results revealed that the

showed that CdCl 2 could significantly promote axon growth in

activation of CaMKII sufficiently promotes neuronal axon growth

adult sensory neurons (Figure 5c,d). Similarly, we also found that

in the adult PNS and developing CNS in vitro.

F I G U R E 5 Activation of CaMKII activity promotes axon growth in adult DRG and developing CNS neurons (a,b) Western blot images
showing that phospho‐CaMKII expression level is increased in adult DRG neurons after administration of 10.0 μM CdCl2. (c,d) Activation of
CaMKII with 10.0 μM CdCl2 or 1.0 μM A23187 promotes adult DRG neuronal axon growth in vitro. The average axonal lengths were quantified
from three independent experiments. Scale bar = 200.0 μm. (e,f) Activation of CaMKII with 10.0 μM CdCl2 or 1.0 μM A23187 promotes axon
growth of developing cortical neurons. All neurons were stained with Tuj1 antibody. n = 3, Scale bar = 200.0 μm. (g,h) Activation of CaMKII with
10 μM CdCl2 promotes axon growth of embryonic hippocampal neurons. n = 3, Scale bar = 200.0 μm. CaMKII, calcium/calmodulin‐dependent
protein kinase II; CNS, central nervous system; Ctrl, control; DRG, dorsal root ganglion [Color figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 6 Activation of CaMKII with CdCl2 prevents injury‐induced axon retraction of the cortical spinal tract (a) Representative images of
the spinal cord sagittal sections from the intraperitoneal injection of CdCl2 or vehicle every day for 4 weeks. White dot line: Lesion site; Green
arrow: retraction bulbs. Scale bar = 200.0 μm. (b) Evaluation of distances of the nearest axon tip from the injury site showing that CdCl2
treatment significantly prevented injury‐induced axon retraction. CaMKII, calcium/calmodulin‐dependent protein kinase II; CST, cortical spinal
tract; Ctrl, control [Color figure can be viewed at wileyonlinelibrary.com]

3.6 | Activation of CaMKII with CdCl2 prevents
injury‐induced axon retraction of the cortical spinal
tract
Axons of the cortical spinal tract retract in response to spinal cord
injury and subsequently form retraction bulbs (Erturk, Hellal, Enes,
& Bradke, 2007; Fishman & Mattu, 1993; Mcphail, Stirling,
Wolfram, Kwiecien, & Ramer, 2015; Seif, Hiroshi, & Tator, 2007).

retraction, but, it is difficult to further promote axon growth over
the lesion site in the injured spinal cord.

3.7 | CaMKII activity inhibition prevents
axotomy‐induced transcription independent of
axon growth

The retraction bulb is an oval structure at the tip of injured axons,

Previously, we developed the culture and replating model to explore

which are the hallmark of the dystrophic axon and lack a

whether axon growth is local cytoskeleton assembly‐dependent or gene

regenerative response. Our cell culture results indicate that

transcription‐dependent (Saijilafu et al., 2013). Using this model system,

activation of CaMKII with CdCl2 promotes axon growth in

we further investigated whether the regulatory effect of CaMKII on axon

embryonic CNS and adult PNS. Thus, using a spinal cord injury

growth is gene transcription‐dependent or growth cone cytoskeleton

model, we further examined whether activation of CaMKII with

assembly‐dependent. Adult sensory neurons were cultured for 3 days in

CdCl2 promotes in vivo axon regeneration. After the whole spinal

vitro, following which these 3‐day‐cultured neurons were suspended and

cord crush was established at the T8 level, 1.0 mg/kg CdCl2 was

replated to initiate new axon growth. Interestingly, we found that the

intraperitoneally injected every day for 4 weeks. We found that the

neurons treated with KN93 during the initial 3‐day‐culture period had no

injection of CdCl2 could prevent injury‐induced axon retraction of

effect on newly growing axons after replating (Figure 7a,b). However,

the cortical spinal tract (Figure 6a,b). However, unfortunately, we

axon growth from neurons that were treated with KN93 after replating

did not observe any BDA‐labeled regenerating axons beyond the

was significantly blocked (Figure 7a,b). This result indicates that KN93

crush site in the spinal cord. Thus, although these data indicate that

mainly inhibits local cytoskeleton assembly‐dependent axon growth. On

the activation of CaMKII could prevent injury‐induced axon

the other hand, ours and others’ previous studies have shown that the
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F I G U R E 7 Inhibition of CaMKII activity prevents axotomy‐induced axon growth in sensory neurons (a,b) Administration of 2.5 μM KN93
after replating blocks axon growth in mature sensory neurons. In contrast, administration of 2.5 μM KN93 before replating did not affect axon
growth in mature sensory neurons. n = 3, Scale bar = 200.0 μm. (c,d) Inhibition of CaMKII activity with its pharmacological inhibitor KN93 (2.5 or
5.0 μM), markedly blocks axotomy‐induced axon growth of mature sensory neurons. n = 3, Scale bar = 200.0 μm. CaMKII, calcium/calmodulin‐
dependent protein kinase II; Ctrl, control [Color figure can be viewed at wileyonlinelibrary.com]
peripheral axotomy switches the sensory neurons into a regeneration

KN93 treatment. In line with the results of the culture and replating

mode, and this peripheral axotomy‐induced axon growth is mainly

method, we found the KN93 also blocks peripheral axotomy‐induced

dependent on growth cone cytoskeleton assembly (Saijilafu et al., 2013).

cytoskeleton assembly‐dependent axon growth of DRG neurons (Figure

Thus, first we made a sciatic nerve cut, and 7 days after the nerve lesion,

7c,d). Together, our data showed that CaMKII mainly controls local

the L4 and L5 DRGs were dissected and cultured for 24 hr in vitro with

cytoskeleton assembly at the growth cone during axon regeneration.
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F I G U R E 8 CaMKII affects the F‐actin length in growth cone (a) Immunofluorescence staining showing that phospho‐CaMKII is located at the
frontier tip of the tubulin, and colocalizes with F‐actin in the DRG neuronal growth cones. Scale bar = 5.0 μm. (b,c) Inhibition of CaMKII activity
with KN93 significantly reduces the F‐actin length; in contrast, activations of CaMKII with CdCl2 increase the F‐actin length, Scale bar = 5.0 μm.
CaMKII, calcium/calmodulin‐dependent protein kinase II; Ctrl, control [Color figure can be viewed at wileyonlinelibrary.com]
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3.8 | CaMKII regulates the F‐actin length in
neuronal growth cone
The status of F‐actin is believed to be regulated by CaMKII in
dendritic spines (Okamoto, Bosch, & Hayashi, 2009). Here, our
results suggest that CaMKII mainly controls local cytoskeleton
assembly at the growth cone during axon outgrowth. Accordingly,
we further examined the interaction between the growth cone
F‐actin status and CaMKII activity. First, our immunofluorescence
staining showed that phospho‐CaMKII is located at the frontier tip
of the tubulin (Figure 8a), colocalized with F‐actin (Figure 8a).
Furthermore, we found that inhibition of CaMKII activity with
KN93 significantly reduced the F‐actin length (Figure 8b,c). In
contrast, activation of CaMKII with cadmium chloride increased
F‐actin length (Figure 8b,c). Thus, it is probable that CaMKII
regulates mammalian axon growth by affecting F‐actin length in the
growth cone.
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important regulator of axon growth, and its activity is critical for
mammalian axon growth.
It is well known that axon elongation is achieved by cytoskeletal
elements assembly at the nerve growth cone. Another study showed
that CaMKII was colocated and interacted with F‐actin (Easley et al.,
2006). CaMKIIβ also contains a binding region for F‐actin (Lin &
Redmond, 2009), and regulates its stability (Caran, Johnson, Jenkins, &
Tombes, 2001; Fink et al., 2003). Thus, inhibition of CaMKII causes
disorganization of the F‐actin structure (Easley et al., 2006). On the other
hand, CaMKII can phosphorylate many microtubule‐associated proteins
(Goldenring, Gonzalez, Mcguire, & Delorenzo, 1983). For example,
CaMKII can inhibit cofilin functions through LIMK (Lin11, Isl‐1 and Mec‐
3 kinase) signaling (Okamoto et al., 2009), and cofilin can regulate
neuronal actin cytoskeleton by actin depolymerization (Sarmiere &
Bamburg, 2010). Thus, it is possible that CaMKII regulates mammalian
axon regeneration by affecting the growth cone cytoskeleton components such as F‐actin distribution. It has been reported that actin and
CaMKIIβ are colocalized in live hippocampal neurons, and CaMKIIβ
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regulates the movement and extension of filopodia via controlling actin
polymerization (Fink et al., 2003). Consistently, here, our data also
showed that phospho‐CaMKII is colocalized with F‐actin at the frontier

The global rates of nerve injury on account of trauma are exceedingly

tip of the tubulin. Thus, it is also possible that CaMKII modulates F‐actin

high, and loss of axonal continuity is a common problem associated with

length via actin polymerization in the peripheral sensory neuron. Here,

the functional deficit. Thus, axon regeneration is a key determinant of the

our data suggested that CaMKII regulates mammalian axon regeneration

injured nervous system’s functional recovery. Thus far, several molecules

by affecting F‐actin distribution in the growth cone.

and signaling cascades have been identified that play a potential role in

In conclusion, our results indicated that peripheral axon injury

axon regeneration. However, the process of axon regrowth in the

upregulates the phosphorylation level of CaMKII in mature sensory

mammalian nervous system is very complex. The regenerative capacity of

neurons. Moreover, inhibition of CaMKII activity impairs PNS and CNS

injured neurons is governed by both extrinsic and intrinsic factors.

axon growth in vitro, and activation of CaMKII promotes PNS and CNS

Therefore, axon outgrowth in the adult mammalian nervous system is

axon growth in vitro. Most importantly, our data also indicate that

often poor, especially in the CNS neurons.

CaMKII activity involves peripheral sensory axon regeneration and

Herein, we found that peripheral axonal injury increases the

cortical tract regeneration in vivo. Furthermore, we also found that

phosphorylation level of CaMKII in DRG neurons of adult mice. CaMKII

CaMKII mainly regulates F‐actin length in the growth cone during axon

is a prominent protein kinase, and calcium/calmodulin can bind to CaMKII

regeneration. Thus, taken together, these findings provide clear evidence

and activate it through autonomous phosphorylation (Patodia & Raivich,

that CaMKII is a critical modulator of mammalian axon regeneration.

2012). A previous study has shown that the influx of extracellular Ca2+ is
one of the first phenomenon that occurs following an axonal injury (Mar
et al., 2014). Thus, it is possible that a peripheral axotomy‐induced

AC KNO WL EDG M EN TS

increase of the intracellular calcium ions concentration activates CaMKII
in DRG neurons. In addition, one study reported that inhibition of calcium
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influx will reduce the axon outgrowth in the sensory neurons of
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Caenorhabditis elegans (Anindya et al., 2010). Similarly, the results of our
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pharmacological or genetic silencing study showed that the inhibition of
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CaMKII activity impairs mammalian axon growth both in vitro and in vivo.
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More importantly, our data also indicate that the activation of CaMKII is
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growth in vitro. In addition, the axons of injured CNS neurons usually
develop retraction bulbs with disorganized cytoskeleton elements such as
microtubules (Erturk et al., 2007). The results of some literature have
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shown that stabilization of microtubules with taxol promotes spinal cord
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2011). Here, we found that the activation of CaMKII with CdCl2 prevents
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