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1  | INTRODUC TION

Functional recovery after nerve injury is often unsatisfactory as 
many patients suffer from permanent complications, such as paral-
ysis. Axons are the main transmission pathway of electric impulses 
between a neuron and its downstream effector. Thus, axon regener-
ation is a critical determinant for the successful functional recovery 
of the injured nervous system. To date, recent studies have identi-
fied that the PTEN gene is a critical regulator of the intrinsic axon 
regeneration ability of mature neurons and that PTEN knockout 
significantly promotes axon regeneration in both central nervous 
system and peripheral nervous system.1–3

It has been reported that mammalian dorsal root ganglion 
neurons (DRG) can be divided into several subpopulations ac-
cording to its Griffonia simplicifolia isolectin B4 (IB4) affinity.4,5 
Additionally, IB4-labelled neurons (IB4+ ) are difficult to regener-
ate axon after injury, and even the forced overexpression of axon 
growth promoting molecules, such as α7β1-integrin and GAP43, 
failed to enhance the axon growth of IB4+ neurons.6 These find-
ings indicate that IB4+ neurons lack the intrinsic ability to regen-
erate axons following injury. Interestingly, a recent study found 
that IB4+ neurons usually have an elevated expression of PTEN 
protein.7 Therefore, we suggested that the PTEN gene is one of 
the crucial inhibitors of IB4+ neuronal axon regeneration. Thus, 
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Abstract
Traumatic nerve injuries have become a common clinical problem, and axon regener-
ation is a critical process in the successful functional recovery of the injured nervous 
system. In this study, we found that peripheral axotomy reduces PTEN expression 
in adult sensory neurons; however, it did not alter the expression level of PTEN in 
IB4-positive sensory neurons. Additionally, our results indicate that the artificial 
inhibition of PTEN markedly promotes adult sensory axon regeneration, including 
IB4-positive neuronal axon growth. Thus, our results provide strong evidence that 
PTEN is a prominent repressor of adult sensory axon regeneration, especially in IB4-
positive neurons.
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the suppression of PTEN activity may increase the intrinsic axon 
growth ability of IB4+ neurons and further promote its axon re-
generation after injury.

2  | METHODS AND MATERIAL S

2.1 | Animals and surgical procedures

All animals (8-10  weeks of age) were handled according to the 
guidelines of the Institutional Animal Care and Use Committee of 
Soochow University. PTENflox/flox mice and Advilin-Cre mice were 
bred together to generate DRG sensory neuronal specific PTEN 
knockout mice. Sciatic nerve injury and in vivo electroporation 
of adult DRG neurons were performed as described previously.8

2.2 | Reagents and antibodies

The Tuj1 mouse mAb (1:1500, MMS-435P) antibody was purchased 
from Covance. The PTEN (1:1000, sc-7974) antibody was purchased 
from Santa Cruz Biotechnology. Secondary antibodies conjugated 
with Alexa fluorophores 488 or 568 (1:1000) and Alexa Fluor 
488-conjugated IB4 were from Invitrogen. The SF1670 and BPV 
were purchased from Selleck.

2.3 | Neuronal culture and Axon length analysis

Adult sensory neurons were cultured as described previously.9 The 
isolated neurons were allowed to grow axons for 3 days, and we ad-
ministered SF1670 (1 or 10 nM) or 200 nM BPV to the culture me-
dium. The longest axons of one hundred randomly selected neurons 
in each experimental condition were measured using AxioVision 4.7 
software. Average axon lengths were calculated from three separate 
experiments in each condition.

2.4 | Immunofluorescence staining

DRG tissues were cut into slices of 14 microns. The primary anti-
body was applied for 24 hour at 4°C and the secondary antibodies 
for 1 hour at room temperature. For immunofluorescence staining of 
IB4, Alexa Fluor 488-conjugated IB4 was applied overnight at 4°C 
and mounted with a MOWIOL media.

2.5 | Western blots and qRT-PCR

The protein samples were loaded into SDS-PAGE gels and then trans-
ferred to polyvinylidene fluoride membranes (PVDF). Protein bands 
were visualized using Pierce™ ECL Western Blotting Substrate. 
TRIzol reagent was used to extract RNA from the DRG tissue. The 
PCR products were labelled using the CFX96™ real-time PCR detec-
tion system (Bio-Rad).

The following primer sequences were used:
PTEN-F: 5’-CTCCTCTACTCCATTCTTCCC-3’
PTEN-R: 5’-ACTCCCACCAATGAACAAAC-3’

2.6 | Statistics

Data are presented as mean ± SEM. Two-tailed Student’s t tests were 
used to compare the different experimental conditions. P < 0.05 was 
considered statistically significant.

3  | RESULTS

3.1 | Inhibition of PTEN promotes adult sensory 
neuronal axon growth

We found that PTEN expression in DRG neurons was signifi-
cantly down-regulated compared to the control after nerve injury 

F I G U R E  1   Inhibition of PTEN activity promotes adult sensory neuronal axon growth. (A) Representative Western blot images of PTEN 
expression in L4-L5 DRGs of adult mice 3 days after sciatic nerve axotomy. Compared to uninjured control, PTEN protein level is markedly 
down-regulated by peripheral axotomy (n = 3). (B) Quantification of Western blot images of PTEN expression. The relative protein level 
of PTEN in the L4 DRGs was reduced 3 days after sciatic nerve axotomy (n = 3). ***P < 0.001. (C) Quantification of PTEN mRNA levels 
by qPCR. The relative level of PTEN mRNA expression in the L4 DRGs was reduced 3 days after sciatic nerve axotomy (n = 3). * P < 0.05. 
(D) Adult DRG neurons were cultured in vitro for 3 days and treated with PTEN inhibitor SF1670 (10 nM) or BPV (200 nM). The vehicle 
DMSO was as control. All neurons were stained with anti-βIII tubulin (green). Scale bar: 100 μm. Quantification of the average length of the 
longest axons (n = 3). (E) The pharmacological inhibition of PTEN activity promoted the axon growth of peripheral sensory neurons (n = 3). 
* P < 0.05, *** P < 0.001. (F) The pharmacological inhibition of PTEN activity markedly increases phospho-S6 expression, which is a well-
known downstream target of the PTEN, in the cultured DRG neurons. (G) Quantification of Western blot images of phospho-S6 expression. 
The relative protein level of phospho-S6 was increased in the cultured DRG neurons. (n = 3). *** P < 0.001. (H) The adult DRG neurons were 
cultured from the Advilin-Cre induced PTEN knockout mice. Scale bar: 100 μm. (I) Axon length of adult DRG neuron in the PTEN knockout 
mice was significantly longer than the PTENflox/flox mice (n = 3). ***P < 0.001. (J) The left L3-L4 DRGs were electroporated with EGFP 
plasmid, and sciatic nerve was crushed two days after electroporation. Another three days later, whole sciatic nerve segment was harvested. 
Red dot line is crush site. Arrow head is regenerating axons. Scale bar: 500 μm. (K) PTEN knockout significantly promotes sciatic nerve axon 
regeneration in vivo (n = 5). *** P < 0.001
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Figure 1A-C. Our data also showed that pharmacological inhibition 
of PTEN markedly increased phospho-S6 expression in the cul-
tured DRG neurons and promotes its axon growth Figure 1D-G). 
Consistently, the axon length in the PTEN knockout mice was signifi-
cantly longer than in the wild-type mice Figure 1H-I. Furthermore, 
knockout of PTEN also markedly promoted in vivo sciatic nerve axon 
regeneration Figure 1J-K). Taken together, our results indicate that 
the inhibition of PTEN promotes axon growth in adult sensory neu-
rons in vitro and in vivo.

3.2 | IB4+ neurons have a higher PTEN expression 
than IB4- neurons

Our data revealed that PTEN expression in the IB4+ neurons was sig-
nificantly higher than in the IB4- neurons Figure 2A, and the average 
axon length of the IB4+ neurons was significantly shorter than the 
IB4- neurons Figure 2B and C. It has been demonstrated that periph-
eral axotomy can activate the intrinsic axon regeneration ability of 
adult sensory neurons.10 Although peripheral axotomy significantly 
promotes axon growth in IB4- neurons Figure 2D and E, however, we 
found that peripheral axotomy did not affect the PTEN expression 
in the IB4+ neurons Figure 2F, and axon growth from the IB4+ neu-
rons was also not enhanced by peripheral axotomy Figure 2D and E. 
These results suggested that PTEN protein is a potential inhibitor of 
the IB4+ neuronal axon growth.

3.3 | Inhibition of PTEN promotes axon growth in 
IB4+ neurons independent of mTOR

Next, we found that the axon length of IB4+ neurons was longer 
in the SF1670 (10 nM) and BPV (10 nM) treated groups Figure 2G 
and H). Consistently, the axon length of the IB4+ neurons from the 
PTEN knockout mice was also increased compared to the control 
mice Figure 2A and B. Then, DRG neurons were cultured for 3 days 
with both PTEN and mTOR inhibitors. Our data indicated that mTOR 

inhibition did not affect the axon growth promoting effect of the 
PTEN inhibitor Figure 2I and J). This means that the regulatory effect 
of PTEN on adult sensory neurons is not dependent on the mTOR 
pathway.

4  | DISCUSSION

Although the damaged peripheral neurons can regenerate axons, 
however, accumulating evidence has shown that still some parts of 
adult sensory neurons cannot regenerate axons after injury, such as 
IB4+ neurons7,11. In agreement with these previous findings, our im-
munohistological staining revealed that the expression of PTEN in 
IB4+ neurons was significantly higher than in IB4- neurons. Here, our 
data further showed that the inhibition of PTEN markedly promotes 
IB4+ neuronal axon regeneration. Thus, it means that PTEN is a criti-
cal repressor of IB4+ neuronal axon regeneration.

It has been reported that PTEN regulates mature CNS axon re-
generation through the activation of the mTOR pathway12. However, 
our data showed that the mTOR inhibitor did not affect the axon 
growth promoting effect of PTEN deletion in sensory neurons. 
Therefore, the results suggest that PTEN regulates sensory neuronal 
axon growth independently of the mTOR pathway. Glycogen syn-
thase kinase-3 beta (GSK3β) is well-known downstream substrate of 
PTEN-Akt pathway. An earlier study conducted by our team showed 
that the inactivation of GSK3β is necessary for sensory axon regen-
eration9. Thus, it is possible that PTEN controls sensory axon regen-
eration through GSK3β.

Summary, our results demonstrated that IB4+ sensory neurons 
express a high level of PTEN and that PTEN inhibition dramatically 
promotes axon growth of both IB4+ sensory neurons and IB4- neu-
rons. Taken together, these data indicate that PTEN is a prominent 
repressor of adult sensory axon regeneration, especially in IB4+ 
neurons.
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F I G U R E  2   IB4+ neurons possess higher PTEN expression, and PTEN inhibition promotes its axon growth independent of mTOR. (A) 
Immunohistological staining of L4 DRG section showed that IB4+neurons possess higher PTEN expression, and about 36.3 ± 8.1% of 
DRG neurons showed positive for both PTEN and IB4 staining. Scale bar, 100 μm. (B) Adult DRG neurons were cultured for three days 
and stained with anti-βIII tubulin (red) and Alexa Fluor 488-conjugated Isolectin IB4 (green). Scale bar, 100 μm. (C) Axon length from 
IB4+ neurons was significantly shorter than IB4- neuron (n = 3). ***P < 0.001. (D) Adult DRG neurons were cultured for 18 hours after 
peripheral nerve axotomy and stained for anti-βIII tubulin (red) and Alexa Fluor 488-conjugated Isolectin IB4 (green). Scale bar, 100 μm. 
(E) IB4- neuronal axon growth is significantly enhanced by peripheral axotomy; however, intrinsic axon growth ability of IB4+ neuron is not 
affected (n = 3). ***P < 0.001. (F) Immunohistostaining of L4 DRG section showed that PTEN expression in IB4+ neurons was not affected 
by sciatic nerve axotomy. Arrowhead: IB4+ neurons. Scale bar, 100 μm. (G) Adult DRG neurons were cultured for three days with PTEN 
inhibitor SF1670 (10 nM) or BPV (200 nM) treatment. Vehicle (DMSO) was as control. All neurons were stained with anti-βIII tubulin (red) 
and Alexa Fluor 488-conjugated Isolectin IB4 (green). Scale bar, 100 μm. (H) Administration of PTEN inhibitor significantly increases axon 
length of IB4 + neuron (n = 3). *P < 0.05, **P < 0.01. (I) Adult DRG sensory neurons were culture for three days from advilin-cre induced 
PTEN knockout mice. All neurons were stained with anti-βIII tubulin (red) and Alexa Fluor 488-conjugated Isolectin IB4 (green). Scale bar, 
100 μm. (J) Quantification of the average axon length showed that PTEN knockout markedly promotes IB4+ neuronal axon growth (n = 3). 
** P < 0.01. (K) Adult DRG neurons were cultured with rapamycin (20 nM) only, or cultured with both rapamycin 20 nM and PTEN inhibitor 
(10 nM SF1670 or 200 nM BPV). All neurons were stained with anti-βIII tubulin (green). Scale bar, 100 μm. (L) Quantification of the average 
axon length showed that mTOR inhibition did not affect the axon growth promoting effect of the PTEN inhibitor (n = 3). **P < 0.01
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