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MicroRNA 218 modulates PKC/AKT pathway to protect 
lidocaine-induced neurotoxicity in ganglia in vitro
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Abstract: Objectives: Application of local anesthetics such as lidocaine may induce neurotoxicity in peripheral sen-
sory neurons of dorsal root ganglia (DRG). The present study examined the effect of microRNA 218 (miR-218) 
expression in the process of local anesthetic-induced neurotoxicity. Methods: DRG neurons from 8-week-old adult 
C57BL/6 mice were cultured in vitro. Lidocaine was applied to induce apoptosis. The expression level of miR-218 
was assessed by quantitative real-time polymerase chain reaction (qRT-PCR). Lentiviral vector was applied to silence 
miR-218 in DRG neurons. The protective effect of miR-218 knockdown against lidocaine-induced neurotoxicity was 
examined by TUNEL assay. Western blotting analysis was used to assess the activation of PKC/AKT signaling path-
way. Results: The application of lidocaine significantly induced the apoptosis and increased the expression of miR-
218 in DRG neurons, both in concentration-dependent manners. Inhibition of miR-218 reduced lidocaine-induced 
apoptosis in DRG neurons. Western blotting analysis demonstrated that PKC/AKT signaling pathway was activated 
after inhibiton of miR-218 during the process of lidocaine-induced neurotoxicity. Furthermore, siRNA-mediated AKT 
inhibition reversed the protective effect of miR-218 downregulation on lidocaine-induced apoptosis of DRG neurons. 
Conclusions: Our study clearly demonstrated that miR-218 played an active role in regulating lidocaine-induced 
neurotoxicity in DRG neurons, partly through the regulation of AKT. Inhibition of miR-128 may provide a potential 
therapeutic target to protect local anesthetic-induced neurotoxicity.
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Introduction

In recent decades, growing evidence, both clini-
cally and experimentally, has shown that local 
administration of anesthetics could induce 
severe or even irreversible neurotoxicity in 
peripheral neurons including dorsal root gan-
glion (DRG) neurons [1-4]. Especially while local 
anesthetics were applied near growing neurons 
under the circumstance of chemical or mechan-
ical injury in patients, their long-term neurotoxic 
effect on those growing neurons could not be 
ignored in clinical practice. Thus, it is of great 
interest toto elucidate the underlying mecha-
nisms of local anesthetic-induced neurotoxici-
ty, as well as to develop potential clinical strate-
gies to rescue or protect peripheral neurons 
from neurotoxicity induced by local application 
of anesthetics.

MicroRNAs (miRNAs) are groups of endoge-
nous, non-coding small RNA typically contain-

ing 21-23 nucleotides that modulate gene 
expression by binding to the 3’-untranslated 
region (3’-UTR) of their target mRNAs, resulting 
in their post-translational inhibition or cleavage 
[5, 6]. Various miRNAs have been found in the 
peripheral nervous system, including eye, ear, 
spinal cord and DRG, where they play critical 
roles in regulating neurogenesis, neural devel-
opment and neural pathology [7-11]. Recently, 
several studies have shown that miRNA plays 
important roles in development and local injury 
of DRGs [12, 13]. However, the involvement of 
miRNAs during the process of anesthesia-
induced neurotoxicity in DRG remains poorly 
understood and requires further study. 

Thus, To further explore the underlying mecha-
nisms of miRNAs in regulating neurotoxicity in 
DRG induced by local anesthetics, one of the 
important neuronal miRNAs, microRNA 218 
(mR-218), was investigated for its endogenous 
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regulatory role during DRG neurotoxicity. Also, 
we set to investigate whether miR-218 is capa-
ble of modulating lidocaine-induced neural 
apoptosis in DRG and the molecular pathways 
associated with miR-218 regulation during the 
process of local anesthesia induced DRG 
neurotoxicity.

Materials and methods

In vitro culture of DRG cells

DRG were extracted from adult male C57BL/6 
mice (8 weeks old), and immediately immersed 
in F-12 culture medium (Invitrogen, Carlsbad, 
CA, USA) containing 2 mg/ml collagenase incu-
bated in a humidified chamber at 37°C and 5% 
CO2 for 2 hours. Ganglia were treated with 
0.05% trypsin (Invitrogen, Carlsbad, CA, USA) 
for 15 min at 37°C, and then triturated with a 
glass pipette. The dissociated DRGs were seed-
ed into 6-well plates in F-12 medium supple-
mented with 10% fetal bovine serum (FBS) and 
penicillin/streptomycin (P/S, 100 μg/ml). All 
experiments followed the National Institute of 
Health Guidelines for the Care and Use of 
Laboratory Animals and were approved by the 
committee for Animal Experiments of Sir Run 
Run Shaw Hospital, School of Medicine, 
Zhejiang University.

Lidocaine treatment 

To introduce toxicity in DRGs, various concen-
trations of lidocaine solutions (1-100 µM), were 
added into each well after seeding for 2 hours. 
After quick wash of HBSS medium (Gibco, 
Grand Island, NY, USA). DRGs were cultured in 
fresh F-12 medium with FBS and P/S for anoth-
er 24 hours before further examination.

TUNEL staining assay

DRGs were fixed by 4% paraformaldehyde (PFA) 
in phosphate-buffered saline (PBS), mixed with 
0.3% Triton X-100 for 30 min. Apoptosis was 
measured by a terminal deoxyribonucleotidyl 
transferase (TdT)-mediated biotin-16-dUTP ni- 
ck-end labeling (TUNEL) assay using an In-Situ 
Apoptosis Detection Kit (Chemicon, Carlsbad, 
CA, USA). A neuronal specific nuclei antibody 
NeuN (1:1000, Cell Signaling, USA) was used to 
identify DRGs in the culture. Imaging was taken 
on an Olympus BH51 fluorescence microscope 
(Olympus, Japan). To quantify DRG apoptosis, 5 

visual areas (100 × 100 µM) were randomly 
selected for each well and the percentage of 
TUNEL-positive DRGs (TUNEL against NeuN) 
were averaged for each experimental condi- 
tion.

Quantitative real-time reverse transcription-
PCR (qRT-PCR)

DRGs in culture were collected and RNAs were 
extracted using a Trizol RNA purification Kit 
(Qiagen, Carlsbad, CA, USA) according to the 
manufacturer’s protocol. Total RNA was exam-
ined by a NanoDrop ND-3000 spectrophotom-
eter (NanoDrop, Carlsbad, CA, USA) at 260 and 
280 nm (A260/280), and analyzed with an 
Agilent Bioanalyzer 4100 system (Agilent, UK). 
QRT-PCR to probe miR-218 was conducted by a 
TaqMan miRNA Assay with Mm_miR-218 miS-
cript Primers according to the manufacturer’s 
protocol (Applied Biosystems, Foster City, CA, 
USA).

MicroRNA 218 downregulation in DRG

In order to down-regulate endogenous murine 
miR-218 in DRGs, synthetic mouse miRNA 
inhibitor oligonucleotide against mmu-miR-218 
(miR218-I) (BiboBio, Guangzhou, China) were 
transfected into cells using Lipofectamine™ 
2000 (Invitrogen) following the manufacturer’s 
instructions., along with a non-specific control 
miRNA oligonucleotide (miR-C). On the experi-
mental day, 1 µM miR218-I or miR-C was added 
into DRG culture 6 hours before lidocaine 
application.

Western blot analysis

DRGs were collected from 6-well plates. Cell 
lysates were prepared with a lysis buffer con-
taining 50 mM Tris (pH 7.6), 150 mM NaCl, 1 
mM EDTA, 10% glycerol, and 0.5% NP-40 and 
protease inhibitor cocktail (Invitrogen, Carlsbad, 
CA, USA). Total proteins extracted from each 
group of cells were determined by a BCA pro-
tein assay (Pierce, USA) and then separated by 
sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred 
onto a PVDF membrane (Bio-Rad, USA). After 
the application of a block buffer for 1 hour at 
room temperature, the membranes were incu-
bated with primary antibodies against PI3k3/
serine-threonine kinase (AKT, 1:2000 dilution, 
Cell Signaling Technology, USA), phosphor-AKT 
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(pAKT, 1:200 dilution, Cell Signaling Technology, 
USA), protein kinase C (PKC, 1:2000 dilution, 
Cell Signaling Technology, USA), phosphorylat-
ed PKC (pPKC, 1:200 dilution, Cell Signaling 
Technology, USA) and β-actin (1:2000 dilution; 
Cell Signaling Technology, USA) overnight at 
4°C. The blots were then washed and incubat-
ed with horseradish peroxidase conjugated 
secondary antibody (Cell Signaling Technology, 
USA) overnight at 4°C. The immune complex 
was detected by an enhanced chemilumines-
ence system (Amersham Biosciences, USA). 
The band intensities on the film were quantita-
tively analyzed by densitometry with a comput-
er-assisted imaging analysis system (ImageJ, 
NIH, USA).

SiRNA transfection

The gene-silencing siRNA to knock down AKT 
(AKT-siRNA), along its non-specific control 
siRNA (C-siRNA) were purchased from RiboBio 

(BiboBio, Guangzhou, China). The transfection 
of siRNAs (100 nM) in DRG culture was applied 
along with a Lipofectamine 2000 reagent 
(Sigma Aldrich, USA) according to the manufac-
turer’s protocol. The efficiency of siRNA was 
examined by Western blotting 24 hours after 
transfection.

Statistical analysis

All data in the present study were shown as  
the mean ± S.E.M. Statistical comparison  
was made by one-way ANOVA followed by stu-
dent’s t-test using SPSS software 12.0 (SPSS, 
Chicago, Illinois, USA). At the same time, we 
used a two-way ANOVA as statistical analysis 
method to analyse the effects of lidocaine con-
centration and exposure time on DRG cell via-
bility. Statistical significance was characterized 
if P < 0.05. All experiments were repeated at 
least three times.

Figure 1. Lidocaine induced apoptosis and upregulated miR-218 in mouse DRG neurons in vitro. DRG neurons were 
extracted from 8-week-old C57BL/6 mice and cultured in vitro. Various concentrations of lidocaine were added into 
culture for 2 hours. After that, DRG neurons were cultured with fresh medium for another 24 hours, followed by 
TUNEL assay. A. Representative fluorescent images were shown for the untreated (control) and lidocaine-treated 
(lidocaine, 50 mM) DRG neurons. A neuronal nuclei marker (NeuN, Red) was used to identify DRG neurons in the 
culture, along with TUNEL staining (Green) to identify apoptotic DRG neurons. B. The percentage of apoptotic DRG 
neurons in response to various concentrations of lidocaine was evaluated (*P < 0.05, compared to 0 mM lidocaine). 
C. The mRNA expression levels of miR-218 in response to various concentrations of lidocaine were evaluated by 
quantitative RT-PCR (*P < 0.05, compared to 0 mM lidocaine).
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Results

Lidocaine induced apoptosis and miR-218 
upregulation in mouse DRG cells in vitro

Lidocaine has been shown to induce neurotox-
icity during local anesthesia [2, 4]. Specifically, 
lidocaine inhibited neurite growth and col-
lapsed growth cones of DRG neurons in culture 
[14, 15]. Thus, we firstly examined whether lido-
caine could induce cellular apoptosis in cul-
tured adult mouse DRG neurons and affect the 
miR-218 expression.

We cultured DRG neurons from adult C57BL/6 
mice and treated them with different concen-
trations of lidocaine (0~100 µM) for 2 hours. 
We found that lidocaine (50 µM) induced signifi-
cant apoptosis (TUNEL staining, green) in DRG 
neurons (NeuN staining, red) (Figure 1A). A 
quantitative measurement with various con-
centrations demonstrated that significant 
apoptosis in DRG neurons was induced by lido-
caine in a concentration-dependent manner 
from 5 µM to 100 µM (Figure 1B, *P < 0.05). 
Additionally, we found that miR-218 expression 
was significantly upregulated, also in a lido-

Figure 2. MiR-218 Downregulation protected lidocaine-induced apoptosis in mouse DRG neurons in vitro. Cultured 
mouse DRG neurons were pre-treated with miR218-inhibitor oligonucleotide (miR218-I, 1 mM), or a non-specific 
miRNA oligonucleotide (miR-NC, 1 mM) for 6 hours, followed by 2-hour treatment of lidocaine (50 mM). The neurons 
were then washed and cultured with fresh medium for another 24 hours. A. TUNEL staining (Green), along with 
NeuN staining (Red), was performed for the DRG neurons pre-treated with miR-NC, or miR218-I. B. The percentages 
of apoptotic DRG neurons were compared between the neurons treated with miR-C and those treated with miR218-I 
(*P < 0.05). C. The specificity of lentivirus on down-regulating endogenous miR-218 was measured by qRT-PCR (*P 
< 0.05). 
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caine-concentration dependent manner in DRG 
neurons in vitro (Figure 1C, *P < 0.05).

MiR-218 downregulation rescued lidocaine-
induced apoptosis

The effect of miR-218 on lidocaine-induced 
apoptosis was investigated by transfection of 
the miR-218 inhibitor into DRG neurons. We 
found that, lidocaine-induced apoptosis was 
reduced by miR218 down-regulation (Figure 
2A). Quantitative measurement of the percent-
age of apoptotic DRG neurons confirmed this 
observation by showing significantly less apop-
tosis in DRG neurons pre-treated with miR218-
I, as compared to the neurons pre-treated with 
miR-C (Figure 2B, *P < 0.05).

To evaluate the specificity of miR-218 inhibitor, 
we performed qRT-PCR to measure the mRNA 
expression levels of miR-218. We found that 
miR218-I specifically and efficiently knocked 

results suggested that miR-218 downregula-
tion activated PKC/AKT pathways during the 
process of lidocaine-induced apoptosis in 
mouse DRG neurons.

AKT signaling pathway was involved in miR-
218 regulation in mouse DRG neurons in vitro

Finally, we explored whether AKT pathway was 
directly involved in miR-218 induced protection 
against apoptosis in DRG neurons. To test this 
hypothesis, we applied AKT-specific siRNA to 
down-regulate endogenous AKT expression in 
DRG neurons. We found that AKT protein was 
specifically down-regulated by AKT-siRNA 
(Figure 4A). We then examined the effect of 
AKT downregulation on miR-218 protection on 
lidocaine-induced apoptosis in DRG neurons. 
First, we treated DRG neurons with either 100 
nM C_siRNA or 100 nM AKT_siRNA for 24 
hours. Then, we treated DRG neurons with 1 
µM miR218-I for 6 hours, followed by 2-hour 

Figure 3. MiR-218 Downregulation activated PKC/AKT pathways in mouse 
DRG neurons in vitro. DRG neurons were pre-treated with miR218-I (1 mM), 
or miR-C (1 mM) for 6 hours, followed by lidocaine (50 mM) treatment for 2 
hours and additional culture with fresh medium for 24 hours. (A) Western 
blot was conducted to evaluate the protein expression levels of AKT, phos-
pho-AKT (pAKT), PKC and phosphorylated-TrkB (pPKC), in DRG neurons while 
they were pre-treated with miR218-I or miR-C before lidocaine treatment. 
Also, quantitative measurement was conducted to compare the phosphory-
lation levels of PKC (B) and AKT (C) (*P < 0.05).

down the expression of en- 
dogenous miRNA-218 in DRG 
neurons (Figure 2C, *P < 
0.05), which suggested that 
miR-218 played a critical role 
in lidocaine-induced apopto-
sis in DRG neurons.

Inhibition of miR-218 up-
regulated PKC/AKT signaling 
pathways

As we discovered that miR-
218 had a functional role in 
regulating lidocaine-induced 
apoptosis in mouse DRG neu-
rons, we further explored the 
underlying molecular signal-
ing pathways involved in this 
process. Western blotting as- 
say was applied to evaluate 
the activation of PKC/AKT sig-
naling pathways in DRG neu-
rons treated with miR-C or 
miR218-I. We found no signifi-
cant changes of total protein 
expression levels of PKC or 
AKT after inhibition of miR-
218 (Figure 3A). However, a 
significant increase of the 
phosphorylation of PKC and 
AKT was found (Figure 3B  
and 3C, *P < 0.05). Thus, our 
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lidocaine (50 µM) treatment and additional 
24-hour culture with fresh medium. Finally, we 
found that AKT down-regulation reversed the 
protective effect of miR-218 on lidocaine 
induced apoptosis (Figure 4B). This observa-
tion was then confirmed by quantitative mea-
surement showing that the percentage of apop-
totic DRG neurons was significantly increased 
after AKT down-regulation in DRG neurons 
(Figure 4C, *P < 0.05).

apoptosis, thus revealing a functional role of 
miR-218 during the process of anesthesia-
induced neurotoxicity. In human cancers, miR-
218 is normally acting as a tumor suppressor 
and its overexpression targets many of the 
apoptosis associated pathways, such as mTOR 
in oral cancer [18] and NF-KappB in malignant 
glioma [19], to induce cancer cell apoptosis. 
Thus, the findings of our results showing miR-
218 was up-regulated during apoptosis, and its 

Figure 4. AKT pathway was involved in miR-218 regulation in mouse DRG 
neurons in vitro. A. DRG neurons were treated with AKT specific siRNA (AKT_
siRNA, 100 nM) or non-specific siRNA (C_siRNA, 100 nM) for 24 hours, fol-
lowed by western blotting to examine the efficiency of siRNA assay. B. DRG 
neurons were pre-treated with AKT_siRNA (100 nM) or C_siRNA (100 nM) for 
24 hours, followed by 6-hour treatment of miR218-I (1 mM) and 2-hour treat-
ment of lidocaine (50 mM). TUNEL assay was conducted after DRG neurons 
were cultured for another 24 hours with fresh medium. C. The percentage 
of apoptotic DRG neurons were compared between those pre-treated with 
C_siRNA or AKT_siRNA (*P < 0.05).

Thus, our results suggested 
that miR-218 protect against 
lidocaine induced apoptosis 
via AKT signaling pathway in 
mouse DRG neurons in vitro.

Discussions

Local application of anesthet-
ics, such as lidocaine, near 
the site of DRG may lead to 
permanent and irrepressible 
neurotoxicity [2]. In the pres-
ent study, we cultured adult 
mouse DRGs and induced 
neuronal apoptosis by lido-
caine in vitro. We demonstrat-
ed that both the percentage 
of apoptotic DRG neurons and 
endogenous miR-218 expres-
sions were up-regulated by 
lidocaine in dose-dependent 
manner. MiR-218 has been 
shown to be an active tumor 
suppressor in regulating ca- 
rcinoma apoptosis in many 
forms of human cancers [16-
18]. Also, miR-218 was sug-
gested to be involved in sciat-
ic nerve injury in the spinal 
cord [18]. Up to date, howev-
er, little is known about wh- 
ether miR-218 is directly in- 
volved in the neural or toxic 
injury to the spinal cord nerve 
population, including DRG. 
Thus, our results showed th- 
at miR-218 expression was 
modulated by anesthesia-
induce neurotoxicity in DRG. 
Most importantly, we demon-
strated that, miR-218 down-
regulation rescued DRGs fr- 
om lidocaine-induced neural 
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subsequent down-regulation rescued apopto-
sis in DRG are consistent with the mechanism 
of miR-218 in cancer regulation, suggesting 
that miR-218 is an apoptosis-associated 
miRNA in both DRG and cancer cells.

Also in the present study, we demonstrated 
that miR-218 downregulation activated PKC 
and AKT singling pathways. Further evidence 
showed that siRNA-mediated AKT inhibition 
was directly involved in the protection on apop-
tosis by miR-218 down-regulation. This is also 
consistent with other studies showing that miR-
218 directly regulation AKT pathways to affect 
apoptosis in cervical and oral cancers [18, 20]. 
Thus, it is very likely that similar down-stream 
molecular pathways are involved in miR-218 
regulation in both DRG and cancer.

Overall, our study identified a novel regulator, 
miR-218 in modulating anesthesia-induced 
neurotoxicity in DRG neurons. Down regulation 
of miR-218 may help to further our understand-
ing on the underlying mechanisms of miRNA 
regulation in anesthesia-induced neurotoxicity 
in peripheral nervous system.
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