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CaMK II γ down regulation protects 
dorsal root ganglion neurons 
from ropivacaine hydrochloride 
neurotoxicity
Xian-Jie Wen1, Xiao-hong Li1, Heng Li2, Hua Liang1, Chen-Xiang Yang1 & Han-Bing Wang1

T-type calcium channels are intimately involved in the local anesthetics neurotoxicity. Does CaMKIIγ 
regulate T-type calcium currents in local anesthetics neurotoxicity? This study generated pAd-CaMKIIγ 
and pAd-shRNA adenovirus vectors to up- and down-regulate CaMKIIγ mRNA expression in dorsal root 
ganglion neurons (DRG). Normal DRG (Normal group), empty vector DRG (Empty vector group), pAd-
CaMKIIγ DRG (pAd-CaMKIIγ group) and pAd-shRNA DRG (pAd-shRNA group) were treated or untreated 
with 3 mM ropivacaine hydrochloride for 4 h. Cell viability, apoptosis rate, CaMKIIγ, pCaMKIIγ, 
Cav3.2, and Cav3.3 expression were detected. Ultrastructural changes in DRG were observed under a 
transmission electron microscope. The results demonstrated that the cell viability of DRG treated with 
ropivacaine hydrochloride decreased markedly, the apoptosis rate, CaMKIIγ, pCaMKIIγ, Cav3.2, Cav3.3 
expression increased significantly. CaMKIIγ up-regulation aggravated ropivacaine hydrochloride-
induced cell damage and increased Cav3.2 and Cav3.3 expression. In conclusion, CaMKIIγ regulated 
Cav3.2 and Cav3.3 expression in DRG, which was involved with ropivacaine hydrochloride-induced cell 
injury.

Ropivacaine hydrochloride is a widely used local anesthetic in clinical anesthesia and pain management because 
of good separation of the sensory and motor nerve block, few systemic reactions and lower cardiac toxicity1–4. 
However, high concentrations or long exposure times of local anesthetics to neurons also results in neuronal 
damage5, 6. Ropivacaine hydrochloride is commonly used in peripheral nerve block or spinal analgesia with a long 
exposure time, but it also causes nerve damage and abnormal sensations similar to other local anesthetics7, 8. A 
multicenter study reported that the occurrence rate of local anesthetic-induced transient neurological syndrome 
(TNS) was 8.1%9. TNS is reversible, but it causes patient discomfort with spastic and radioactive burning pain.

The precise mechanism of local anesthetic neurotoxicity is not clear; it generally involves the physicochem-
ical properties of the anesthetic, intracellular calcium concentration, cell apoptosis, inflammation and neuro-
trophic factors10–13. Intracellular calcium overload is an important factor in local anesthetic neurotoxicity. Gold 
et al. found that local anesthetics increased calcium ion concentrations of DRG neurons, which resulted in nerve 
injury14. Extracellular calcium chelating agents improved local anesthetic-induced nerve injury14. These data 
demonstrate that calcium influx is closely related to local anesthetic injury.

Calcium/calmodulin-dependent protein kinase II (CaMKII) is a multifunctional protease with multiple phos-
phorylation sites. CaMKII is the primary component of the postsynaptic density (PSD), and it is widely distrib-
uted in muscle, nerve and immune tissue15–17. CaMKII is divided into four subtypes: α, β, γ, and δ. CaMKII 
phosphorylation is associated with numerous physiological and pathological processes18–20. Our previous study 
demonstrated that ropivacaine hydrochloride induced the up-regulation of mRNA expression of all four CaMK II 
subtypes in rat dorsal root ganglion (DRG) neurons21. We also found that low-voltage-dependent calcium chan-
nels, namely, T-type calcium channels, were intimately involved with local anesthetic neurotoxicity22, 23. T-type 
calcium channels act as pacemakers to regulate intracellular calcium ion levels, which control CaMKII activity17. 
Previous studies demonstrated a close relationship between T-type calcium channels and CaMKIIγ, in which an 
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up-regulation of CaMKIIγ increased T-calcium currents, and vice versa24, 25. T-type calcium channels are inti-
mately involved in the local anesthetics neurotoxicity. Does CaMKIIγ regulate T-type calcium currents in local 
anesthetics neurotoxicity?

This study examined DRG injury induced by different ropivacaine hydrochloride concentrations and expo-
sure times and investigated the role of CaMK II γ in ropivacaine hydrochloride-induced DRG injury. Our results 
demonstrated that the up-regulation of CaMK IIγ in DRG increased ropivacaine hydrochloride neurotoxicity 
and vice versa.

Results
Cell viability of ropivacaine hydrochloride-treated cells. To investigate the effects of ropivacaine 
hydrochloride on the DRG cell viability, We measured the viability of DRG cells treated with different ropivacaine 
hydrochloride concentrations and exposure times using the MTT method. Figure 1 shows the results. Increased 
ropivacaine hydrochloride concentrations and exposure times decreased cell viability. DRG cells treated with 
3 mM ropivacaine hydrochloride for 4 h reduced cell viability to 50%. Cell viability decreased sharply at high 
concentrations or longer treatment times. Therefore, this study used the 3 mM ropivacaine hydrochloride and a 
4-h exposure time in the subsequent experiments.

Cells in the Normal group, Empty vector group, pAd-CaMK IIγ group and pAd-shRNA group were treated 
with 3 mM ropivacaine hydrochloride for 4 h to examine the effects of CaMK IIγ on nerve cell injury. The viability 
of DRG cells decreased in each group treated with ropivacaine hydrochloride (Fig. 2). However, cell viability in 
the pAd-CaMK IIγ + R group was lower than the Normal + R and Empty vector + R groups. Notably, cell viability 

Figure 1. The viability of DRG cells after treatment with different ropivacaine hydrochloride concentrations 
and exposure times (x ± s, %, n = 8). aP < 0.05 vs. 1 mM group, bP < 0.05 vs. 2 mM group, cP < 0.05 vs. 3 mM 
group, dP < 0.05 vs. 4 mM group.

Figure 2. The effects of ropivacaine hydrochloride on the cells in each group. (x ± s, %, n = 8). aP < 0.05 vs. 
Normal + R group, bP < 0.05 vs. Empty vector group, cP < 0.05 vs. pAd-CaMK IIγ group.
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in the pAd-shRNA + R group was higher than the Normal + R and Empty vector + R groups. These data indicate 
that the up-regulation of CaMK IIγ expression resulted in neuronal injury.

Cell apoptosis rate. Cells treated with ropivacaine hydrochloride increased the apoptosis rate compared to 
the untreated group. The apoptosis rate in the pAd-CaMKIIγ + R group increased significantly compared to the 
Normal + R and Empty vector + R groups. However, the apoptosis rate of cells in the pAd-shRNA + R group was 
lower than the Normal + R and Empty vector + R groups because of the down-regulation of CaMKIIγ. These data 
suggest that the up-regulation of CaMKIIγ expression aggravated ropivacaine hydrochloride-induced damage to 
DRG cells, and CaMKIIγ down-regulation protected DRG cells (Fig. 3).

Ultrastructural changes. Ropivacaine hydrochloride induced DRG cell injury and decreased cell viabil-
ity, which resulted in apoptosis and cell death. Ropivacaine hydrochloride also caused ultrastructural changes. 
Organelle structure in untreated groups was complete, and mitochondria exhibited a regular shape and an intact 
envelope with no swelling (Fig. 4). Ropivacaine hydrochloride treatment induced mitochondrial swelling, the 
loss of mitochondrial crista, membrane rupture and atrophy. Organelle structure was incomplete and degraded 
by lysosomal enzymes. The ultrastructural damage of cells in the pAd-CaMKIIγ + R group was worse than the 
Normal + R and Empty vector + R groups. However, this damage was lower in the pAd-shRNA + R group than 
the Normal + R and Empty vector + R groups (Fig. 4).

CaMKIIγ, Cav3.2, and Cav3.3 mRNA expression. CaMKIIγ mRNA expression was up-regulated in the 
pAd-CaMKIIγ group and down-regulated in the pAd-shRNA group compared to normal cells (Fig. 5A). There 

Figure 3. The apoptosis rate of the cells in every group. (A) Representative results of the cell apoptosis rate in 
every group detected by flow cytometry. (B) The statistic data of the cell apoptosis rate (x ± s, %, n = 8). 
aP < 0.05 vs. Normal + R group, bP < 0.05 vs. Empty vector group, cP < 0.05 vs. pAd-CaMKIIγ group.
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were no differences between cells in the Normal and Empty vector groups. These data suggest that the generated 
pAd-CaMKIIγ and pAd-shRNA adenovirus vectors successfully over-expressed and inhibited CaMKIIγ mRNA 
expression. CaMKIIγ mRNA expression in cells treated with ropivacaine hydrochloride also increased signifi-
cantly compared to cells not treated with ropivacaine hydrochloride.

We measured Cav3.2 and Cav3.3 mRNA expression to examine the effects of CaMKIIγ. Cav3.2 mRNA and 
Cav3.3 mRNA expression in the pAd-CaMKIIγ group was up-regulated and down-regulated in the pAd-shRNA 
group (Fig. 5B and C). These data demonstrate that CaMKIIγ regulated Cav3.2 and Cav3.3 expression. Cav3.2 
and Cav3.3 mRNA expression increased significantly in cells treated with ropivacaine hydrochloride compared 
to the untreated group.

CaMKIIγ, p-CaMKIIγ, Cav3.2 and Cav3.3 protein expression. CaMKIIγ and p-CaMKIIγ protein 
expression in cells in the pAd-CaMKIIγ group significantly increased and decreased in the pAd-shRNA group 
compared to the Empty vector and Normal groups (Fig. 6). CaMKIIγ and p-CaMKIIγ protein expression of cells 
treated with ropivacaine hydrochloride group was obviously increased compared to cells in the untreated group. 
However, CaMKIIγ and p-CaMKIIγ protein expression increased in cells in the pAd- CaMKIIγ + R group and 
decreased in the pAd-shRNA + R group compared to the Normal + R and Empty vector + R groups.

We also detected Cav3.2 and Cav3.3 protein expression.Cav3.2 and Cav3.3 protein expression was 
up-regulated in cells in the pAd-CaMKIIγ group and down-regulated in the pAd-shRNA group (Fig. 7). These 
data suggest that CaMKIIγ regulated Cav3.2 and Cav3.3 expression. Cav3.2 and Cav3.3 protein expression in cells 
treated with ropivacaine hydrochloride group increased significantly compared to the untreated group. However, 
the expression of Cav3.2 and p-Cav3.3 protein increased in cells in the pAd- CaMKIIγ + R group and decreased 
in the pAd-shRNA + R group compared to the Normal + R and Empty vector + R groups.

Discussion
Local anesthetic neurotoxicity depends on concentration and exposure time6, 26. Higher concentrations and the 
longer exposure times generally induce more serious neurotoxicity. Therefore, local anesthetics are generally 
used at the lowest effective concentration to reduce neurotoxicity in clinical settings. Ropivacaine hydrochloride 
exhibits a lower toxicity than bupivacaine hydrochloride27, 28, but it also produces nerve damage in nerve block7, 8. 
DRG is the target of local anesthetics in spinal anesthesia, and DRG toxicity damage causes abnormal sensation. 
The present study investigated the effects of ropivacaine hydrochloride on DRG neurons. To determine the con-
centration and exposure time of ropivacaine hydrochloride, we initially examined normal DRG cell activity after 
treatment with different ropivacaine concentrations (1 mM, 2 mM, 3 mM, 4 mM, and 5 mM) and exposure times 
(0.5 h, 1 h, 2 h, 4 h, 6 h and 8 h). The results demonstrated that DRG cell viability decreased with increased ropiv-
acaine concentrations and exposure time. DRG cell activity decreased to 50% at 3 mM of ropivacaine hydrochlo-
ride and a 4-h exposure time. Therefore, the parameters were used in subsequent experiments. This concentration 

Figure 4. Ultrastructural changes in cells in each group using transmission electron microscopy (200w, ×2500).
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of ropivacaine hydrochloride (3 mM) is approximately equal to 0.1 percent weight in volume, which is generally 
used in postoperative epidural and labor analgesia.

We generated pAd-CaMKIIγ and pAd-shRNA vectors to infect DRG and investigate the role of CaMKIIγ 
in ropivacaine hydrochloride-induced DRG neurotoxicity. Western blotting and qRT-PCR revealed that 
pAd-CaMKIIγ DRG cells up-regulated and pAd-shRNA DRG down-regulated CaMKIIγ expression. We exam-
ined the effect of ropivacaine hydrochloride on cell activity, apoptosis rate, and ultrastructure in ropivacaine 
hydrochloride-treated and untreated DRG cells. The results demonstrated that ropivacaine hydrochloride treat-
ment caused injury, a decrease in viability and increase in apoptosis rate in all treated groups. However, damage 
in the DRG was more serious in the pAd- CaMKIIγ + R group and less serious in the pAd-shRNA + R group than 
the Normal + R and Empty vector + R groups. These data suggest a role of CaMKIIγ in ropivacaine hydrochloride 
neurotoxicity.

CaMKII is an important factor in the regulation of synaptic transmission and neuronal function29–31. Our 
results demonstrated that the up- or down-regulation of CaMKIIγ expression in DRG cells altered the expres-
sion of Cav3.2 and Cav3.3 T-type calcium channels. A previous study found that activation of CaMK II directly 
stimulated Cav3.2-type T calcium channels and increased Cav3.2 T calcium currents. A CaMK II inhibitor signif-
icantly reduced Cav3.2 T calcium currents in vitro25. Ser1198 of the Cav3.2 type calcium channel is the phospho-
rylation site of CaMK II activation, which is the molecular basis of CaMK II regulation of Cav3.2-type calcium 
channels. CaMK II activation mediated the phosphorylation of Ser1198 of the Cav3.2 type calcium channel and 
up-regulated Cav3.2 expression. Our previous studies demonstrated that the neurotoxicity of local anesthetics 
involved T-type calcium channels22, 23. The inhibition of T-type calcium channel expression using specific calcium 
channel inhibitors or RNA interference reduced the neurotoxicity of local anesthetics, and the up-regulation 
T-type calcium channel expression aggravated local anesthetic neurotoxicity.

Conclusion
In conclusion, CaMKIIγ may play a role in ropivacaine hydrochloride-induced DRG neurotoxicity. CaMKIIγ 
regulation of Cav3.2 and Cav3.3 T-type calcium channels participated in ropivacaine hydrochloride neurotoxic-
ity. This study has one primary limitation. We observed the effects of ropivacaine hydrochloride on primary DRG 

Figure 5. CaMKIIγ, Cav3.2 and Cav3.3 mRNA expression (x ± s, n = 6). (A) CaMKIIγ mRNA expression; (B) 
Cav3.2 mRNA expression; (C) Cav3.3 mRNA expression. aP < 0.05 vs. Normal group; bP < 0.05 vs. Normal + R 
group.
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cells in vitro, and the experimental results may be different in animal model experiments in vivo. The results of 
our in vitro experiments should be validated in animal models.

Materials and Methods
Isolation and culture of rat dorsal root ganglion cells. All animal procedures were performed in 
accordance with national and international animal care and ethical guidelines, and the Institutional Animal Care 
and Usage Committee at the First People’s Hospital of Foshan City, Guangdong province, China approved all 
procedures. Neonatal Sprague-Dawley rats were purchased from the Experimental Animal Center of Guangdong 
province, China. Rats were anesthetized with sevoflurane and euthanized via decapitation. The area of incision 
was disinfected using iodophor, and the skin and muscle of the back were cut to expose the spine. The spinal 
cord and DRG were isolated under a dissecting microscope, and DRG were placed in a sterilized pre-cooled 
phosphate-buffered saline (PBS) solution. Ganglion membranes were removed, and the DRG were transfer to a 
15-ml centrifuge tube for centrifugation at 1000 rpm for 2 min. The supernatant was discarded, and DRG were 
rinsed twice in PBS. Four milliliters of 0.125% trypsin was added to the ganglia, which were incubated at 37 °C 
for 20 min. DMEM complete culture medium (4 ml) was added to the ganglia to terminate the digestion, and the 
tubes were centrifuged at 1000 rpm for 2 min. Ganglia were washed twice in PBS, and 2 ml of Neurobasal medium 
(4.5 g/L containing D- glucose, 2 mmol/L L-, 1% FBS 20 ml/L B-27, glutamine additive, 10 μg/ml NGF penicillin 
100 U/ml, streptomycin, 100 μg/ml) was added to suspend the DRG neurons. DRG neurons were filtered through 
a 400-mesh stainless steel filter and seeded in cell culture plates at a density of 2~3 × 105/ml for incubation at 

Figure 6. CaMKIIγ and p-CaMKIIγ protein expression detected with Western blotting. (A) Representative 
bands for CaMKIIγ and p-CaMKIIγ protein expression. Lanes 1 and7: Normal group; Lanes 2 and 8: Empty 
vector group; Lane 3: pAd-CaMKIIγ group; Lanes 4 and 10: Normal + R group; Lanes 5 and 11: Empty 
vector + R group; Lane 6: pAd-CaMKIIγ + R group; Lane 9: pAd-shRNA group; Lane 12: pAd-shRNA + R 
group. (B–E) CaMKIIγ and p-CaMKIIγ protein expression statistic data. (x ± s, n = 6). aP < 0.05 vs. Normal 
group; bP < 0.05 vs. Normal + R group.
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37 °C and 5% CO2 for 48 h. New culture media supplemented with cytosine arabinoside (5 mM final concentra-
tion) was exchanged after 48 h to inhibit non-neuronal cell proliferation. Cells were incubated at 37 °C in 5% CO2 
for 96 h. Normal culture media without cytosine arabinoside was exchanged every 3 days.

Generation of pAd-shRNA and pAd-CaMK II γ vector. We generated a pAd-shRNA vector to 
down-regulate CaMK II γ mRNA expression in DRG cells. Briefly32, we designed the shRNA primer accord-
ing to the rat Genebank CaMK II gene (NM_133605.1) 824-842: 5′-TTTGGGTCAACAGTGGCATCCATTT 
CAAGACGATGGATGCCACTGTTGACCTTTTTTG-3′; 5′-AGCTCAAAAAAGGTCAACAGTGGCAT 
CCATCGTCTTGAAATGGATGCCACTGTTGACC-3′ (synthesized by Jinsirui Ltd., Nanjing, China). The 
primer annealed to form a double strand, which was connected to a pYr-1.1 vector (Wuhan Biobuffer Biotech 
Service Co. LTD., China) to generate the pYr-1.1-shRNA plasmid. The pYr-1.1-shRNA was recombined with the 
pAd/PL-DEST adenovirus vector (Invitrogen Technology Co., LTD, USA) to generate pAd-shRNA, which was 
transfected into HEK 293 cells for virus amplification and infection of DRG neurons.

We generated the pAd-CMK II vector to up-regulate the CaMK II γ mRNA expression in DRG cells. We syn-
thesized the full-length CaMK II γ (NM_133605.1) cDNA, which was connected to the pYr-adshuttle-4 vector 
(Wuhan Biobuffer Biotech Service Co. LTD, China) to generate the pYr- CaMK IIγ plasmid. The pYr- CaMK 
IIγ plasmid was recombined with pAd/PL-DEST adenovirus vector to generate the pAd- CaMK IIγ adenovirus 
vector. The pAd- CaMK IIγ adenovirus vector was transfected into HEK 293 cells for virus amplification and 
infection of DRG neurons. Real-time PCR and Western blotting were used to identify CaMK II γ expression in 
pAd-shRNA-DRG and pAd-CaMK IIγ-DRG neurons.

Experimental protocol. We initially examined the effects of different ropivacaine hydrochloride con-
centrations and exposure times (AstraZeneca Pharmaceutical Co. Ltd., UK) on dorsal root ganglion neurons. 
Dorsal root ganglion neurons were treated with ropivacaine hydrochloride (final concentrations: 1, 2, 3, 4, and 
5 mM) for 0.5 h, 1 h, 2 h, 4 h, 6 h and 8 h, and cell viability was measured to investigate neurotoxicity. DRG cells 

Figure 7. Cav3.2 and Cav3.3 protein expression detected with Western blotting. (A) Representative bands for 
Cav3.2 and Cav3.3 protein expression. Lanes 1 and 7: Normal group; Lanes 2 and 8: Empty vector group; Lane 
3: pAd-CaMKIIγ group; Lanes 4 and 10: Normal + R group; Lanes 5 and 11: Empty vector + R group; Lane 6: 
pAd-CaMKIIγ + R group; Lane 9: pAd-shRNA group; Lane 12: pAd-shRNA + R group. (B–E) Cav3.2 and 
Cav3.3 protein expression (x ± s, n = 6). aP < 0.05 vs. Normal group; bP < 0.05 vs. Normal + R group.
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not treated with ropivacaine hydrochloride (“Untreated group”) were divided into four groups: normal DRG 
(Normal group), Empty vector in DRG (Empty vector group), pAd-CaMKIIγ DRG (pAd-CaMKIIγ group), and 
pAd-shRNA DRG (pAd-shRNA group). DRG cells treated with ropivacaine hydrochloride were divided into 4 
groups: Normal + R group, Empty vector + R, pAd-CaMKIIγ + R group and pAd-shRNA + R group. Cells treated 
with ropivacaine hydrochloride group were incubated with 3 mM ropivacaine hydrochloride for 4 h.

Cell viability detection using MTT. Cells in each group were seeded in 96-well plates at a density of 1 × 105 /ml  
and incubated at 37 °C in 5% CO2. Cells that were untreated or treated with ropivacaine hydrochloride (3 mM) 
received new normal culture media after 4 h. A small volume (20 μl) of 5 mg/ml 3-(4,5-dimethyl-2- thiazolyl)-2,5
-diphenyl-2-tetrazolium bromide (MTT, Beyotime biotech Co. Ltd., China) was added to each well and incubated 
at 37 °C in 5% CO2 for 4 h. The culture media were discarded, and 150 μl DMSO was added to each well to dissolve 
purple crystals. Optical density was detected at 570 nm and 630-nm absorbance wavelengths (OD570 and OD630), 
and the difference between the two wavelengths was calculated. DRG cells in the normal group were set as 100%, 
and the other groups were normalized to normal group values.

Apoptosis rate. Cells were seeded into 24-well plates at a density of 2 × 105 /ml, with 500 μl per well. Cells 
were treated or untreated with 3 mM ropivacaine hydrochloride for 4 h and collected to detect the apoptosis rate 
using an Annexin V apoptosis detection kit-APC (Affymetrix Inc., San Diego, CA, USA). Briefly, cells were col-
lected via centrifugation at 2000 rpm for 3 min, and the supernatants were discarded. Cells were suspended in 1× 
binding buffer. These steps were repeated twice, and 100 μl of an annexin V antibody (1:20) was added to the cells. 
Cells were incubated in a dark box at room temperature for 15 min. Cells were washed with 1× binding buffer, 
and 10 μl 2% 7-A-A-D was added to the cells for a 5-min incubation in dark box. Cells were further diluted with 
190 μl 1× binding buffer, and the apoptosis rate was detected using flow cytometry.

Ultrastructure of DRG cells. Ropivacaine hydrochloride-treated (3 mM) or untreated cells in each group 
were collected after a 4-hr incubation and centrifuged at 1000 rpm for 10 min. The supernatants were discarded, 
and cells were fixed with 2.5% glutaraldehyde. Cells were washed three times with cold PBS buffer, fixed with 
1% osmium tetroxide for 15 min at 4 °C, and washed three times with cold PBS. Dehydration was performed at 
room temperature in a series of acetone gradients: 50% acetone solution for 10 minutes, 70% acetone solution for 
10 minutes, 90% acetone solution for 20 minutes and 100% acetone solution for 30 minutes. Cells were incubated 
overnight in 1 ml of an embedding agent at room temperature. Cells were transferred to a capsule module, which 
was filled with embedding agent. The capsule module was placed in an oven for solidification at 60 °C for 2 hours. 
The solidified block was sliced into 1-μm slices, which were stained with hematoxylin and eosin. Cell images were 
observed under a microscope, and the location of ultrathin sections was determined and labeled. A triangular 
glass knife was installed, and the paraffin blocks were fixed and cut into 50~70 nm ultrathin sections. Sections 
were stained with sodium acetate and lead citrate and washed. The ultrastructure of DRG cells was observed 
under a transmission electron microscope (HITACHI transmission electron microscope HT7700, Japan).

qRT-PCR. Total RNA was extracted from cells after treatment or non-treatment with 3 mM ropivacaine 
hydrochloride. Briefly, cells were lysed on ice in 200 μl TRIzol. A five-fold volume of chloroform was added to 
the lysed cells and mixed for 5 min. Lysed cells were centifuged for 15 min at 14,000 rpm and 4 °C. The upper 
layer of RNA was collected, and the same volume of isopropanol was added. Tubes were centrifuged for 10 min 
at 14,000 rpm and 4  °C. The supernatant was discarded, and the pellet was washed with 70% ethanol. Tubes were 
centrifuged for 10 min at 1000 rpm and 4 °C, and the supernatant was discarded. Pellets were air-dried for 15 min. 
Nuclear enzyme-free water (30 μl) was added to dissolve the total RNA, and the RNA concentration measured. 
RNA (5 μg), 2 mM dNTP (5 μl), and 10 pM random primers (1 μl) were mixed, and nuclear enzyme-free water 
was added to 37 μl. Solutions were incubated at 65 °C for 5 min. First-stand buffer (10 μl, 5 × ), 0.1 M DTT (2 μl), 
and mLv reverse transcriptase (1 μl) were added to the mixture and incubated at 42 °C for 1 h and 70 °C for 15 min. 
The cDNA product (5 μl) was mixed with 10 pM CaMK II γ, Cav3.2, and Cav3.3 mRNA primers (0.5 μl) (syn-
thesized by Jinsirui Ltd., Nanjing, China, Table 1), and 6 μl Sybergreen (Bioscience Inc., USA) was added to the 
PCR reaction. The following reaction parameters were used: set 95 °C 10 min, one repeat, 95 °C 15 s, 60 °C 30 s, 
95 °C 15 s, 40 repetitions. Fluorescence signals were measured, and the Ct value. 2−ΔCt (Ct cycle threshold), was 
set as the quantity of gene expression. ΔCt = [Ct (target gene) − Ct (beta -actin)]. The normal group DRG mRNA 
expression was set as 1, and the other groups were normalized to the normal group.

Gene Primer Product size

β-actin F: 5′-CACGATGGAGGGGCCGGACTCATC -3′  
R: 5′-TAAAGACCTCTATGCCAACACAGT-3′ 240 bp

Cav3.3 F: 5′-GACCAGCAGCCAGTGACGAA-3′  
R: 5′-CACGACCACGCCCACAAACA-3′ 108 bp

Cav3.2 F: 5′-GGAGTTTGATGATGACATAGAGG-3′  
R: 5′-GGAAGATGAAGACAAGGACCAC-3′ 197 bp

CaMKIIγ F: 5′-TTGCTGCTGGCGAGTAAATG-3′  
R: 5′-TAGGGATCTTTCCTCAAGACCTCA-3′ 149 bp

Table 1. CaMKIIγ, Cav3.2, Cav3.3 mRNA primer sequences.
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Western blotting. Cells were treated or not treated with 3 mM ropivacaine hydrochloride, and 200 μl of a 
pre-cooled lysis solution was added to the collected cells for 30 min. Ultrasonic waves for 30 s crushed the cells, 
and cells were centrifuged at 4 °C and 12,000 rpm for 20 min. Total protein was incubated in 95 °C water for 5 min. 
Protein (20 μg) from each group was subjected to SDS electrophoresis at 60 V in a concentrating gel electrophore-
sis for 30 min and 100 V separation gel electrophoresis for 70 min. The target strip was cut based on the position 
of the protein marker and transferred to a PVDF membrane. The film was soaked in TBST and incubated in a 
close solution at room temperature on a shaking bed for 1 h. The film was washed twice with TBST and incubated 
with antibodies (1:200) against CaMKII γ, pCaMKII γ, Cav3.2, Cav3.3 and β-actin (Sigma Company, USA) at 
4 °C overnight. The film was washed with TBST 3 times and incubated in a second antibody (1:1000) for 1 h. Films 
were washed 3 times with TBST, and the chemiluminescence reagent was added for 1 min. The film was quickly 
wrapped and placed in a cassette with Kodak X- film for exposure. Quantity One image analysis software was 
used to analyze the absorbance value of the target band using the absorbance value of β-actin band as the refer-
ence. The ratio indicated target protein expression level.

Statistical analysis. Data are expressed as Means ± SD. A factorial design was used for statistical analyses. 
One-way analysis of variance (one-way ANOVA) was used for comparisons between groups. The LSD method 
was used for multiple comparisons.

References
 1. Tian, X. et al. Intraperitoneal ropivacaine and early postoperative pain and postsurgical outcomes after laparoscopic herniorrhaphy 

in toddlers: a randomized clinical trial. Pediatric Anesthesia 26, 891–898 (2016).
 2. Brković, B. et al. Efficacy and safety of 1% ropivacaine for postoperative analgesia after lower third molar surgery: a prospective, 

randomized, double-blinded clinical study. Clinical Oral Investigations, 1–7 (2016).
 3. Li, M., Wan, L., Mei, W. & Tian, Y. Update on the clinical utility and practical use of ropivacaine in Chinese patients. Drug Design, 

Development and Therapy 8, 1269–1276 (2014).
 4. Casati, A., Santorsola, R., Cerchierini, E. & Moizo, E. Ropivacaine. Minerva Anestesiol 67, 15–9 (2001).
 5. El-Boghdadly, K. & Chin, K. J. Local anesthetic systemic toxicity: Continuing Professional Development. Can J Anaesth 63, 330–49 

(2016).
 6. Farber, S. J. et al. Peripheral nerve injury after local anesthetic injection. Anesth Analg 117, 731–9 (2013).
 7. Rodola, F., Anastasi, F. & Vergari, A. Ropivacaine induced acute neurotoxicity after epidural injection. Eur Rev Med Pharmacol Sci 

11, 133–5 (2007).
 8. Dhir, S., Ganapathy, S., Lindsay, P. & Athwal, G. S. Case report: ropivacaine neurotoxicity at clinical doses in interscalene brachial 

plexus block. Can J Anaesth 54, 912–6 (2007).
 9. Capdevila, X. et al. Continuous peripheral nerve blocks in hospital wards after orthopedic surgery: a multicenter prospective 

analysis of the quality of postoperative analgesia and complications in 1,416 patients. Anesthesiology 103, 1035–45 (2005).
 10. Radwan, I. A., Saito, S. & Goto, F. The neurotoxicity of local anesthetics on growing neurons: a comparative study of lidocaine, 

bupivacaine, mepivacaine, and ropivacaine. Anesthesia & Analgesia 94, 319–24, table of contents (2002).
 11. Kitagawa, N., Oda, M. & Totoki, T. Possible mechanism of irreversible nerve injury caused by local anesthetics: detergent properties 

of local anesthetics and membrane disruption. Anesthesiology 100, 962–7 (2004).
 12. Radwan, I. A., Saito, S. & Goto, F. Neurotrophic factors can partially reverse morphological changes induced by mepivacaine and 

bupivacaine in developing sensory neurons. Anesthesia & Analgesia 97, 506–511 (2003).
 13. Kasaba, T., Onizuka, S., Kashiwada, M. & Takasaki, M. Increase in intracellular Ca 2+ concentration is not the only cause of 

lidocaine-induced cell damage in the cultured neurons of Lymnaea stagnalis. Journal of Anesthesia 20, 196–201 (2006).
 14. Gold, M. S., Reichling, D. B., Hampl, K. F., Drasner, K. & Levine, J. D. Lidocaine toxicity in primary afferent neurons from the rat. J 

Pharmacol Exp Ther 285, 413–21 (1998).
 15. Ataei, N., Sabzghabaee, A. M. & Movahedian, A. Calcium/Calmodulin-dependent Protein Kinase II is a Ubiquitous Molecule in 

Human Long-term Memory Synaptic Plasticity: A Systematic Review. Int J Prev Med 6, 88 (2015).
 16. Ghosh, A. & Giese, K. P. Calcium/calmodulin-dependent kinase II and Alzheimer’s disease. Mol Brain 8, 78 (2015).
 17. Byth, L. A. Ca(2+)- and CaMKII-mediated processes in early LTP. Ann Neurosci 21, 151–3 (2014).
 18. Shonesy, B. C., Jalan-Sakrikar, N., Cavener, V. S. & Colbran, R. J. CaMKII: a molecular substrate for synaptic plasticity and memory. 

Prog Mol Biol Transl Sci 122, 61–87 (2014).
 19. Liu, X. B. & Murray, K. D. Neuronal excitability and calcium/calmodulin-dependent protein kinase type II: location, location, 

location. Epilepsia 53(Suppl 1), 45–52 (2012).
 20. Erickson, J. R. & Anderson, M. E. CaMKII and its role in cardiac arrhythmia. J Cardiovasc Electrophysiol 19, 1332–6 (2008).
 21. Wen, X., Lai, X., Li, X., Zhang, T. & Liang, H. The effects of ropivacaine hydrochloride on the expression of CaMK II mRNA in the 

dorsal root ganglion neurons. Biomed Pharmacother 84, 2014–2019 (2016).
 22. Wen, X. et al. Neurotoxicity induced by bupivacaine via T-type calcium channels in SH-SY5Y cells. PLoS One 8, e62942 (2013).
 23. Wen, X. et al. Inhibitory gene expression of the Cav3.1 T-type calcium channel to improve neuronal injury induced by lidocaine 

hydrochloride. Eur J Pharmacol 775, 43–9 (2016).
 24. Barrett, P. Q., Lu, H. K., Colbran, R., Czernik, A. & Pancrazio, J. J. Stimulation of unitary T-type Ca(2+) channel currents by 

calmodulin-dependent protein kinase II. Am J Physiol Cell Physiol 279, C1694–703 (2000).
 25. Wolfe, J. T., Wang, H., Perez-Reyes, E. & Barrett, P. Q. Stimulation of recombinant Ca(v)3.2, T-type, Ca(2+) channel currents by 

CaMKIIgamma(C). J Physiol 538, 343–55 (2002).
 26. van Rooyen, H. Local anaesthetic agent toxicity. Southern African Journal of Anaesthesia and Analgesia 16, 83–88 (2014).
 27. Guinet, P. et al. Electrocardiographic and hemodynamic effects of intravenous infusion of bupivacaine, ropivacaine, levobupivacaine, 

and lidocaine in anesthetized ewes. Reg Anesth Pain Med 34, 17–23 (2009).
 28. Malet, A. et al. The comparative cytotoxic effects of different local anesthetics on a human neuroblastoma cell line. Anesth Analg 120, 

589–96 (2015).
 29. Welsby, P. J. et al. A mechanism for the direct regulation of T-type calcium channels by Ca2+/calmodulin-dependent kinase II. J 

Neurosci 23, 10116–21 (2003).
 30. Colbran, R. J. Targeting of calcium/calmodulin-dependent protein kinase II. Biochem J 378, 1–16 (2004).
 31. Cueni, L., Canepari, M., Adelman, J. P. & Luthi, A. Ca(2+) signaling by T-type Ca(2+) channels in neurons. Pflugers Arch 457, 

1161–72 (2009).
 32. Wen, X. et al. One cell model establishment to inhibit CaMKIIγ mRNA expression in the dorsal root ganglion neuron by RNA 

interfere. Artificial Cells, Nanomedicine, and Biotechnology, 1–7 (2016).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 7: 5262  | DOI:10.1038/s41598-017-05678-2

Acknowledgements
This study was supported by the National Natural Science Foundation of China (No. 81471278, No. 81100831) 
and the Medical Scientific Research Projects of Foshan City, Guangdong Province (No. 2014AB00275).

Author Contributions
Conceived, designed the experiments and wrote the manuscript: Wen X.J. Performed the experiments: Wen X.J., 
Liang H., Li X.H., Li H., and Wang H.B. Analyzed the data: Yang C.X. and Li H.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	CaMK II γ down regulation protects dorsal root ganglion neurons from ropivacaine hydrochloride neurotoxicity
	Results
	Cell viability of ropivacaine hydrochloride-treated cells. 
	Cell apoptosis rate. 
	Ultrastructural changes. 
	CaMKIIγ, Cav3.2, and Cav3.3 mRNA expression. 
	CaMKIIγ, p-CaMKIIγ, Cav3.2 and Cav3.3 protein expression. 

	Discussion
	Conclusion
	Materials and Methods
	Isolation and culture of rat dorsal root ganglion cells. 
	Generation of pAd-shRNA and pAd-CaMK II γ vector. 
	Experimental protocol. 
	Cell viability detection using MTT. 
	Apoptosis rate. 
	Ultrastructure of DRG cells. 
	qRT-PCR. 
	Western blotting. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 The viability of DRG cells after treatment with different ropivacaine hydrochloride concentrations and exposure times ( ± s, %, n = 8).
	Figure 2 The effects of ropivacaine hydrochloride on the cells in each group.
	Figure 3 The apoptosis rate of the cells in every group.
	Figure 4 Ultrastructural changes in cells in each group using transmission electron microscopy (200w, ×2500).
	Figure 5 CaMKIIγ, Cav3.
	Figure 6 CaMKIIγ and p-CaMKIIγ protein expression detected with Western blotting.
	Figure 7 Cav3.
	Table 1 CaMKIIγ, Cav3.




