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Background: The molecular mechanism of pulsed radiofrequency (PRF) in chronic pain management is not fully understood. 
Chronic pain involves the activation of specific N-Methyl D-Aspartate receptors (NMDAR) to induce central sensitization. This study 
aims to determine the effect of PRF on central sensitization biomarker phosphorylated extracellular signal-regulated kinase (pERK), 
Ca2+ influx, cytosolic ATP level, and mitochondrial membrane potential (Δψm) of the sensitized dorsal root ganglion (DRG) neuron 
following NMDAR activation.
Methods: This study is a true experimental in-vitro study on a sensitized DRG neuron induced with 80 µM NMDA. There are six 
treatment groups including control, NMDA 80 µM, Ketamine 100 µM, PRF 2Hz, NMDA 80 µM + PRF 2 Hz, and NMDA 80 µM + 
PRF 2 Hz + ketamine 100 µM. We use PRF 2 Hz 20 ms for 360 seconds. Statistical analysis was performed using the One-Way 
ANOVA and the Pearson correlation test with α=5%.
Results: In the sensitized DRG neuron, there is a significant elevation of pERK. There is a strong correlation between Ca2+, cytosolic 
ATP level, and Δψm with pERK intensity (p<0.05). PRF treatment decreases pERK intensity from 108.48 ± 16.95 AU to 38.57 ± 5.20 
AU (p<0.05). PRF exposure to sensitized neurons also exhibits a Ca2+ influx, but still lower than in the unexposed neuron. PRF 
exposure in sensitized neurons has a higher cytosolic ATP level (0.0458 ± 0.0010 mM) than in the unexposed sensitized neuron 
(0.0198 ± 0.0004 mM) (p<0.05). PRF also decreases Δψm in the sensitized neuron from 109.24 ± 6.43 AU to 33.21 ± 1.769 AU 
(p<0.05).
Conclusion: PRF mechanisms related to DRG neuron sensitization are by decreasing pERK, altering Ca2+ influx, increasing cytosolic 
ATP level, and decreasing Δψm which is associated with neuron sensitization following NMDAR activation.
Keywords: pulsed radiofrequency, neurons, sensitization, calcium, ATP, mitochondrial membrane potential, NMDA, NMDAR

Introduction
Chronic pain become one-third to one-half of the world’s population problem, with an annual incidence of 8%, and 
affects 13–50% of the adult population.1,2 The prevalence of chronic pain conditions was 37.3% in developed countries 
and 41.1% in developing countries.3 Chronic pain is associated with the activation of the N-methyl-D-aspartate receptor 
(NMDAR), one of the glutamate receptors,4 which also plays a role in synaptic plasticity,5 central sensitization, and pain 

Journal of Pain Research 2023:16 1697–1711                                                                1697
© 2023 Laksono et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Pain Research                                                                       Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 23 February 2023
Accepted: 8 May 2023
Published: 22 May 2023

http://orcid.org/0000-0003-1558-809X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


hypersensitivity.6 NMDAR activation in neurons is mediated by the α-amino-3-hydroxy-5-methyl-4-isoxazole propionic 
acid (AMPAR) response which causes neuronal depolarization. Depolarization of neurons cause Mg2+ ions unblocked 
from NMDAR which facilitates ion influx.5 NMDAR’s activation activates downstream cascade reactions such as 
increased intracellular calcium influx which acts as a secondary messenger in mitogen-activated protein kinases (MAP 
kinase), one of the pain pathways. MAP activation resulting in the elevation of the phosphorylated extracellular signal- 
regulated kinase (pERK) which increases the translation of NMDAR and AMPAR and their expression in the cell 
membrane, leading to central sensitization. In addition, pERK also increases the transcription of several genes related to 
central sensitization.7

Central sensitization leads to chronic pain formation, characterized by hyperalgesia and allodynia.8 Central sensitiza-
tion involves enhancing neuron synaptic activity, and enlargement of the receptive field.9 Sensitized neurons also 
experience more rapid neuron activity related to energy consumption and generation. Sensitized neurons consume 
a lot of energy which has implications for cell activity in energy generation.10,11

In chronic pain management, dorsal root ganglion (DRG) neurons become the preferred target therapy due to their 
function in chronic pain pathology. DRG neurons mainly construct primary sensory neurons which mediate pain 
perception.12 DRG neuron axons also contain several types of fiber (Aβ, Aδ, and C fiber) which mediated chronic 
pain formation.13 DRG also play role in ectopic firing associated with central sensitization in neuropathic pain. In chronic 
pain, DRG neurons become the source of pain signals after injury (both peripheral nerve injury or DRG injury) and 
transmit the signals to the central nervous system.13,14

Pulsed radiofrequency (PRF) is one of the pain interventions used due to its efficacy in reducing pain with minimal 
tissue damage and side effects compared to continuous radiofrequency (CRF).15,16 PRF delivers short waves of radio-
frequency (2 or 4 Hz) in the radiofrequency range of 500 kHz.17 In clinical use, PRF reports effective in ameliorating 
various types of pain, including neck pain, trigeminal neuralgia, back pain, facet arthropathy, postoperative pain, 
radicular pain, hip pain, myofascial pain, and adhesive capsulitis.17–19 Although it has been used in clinical applications, 
the mechanism of action of PRF in treating chronic pain has not been fully understood. Review report that PRF is thought 
to affect several biological pain pathways.20 Some theories suggest that PRF ameliorates pain through the generation of 
the electric field which affects the membrane potential and function of neurons,15 as well as cell organelles.21

Experimental studies to explain the mechanism of action of PRF in chronic pain reduction are limited. We 
hypothesize that PRF may affect DRG neuron sensitization following NMDAR activation. In the experimental study, 
NMDAR opening is in response to its binding to NMDA or glycine.22 NMDA is the NMDAR agonist which could 
activate NMDAR by binding to the GluN2 subunit and demonstrate the information transmission to the cell following 
ligand receptor binding.23 Therefore, we investigate the effect of PRF treatment on the sensitization of the sensitized 
DRG neuron as well as on intracellular Ca2+ influx, cytosolic ATP, and mitochondrial membrane potential (Δψm) 
associated with neuron sensitization.

Materials and Methods
Cell Culture
We use the immortalized DRG cell line F11 (08062601, Sigma, USA), first described by Platika et al.24 The cell culture 
method refers to Hashemian et al25 with modification. The F11 cell line was cultured in Ham F-12 medium, 10% Fetal 
Bovine Serum (FBS), HAT medium (5 mM sodium hypoxanthine, 20 µM aminopterin, and 0.8 mM thymidine), 100 U/ 
mL penicillin and 100 µg/mL streptomycin. Cells were cultured in 25 cm2 flasks in a cell culture incubator with 5% CO2 

at 37 °C. Subcultures were performed when cells reached 60–70% confluency. The F-11 cell-line differentiation method 
into dorsal root ganglion (DRG) was carried out based on Pastori et al26 with modification. The assessment of 
differentiated DRG neurons derived from the F11 cell line was based on a morphological and biomolecular approach. 
Microtubule-associated protein 2 (MAP2) biomarker (GTX50810, GeneTex, USA) was used as a biomarker for the most 
optimum neuron differentiation. The assessment was done on days 0, 4, 5, 10, and 12 of cell culture. MAP2 measurement 
using five replications in each group.
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Microtubule-Associated Protein 2 (MAP2) Measurement
Microtubule-associated protein 2 (MAP2) measurement was carried out using the immunocytochemistry approach to 
obtain the well-differentiated DRG neuron. The cell culture was fixed. The aspirated cell medium was then added 2– 
3 mm above the cell surface with 4% formaldehyde in 1x Phosphate buffer saline (PBS). Cells were fixed for 15 minutes 
at room temperature. The fixative was aspirated, then the cells were washed 3 times using 1 x PBS for 5 minutes each 
washing. The next stage is immunostaining. Cells were supplemented with 1x PBS blocking buffer / 5% normal serum / 
0.3% Triton™ (X-100). Blocking buffer was aspirated, then Microtubule-associated protein 2 (MAP2) (GTX50810, 
GeneTex, USA) primary antibody was added at a 1:200 dilution in antibody dilution buffer (1x PBS / 1% BSA / 0.3% 
Triton) (X-100). Next, the cells were incubated overnight at 4°C. Cells were washed 3 times in 1x PBS for 5 min for each 
wash. Cells were incubated in goat anti-rabbit IgG secondary antibody FITC (31635, Thermo Fisher Scientific, USA) 
which had been diluted in antibody dilution buffer for 1–2 hours at room temperature in the dark. Cells were washed with 
1x PBS 3 times for 5 minutes each wash. The cell was observed by fluorescent microscopy at the appropriate excitation 
wavelengths.

Validation of DRG Neuron Sensitization Following NMDAR Activation
Neuron sensitization was induced using N-Methyl D-Aspartate (NMDA). To validate neuron sensitization, we analyze 
the phosphorylated extracellular signal-regulated kinase (pERK) intensity in the neuron. ERK phosphorylation is down-
stream reaction of NMDAR activation and is known as a neuron sensitization biomarker. NMDAR opening is in response 
to its binding to NMDA or glycine,22 therefore we induce the differentiated DRG with several NMDA concentrations 
(10, 20, 40, 60, 80, and 100 µM) to specifically activate NMDAR to induce DRG neuron sensitization. The optimum 
concentration of NMDA in elevating pERK will be used to induce the DRG neuron sensitization in the treatment groups.

Treatment Groups and Pulsed Radiofrequency (PRF) Treatment
There are six treatment groups with four replications each group. A sensitized neuron was induced by giving 80 µM 
NMDA to specifically activate NMDAR. Control receive no intervention, the second group receive NMDA 80 µM, third 
receive ketamine 100 µM, fourth receive PRF 2 Hz, fifth receive NMDA 80 µM followed by PRF 2 Hz, and the last 
receive NMDA 80 µM, PRF 2 Hz and ketamine 100 µM. Ketamine is used as an NMDAR blocker to determine the 
reversible effect of NMDAR activation. Pulsed radiofrequency was carried out immediately in the 80 µM NMDA + 2 Hz 
PRF and 80 µM NMDA + 2 Hz PRF + 100 µM ketamine group after NMDA administration. The PRF treatment was 
carried out using a Cosman RF generator (Cosman Medical Company, USA) by placing a 22-gauge SMK 54 mm, 5-mm 
active tip needle into the cell culture. Pulsed radiofrequency was performed using 500 kHz energy, pulse frequency of 2 
Hz 20 ms, for 360 seconds.27 The distance between the cell and the needle tip was 500–1000 µm (Figure 1). In this study, 
there are four measurements including pERK, intracellular Ca2+ influx, cytosolic ATP, and mitochondrial membrane 
potential (Δψm) measurement.

Phosphorylated Extracellular Signal-Regulated Kinase (pERK) Intensity Measurement
Measurement of pERK using the immunocytochemistry approach. The differentiated DRG neuron receives treatment 
according to treatment groups. The treated neurons were fixed. The aspirated cell medium was then added 2–3 mm above 
the cell surface with 4% formaldehyde in 1x phosphate buffer saline (PBS). Cells were fixed for 15 minutes at room 
temperature. The fixative was aspirated, then the cells were washed 3 times using 1 x PBS for 5 minutes each washing. 
The next stage is immunostaining. Cells were supplemented with 1x PBS blocking buffer / 5% normal serum / 0.3% 
Triton™ (X-100). Blocking buffer was aspirated, then polyclonal antibody Phospho (Erk1/2) Thr202/Tyr204 (36–8800, 
Thermo Fisher Scientific, USA) primary antibody was added at a 1:200 dilution in antibody dilution buffer (1x PBS / 1% 
BSA / 0.3% Triton) (X-100). Next, the cells were incubated overnight at 4°C. Cells were washed 3 times in 1x PBS for 5 
min for each wash. Cells were incubated in goat anti-rabbit IgG secondary antibody FITC (31635, Thermo Fisher 
Scientific, USA) which had been diluted in antibody dilution buffer for 1–2 hours at room temperature in the dark. Cells 
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were washed with 1x PBS 3 times for 5 minutes each wash. The cell was observed by fluorescent microscopy at the 
appropriate excitation wavelengths.

Intracellular Ca2+ Measurement
Measurement of intracellular calcium based on Pan et al28 with modifications. Measurement of intracellular calcium ions 
was carried out simultaneously with the treatment while being observed under a microscope. Neurons were cultured on 
24-well polystyrene tissue culture microtiter plates which had been coated with gelatin with a density of 1×106 cells/mL. 
Cells were cultured with 1 mL of media per well and incubated at 5% CO2, 37 °C. Cells were added with 5×10−6 
M Fluo-3/AM (F4897-1MG, Sigma-Aldrich, USA) in Dulbecco’s modified eagle medium (DMEM) for 1 hour at room 
temperature and dark conditions. After that, the cells were washed, then the cells were immersed in PBS (without 
calcium) to measure the cytosolic calcium ion concentration. Calcium was observed using a confocal laser scanning 
microscope (CLSM) for 1 minute to determine the baseline calcium intensity. Then, the cells were given treatments 
according to groups. After treatment, the neuron cells were observed again using CLSM for 8 minutes to measure the 
intensity of intracellular calcium. Cells were observed at a wavelength of 340 and 380 nm. Filtered luminescence images 
(515 ± 25 nm) were taken.

Cytosolic ATP Level Measurement
ATP was measured using the ATP Assay Kit (Colorimetric/Fluorometric) (ab83355, Abcam, USA). Before measurement, 
the standard curve was made by diluting 10 µL standard ATP (stock concentration 10 mM) with 90 µL ddH2O (final 
concentration 1 mM). The standard curve was made based on the following dilution table (Table 1).

The differentiated DRG neuron received treatment according to treatment groups. After that, the treated cells were 
incubated for 24 hours with 5% CO2 at 37 °C for intracellular ATP measurement. A total of 1×106 cells were harvested 
and used for analysis. Cells were washed with PBS. Cells were resuspended in 100 µL ATP Assay Buffer. Cells were 
homogenized. Cells were centrifuged for 5 minutes at 4 °C and a speed of 13,000 g. The supernatant was put into a new 
tube and stored on ice. The cells were then deproteinated to prevent enzyme contamination. Cold 4 M perchloric acid 
(PCA) was added to the homogenate until the solution had a final concentration of 1 M, then homogenized. Samples were 
incubated for 5 minutes on ice. The sample was centrifuged for 2 minutes at 13,000 g (10,000 rpm) at 4 °C and the 
supernatant was transferred to a new tube. The supernatant volume was measured. Excess PCA is precipitated by adding 
2 M cold KOH which is equivalent to 20–35% of the sample volume (sample + PCA). This neutralization process is 
carried out by adjusting the pH using 0.1 M KOH or PCA with a pH ranging from 6.5 to 8.0. Samples were centrifuged at 
13,000 g for 15 minutes at 4 °C, then the supernatant was taken. This sample then used for measuring deproteinization 
dilution factor (DDF), using the following formula:

Figure 1 PRF treatment schematic in the neuron culture. Orange: PRF ground, pink: neuron culture.
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A total of 50 µL ATP reaction mix and background control mix for each group were prepared. A 50 µL of the reaction 
mix was added to each well of the 96-well plate containing the standard and sample. A 50 µL of background reaction mix 
was added to the background control sample well. Samples were homogenized and incubated at room temperature for 30 
minutes in the dark. Samples were measured using a microplate reader at 570 nm. The amount of intracellular ATP is 
measured using the equation:

B: the amount of ATP in the sample calculated based on the standard curve
V: volume of sample added in well
D: sample dilution factor (if dilution is carried out to adjust within the measurement range)
DDF: deproteinization dilution factor

Mitochondrial Membrane Potential (Δψm) Measurement
The differentiated DRG neuron received treatment according to treatment groups. The mitochondrial staining method 
based on Pendergrass et al.29 The treated cells were incubated for 24 hours with 5% CO2 at 37 °C for mitochondrial 
membrane potential measurement. Treated cells were harvested by trypsinization and washed 2 times in PBS. Cells were 
resuspended in DMEM supplemented with 10% FBS, 25 mM DMEM medium, and stained with 40 nM MitoTrackerTM 
Green FM (M7514, Thermo Fisher Scientific, USA) for 30 min, at 37 °C. The cell was then washed with DMEM 
containing 10% FBS at 37 °C. The staining luminescence was observed using CLSM with excitation at 579 nm.

Statistical Analysis
The effect of PRF on pERK (neuron sensitization), cytosolic ATP level, and Δψm were analyzed using the One-Way 
ANOVA test with the Duncan Post Hoc test. Intracellular Ca2+ data is displayed descriptively to provide real-time Ca2+ 

fluctuation. The relationship between intracellular Ca2+, cytosolic ATP level, and Δψm with neuronal sensitization 
(pERK) was analyzed using the Pearson Correlation test. Data analysis used statistical software SPSS 20.0 (IBM 
Statistics, USA) with α= 5% and 95% confidence interval.

Results
Sensitized DRG Neuron Following NMDA Induction
We use differentiated DRG neuron culture on day 5 which shows the optimum concentration of MAP2 expression 
(Figure 2A and Figure 2B) and differentiated neuron morphology (Figure 3). By using the different concentrations of 
NMDA, we found that NMDA 80 µM significantly has the highest pERK intensity (211.21 ± 0.37 AU) compared to 

Table 1 Dilution Table for ATP Standard Curve Measurement

Standard Standard ATP  
1 mM (µL)

Buffer (µL) Total Volume in  
Each Well (µL)

Total Amount of ATP Each Well  
(nmol/Well)

1 0 150 50 0

2 6 144 50 2

3 12 138 50 4

4 18 132 50 6

5 24 126 50 8

6 30 120 50 10
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other groups (p<0.05), indicates the optimum sensitization (Figure 4). The NMDA 100 µM has the lowest pERK (2.31 ± 
0.07 AU) compared to other groups. Based on this result, we use NMDA 80 µM to induce sensitization in the neuron.

PRF Decreased the pERK of the Sensitized DRG Neuron
This study report that the sensitized DRG neuron (NMDA 80 µM group) significantly had the highest pERK 
(108.48 ± 16.95 AU) compared to the control (42.11 ± 5.97 AU) and the other groups (p <0.05) (Figure 5A), also 
show by the highest green fluorescent (Figure 5B). PRF exposure to the sensitized DRG neurons (NMDA 80 µM 
+ PRF 2Hz group) significantly had a lower pERK (38.57 ± 5.20 AU) than the sensitized DRG neuron. PRF 
exposure in the sensitized DRG neuron decrease pERK close to control/normal condition. Ketamine administra-
tion as an NMDAR blocker had a lower pERK (20.89 ± 3.03 AU) than the control and other groups. 

Figure 2 MAP2 intensity on the cell culture. (A) Cell culture on day 5 shows the highest MAP2 expression compared to other groups, (B) fluorescent imaging shows the 
highest MAP2 intensity on day 5. The abcd notation indicates statistical differences between groups. The same notation indicates no significant difference. Description: 
Superimpose (SI): description of the combined observations of MAP2 and DIC (differential interference contrast) observations. Magnification: 400X.
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Figure 3 Morphological examination of the F11 cell line differentiation. Cell culture on day 5 shows the complete morphological features of the neuron.
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Administration of ketamine to sensitized cells exposed to PRF had significant higher pERK (51.52 ± 733 AU) 
than neuronal cells treated only with ketamine, but not significantly different from sensitized DRG neurons 
exposed to PRF.

PRF Decreased Intracellular Calcium Influx in Sensitized DRG Neurons
The effect of PRF on intracellular Ca2+ influx is displayed in a descriptive graph. The sensitized DRG neuron induced by NMDA 
80 µM experienced a significant calcium influx in the initial time of observation compared to the basal level (orange line). PRF 
exposure to sensitized DRG neurons also showed an increase in intracellular Ca2+ influx. However, the elevation is still lower 
than in unexposed sensitized neurons (blue line). Ketamine administration showed a decrease in intracellular calcium in the first 

Figure 4 pERK intensity in the DRG neuron induced with a different concentration of NMDA . (A) Induction with NMDA 80 µM shows the highest pERK intensity 
compared to other groups. (B) Fluorescent imaging shows the highest intensity of pERK in the neuron induced with NMDA 80 µM. The abc notation indicates statistical 
differences between groups. The same notation indicate no significant difference. Description: Superimpose (SI): description of the combined observations of pERK and DIC 
(differential interference contrast) observations. Magnification: 400X.
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seconds of observation compared to the basal level (orange line). Administration of ketamine to sensitized neurons exposed to 
PRF showed a significant decrease in intracellular calcium intensity compared to the basal level (violet line). Control group 
showed a stable Ca2+ during observation (Figure 6A and Figure 6B).

PRF Increases Cytosolic ATP Level in the Sensitized DRG Neuron
The sensitized DRG neuron (NMDA 80 µM group) had a significant lower cytosolic ATP level (0.0198 ± 0.0004 mM) 
than the control (0.0228 ± 0.0004 mM) and another treatment group (p<0.05). In sensitized neurons exposed to PRF 
(NMDA 80 µM+ PRF 2 Hz group), cytosolic ATP level was significantly higher (0.0458 ± 0.0010 mM) than in 
unexposed neurons. Administration of ketamine as an NMDAR blocker showed higher cytosolic ATP concentrations 
than controls. Administration of ketamine to sensitized neurons exposed to PRF had lower cytosolic ATP level than the 
neurons treated only with ketamine (Figure 7).

Figure 5 PRF decreases neuron sensitization in the sensitized DRG neuron. (A) Sensitized neurons significantly had a higher pERK than the control and other groups. PRF 
exposure to sensitized cells had a lower pERK intensity than unexposed neurons. (B) Fluorescent imaging show pERK expression. The abc notation indicates statistical 
differences between groups. The same notation indicate no significant difference. Description: Superimpose (SI): description of the combined observations of pERK and DIC 
(differential interference contrast) observations. Magnification: 400X.
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PRF Decreased Mitochondrial Membrane Potential (Δψm) in Sensitized DRG Neurons
The sensitized DRG neurons (NMDA 80 µM group) significantly had the highest mitochondrial membrane 
potential (Δψm) (109.24 ± 6.43 AU) compared to the control group (76.19 ± 5.09 AU) and other treatments 
(p<0.05). PRF exposure in sensitized neurons had significant lower Δψm (33.21 ±1.769 AU) than in unexposed 
neurons. Administration of ketamine as an NMDAR blocker showed lower Δψm intensity than controls. 
Administration of ketamine to sensitized neurons exposed to PRF shows no difference from the ketamine group 
(Figure 8A and Figure 8B). 

Figure 6 PRF decreases intracellular Ca2+ intensity in sensitized DRG neurons. (A) Sensitized neuronal experienced a significant increase in intracellular Ca2+ intensity at 
the initial time of observation compared to basal level (red). In sensitized neurons exposed to PRF, there was an increase in intracellular Ca2+ intensity, but not significantly 
compared to basal intensity (blue). (B) Fluorescent imaging show intracellular Ca2+ influx in basal and treatment. Description: Superimpose (SI): description of the combined 
observations of intracellular calcium and DIC (differential interference contrast) observations. Magnification: 400X.

Figure 7 PRF causes an increase in cytosolic ATP in sensitized DRG neuron cells. Sensitized neuronal cells had significantly lower cytosolic ATP concentrations than 
controls. Sensitized neuronal cells exposed to PRF had significantly higher concentrations of cytosolic ATP than unexposed cells . The abcdef notation indicates statistical 
differences between groups. The same notation indicates no significant difference.
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Intracellular Ca2+ Influx, Cytosolic ATP, and Δψm Association with Neuron 
Sensitization
To analyze whether intracellular calcium intensity, cytosolic ATP, and Δψm are associated with the sensitization of the sensitized 
neuron, we perform a Pearson correlation test. Neuron sensitization represents by pERK. Intracellular Ca2+, cytosolic ATP, and 
Δψm have a strong correlation with neuron sensitization (p<0.05). There is a strong positive correlation between intracellular Ca2+ 

and Δψm with pERK. However, there is a negative strong correlation between cytosolic ATP and pERK (Table 2).

Figure 8 PRF decreases mitochondrial membrane potential (Δψm) in sensitized DRG neurons. (A) Sensitized neuron had the highest Δψm compared to the other groups. 
Sensitized neurons exposed to PRF had lower Δψm intensity than unexposed neurons. (B) Fluorescent imaging show lower Δψm intensity. The abcd notation indicates 
statistical differences between groups. Description: Superimpose (SI): description of the combined observations of Δψm and DIC (differential interference contrast) 
observations. Magnification: 400X.
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Discussion
We use differentiated DRG neurons on day 5 derived from cell-line F11, first described by Platika et al.24 Differentiated 
F11 cell line express action potential similar to DRG sensory neurons, and express large ion channels such as Ca2+ and 
Na+.30 This cell line also has been used for in vitro study evolving nociceptive sensory neuron. Differentiated cell-line 
F11 also expresses NMDAR which is essential in this study.31 DRG derived from F11 also shows representative 
properties of DRG cells which are used in many studies involving neuropathic pain.32,33

In this study, DRG neurons exposed to 80 µM NMDA show the highest pERK intensity compared to other groups, 
indicating sensitization occurs. This study is in accordance with the previous study found that sensitized neurons experienced 
a significant elevation in pERK.23 Administration of ketamine as an NMDAR blocker also showed the lowest pERK intensity 
compared to the other groups, showing no sensitization. Sensitized neurons are defined as increased primary sensory response 
and central synapses become hypersensitive to nociceptive stimuli thus underlying the formation of chronic pain.34 The 
formation of chronic pain is mediated by the activation of specific NMDAR receptors which mediate the chronic pain cascade 
reaction, one of them by leading the pERK activation.7 Phosphorylated ERK will be translocated to the nucleus to activate 
several transcription factors cAMP-response element-binding protein (CREB), which plays a role in the transcription of genes 
that trigger long-term neural plasticity.7 The activation or ERK phosphorylation is known as a neuron sensitization 
biomarker.23 NMDAR opening is in response to its binding to NMDA or glycine.22

Pulsed radiofrequency (PRF) is starting to be used in chronic pain management due to its ability to ameliorate pain without 
tissue and nerve damage.21 Several clinical studies have shown successful pain management using PRF therapy.35–40 Even 
though clinically proven, the mechanism of PRF therapy in chronic pain is not fully understood. Cellular and molecular studies 
that explain the PRF mechanism in reducing pain are limited. To determine the effect of PRF on reducing chronic pain, neuron 
sensitization becomes one of the important parameters to be analyzed. In this study, PRF exposure to the sensitized DRG neurons 
significantly decreases pERK. Decreased pERK is associated with reduced neuronal sensitization.23 This study supports the 
previous study whereby PRF can inhibit synaptic activity.27,41 We propose that decrease sensitization is one of the mechanisms 
involved. There are two in-vivo studies report a decrease in pERK in the spinal cord of animals with nerve injury after PRF 
administration. Lin et al42 and Xu et al43 found a decrease in pERK in the spinal cord in after 3 and 14 days after PRF therapy. In 
addition, pERK also induce long-term potentiation related to chronic pain by triggering AMPAR and NMDAR exocytosis.7,44 

Decreased pERK due to PRF may contribute to the inhibition of long-term potentiation. However, more study is needed to 
analyze this issue. As far as the author’s knowledge, this is the first in-vitro study of the PRF effect in neuron sensitization of the 
NMDA-induced DRG neuron. This study reports an insight of PRF treatment mechanism by reducing DRG neuron sensitization 
following NMDAR activation.

Besides induce neuron sensitization, NMDAR activation also activates downstream cascade reaction and affect neuronal 
energy generation. To analyze the effect of PRF in the downstream cascade reaction of NMDAR, we also analyze the 
intracellular Ca2+ influx after PRF exposure. In chronic pain, NMDAR activation is followed by increased Ca2+ influx, 
a secondary messenger of mitogen-activated protein kinase (MAPK) pathway.45 Ca2+ initiate the activation of protein kinase 
C (PKC), Src, Raf-1, MAPK/ERK kinase (MEK), and pERK cascade reactions which underlying chronic pain formation.7 In the 
sensitized DRG neuron, there is a significant intracellular Ca2+ influx at the initial time of observation. In this study, PRF 
exposure to sensitized DRG neuron also caused Ca2+ influx. However, the elevation is lower than in unexposed sensitized 

Table 2 Correlation Test Between Intracellular Calcium, Δψm, and Cytosolic ATP Level on 
Sensitization of Sensitized Neuron

Neuronal Parameter  
(Mean ± SD)

pERK Level in Sensitized  
Neuron (Mean ± SD)

Pearson Correlation

p-value R

Calcium influx 141.643± 25.31 108.48 ± 16.95 0.045 0.955

ΔΨM 99.806 ± 11.83 0.026 0.974

Cytosolic ATP level 0.0199± 0.0004 0.048 −0.952

Notes: R: correlation coefficient; ΔΨM: Mitochondrial membrane potential, significance if p<0.05.
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neurons. One recent study showed that PRF administered to kidney cells caused an increase in Ca2+ influx caused by mild 
electroporation. The increased Ca2+ influx is thought to be related to voltage gate channels.46 The difference of Ca2+ influx in 
unexposed and exposed sensitized DRG neuron to PRF shows the possible mechanism of PRF. PRF works by altering Ca2+ 

influx following NMDAR activation. Moreover, we found a positive strong correlation between Ca2+ intensity and pERK, which 
show a linear correlation between Ca2+ influx and neuron sensitization.

In addition, this study also analyzed the effect of PRF on neuronal activity in energy generation related to neuron 
sensitization. Therefore, an analysis of cytosolic ATP levels and mitochondrial membrane potential of sensitized DRG neurons 
exposed to PRF. The sensitized DRG neuron significantly had lower cytosolic ATP levels than other groups. This is in accordance 
with the theory that activated neurons experience a decrease in ATP levels in the axons, which is thought to be due to increased 
ATP consumption.11 This result is also supported by the negative correlation between cytosolic ATP levels and pERK, show 
a low cytosolic ATP levels in the sensitized neuron. Neuronal activity, especially synaptic activity, consumes at least 50% of ATP 
for reversal ion fluxes via postsynaptic receptors.47 This condition is compensated by increased energy production to fulfil energy 
supply-demand. In sensitized neurons exposed to PRF, the cytosolic ATP concentration is significantly higher compared to the 
unexposed neurons. We assume that this high level of cytosolic ATP is the accumulation ATP during neuron sensitization. During 
sensitization, neuron produces high amount of ATP due to high energy demand. This may result in the accumulation of cytosolic 
ATP. In sensitized neuron, there is a significant increase in ERK phosphorylation, thus it is acceptable that there is a high ATP 
demand. Decrease neuron sensitization after PRF treatment, which reduce energy demand, then response by ATP-fine tuning 
mechanism to restore ATP back to homeostasis concentration.47 One of the ATP fine-tuning mechanisms in activated neurons is 
related to the cytosolic calcium concentration.48 Calcium is an ion that is important in mitochondrial activity in energy synthesis 
(ATP).48,49 Neurons have a lower threshold for calcium influx than non-neuronal cells, making the cytosolic calcium concentra-
tion important in the regulation of ATP levels.50 PRF exposure to sensitized neurons causes an increase in intracellular calcium 
influx, but not as high as in the sensitized state. It is also a possibility to cause of decreased ATP production.

The effect of PRF on DRG neuron sensitization was also observed in mitochondrial membrane potential (Δψm) since it 
related to ATP production51,52 and may indicate mitochondrial activity in energy resistance. In the sensitized DRG neuron, 
there was a significant increase in Δψm indicating increased mitochondrial activity. In general, increase in Δψm can lead to an 
increase in ATP production because a higher Δψm promotes the flow of protons back into the mitochondrial matrix through 
ATP synthase.53,54 This is in accordance with the ATP-level measurement in this study. Sensitized DRG neuron had the lowest 
cytosolic ATP and responses by increased ATP generation, show by increase Δψm. PRF exposure to sensitized neurons has 
a lower Δψm than the sensitized state. This could be associated with a decrease in neuronal sensitization in PRF-treated 
sensitized neuron, proved by a positive correlation between ΔΨm and pERK. Reduced sensitization results in decreased ATP 
demand. Mitochondria responds to this condition by decreased ΔΨm.

Studies reporting the molecular mechanism of PRF on molecular properties during pain are limited. Therefore, this finding 
should give an insight on PRF effect on neuron sensitization, Ca2+ influx, cytosolic ATP level, and ΔΨm. In this study, we found 
a strong correlation between Ca2+ influx, cytosolic ATP level, and ΔΨm with pERK. PRF exposure to sensitized DRG neuron 
following NMDAR activation shows decreased sensitization, which also affects the downstream mechanism, Ca2+ influx, 
cytosolic ATP level, and ΔΨm. PRF also affects mitochondrial activity such as increasing cytosolic ATP level and decrease 
ΔΨm. Due to the wide range of chronic pain pathway, more studies are required to display the whole mechanism of PRF in pain 
pathway.

Conclusion
In sensitized DRG neurons following NMDAR activation, there is an increase in pERK intensity. In addition, there was 
a significant increase in the intracellular Ca2+ influx, decreased cytosolic ATP level, and increased ΔΨm which correlate 
with neuron sensitization. Our study demonstrates PRF could reduce pERK in the sensitized DRG neuron. This study 
shows that PRF exposure exhibit Ca2+ influx both in the exposed and unexposed neurons. However, unexposed neurons 
exhibit a more significant Ca2+ influx. PRF exposure also increases cytosolic ATP, which is thought to be the 
accumulation of the increased ATP generation during sensitization. PRF also causes a decrease in ΔΨm in response to 
the decreased neuronal pERK. This finding underlies the mechanism of PRF in alleviating pain by affecting important 
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physiological-pain related process in the sensitized DRG neuron. This study also supports the clinical use of PRF in pain 
therapy by providing the PRF working mechanism.
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