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Background: Pulsed radiofrequency (PRF) is beneficial for radicular pain and is commonly administered at pulse frequencies of 2 or 
4 Hz. However, its effects on healthy neurons have not yet been widely studied. This study aims to determine the effect of PRF at 2 Hz 
and 4 Hz on the physiology of healthy dorsal root ganglion (DRG) neurons.
Methods: An in vitro experimental study was conducted using DRG neuron cultures divided into three groups. Control cells received no 
treatment, one cell group received 20 ms 2 Hz PRF for 360 s, and one cell group received a 4 Hz PRF 10 ms pulse for 360 s with similar 
energy. Ca2+ influx, mitochondrial membrane potential (Δψm), cytosolic Adenosine triphosphate (ATP), and phosphorylated extracellular 
signal-regulated kinase (pERK) levels were measured. The data were analyzed using the One-Way ANOVA variance with α=5%.
Results: DRG neurons exposed to PRF 2 Hz did not experience a significant change in Ca2+ influx, whereas PRF 4 Hz caused 
a significant decrease in Ca2+ influx compared to the basal level. PRF at 2 Hz did not cause a change in Δψm, whereas PRF at 4 Hz 
caused a significant decrease in Δψm (p<0.05). Both 2 and 4 Hz PRF resulted in a significant elevation in cytosolic ATP concentration, 
but the 2 Hz PRF had a higher cytosolic ATP than the 4 Hz group (p<0.05). Both 2 and 4 Hz did not show a significant difference in 
pERK intensity with respect to the control (p>0.05), indicating that there was no significant neuron activation.
Conclusion: Both frequencies did not significantly activate DRG neurons, but with similar energy delivery, PRF 2 Hz preserved the 
physiological properties of healthy neurons better than PRF 4 Hz did. A 2 Hz PRF is the preferred frequency in clinical applications 
for neuron-targeted therapy.
Keywords: pulsed radiofrequency, neurons, physiology, dorsal root ganglion neuron

Introduction
Neuropathic pain is a type of chronic pain caused by damage to the peripheral nerves or the central nervous system. 
Radicular pain occurs due to the stimulation of the dorsal root ganglion (DRG) or sensory nerve roots of the spinal 
nerves.1 Continuous radiofrequency (CRF) has been used since 1981 to relieve several types of pain.2 However, because 
CRF is ablative, Pulsed Radiofrequency (PRF) was first developed in 1996.3

PRF has a smaller impact on tissue damage than CRF4 and can treat various types of pain.5 CRF uses an alternating 
electric current with temperatures reaching 60–80 °C, which can cause tissue injury, and PRF uses temperatures below 
42 °C3 with a shorter exposure time to avoid tissue damage.3,5 PRF works by delivering a series of short-wave 
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radiofrequency pulses from the generator to the nerves, which are sources of pain. It is suspected that the effect of PRF 
on pain management is due to changes in the cell membrane potential caused by electrical fields. Disruption of the cell 
transmembrane potential causes electroporation,6 a process of deformation and pore formation. If the membrane potential 
disturbance is sufficiently high, cell rupture can occur.7

Several studies have reported that PRF treatment for acute pain changes the structure of the smooth endoplasmic 
reticulum, myelin, and mitochondrial morphology.8 The use of PRF in experimental animal studies of chronic constric-
tion injury (CCI) reduced the number of pro-inflammatory cytokines, β-catenin expression, and neuropathic pain 
behavior.9 Other studies have reported that PRF regulates several types of proteins in microglia.10

Dorsal root ganglion (DRG) neurons are the most frequently targeted point of PRF therapy in patients with radicular 
pain, with better results than those in other parts of the peripheral nerve. DRG neurons located in the spinal cord and play 
a key role in the transmission of peripheral pain signals to the central nervous system.11 In DRG, many primary sensory 
neuronal cell bodies function in the delivery of pain stimuli.12 A previous study demonstrated that spinal cord stimulation 
targeting DRG neurons was effective in reducing chronic low back pain.13

In some clinical cases, the electrical stimulus given by PRF to the targeted dorsal root ganglion reduces pain and 
provides positive outcomes, including a reduction in the degree of pain in lumbosacral radicular pain,14 reduction of 
microglia hyperactivity in neuropathic pain,15 and modulation of neuroimmunity related to chronic radicular pain.16 

However, electrical stimulation of PRF can also expose neighboring healthy neurons. Although PRF is recognized for its 
minimal tissue damage, it is essential to comprehend the effects of PRF on healthy neurons to gain a comprehensive 
understanding of the role of PRF in the management of pain.

For excitable cells, several physiological parameters can be analyzed to determine the effect of PRF on healthy 
neurons. Ca2+ ions are the most important ions for neuronal excitability.17 Changes in Ca2+ concentrations affect cellular 
processes in neurons.18 Furthermore, the role of mitochondria as the primary source of adenosine triphosphate (ATP) 
production greatly affects the function and survival rate of neurons. Neurons are excitable cells that require substantial 
amounts of ATP to maintain membrane-ion gradients, neurotransmission, and neuronal plasticity.19

Clinically, PRF is available at 1–10 Hz, but is mostly performed at frequencies of 2 or 4 Hz.4,5,7,20 Currently, there is 
a lack of comparative research regarding the effects of 2 and 4 Hz PRF on the physiology of healthy neurons. 
Consequently, this study was undertaken to investigate the differences between the effects of 2 and 4 Hz PRF on healthy 
dorsal root ganglion (DRG) neurons by analyzing multiple parameters related to excitable cells, namely, calcium ions 
(Ca2+), mitochondrial membrane potential, cytosolic adenosine triphosphate (ATP) concentration, and phosphorylated 
extracellular signal-regulated kinase (pERK).

Materials and Methods
Cell Culture
This study uses DRG neurons that are differentiated from F11 cell line (08062601; Sigma, USA). Cell culture method 
according to Hashemian et al21 with modifications described in a previous study by Laksono et al.22 We use DRG 
neurons that differentiated from F11 cell line on day 5. In this study, there were three treatment groups with nine 
replicates in each group (Figure 1), including the control, 2 Hz PRF, and 4 Hz groups. To understand the safety of PRF 2 
and 4 Hz to the healthy DRG neuron, we assess the effect of both frequencies to calcium influx, mitochondrial membrane 
mitochondria, cytosolic ATP, and phosphorylated extracellular regulated kinase (p-ERK) level.

Pulsed Radiofrequency Treatment
PRF treatment was carried out by transmitting pulsed frequencies of 2 Hz and 20 ms for 360 s (2 Hz group) and 4 Hz and 
10 ms for 360 s (4 Hz group). PRF treatment is based on Laksono et al22 study. Both PRF frequencies delivered the same 
energy, following the formula derived from Ohm’s law: 
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Substitution:

In case of pulsed radiofrequency, with constant voltage and resistance, the formula can be derived as follows:

Where:

Calcium Influx Measurement
Calcium influx measurement was done according to the Laksono et al22 study. Calcium influx was marked using Fluo-3/ 
AM (F4897-1MG, Sigma-Aldrich, USA) and observed using a confocal laser scanning microscope (CLSM) in 340 nm 
and 380 nm. The basal calcium level was measured first for 1 min. Calcium influx dynamics was observed during 
treatment in each group for 9 min.

Mitochondrial Membrane Potential Measurement (Δψm)
Neurons that had previously undergone treatment were obtained through trypsinization and underwent two rounds of 
washing with PBS. The cells were then suspended in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 
10% fetal bovine serum (FBS), 25 mM DMEM medium, and subjected to staining using 40 nM MitoTracker Green FM 
(M7514, Thermo Fisher Scientific, USA) for a duration of 30 min at a temperature of 37 °C. Any excess, unbound dye 

Figure 1 Study design and grouping.
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was removed by washing with DMEM containing 10% FBS at 37 °C. The luminescent properties of the dye were 
examined using confocal laser scanning microscopy (CLSM) with an excitation wavelength of 579 nm.

Cytosolic ATP Measurement
ATP levels were assessed using the ATP Assay Kit (Colorimetric/Fluorometric) (ab83355, Abcam, USA). A total of 1×106 

cells that had undergone previous treatment were collected and utilized for analysis. The cells were rinsed with PBS and 
subsequently resuspended in 100 mL of ATP Assay Buffer. To homogenize the cells, they were pipetted several times, 
followed by centrifugation at 13,000 g for 5 min at 4 °C. The resulting supernatant was transferred to a fresh tube and kept on 
ice. To prevent interference from enzymes present in the supernatant, the cells were deproteinized. Cold 4 M perchloric acid 
(PCA) was added to the homogenate until a final concentration of 1 M was achieved, and the mixture was thoroughly mixed. 
After incubating the samples for 5 min on ice, they were centrifuged at 13,000 g (10,000 rpm) for 2 min at 4 °C, and the 
supernatant was transferred to a new tube. The volume of the supernatant was measured, and excess PCA was precipitated 
through neutralization. This was achieved by adding 2 M cold KOH equivalent to 20–35% of the sample volume (sample + 
PCA). The neutralization involved adjusting the pH using either 0.1 M KOH or PCA with a pH range of 6.5 to 8.0. The 
sample was then centrifuged at 13,000 g for 15 min at 4 °C, and the resulting supernatant was collected. The sample was used 
for testing, and the dilution factor after the deproteination process was calculated using an appropriate equation:

For each reaction, 50 µL of the ATP reaction mix and background control mix were prepared. The 50 µL reaction 
mixture was then added to each well of a 96-well plate, which already contained the standard and sample. The 
background control sample received an additional 50 µL of the background reaction mix. The samples were thoroughly 
mixed and incubated in the dark at room temperature for 30 min. After the incubation period, the absorbance of the 
samples was measured using a microplate reader at a wavelength of 570 nm. ATP levels were determined using a formula 
provided by the manufacturer (Abcam, USA) and a standard curve that was also provided.

B: represent the ATP amount in the sample on a standard curve.
V: represent the sample volume of each well l
D: represent sample dilution factor
DDF: deproteinization dilution factor

Measurement of Phosphorylated Extracellular Signal-Regulated Kinase (p-ERK)
Measurement of pERK using immunocytochemical methods and fluorescence microscopy. The cells used for the pERK 
measurements were differentiated into 24 well plates. The treated cells were fixed by adding 4% formaldehyde in 1X PBS to 
the cell surface, approximately 2–3 mm above the cells. The fixation process lasted for 15 min at room temperature. 
Afterward, the fixative solution was removed, and the cells were washed three times with 1X PBS for 5 min per wash.

The subsequent step involved immunostaining. The cells were supplemented with a blocking buffer consisting of 1X 
PBS, 5% normal serum, and 0.3% Triton™ X-100. After aspirating the blocking buffer, a polyclonal antibody, 
specifically Phospho (Erk1/2) Thr202/Tyr204 (36–8800, Thermo Fisher Scientific, USA), was added at a 1:200 dilution 
in an antibody dilution buffer (1X PBS/1% BSA/0.3% Triton X-100). The cells were then incubated overnight at 4 °C. 
Following the incubation period, the cells were washed three times with 1X PBS for 5 min each.

Next, the cells were incubated with a goat anti-rabbit IgG secondary antibody FITC (31,635, Thermo Fisher 
Scientific, USA), which had been diluted in the antibody dilution buffer. This incubation lasted for 1–2 hr at room 
temperature in a dark environment. Subsequently, the cells were washed three times with 1X PBS for 5 min per wash. 
Finally, slides containing the cells were observed using fluorescence microscopy, employing appropriate excitation 
wavelengths for visualization purposes.
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Statistical Analysis
The effects of PRF at 2 and 4 Hz on Δψm, cytosolic ATP, pERK were tested using One-Way ANOVA. The post-hoc test 
was done using Duncan’s test. The calcium influx data are displayed descriptively. Data analysis was performed using 
SPSS (version 20.0; IBM Statistics, USA). This study use α= 5% and confidence intervals (CI) 95%.

Results
Effect of PRF on Ca2+ Influx
Based on the measurements of Ca2+ influx, DRG neurons that received PRF 2 Hz did not experience a significant change 
in Ca2+ influx compared to the basal concentration (red line). However, administration of 4 Hz PRF resulted in a gradual 
decrease in Ca2+ influx compared to the basal level (blue line). In the first few seconds of observation, there was no 
decrease in Ca2+ influx in the 2 Hz PRF group or the control group (Figure 2).

Effect of PRF on Mitochondrial Membrane Potential (Δψm)
Administration of 2 Hz PRF to DRG neurons did not show a significant difference in the mitochondrial membrane 
potential compared to control. Neurons that received 2 Hz PRF exhibited an increase in mitochondrial membrane 
potential, rising from 76.191 to 79.003 (AU). However, this increase was not statistically significant when compared to 
the control group (p>0.05). However, the administration of 4 Hz PRF led to a notable reduction in mitochondrial 
membrane potential when compared to the control group (p<0.05) (Figure 3A). Fluorescent imaging shows a lower 
intensity of Δψm in the DRG neurons exposed to 4 Hz PRF (Figure 3B).

Effect of PRF on Cytosolic ATP Concentrations
Administration of PRF at 2 and 4 Hz resulted in a significant (p<0.05) increase in the cytosolic ATP concentration. PRF 
at 2 Hz caused an increase in cytosolic ATP concentration from 0.0228 nM (control) to 0.0516 nM. Administration of 4 
Hz PRF also increased the cytosolic ATP concentration (0.0433 nM) but at a lower concentration than the 2 Hz PRF 
group (Figure 4).

Effect of PRF on pERK
Administration of PRF at both 2 and 4 Hz did not result in a significant difference in pERK intensity when compared to 
normal/control neurons (p>0.05). Administration of 2 Hz PRF caused an increase in pERK from 42.108 AU to 48.40 AU, 
with no significant difference from control (p>0.05). Administration of 4 Hz PRF also showed no significant difference 
from the control group (p>0.05) (Figure 5A). The fluorescent imaging also shows no significant difference in green 
fluorescent illuminating pERK (Figure 5B).

Figure 2 Administration of 4Hz PRF to neurons caused a more significant decrease in Ca2+ influx in the first seconds of PRF exposure compared to 2 Hz PRF. PRF 2Hz did 
not cause a significant change in Ca2+ influx compared to basal (basal level: 0–60 second measurement; marked using dotted vertical line).
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Figure 3 (A) Administration of 4 Hz PRF to DRG neurons resulted in significantly lower mitochondrial membrane potential than controls (p <0.05). PRF 2Hz did not differ 
significantly from control (B) Fluorescent image of Δψm show no significant different between control and 2 Hz PRF. Fluorescent imaging at 400x magnification. Notation ab 

indicate a significant statistical different between group. The same notation shows no significant different.
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Discussion
PRF, an electromagnetic wave-based therapy, is clinically used to treat several types of pain.23 PRF therapy delivers 
short-duration electrical stimulation that minimizes tissue damage24 compared with CRF. Possible mechanisms of PRF 
include long-term depression (LTD),25 changes in the resting membrane potential of neurons, and changes in epigenetic 
neurons.26 In clinical practice, there are two common PRF frequency modes that are often used to target the nerves from 
which the pain originates, namely, 2 and 4 Hz.4,20,27 Since they are excitable cells, the physiology of neurons is strongly 
influenced by electrical stimulation, depolarization or hyperpolarization of neurons.28 Although literature states that PRF 
results in minimal tissue/cell damaging effects,29 no studies have compared the effects of 2 and 4 Hz PRF on the 
physiology of healthy DRG neurons, especially on parameters related to the physiology of neurons such as excitable 
cells. Our study demonstrated the use of PRF at 2 and 4 Hz with the same energy delivered to healthy DRG neuron 
cultures.

We demonstrated that 2 Hz PRF showed better results in preserving the physiology of healthy neurons than did 4 Hz 
PRF. Healthy DRG neurons that received 2 Hz PRF did not experience a significant change in Ca2+ influx compared to 
the basal concentration, whereas healthy DRG neurons that received 4 Hz PRF showed a gradual decrease in Ca2+ influx 
compared to the basal levels. Calcium ions in neurons play an important role in biological mechanisms such as gene 
transcription and neuronal plasticity.27,30 The homeostasis of calcium signaling maintains the integrity and survival rate 
of neurons.31 In addition, an increased Ca2+ influx plays a role in the transmission of neuronal depolarization signals that 
help conduct impulses.29,32 The only other study related to PRF exposure in healthy cells showed that the administration 
of 2 Hz PRF to kidney embryonic cells resulted in a moderate Ca2+ influx, which was thought to be due to the 
electroporation process.30,33 Differences in cell type might explain why this was observed in kidney cells, but not in our 
study with neurons since neurons have a minimum limit of stimulus strength to trigger an action potential (AP) due to 
Ca2+ influx.34

In addition to Ca2+ influx, this study also elaborates on the effect of PRF on the Δψm since it is related to Ca2+ 

influx and energy generation in neurons.35 Mitochondrial membrane potential is induced by ion pumps and is an 
important component of ATP synthesis and cell viability.36 PRF 2 Hz exposure of DRG neurons causes an increase in 
Δψm, but it is not statistically significantly different from normal conditions. In contrast, 4 Hz PRF treatment resulted 
in a significant decrease in Δψm compared with the controls. Normally, cells maintain their Δψm and ATP concentra-
tions under stable conditions in order to support normal cell physiology.36 Under physiological conditions, neurons 

Figure 4 Administration of 2 and 4 Hz PRF to DRG neurons causes an increase in cytosolic ATP. Notation abc indicate a significant statistical different between group. The 
same notation shows no significant different.
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A

Figure 5 (A) Administration of 2 and 4 Hz PRF to DRG neurons does not trigger neuron activation (pERK elevation). (B). The fluorescent imaging shows no significant 
different in green fluorescent illuminating pERK between groups. Fluorescent imaging at 400x magnification. The notation ***Indicate no significant different between groups.
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maintain transient Δψm to achieve cell viability.37 A significant decrease in Δψm also causes an increase in the 
mitochondrial inner membrane permeability to ions and small molecules, which can cause osmotic swelling and 
damage to the mitochondrial membrane.38 The decrease in Δψm may be related to decreased mitochondrial oxidative 
stress and an increased susceptibility to apoptosis.37 However, this study has not yet compared the threshold/basal 
levels of Δψm; therefore, the effect of PRF at 4 Hz on osmotic swelling and oxidative stress requires further 
investigation.

During cytosolic ATP measurement, both 2 and 4 Hz PRF caused an increase in cytosolic ATP concentration. 
However, 2 Hz PRF resulted in a higher cytosolic ATP concentration than 4 Hz PRF. It is possible to increase this by 
Δψm, where the 2 Hz PRF has a higher Δψm, although it is not statistically different from the control. Δψm is associated 
with neuronal activity in energy synthesis;36 therefore, decreased Δψm upon PRF 4 Hz exposure might contribute to 
a lower level of cytosolic ATP compared to PRF 2 Hz. The increase in cytosolic ATP can be due to an accumulation of 
increased ATP production in the mitochondria, as indicated by an increase in Δψm. No studies have measured ATP 
concentration after PRF administration. However, a previous study reported that electrical stimulation can increase the 
release of ATP from neurons, which functions as a trigger for active molecular cascade reactions in neurons and axons.39 

Thus, it can be assumed that an increase in cytosolic ATP is a cellular response to the increased need for ATP after 
electrical stimulation. Neuronal activity following PRF stimulation was also assessed by measuring pERK intensity in 
neurons.

ERK phosphorylation is a cellular biomarker that indicates neuronal activation and central sensitization,40 making 
cells more responsive to nociceptive and non-nociceptive stimuli.41 Increased pERK levels are associated with chronic 
and persistent pain.40 Thus, it can be determined whether PRF at 2 or 4 Hz causes neuronal activation. In this study, we 
demonstrated that both 2 and 4 Hz PRF showed no difference in pERK intensity compared to the control. This indicates 
that the two frequencies used in PRF do not affect the activation or sensitization of healthy neurons. This condition can 
also be related to cytosolic ATP levels. In the activated state, neurons consume a larger amount of ATP, resulting in 
a supply-demand imbalance that decreases the level of cytosolic ATP.42 In addition, the cytosolic ATP levels were not 
significantly reduced. No studies have analyzed the differences in pERK intensity in healthy neurons treated with 2 or 4 
Hz PRF. Previous research on the effect of PRF on pERK was carried out in experimental animals with the spared nerve 
injury (SNI) model using only one type of frequency,10 where there was a decrease in pERK compared to controls, 
indicating a decrease in pain. Experimental research on the effects of PRF in pain models and in normal cells is limited. 
This study demonstrated that by using the same energy, PRF 2 Hz for 20 ms is preferred to PRF 4 Hz for 10 ms because 
it does not alter physiological properties of healthy neurons, especially important parameters of excitable cells, including 
Ca2+ influx, mitochondrial membrane potential, and cytosolic ATP level. Based on clinical data on PRF efficacy in 
radicular pain, both 2 Hz and 4 Hz are used in pain practice with no evidence of superiority in terms of pain relief. The 
majority of pain physicians used a pulsed rate of 2 Hz.16,43,44 Therefore, the findings of this study could underlie the 
molecular mechanism of PRF 2 Hz safety in pain management by preserving healthy neurons.

Conclusion
Using identical energy quantities, PRF at a frequency of 2 Hz better preserves the physiology of healthy DRG neurons 
than PRF at a frequency of 4 Hz. In contrast to PFR 4 Hz, PRF 2 Hz maintained the Ca2+ levels and mitochondrial 
membrane potential. PRF 2 and 4 Hz both increased cytosolic ATP levels but did not cause neuron activation. This study 
underlies the use and safety of PRF 2 Hz in pain management by maintaining the physiological properties of healthy 
dorsal root neurons.
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