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Background: The application of pulsed radiofrequency (PRF) current to peripheral nerves
with conditions related to neuropathic pain is considered to be clinically safe, while it has
been reported that the destruction of mitochondria after PRF application was observed by
electron microscopy. If it occurs reproducibly, PRF applied to peripheral nerves should
provoke neurolysis because the impairment of mitochondria is known as the primary cause
of apoptosis.

Methods: Human monocytic cells THP-1 loaded with 100 nM tetramethylrhodamine
methyl ester (TMRM), a fluorescent dye that proves the mitochondrial membrane potential
(MMP), were exposed to the electric field of continuous radiofrequency (CRF) or PRF
current. The TMRM-related fluorescence from THP-1 cells was measured by flow cytometry.
Results: The exposure of THP-1 cells to a PRF electric field generated by NeuroTherm
NT500 for 15 min with maximum power did not decrease MMP in these cells, nor did it
cause the induction of apoptosis. By contrast, the application of CRF current at 70 °C for 3
min significantly decreased MMP and induced apoptosis within 10 min after CRF
application.

Conclusion: We conclude from these findings that PRF application does not provoke
mitochondrial injury in various types of mammalian cells because the size and the subcel-
lular structure of the plasma membrane or mitochondria are similar among those. However,
the present results cannot address the effect of PRF current on organic structure around the
nervous system. Further study is required to solve the question of whether PRF current
causes neurolysis or not.
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membrane potential, apoptosis

Introduction

The application of pulsed radiofrequency (PRF) current to peripheral nerves is a
therapeutic intervention based on a concept to maximize the intensity of the radio-
frequency (RF) electric field around the subject while decreasing the power deposition
that produces heat within the electric field. Because the power deposition is linearly
related to time, generating two continuous RF (CRF) bursts for 20 ms in 1 s, that is one
of the standard modes for PRF adopted in clinically available RF generators, reduces
the power deposited in the tissue around the RF probe to 4% of CRF (for reviews, see
Chua et al").
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After the first clinical application of PRF current to the
dorsal root ganglion in patients with chronic radicular pain,’
accumulating clinical experience suggests that PRF current
applied to peripheral nerves does not provoke neuroablation
(neurolysis) that causes motor disturbance and numbness.' A
number of experimental studies from separate investigators
also suggested the involvement of signal transduction path-
ways in the mechanisms of action of a PRF electric field to
alleviate pain sensation, implicating mechanisms through
neuromodulation rather than neurolysis (for reviews, see
Van Boxem et al® or the Discussion of our recent report”).
Our recent observation concerning the enhanced mRNA
expression for f-endorphin in human monocytic cells THP-
1 applied with PRF current potently supports the concept of
neuromodulation by PRF electric fields because the increase
in mRNA was demonstrated even in the absence of tempera-
ture elevation while the cells were intact as confirmed by
flow cytometry.*

By contrast, several observational studies using electron
microscopy showed structural changes in peripheral nerves
after the application of PRF, implicating mechanisms
through neurolysis, including those of the enlargement of
endoplasmic reticulum in DRG cells,” the fusion of the
vacuoles in these cells,” disruption of mitochondria in A-
and C-fibers,® and the separation of myelin of axons.’

Of these histological findings, we focused on a report
from Erdine et al that the destruction of mitochondria after
PRF application to the afferent axon of sciatic nerves of rats
was observed by electron microscopy.® If it occurs reprodu-
cibly, PRF applied to peripheral nerves should provoke neu-
rolysis because the impairment of mitochondria is known as
the primary cause of apoptosis of mammalian cells.® To
evaluate whether the application of CRF or PRF current
influences the mitochondrial membrane potential, we per-
formed the following simple experiment.

Methods

General Experimental Protocol

Experiments were performed according to the previously
described methods with minor modification.* THP-1 cells,
purchased from Sumitomo Dainippon Pharma (Suita,
Osaka, Japan), were washed three times by 200xg centri-
fugation for 2 min with the culture medium (RPMI-1640
containing 25 mM HEPES). Cell count was performed
twice using the automated cell counter TC 20 (Bio-Rad,
Hercules, CA, USA), and the average was used to re-
suspend cells at 1x10° cells/mL with the culture medium

supplemented with 2 mM CaCl, and 100 nM tetramethylr-
hodamine methyl ester (TMRM), a reagent that proves
mitochondrial membrane potential.” A 2.5-mL portion of
the suspension of THP-1 cells was transferred to a 15-mL
polypropylene conical tube and was centrifuged at 1000xg
for 5 min. The RF probe in a 10-cm length and 4-mm
active tip guiding needle (22-gauge; Hakko, Chikuma,
Nagano, Japan) was inserted into the conical tube to
place the active tip in the sedimented THP-1 cells. A
counter electrode was tied onto the plastic insulation of
the guiding needle (Figure 1). During the application of
RF current, the conical tubes were incubated in a dry
thermal bath at 37 °C in the air. CRF or PRF current at a
frequency of 480 kHz was applied to the sedimented cells
for 3 min or 15 min, respectively, using a NeuroTherm
NT500 RF generator (St. Jude Medical, Saint Paul, MN,
USA). A conical tube, where the RF probe was inserted
for 3 min without generating current, served as a control.
The voltage generated in the CRF mode is automatically
changed by the NT500 RF generator to stabilize the tem-
perature of the RF probe at a selected point.'® The tem-
perature of the RF probe was monitored by an LED
indicator of the NT500 during the RF generation and
was confirmed to be at the pre-selected level (70 °C). By
contrast, the PRF mode of the NT500 system (repeated
480-kHz RF bursts of duration less than 20 ms at 2 Hz) is
programmed to fix the voltage at a pre-selected level
during RF generation.'® We selected the maximum voltage
(>45 V) for the PRF mode and confirmed that the probe
temperature reached just below 43 °C. After RF applica-
tion, THP-1 cells were re-suspended by mild pipetting.
The cell suspension was then split into several 500-pL
portions and transferred to 5-mL polystyrene tubes,
where the cell suspension was mixed with a fixed dose
of CountBright (CB) absolute counting beads. The incuba-
tion in a dry thermal bath at 37 °C in the air was continued
for pre-selected time periods. When evaluation for cell
viability was required, propidium iodide and FITC-conju-
gated Annexin V (1 pg/mL and 1% (v/v) of the provided
stock solution, respectively, at final concentrations) were
added to the cell suspension at least 10 min before the flow
cytometry.

Flow Cytometric Analysis

Particles (1x10* counts) from each tube were analyzed with a
BD FACS Canto II flow cytometer, and the results were
processed by the BD FACS DIVA software. FSC-A is the
area of electric pulse for forward scatter (FSC) of particles
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Figure | The RF probe inserted in a 10-cm length and 4-mm active tip guiding
needle with a counter electrode tied on the plastic insulation (left). Enlarged view of
the active tip and counter electrode (right).

detected in flow cytometry, indicative of the relative size of
each particle. SSC-H is the height of the electric pulse for
side scatter (SSC), which reflects the surface as well as the
internal complexity of each particle. THP-1 cells, observed
as the largest mass of particles with FSC values greater than
those for 7-um CB beads, were gated by a circle in the FSC-
A/SSC-H plot and dotted in blue. Fluorescence related to
TMRM was measured by the setting of excitation with a 488-
nm blue laser beam and the detection through a 585/42-nm

bandpass filter. The area of electric pulse for TMRM-related
fluorescence from THP-1 cells was plotted against FSC-A of
each cell. Further analyses were performed using the Kaluza
flow cytometry analysis software (ver. 2.1; Beckman Coulter,
Brea, CA, USA).

Statistical Analysis

Data were expressed as mean+SD. Comparison of multiple
groups was performed by analysis of variance (ANOVA)
followed by the Tukey HSD post-hoc test. A P value less
than 0.01 was considered to be significant for statistical
difference.

Results

The SSC from THP-1 cells, observed at 3 min after the
application of CRF current at 70 °C for 3 min, drastically
increased as compared with that from these cells observed
just before the CRF application. Such an increase in SSC
continued during the observation period for 60 min. On the
other hand, SSC from THP-1 cells observed at 60 min
after the PRF application for 15 min did not change as
compared with that from these cells observed just before
the PRF application or that from control observed at the
same timing (Figure 2). In our previous study, we
observed that the increase in SSC from THP-1 cells was
associated with apoptotic or necrotic cell death.* In the
present study, the number of apoptotic cells in total THP-1
cells, defined as those positively stained with Annexin-V
and propidium iodide* (85.7%, n=630), was significantly
increased at 10 min after the application of CRF current as
compared with that in control cells observed at the same
timing (16.2%, n=983). The number of necrotic cells in
total THP-1 cells (i.e., Annexin-V (=)/propidium iodide
(+))* was not influenced by the CRF application (for
CRF and control, 2.6% and 1.5%, respectively). The num-
ber of apoptotic and necrotic cells in total THP-1 cells,
observed at 60 min after the application of PRF current for
15 min, was not significantly changed as compared with
control. Fluorescence intensity related to TMRM from
THP-1 cells, observed simultaneously with SSC at 3 min
after the CRF application, significantly decreased as com-
pared with that observed before the CRF application. This
finding indicates that CRF provoked an acute decrease in
mitochondrial membrane potential that is known as the
primary cause of apoptosis.® The decrease in TMRM-
related fluorescence intensity from CRF-applicated THP-
1 cells continued during the observation period for 60 min,
as expected by the change in SSC from the same cells.
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Figure 2 Suspension of THP-1 cells applied with or without RF current was analyzed using flow cytometry. THP-1 cells were gated by a circle in the FSC-A/SSC-H plot and
dotted in blue. Fluorescence related to TMRM was measured by setting excitation with a 488-nm blue laser beam and detection through a 585/42-nm bandpass filter.

However, PRF application failed to decrease the fluores-
cence intensity related to TMRM (Figures 2 and 3).

To examine whether the function of TMRM as an indi-
cator for mitochondrial membrane potential is influenced by
heat, aliquots of stock TMRM were pre-incubated at 70 °C
for 3 min or 80 °C for 5 min accurately using a thermal
cycler (MiniAmp Plus; ThermoFisher Scientific, Waltham,

Fluorescence intensity (a.u.)
3000 —

Figure 3 Fluorescence intensity (arbitrary unit, a.u.) related to TMRM from THP-1|
cells applied with or without RF current plotted against the time after the RF
application. Open square: control (n=2321-2641). Open circle: CRF (n=2321-
2679). Closed circle (red): PRF (n=2578-2697). Data are expressed as mean+SD.

MA, USA) before loading THP-1 cells with these aliquots.
Fluorescence intensity related to TMRM from THP-1 cells,
without application of RF currents, was compared with the
fluorescence intensity from CB. The relative fluorescence
intensity from THP-1 cells tended to decrease according to
the temperature of TMRM pre-incubation, but not signifi-
cantly (without pre-incubation, 13.9%=1.7; with pre-incu-
bation at 70 °C for 3 min, 10.9%=+2.1; at 80 °C for 5 min,
9.3%+2.5,;n=3 each, P=0.087), indicating approximately
78% inhibition of activity as a fluorescence probe after
pre-incubation at 70 °C for 3 min. By contrast, fluorescence
intensity related to TMRM from THP-1 cells applied with
CRF current at 70 °C for 3 min significantly decreased to
less than 40% of that from cells without RF application
(Figures 2 and 3), supporting the concept that CRF current
significantly suppressed the mitochondrial membrane
potential in THP-1 cells.

Discussion

We have recently reported that the exposure of human mono-
cytic cells THP-1 to a PRF electric field for 15 min increases
the expression of mRNA for the precursor protein of f-endor-
phin proopiomelanocortin (POMC) without causing cell death,
where we established the method to apply RF current to cells in
a test tube reproducibly.® In the present study using the same
simple experimental system, we showed that a question,
whether the exposure of human cells to a PRF electric field
provokes apoptosis, can be examined using flow cytometry
with TMRM, a reagent that proves mitochondrial membrane
potential.
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We demonstrated that the significant decrease in mito-
chondrial membrane potential occurred at 3 min after the
application of CRF current to THP-1 cells at 70 °C for 3
min, and that the acute induction of apoptosis in these cells
occurred as early as several minutes following the mito-
chondrial depolarization. The acute increase in SSC and
decrease in TMRM-related fluorescence intensity from
THP-1 cells was observed in virtually every cell applied
with CREF, indicating that the exposure of THP-1 cells to
the RF electric field is appropriately performed in this
experimental setting. In the same setting, we have con-
firmed that the exposure of THP-1 cells to the PRF electric
field generated by the NeuroTherm NT500 for 15 min with
maximum power did not decrease the mitochondrial mem-
brane potential in these cells, nor did it provoke cell death.

Use of the experimental system established in our pre-
vious study,® where the cells are sedimented as a pellet in a
microtube during the exposure to the PRF electric field, is a
strong point of this study because a homogeneously treated
mass of cells was measured using flow cytometry that mini-
mizes the bias included in the experimental system. Even
though other investigators implied the mitochondrial injury
provoked by the application of PRF currents using histologi-
cal methods as shown above,® it is likely from our findings
using this reproducible experimental system that PRF appli-
cation does not provoke mitochondrial injury in virtually
every type of mammalian cells because the size and the
subcellular structure of the plasma membrane or mitochon-
dria are similar among various types of mammalian cells.

The limitation of this study is that we used human mono-
cytic cells THP-1, not nerve cells. Therefore, we cannot
assert fully that the findings observed in THP-1 cells are
applicable to nerve cells. We used THP-1 cells because
monocytes are viable in a floating condition while many
types of cells, including nerve cells, are not. However, mono-
cytes possess several properties mimicking nerve cells,
including those of the expression for B-endorphin and poly-
modal receptors such as transient receptor potential
vanilloid1* through which monocytes are suggested to be
involved in analgesia in inflammatory conditions.'' The pre-
cise interpretation of this experimental study is only that PRF
current does not provoke mitochondrial injury in mammalian
cells within the electric field of such current, but this finding
is very important to know how PRF application acts in vivo.
The present study cannot address the effect of PRF current on
organic structure around the nervous system, while observa-
tional studies from others using electron microscopy showed
the destruction of tissue components such as the myelin

sheath that may influence the conduction of afferent nerve
fibers.” Further study is required to solve the question of
whether PRF causes neurolysis through destructing intersti-
tial structures.

In conclusion, we demonstrated that a continuous but
not pulsed RF current generated by the NeuroTherm NT500
impairs mitochondrial membrane potential in THP-1 cells.
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