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Abstract

Pulsed radiofrequency (PRF) treatments for chronic pain consist in the delivery of a train of sinusoidal
electric bursts to the targeted nerve. Despite numerous clinical evidence of its efficiency, the
mechanism of action of PRF remains unclear. Since most of the reported biological effects of PRF can
be initiated by a calcium influx into the neurons, we hypothesized that PRF may induce a mild
electroporation effect causing a calcium uptake. To test this hypothesis, HEK-293 cells were exposed
to PRF bursts and cytosolic calcium and Yo-Pro-1 uptake were monitored. After a single burst, calcium
peaks were observed for electric fields above 480 V/cm while the uptake of Yo-pro-1 was insignificant.
After a train of 120 bursts, the electric fields required to induce a calcium and Yo-pro-1 uptake
decreased to 330 V/cm and 880 V/cm respectively. Calcium peaks were not detected when cells were
treated in calcium free media. The temperature increase during the treatments was lower than 5 °C in
all cases. Finally, the cell response for different burst frequencies and extracellular media conductivities
correlated with the induced transmembrane voltage calculated with a numerical model. Our results
support the hypothesis of an electroporation mediated calcium influx.
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1. Introduction

Pulsed radiofrequency (PRF) treatments consist in the delivery of a train of sinusoidal electrical bursts
(5-20 ms length) in the radiofrequency range (500 kHz) at a repetition rate of a few hertz (2-5 Hz). This
treatment modality has been applied at various locations along the afferent pain pathways such as
directly to the affected nerve [1], adjacent to the dorsal root ganglion [2] or in intra-articular fashion [3]
and it proved to be effective in managing pain in patients suffering chronic pain in all cases. Nowadays
the most common pathologies where PRF is indicated are radicular pain, trigeminal neuralgia, occipital
neuralgia and shoulder and knee pain [4].

PRF originated from conventional thermal radiofrequency as clinical researchers were seeking for a
less destructive radiofrequency based treatment to be applied to the afferent nervous pathways [5].
Two decades after its conception and despite multiple evidence of its effectiveness [4], the exact
mechanism of action of PRF has not been revealed yet. There is evidence that the analgesic effect of
PREF is neither related to thermal effects nor to a permanent physical neural damage [6—9]. Currently
most studies suggest that PRF induced pain relief takes place through a neuromodulatory-type process
that alters the synaptic transmission or the excitability of C fibers [10-12]. These fibers carry pain and
temperature sensations and are involved in most neuropathic pain syndromes [13].

Animal studies have exhibited several biological effects of PRF. Some studies have shown
morphological changes in the inner structures of axons [9,14-16]. Other studies have reported
molecular effects such as: alterations of cellular activity [17] and gene expression [18—-21], an increase
in the expression of inflammatory proteins [16] and the inhibition of extracellular signal-regulated
kinasses [22]. Also, evidence of a long-term depression effect was found in a recent study [23]. These
findings have lead to several possible explanations on how PRF inhibits the transmission of pain signals
from a biological perspective. However, there has been little progress in elucidating the underlying
biophysical mechanisms by which the electric bursts produce these effects.

Interestingly, most of the effects reported after PRF treatments can be triggered by an increase in the
cytosolic free calcium (Ca?*) concentration, a second messenger involved in many short and long term
cellular processes. This may link PRF effects with a direct effect of the electric fields. We hypothesize
that PRF causes a permeabilization of the neural membrane through a mild electroporation process
leading to a Ca?* influx. Given that this hypothetical Ca?* increase could occur in the same manner in
different parts of the neuron, it would explain the fact that PRF can be effectively applied at different
regions of the afferent nervous pathways.

Electroporation is a biophysical phenomenon in which cell membrane permeability to ions and
molecules is increased when the cell is briefly exposed to high electric fields [24]. This increase in
permeability has been attributed to the formation of nanometric pores in the cell membrane, hence the
term electro-poration. Electroporation is typically performed by delivering a series of short (100 us) DC
pulses but it also appears when radiofrequency bursts are delivered [25-27].

In the present study, we have performed a series of in vitro experiments and we have used numerical
models in order to investigate the possibility that PRF electric fields cause a Ca?* influx into neuronal
cells and elucidate the pathways of this influx.

2. Materials and methods

2.1 Cell culture
Human embryonic kindey cells, HEK-293, were grown in Dubelcco’s modified Eagle’s medium (Gibco,
Dublin, Ireland) supplemented with 10% fetal bovine serum (Biosera, Ringmer, East Sussex, UK) and



1% streptomycin/penicillin (Panreac, Barcelona, Spain). Cells were incubated at 37 °C in a humidified
environment containing 5% CO». The day before performing the experiments, the cells were seeded
into 4 well Nunc™ Lab-Tek™ chambered coverslips (Thermofisher, Waltham, MA, USA) and incubated
overnight.

2.2 Electric burst delivery

The most common treatment protocol in clinical PRF treatments consists in a train of sinusoidal bursts
(500 kHz) with a burst length of 20 ms and delivered at a repetition rate of 2 Hz for a few minutes (see
Figure 1a). In this study, cells were exposed to sinusoidal bursts of different frequencies keeping the
length of the bursts to 20 ms in all cases. The applied voltages ranged between 50 and 100 V in the
experiments where a single burst was applied and between 40 and 70 V in those involving the delivery
of several bursts. All treatments were performed at room temperature. The sinusoidal bursts were
generated by an AFG3022B function generator (Tektronix, Beaverton, OR, USA) connected to a WMA-
300 high voltage amplifier (Falco Systems, Katwijk aan Zee, The Netherlands). The set-up used to
deliver the electric bursts to the cells consisted of an acupuncture needle (shaft diameter of 300 um)
and a stainless steel plate electrode located at the opposite side of the chamber acting as a reference
electrode (see Figure 1b Figure). The needle was placed in contact with the bottom of the chamber
and parallel to it. Finally, the voltage applied between the needle and the plate was measured by a
digital oscilloscope (DSO1014A, Agilent, Santa Clara, CA, USA).
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Figure 1: (a) Typical PRF waveform used in the clinical practice (b) Microscopy image of the set-up
showing the needle tip and the cells under study.

Typically, in experiments that involve the delivery of pulsed electric fields to cells, researchers use two
parallel plates (or wires) in order to generate a relatively uniform and controllable electric field between
them. In the present study, however, a different approach was taken in order to reproduce the
temperature variations in the tissue during PRF treatments in a clinical setting. It has been shown that
during a clinical PRF treatments, the cumulative temperature increase around the electrode, although
not irrelevant, is insufficient to create a thermal damage to the tissues [28,29]. However, each burst
generates a brief but large temperature spike that can cause a temperature increase of up to a 25 °C
at the tip of the electrode. Therefore, the electrode arrangement was chosen aiming to minimize the
cumulative temperature increase in the buffer while generating large temperature spikes at each burst.
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Unless stated otherwise, the experiments were performed using a physiological buffer consisting of
135 mM NaCl, 5 mM KCI, 2 mM MgClz, 10 mM HEPES, 10 mM glucose, 2 mM CacClz, (pH 7.4,
310 mOsm, conductivity 1.51 S/m). In the experiments with a Ca?* free extracellular medium, CacCl,
was replaced by 2 mM EGTA (a Ca?" chelator). When indicated in the text, experiments were
performed using a buffer with a low electric conductivity (10 mM NaCl, 250 mM Sucrose, 5 mM KCl,
2 mM MgClz, 10 mM HEPES, 10 mM glucose, 2 mM CaCl,, pH 7.4, 290-310 mOsm, conductivity
0.26 S/m). All these chemicals and reagents were acquired from Panreac.

2.3 Fluorescence labeling and imaging

Intracellular Ca?* concentration was assessed using Calcium Green-1, a dye that exhibits an increase
in fluorescence emission upon binding to Ca?*. In its acetoxymethyl (AM) ester form, this molecule can
passively diffuse into the cell and, once inside, the intracellular esterases cleave the AM group trapping
the dye into the cell. To label cells, growth medium was replaced by the physiological buffer and
Calcium Green-1 AM (Invitrogen, Carlsbad, CA, USA) was added at a final concentration of 5 yM. Cells
were incubated for 40 minutes at 37 °C before being washed thoroughly. Then, the solution was
replaced by the desired buffer to perform the experiments.

To assess membrane permeability to larger molecules, growth medium was replaced by the buffer and
Yo-Pro-1 (Sigma Aldrich, Sant Louis, MO, USA) was added to a final concentration of 2 yM immediately
before the experiments. Yo-pro-1 is a fluorescent molecule that, in normal conditions, cannot enter the
cell. It has a high affinity for binding to nucleic acids and when this happens its fluorescence is largely
enhanced. For these reasons, among other applications, Yo-Pro-1 is commonly used as a marker to
detect electroporation [30].

Images were acquired with a Leica DMI6000B (Leica, Wetzlar, Germany) inverted microscope using a
20x objective. Time series image stacks were captured through the Leica LAS X software. For the
assessment of the transient Ca?* response, images were taken every 2 seconds for 30 seconds before
the burst delivery and for at least 1 minute after the end of the treatments. When evaluating the uptake
of Yo-Pro-1, images were taken every 30 seconds for at least 15 minutes after the treatments.

2.4 Image analysis

The acquired images were processed using Fiji [31] an open source software based on Image J [32].
Regions of interest (ROI) were created for each cell and the average fluorescence was measured for
all time points. The average background fluorescence was subtracted to the fluorescence values
obtained and the resulting values were converted to AF/Fy,(%) = 100(F — F,)/F,, where Fq is the
average fluorescence of the ROI before the burst delivery and F is the fluorescence of the ROI at the
considered time step.

To analyze the transient Ca?* response to the bursts, the time evolution of AF/F, was processed in
MATLAB (Mathworks Inc, Natick, MA, USA). Cells were classified based on whether or not they
exhibited a Ca?* peak. In order to detect Ca?* peaks, the time derivative of the fluorescence was
calculated and a threshold was applied to its maximum value. If the maximum of the derivative was
above the threshold, first the position of the maximum was checked and only those cases whose
maximum took place after the burst were considered. Finally the average fluorescence signal of the 10
following seconds was calculated. Only those peaks whose average was more than 3 times higher
than the standard deviation of the signal before the burst delivery were counted. This detection process
aimed at minimizing the number of spontaneous Ca?* spikes or image artifacts counted as responses
to the bursts.

To detect Yo-Pro-1 uptake, a threshold was applied to the average final fluorescence of each cell in
order to decide whether or not the dye was internalized. This threshold was determined as follows: a
typical electroporation protocol (8 pulses, 100 ps pulse length) was delivered to our cells and the
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fluorescence intensity was measured before the delivery of the pulses and 15 minutes after the delivery.
The threshold was calculated as:

Thr =Fy+ 0.2(F — Fy) (1)
Where Fois the average fluorescence of the cells before the delivery of the pulses and F is the average
fluorescence of the cells after the delivery of the pulses. The 0.2 factor was chosen to minimize the
number of false negatives (i.e. capture cells with a low uptake) but at the same time ensure that the
threshold was more than 5 times above the standard deviation of the initial fluorescence.

2.5 Estimation of the electric field exposure for each cell

Our set-up generates a heterogeneous electric field. Thus, in a sample each cell was exposed to a
different electric field. The electric field exposure of each individual cell was estimated through finite
element modeling. The geometry of our set-up was simulated in COMSOL Multiphysics 4.4 (COMSOL
AB, Stockholm, Sweeden) by defining an arbitrary 1 V voltage difference between the needle and the
plate (See Figure 2). The steady state solution of the problem was calculated by solving the Laplace
equation using the electric currents module of COMSOL.

V- (oWV) =0 )

Then the results were scaled to the desired voltage to generate electric field maps for each of the
applied voltages and extract the electric field exposure of each cell. These electric field values were
assigned based on the position of the cells relative to the needle tip. To calculate these relative
positions, first, the position of the needle tip was obtained from brightfield images captured before the
delivery of the bursts. Second, the position of each cell was calculated by measuring the position of
the center of the ROIs. Then, using these two values the relative positions were calculated. Finally, an
electric field value was assigned to the ROI by searching for the closest point to the relative position in
the electric field maps generated previously.
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Figure 2: (a) Model geometry. (b) Electric field distribution within the imaging region when a voltage of
10 V is applied between the needle and the plate. Note that the relation between the voltage and the
electric field is linear, therefore, the results can be scaled to the different voltages applied in our
experiments.

2.6 Statistics

All the processing explained above led to a series of data consisting in an electric field exposure and
a binomial response for each cell (either relative to Ca?* or to Yo-pro-1). In order to interpret these data
and compare the different treatments, the results were adjusted to a logistic regression:

1
pE) = 1+ eXp(—(,Bo + B E)) 3

Where p(E) is the probability of a cell to show a Ca?* peak as a function of the electric field exposure,
E. The values of the parameters o and B1 were adjusted using the R-3.5.3 software package [33]. For
each treatment protocol and conditions at least 15 different experiments were conducted and 40-80
cells were analyzed in each experiment.



2.7 Temperature measurement

Rhodamine B (Sigma Aldrich), a temperature sensitive dye, was used to measure the evolution of the
temperature in the medium during the delivery of the electric bursts. The fluorescence of this molecule
decreases with temperature [34], and its practically not affected by the external pressure and pH above
pH values of 6 [35].

Rhodamine B was dissolved in our buffer to a final concentration of 100 uM and the solution was added
into empty chambered coverslips at the same volume used in the experiments with cells. To measure
the temperature evolution during the electric treatments, trains of bursts were delivered using the exact
same set-up as the experiments explained above. Simultaneously, fluorescence images were taken
every 100 ms with a Leica DMI6000B inverted microscope using a 20x objective. The images obtained
were analyzed using Image J. At each time point, the average fluorescence in a region close to the
needle tip was calculated.

In order to convert the measured fluorescence values to temperature, a calibration procedure was
carried out for our set-up. The solution was gradually warmed as follows: two stainless steel plates
were placed at opposite sides of the chambered coverslips and were connected to the amplifier. A
continuous 500 kHz waveform was generated in order to warm the solution by Joule heating. Images
were taken every 15 seconds while simultaneously measuring the temperature using a thermistor. The
temperature was increased from room temperature to 50 °C within an approximately 15 minutes time
span. This process was repeated in 8 independent experiments. Finally, the acquired fluorescence
intensity values as a function of the temperature were used to adjust a second-degree polynomial with
the least squares method using the R-3.5.3 software package [33].

2.8 Simulation of the induced transmembrane voltage

The transmembrane voltage (TMV) induced by the electric fields applied in our experiments was
calculated by numerical modeling. To do so, realistic 3D geometrical models of the cells were
generated from confocal microscopy images. First, for membrane detection, cells were stained for 20
min in ice with 100 ug/ml concanavalin A tetramethylrhodamine (Invitrogen) and then fixed with 4%
paraformaldehyde in PBS. Digital images were taken using a Leica TCS SP8 confocal microscope
(Leica, Wetzlar, Germany). Cross section images of the cells were obtained by shifting the microscope
focus at constant steps (0.3-0.6 um) from the bottom of the cell to the top. The acquired image stacks
were imported to Fiji, and 3D surfaces were constructed using the 3D viewer application of Fiji [36].
Then, these surfaces were smoothed and converted to solid using Meshmixer (Autodesk Inc, San
Rafael, CA, USA). Finally, the smoothed surfaces were imported to COMSOL to calculate the induced
TMV for different burst frequencies. To do so, the cell membrane was modeled as a surface with the
following boundary condition:

- 7 O-m(vi - Vo) Em a(VL - Vo)
J=_m~t o/, m7 L 07 3
n-jJ A + 5 T (3)

where V; and V, are the potentials in the inner and the outer sides of the boundary, g,, is the membrane

conductivity, &, is the permittivity of the membrane, and h is membrane thickness. The product 7 T
represents the normal current that flows through the membrane. The induced TMV for an arbitrary
electric field was calculated by solving the Laplace equation (eq. (2)) using the Electric currents module
and a frequency domain study. The extracellular conductivity was set to either 1.51 or 0.26 S/m (values
measured for our buffers). The rest of the parameters can be found in Table 1.

Symbol Value Definition, justification or source
Om 25%x1077S/m Membrane conductivity [37]

Oe 1.510r 0.26 S/m Measured values

Oi 0.5 S/m Intracellular conductivity[38]




h 5nm Membrane thickness[39]

Ee 70 Relative permittivity of the extracellular medium [40]
& 70 Relative permittivity of the intracellular medium [40]
Em 5 Relative permittivity of the membrane [40]

Table 1: Parameters used in the model

3. Results

3.1 Ca2+ uptake occurs at lower electric fields than Yo-pro-1 uptake

First of all we exposed the cells to PRF bursts (500 kHz, 20 ms length) and compared the effects of a
single burst with the effects of 120 bursts (delivered at a frequency of 2 Hz) in terms of the free cytosolic
Ca?* concentration and the uptake of Yo-pro-1. Figure 3a-c show representative examples of the time
evolution of the fluorescence in single cells. For convenience, when comparing the different sets of
experiments, we will define the Eso as the electric field that has a probability of 0.5 to induce a cell
response (either a Ca?* peak or Yo-Pro-1 uptake).

The results depicted in Figure 3d show the probability of the cells to display a peak as a function of the
electric field according to the logistic regression (Eq. (3)) obtained by fitting the data. After a single
burst, the Eso to cause a Ca?* peak is 480 V/cm. In contrast, Yo-pro-1 uptake was almost nonexistent
after a single burst in the range of electric fields used in our study. When multiple bursts were delivered
to the cells, the Eso values obtained either for a Ca?* peak or Yo-Pro-1 uptake significantly decreased.
In this case, the Eso values obtained were around 330 V/cm and 880 V/cm for a Ca?* peak and Yo-Pro-
1 uptake respectively.

The same treatments were delivered in the absence of extracellular Ca?* (see Figure 3e) and no
changes in cytosolic Ca?* concentration were detected when a single burst was delivered. When
multiple bursts were delivered, Ca?* peaks were observed in the cells treated in the Ca?* free media
but only at significantly higher electric fields than in normal conditions. In this case the probability of
having a Ca?* peak was around 30% for an electric field of 1000 V/cm.
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Figure 3: (a) Examples of the time evolution of the Calcium green-1 relative fluorescence change in
single cells obtained when a single, 20 ms, PRF burst was delivered. (b) The same as in (a) but when
120 burst were applied at a repetition rate of 2 Hz. (c) Time evolution of the fluorescence intensity in
single cells treated in the presence of Yo-Pro-1 with a single or 120 PRF bursts. The dashed vertical
lines show the time at which the treatment was applied. (d) Probability of a cell to exhibit a Ca?* peak
(blue) or Yo-Pro-1 uptake (orange) as a function of the electric field as obtained by fitting a logistic
regression to our experimental data. Solid lines show the probability when a single burst is applied and
dashed lines show the probability when 120 bursts are applied at a repetition rate of 2 Hz. (e) Probability
of a cell to exhibit a Ca?* peak as a function of the electric field in normal conditions (blue) and when
cells are treated in a Ca?* free medium (red). Solid lines show the probability when a single burst is
applied and dashed lines show the probability when 120 bursts are applied at a repetition rate of 2 Hz.
The results in (d) and (e) are presented as probability (line) + standard error (shaded region).

3.2 The temperature increase was lower than 5 °C

The temperature of the medium during the delivery of successive bursts at a repetition rate of 2 Hz was
measured. The fluorescence of Rhodamine B was averaged over two areas, one close to the needle
tip and one far from it (see Figure 4a). Figure 4b shows the results obtained within the calibration
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process as well as the second-degree polynomial that better fitted with the results. Once the set-up
was calibrated the same treatments with multiple bursts as in Figure 3 were applied. Figure 4c-d show
the electric field distribution when the lowest and the largest voltage amplitudes are applied in our
experiments (40 and 70 V). Figure 4e-f show the temperature evolution over time obtained when bursts
with these voltages were applied continuously at a repetition rate of 2 Hz. The cumulative temperature
increase did not exceed 4.5 °C in any case. The time evolution of the temperature was very similar on
average at the two measured regions. However, significantly larger temperature spikes appeared after
each burst in the region close to the needle tip.
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Figure 4: (a) Regions of interest (ROIs) where the fluorescence values were averaged. (b)
Temperature as a function of the fluorescence intensity obtained for our set-up during the calibration
process and a second-degree polynomial adjusted by the least squares method (black line). The
polynomial that best fits the results was: y =1.22-10"8x? — 1.86 - 10 3x + 84.3 (R?=0.98).(c)
Electric field distribution when bursts with an amplitude of 40 V are delivered. (d) Electric field
distribution when bursts with an amplitude of 70 V are delivered. (e) Average temperature increase
over time in the ROIs shown in (a) (blue: ROI 1, red: ROI 2) when bursts (500 kHz, 20 ms) with an
amplitude of 40 V are delivered at 2 Hz. (f) Same as in (e) when bursts (500 kHz, 20 ms) with an
amplitude of 70 V are delivered at 2 Hz.

3.3 Ca2+ uptake depends on the burst frequency and the medium conductivity

Single bursts with different frequencies but maintaining the burst length at 20 ms were applied. The
results, presented in Figure 5a, show a clear dependence of the effects on the frequency. The Eso
values to induce a Ca?* peak are approximately 400, 480 and 700 V/cm, for 10 kHz, 500 kHz and
2 MHz respectively.
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Figure 5: (a) Probability of a cell to exhibit a Ca?* peak as a function of the electric field after the
delivery of a single 20 ms burst with a frequency of 10 kHz (red), 500 kHz (blue) or 2 MHz (orange).
(b) Probability of a cell to exhibit a Ca?* peak as a function of the electric field when a single 20 ms
burst with a frequency of 10 kHz is applied in a medium with an electrical conductivity of 1.51 S/m
(blue) or 0.26 S/m (red). (c) Same as (b) but when a single 20 ms burst with a frequency of 500 kHz is
applied. All results are presented as the probability function obtained from the logistic regression (line)
+ standard error (shaded region).

The effect of the extracellular medium conductivity was also assessed. Figure 5b-c shows the results
obtained by delivering single bursts of frequencies of 10 kHz and 500 kHz using two buffers with
different conductivity (1.51 S/m and 0.26 S/m). While the responses are almost identical for 10 kHz
regardless of the medium conductivity, a significant difference is observed for 500 kHz. When the cells
are treated in the low conductivity buffer, the obtained Eso increases to 1020 V/cm for a single 500 kHz
burst.

3.4 Numerical results show the same dependence of the induced TMV on frequency and medium
conductivity

Finally, we built a realistic geometrical model of our cells in order to calculate the induced TMV in our
experiments. The induced TMV was simulated for different frequencies and the two extracellular
conductivity values used in our experiments. The results, presented in Figure 6, show a decrease of
the TMV with the frequency as expected. However, the induced TMV begins to decrease at lower
frequencies when cells are surrounded by the low conductivity extracellular medium. As a consequence
the induced TMV is lower in the low conductivity media for high frequencies.
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value at 10 kHz) induced to the cells as a function of the frequency of the bursts when the extracellular
conductivity is 1.51 S/m (blue) or 0.26 S/m (red).
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4. Discussion

Our results show that the PRF bursts can cause an increase in the intracellular Ca?* at electric fields
significantly lower than those required to internalize Yo-Pro-1. The fact that no increase was detected
in the absence of extracellular Ca?* suggests that the observed increase in Ca?* concentration is due
to an uptake from the extracellular medium. One of the characteristic features of PRF treatments in the
clinical practice is the large amount of bursts that are delivered and, according to our results, the
delivery of multiple bursts significantly reduces the electric field amplitude required to observe a Ca?*
peak.

According to the electroporation literature, when square pulses are applied, the extent of membrane
permeabilization and the recovery time depends on the duration of the applied pulses [41]. The shorter
the pulses are, the smaller the pores that are created and the faster the membrane integrity is
recovered. This effect is clearly seen when pulses in the nanosecond range are applied [42] where the
electric field required to allow the entry of large molecules such as propidium iodide is significantly
higher than the required to observe a Ca?* influx. In the case of PRF, the sine waves in each burst can
be regarded as a succession of short pulses (1 ys in each semi-cycle) with alternating polarity. In this
scenario we would expect mostly small sized pores and a short membrane recovery time. In addition,
pulses with alternating polarity are known to be less effective compared to monopolar pulses at
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permeabilizing the membrane [43][44]. All this is aligned with, and may explain, our results that show
that significantly larger electric fields are required in order to cause Yo-Pro-1 uptake by PRF bursts.

The temperature increase when delivering several bursts reached values of around 4.5 °C, thus, the
possibility that the observed increase of Ca?* was due to the cumulative temperature raise could not
be ruled out. In addition, it must be noticed that PRF bursts, although not causing thermal damage to
the tissues, generate large temperature spikes at each burst in a clinical set-up [28,29]. Since large
temperature spikes also occurred in our experiments, a priori, we could not rule out either the possibility
that those spikes caused the calcium influx. Indeed, it has been shown that the large temperature
spikes generated by infrared laser pulses can cause the excitation of peripheral nerves [45], as well as
a Ca?* uptake and even Yo-Pro-1 internalization [46]. To investigate this possibility we looked at the
effects of a single burst. The results in Figure 5 show that, for bursts with the same energy, the cell
response largely depends on the waveform frequency. Note that, since the burst length was maintained
in all experiments, the temperature evolution is expected to be the same for all frequencies. Therefore,
if the Ca?* influx was due to the temperature increase, or to the temperature spikes, the effect of the
burst frequency would be null. This shows that the Ca?* influx after a single burst was not associated
to any thermal effect.

When delivering several bursts, the electric fields required to induce a Ca?* peak and a Yo-Pro-1 uptake
decreased. It may be argued that this was a consequence of the temperature increase during the
delivery of these bursts. However, to the best of our knowledge there are no evidences in the literature
that suggest that a temperature raise of around 4 °C, while still in the physiological range, can induce
an uptake of Yo-Pro-1. In addition, the cumulative temperature increase was very similar over the entire
imaging region. Therefore, if the Ca?* influx was due to the temperature increase, we would have
detected a large number of cells displaying a Ca?* peak for electric fields below the measured E50
values.

The cell response dependence on the frequency and the extracellular conductivity suggests that the
observed Ca?* influx is related to a TMV dependent effect. Indeed, if we compare the results with the
induced TMV calculated numerically, the trends observed experimentally are consistent with the results
of the simulations. First, experimentally higher frequencies require higher electric fields to induce the
same effect, which is consistent with the TMV dependence with frequency. Second, at 10 kHz the
effects are very similar regardless of the medium conductivity, however, at 500 kHz the cells treated in
a low conductivity medium required significantly larger electric fields to show the same responses. This
is also consistent with the induced TMV dependence on the external conductivity.

All the above strongly supports that the Ca?* influx observed in our experiments is dependent on the
induced TMV. It could be hypothesized that such TMV related influx is related to voltage gated
channels. However, it must be noted that the cells used in our experiments endogenously express very
few voltage gated Ca?* channels [47]. In fact, we have estimated the possible contribution of the voltage
gated Ca?* channels in our results assuming implausible extreme behaviors (see supplementary
material) and we have concluded that the observed Ca?* influx cannot be primarily attributed to
transport through the ion channels. Therefore, we finally conclude that the most plausible pathway of
the observed Ca?* influx is associated to electroporation.

The effects of Ca?* in cells have been extensively studied in the last decades and it is known that even
a small amount of Ca?* ions can trigger a wide variety of neuronal changes [48]. On the one hand, local
increases in Ca?* concentration can lead to alterations in synaptic function locally at the regions of Ca?*
influx. On the other hand, besides local effects, a Ca?* influx can activate signaling pathways that affect
the expression of several activity-regulated genes in neurons.
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After in vivo PRF treatments several alterations in gene expression have been reported. Most of these
alterations are consistent with a Ca?* influx as is the case of c-fos [49], BDNF [50] and ATF3 [51]. In
addition, an increase in the cytosolic Ca?* concentration is consistent with the ultrastructural changes
reported in axons after PRF exposure such as the disruption of neurofilaments [52] and changes in the
morphology of mitochondria [53].

Electroporation was already suggested as being involved in the mechanism of action of PRF [29].
However, the suggested participation of electroporation was not related to Ca?*. Instead, it was
suggested a direct effect on neural conduction though a transient disruption of the membrane. Indeed,
it is known that electroporation can transiently block neuronal conduction [54]. A recent study showed
evidence of a long term depression effect after PRF treatments [23]. This finding is aligned with the
results reported by Cahana et al. [55] which to the best of our knowledge is the only in vitro study on
PRF effects available in the literature. In that study the authors showed that PRF causes a transient
inhibition of evoked synaptic activity in hippocampal slice cultures. In both cases the reduction in the
evoked synaptic activity that the authors attributed to a long term depression is also consistent with a
conduction block caused by electroporation. Nevertheless, the hypothesis that PRF effects rely on a
conduction block due to electroporation has two major flaws: first, it is inconsistent with the long lasting
effects of PRF (several months) [4] and, second, the electric field required to block neuronal conduction
through electroporation is very high compared to the electric fields generated in PRF treatments
[28,29]. In contrast, what we propose is a "mild electroporation” phenomenon in which membrane
permeability is increased during each PRF burst allowing Ca?* ions to enter the cell. The effects of PRF
would not be a direct consequence of membrane electroporation but an indirect consequence of the
events and cell responses triggered by the massive ion influx.

Finally, it is worth noting an experimental observation regarding PRF treatments that, at first glance,
would contradict the hypothesis that the mechanism of action of PRF treatments is based on an
electroporation mediated calcium influx. PRF applied directly to nerves has shown to selectively affect
small unmyelinated C fibers and spare larger and myelinated A-6 and A-B fibers [14]. In contrast,
electroporation is expected to have a non-selective effect. This apparent contradiction with the
electroporation hypotheses might be explained by the fact that the myelin sheath allowing Ca?* entry
is only present in a limited area (the nodes of Ranvier) in A-6 and A-B fibers while a larger area of C
fibers can be permeabilized thus allowing a larger uptake of Ca?*. Another possible explanation might
be related to a higher capacity to recover normal conditions of larger fibers after an insult.

5. Conclusion

We showed that PRF bursts can cause a Ca?* influx. Our results are consistent with the hypothesis
that PRF causes a Ca?* uptake mediated by a "mild" electroporation of the cell membrane. The results
of this study may link the biological effects of PRF reported by other authors with a direct action of the
electric fields in neurons.
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