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ABSTRACT

Nerve regeneration following traumas remains an unmet challenge. The application of pulsed electromagnetic
field (PEMF) stimulation has gained traction for a minimally invasive regeneration of nerves. However, a sys-
tematic exploration of different PEMF parameters influencing neuron function at a cellular level is not available.
In this study, we exposed neuroblastoma F11 cells to PEMF to trigger beneficial effects on neurite outgrowth.
Different carrier frequencies, pulse repetition frequencies, and duty cycles were screened with a custom ad hoc
setup to find the most influential parameters values. A carrier frequency of 13.5 MHz, a pulse repetition frequency
of 20 Hz, and a duty cycle of 10% allowed maximal neurite outgrowth, with unaltered viability with respect to
non-stimulated controls. Furthermore, in a longer-term analysis, such optimal conditions were also able to in-
crease the gene expression of neuronal expression markers NeuN and Tuj-1 and transcription factor Ngn1. Finally,
the same optimal stimulation conditions were also applied to THP-1 macrophages, and both pro-inflammatory
(TNF-a, IL-1p, IL-6, IL-8) and anti-inflammatory cytokines (IL-10, CD206) were analyzed. The optimal PEMF
stimulation parameters did not induce differentiation towards an M1 macrophage phenotype, decreased IL-14
and IL-8 gene expression, decreased TNF-a and IL-8 cytokine release in M1-differentiated cells, increased IL-10
and CD206 gene expression, as well as IL-10 cytokine release in MO cells. The specific PEMF stimulation regime,
which is optimal in vitro, might have a high potential for a future in vivo translation targeting neural regeneration
and anti-inflammatory action for treating peripheral nerve injuries.

1. Introduction

form and hardly reproduce the extracellular matrix. Therefore, clinical
results after large nerve gap repair are often not satisfactory and with

Peripheral nerve injuries increased in the last decade [1] represent-
ing 2% of all traumas affecting the body’s extremities [2]. Following in-
jury, peripheral nerves retain some ability to regenerate, which depends
on the patient’s age, the injury mechanism, the time to intervention, the
injury size, and the distance from the nerve cell body [3].

As regards the currently applicable treatments following peripheral
nerve injuries, no definitive solutions have been found yet: physical ther-
apies, for example, often lack efficacy in rehabilitation; pharmacological
treatments primarily focus on pain alleviation and can have side effects
[4]; surgery-based strategies are hardly and invasively implemented,
and can induce immunosuppression [5]; tissue engineering solutions
comprise of nerve conduit implants, which can also be difficult to per-

seldom recovered functionality, so motivating the search for different
approaches.

It is known that peripheral nerve injury also triggers a robust neu-
roinflammatory response [6], mainly due to the action of macrophages:
they are in fact recruited to pursue debris elimination and tissue remod-
eling [7] through complex signaling pathways with sensory neurons and
Schwann cells, with a central role played by cytokines and chemokines
[8]. In particular, pro-inflammatory cytokines (e.g., interleukin (IL)-6
and tumor necrosis factor-alpha (TNF-a)) are secreted mainly in the
first phase of the inflammatory response, fostering the recruitment of
macrophages 2-3 days after injury. Anti-inflammatory cytokines (e.g.,
IL-10) are secreted after macrophage recruitment and attenuate the in-
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flammatory process. Promoting the endogenous anti-inflammatory re-
action and reducing pro-inflammatory processes might lead to develop
new therapeutic protocols able to accelerate and improve peripheral
nerve regeneration.

In this challenging scenario, electromagnetic fields, sometimes com-
bined with growth and trophic factors, represent an exciting approach
for nerve repair thanks to several advantages, especially safety, non-
invasiveness and low cost [9]. When the electromagnetic wave is trans-
mitted in a pulsed way, the mode is defined as pulsed electromagnetic
fields (PEMF), and represents a subset of the extremely low-frequency
electromagnetic fields, with a pulsed repetition frequency (PRF) from
5 to 300 Hz [10]. This stimulation regime was demonstrated to have
beneficial effects for wound healing, pain treatment, bone formation,
and other applications [11-13], so that in 1979 the United States Food
and Drug Administration started approving several PEMF devices for the
treatment of delayed union or non-union fractures [10]. Nonetheless,
until today, the widespread adoption of PEMF in mainstream medicine
remains limited and is generally restricted to use by prescription as the
underlying biological mechanisms have not been fully understood yet
[14].

When considering neuronal cells exposed to PEMF, several studies
have been carried out in vitro. Zhang et al. [15], for example, stimu-
lated PC12 cells with PEMF (PRF = 1-100 Hz; duty cycle (DC) = 10%;
intensity (I) = 0.016, 0.19, 1.37 mT). Differently from the majority of
works in the state-of-the-art [16,17,12], the authors screened different
stimulation parameters (limited to PRF and I). They identified the most
effective values promoting neurite outgrowth. They found that exposure
to a relatively high flux density (1.37 mT) and a medium flux density
(0.19 mT) inhibited the percentage of neurite-bearing cells and signif-
icantly increased neurite length. They also studied the effect of PRF at
the constant flux density of 1.37 mT, verifying that a PRF of 50 and
75 Hz benefits neurite outgrowth. A similar approach was followed by
Li et al. [18], who varied PEMF I on primary cultures of dorsal root gan-
glion neurons (PRF = 50 Hz; = 0.1, 1, 10, 100 mT; t = 2 h), observing
an increase in brain-derived neurotrophic factor expression, especially
in correspondence of an I = 1 mT.

Regarding macrophages exposed to PEMF, several studies have also
been carried out in vitro. Ross et al. [19], for example, applied PEMF
on lipopolysaccharide (LPS)-treated RAW 264.7 cells, an inflamma-
tion model, at the following stimulation conditions: PRF = 5-30 Hz;
DC = 50%; I = 4 mT; t = 1 h The authors found that cells ex-
posed to PEMF at 5 Hz showed a considerable downregulation of TNF-
a. Groiss et al. [20] stimulated LPS-treated THP-1 cells with PEMF
(PRF = 16.7 Hz; I = 0.05, 0.250, and 4.8 mT; t = 10 min on/10 min
off for 24 h). The authors observed that the highest flux density signif-
icantly increased the gene expression of the anti-inflammatory marker
IL-10.

Despite these exciting hints, many aspects still need to be clarified.
Indeed, the lack of a systematic screening of different stimulation pa-
rameters has already been highlighted as one of the reasons for the poor
repeatability of the beneficial effects of PEMF [21]. Besides that, the
molecular mechanisms underlying the PEMF-induced effects on neurite
outgrowth have not been elucidated yet [22].

In this work, we chose F11 cells as they are an established model
for mimicking peripheral injured neurons [23,24]. In particular, being
derived from embryonic or neonatal rat dorsal root ganglia neurons by
fusion with the mouse neuroblastoma cell line N18Tg2, they exhibit
traits of peripheral sensory neurons, such as excitable membranes and
sensory neuronal cell surface markers that have been demonstrated to
actively react to electromagnetic stimulation [25,26]. Furthermore, this
cell line has already been used to study neuronal plasticity and gene
regulation during peripheral nervous system regeneration [27,28]. We
first characterized the magnetic and electric fields a custom PEMF de-
vice produced. Then we applied PEMF stimulation to F11 cells assess-
ing the corresponding effects on cell viability and neurite outgrowth.
Three different stimulation parameters (F, PRF and DC) were controlled
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to identify the most appropriate conditions for triggering regenerative
effects in primary neurons.

Then, a longer-term analysis was carried out on F11 cells to verify the
effects of the optimal stimulation conditions on the expression of genes
featuring neuronal phenotype: NeuN and Tuj-1, as well as the transcrip-
tion factors Ngn1 and NeuroD. These markers are often used in the state
of the art to investigate the activation of neural differentiation [29,30].
This allowed us to explore some molecular mechanisms underlying the
PEMF-induced effects on neurite outgrowth. Finally, we applied the op-
timal stimulation conditions to the human monocytic cell line THP-1,
broadly adopted in the state-of-the-art as a representing cell model of
part of the inflammatory phenomena occurring in peripheral nerve in-
jury [31,32]. After differentiating cells into M1 and M2 phenotypes by
using LPS and IL-4, respectively, the effects of PEMF on cytokine release
and gene expression of pro-inflammatory markers (TNF-a, IL-1p, IL-6,
IL-8) and anti-inflammatory ones (IL-10 and CD206) were evaluated.

2. Materials and methods
2.1. F11 and THP-1 cell cultures

F11 neural cells (Invitrogen) were seeded onto laminin-coated (50
ug/mL, Thermo-Fisher) coverslips (12 mm radius, Thermo-Fisher) at
a density of 20,000 cells/coverslip. Cell density was tested and evalu-
ated to avoid clusters formations that could jeopardize image analyses.
The neurons were grown for a total of 72 h in a growth medium (GM)
composed of high glucose Dulbecco’s Modified Eagle Medium (DMEM,
Sigma-Aldrich), supplemented with 1% fetal bovine serum (v/v, FBS,
Sigma-Aldrich) and 100 IU/mL penicillin, 100 ug/mL streptomycin
(Sigma-Aldrich), under standard conditions (37 °C, 5% CO,), to foster
neurite outgrowth [33]. Seventy-two hours after initial cell plating, the
GM was replaced, and cells were subjected to PEMF stimulation for three
h/day for three days. Twenty-four hours after the last stimulation, bio-
logical analyses were conducted as described below.

THP-1 monocytes (ATCC®) were seeded according to the protocol
described by Fontana et al. [34].

2.2. PEMF hardware and stimulation protocols

The PEMF system (Fig. 1) consisted of a wave modulator equipped
with four different generators (BAC Technology S.r.1.) that allowed the
generation of a signal at four different F; a custom polycarbonate cham-
ber for hosting cells seeded on coverslips (three independent samples);

Biological

" samples
Coil P

Generator

Modulator

, Power
supply

Fig. 1. Depiction of the custom PEMF stimulation system used in this study and
its components.
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and a circular coil (108 mm diameter, 1 mm single copper wire) sur-
rounding the biological samples.

Considering that previous studies adopted standard PEMF devices
that featured only a central F of 27 MHz [35], three additional F val-
ues were integrated into our custom device to investigate the influence
of this stimulation parameter. Our system allowed setting the F to equal
7.5,13.5, 27, and 54 MHz. Four quartz of the same type were adopted for
each generator to guarantee a ~1% maximum difference when switching
F to minimize differences in the transmitted signals. The wave modula-
tor allowed tuning three parameters, so modifying the total amount of
energy transmitted to cells: PRF (in the range 1-1000 Hz + 1 Hz), DC
(in the range 1-99% + 0.5%), and t (1-8 h).

To characterize the field distribution, a measurement of the magnetic
and electric fields produced was performed with appropriate probes
(100A and 100D, Beehive Electronics) connected to an oscilloscope
(7034B, InfiniiVision, Agilent Technologies). The probes were moved in
the area within the coil (XY plane — 1 mm step) using a three-axis step-
by-step motorized positioning frame (XYZ BiSlide, Velmex, Bloomfield,
NY, USA). The probes were placed at a height (z = 5 mm) where bio-
logical samples were positioned during the stimulations. Measurements
were performed for all the tested F, at a DC of 100%. PEMF output I
was set for the system generator and equal to 0.3 mT (correspoding to a
magnetic field strength of 240 A/m), and experimentally verified at the
coil center (x = 0; y = 0; 2 = 5 mm) with a calibrated probe (100A and
100D, Beehive Electronics). This I value was frequently adopted in the
state-of-the-art [36-39].

Regarding the F11 stimulation protocol, three parameters were con-
secutively varied in the experiment, one at a time: F, PRF, and DC (t
was fixed at 3 h/d, for three days, for all the experiments). F was varied
first (testing 7.5, 13.5, 27, and 54 MHz), setting a PRF of 50 Hz and a
DC of 10%. Once the optimal F was identified, PRF was varied (consid-
ering 5, 20, 50, and 75 Hz), setting the optimal F previously identified
and a DC of 10%. Once the optimal PRF was found, DC was varied (10,
20, 30, and 40%), setting the optimal F and the optimal PRF previously
identified.

Once the optimal stimulation conditions were found (optimal F, op-
timal PRF, and optimal DC), these conditions were applied again to F11
cells for a longer-term analysis. Two experimental groups and three time
points were identified (the stimulation protocol was the same as previ-
ously mentioned). The experimental groups were “Ctrl” and “PEMF”
which respectively represented the unstimulated and stimulated sam-
ples; the three timepoints were: “d1” corresponding to 24 h after PEMF
stimulation; “d3” corresponding to 3 days after PEMF stimulation; and
“d10” corresponding to 10 days after PEMF stimulation.

Finally, the optimal PEMF stimulation conditions were applied to
THP-1 cells, identifying five experimental groups: (i) “M0”, in which MO
macrophages were cultured in GM for three days; (ii) “M1”, in which MO
macrophages were treated with LPS and then kept in GM for three days;
(iii) “M2”, in which MO macrophages were treated with IL-4 and then
kept in GM for three days; (iv) “MO+PEMF”, in which MO macrophages
were stimulated with PEMF for three days at the optimal stimulation
conditions; (v) “M1+PEMF”, in which MO macrophages were treated
with LPS and then stimulated with PEMF for three days at the optimal
stimulation conditions.

2.3. Immunostaining on F11 cells

24 h after the last stimulation, F11 cells were fixed in 4%
paraformaldehyde (v/v) (PFA, Sigma-Aldrich) for 30 min, permeabi-
lized with 0.1% Triton X-100 (Sigma-Aldrich) for 30 min, and blocked
with 2.5% (v/v) Goat Serum (Sigma Aldrich) for 2 h Samples were in-
cubated with a primary antibody Monoclonal Anti-g-Tubulin III (Invit-
rogen) (1:250), for 1 h at room temperature, in the dark. Samples were
washed thrice with 1X Hanks’ Balanced Salt Solution (HBSS, Sigma-
Aldrich, 5 min each time). A secondary antibody, Goat anti-Mouse IgG
(H + L) Highly Cross-adsorbed, Alexa Fluor™ Plus 555 (Invitrogen)
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(1:1000) diluted in 2.5% (v/v) goat serum was then added and incu-
bated for 1 h at room temperature, in the dark. Before imaging, sam-
ples were washed thrice with 1X HBSS (5 min each). 4/, 6’-damidino-
2-phenylindole (DAPI, Invitrogen) (1:500) was added 10 min before
imaging. All immunofluorescence images were acquired with an upright
fluorescence microscope (Zeiss Axio Observer, Carl Zeiss Microscopy
LLC).

2.4. Analysis of inmunofluorescence images

All neuron images were analyzed using the Neurolucida tracing soft-
ware (Neurolucida 11.03, MFB Bioscience) according to established
methods [40-42]. The quantification of neuromorphometrics was car-
ried out regarding neural extension mean length. In particular, for each
experiment, a “Neurite length” variable was defined as follows: (Den-
drites Mean Length * Number of Dendrites) / Number of body cells.
The seeding density of neurons was selected to maximize cells within
the central part of the coverslip, limiting at the same time the num-
ber of neurites that would have contacted adjacent neurons (so creating
clusters) or the edge of the coverslip (so, producing contact-dependent
effects). The same density was held constant within each experimental
condition.

2.5. Assessment of F11 cell viability

AlamarBlue reagent (Invitrogen) was used following the manufac-
turer’s instructions to analyze PEMF’s impact on neural cell viabil-
ity. For this procedure, F11 cells were seeded at a density of 20,000
cells/coverslip as previously described and grown for 72 h in standard
incubation settings (37 °C, 5% CO,). Then, the GM was removed and
replaced with 1 mL of fresh medium. Following medium replacement,
cells were subjected to a stimulation session or left unstimulated as a
control, following the previously mentioned stimulation protocols. Af-
ter the last stimulation, cells were returned to the incubator and grown
for an additional 24 h 100 uL of the AlamarBlue reagent was added
to each well, gently mixed by swirling, and returned to the incubator
for 2 h Following the 2 h incubation time with AlamarBlue, 100 uL of
the GM containing the reagent was transferred to a glass-bottom black
96-well plate and analyzed in terms of fluorescence intensity (A.U.) on
an EnSight plate reader (PerkinElmer) (excitation wavelength: 550 nm;
emission wavelength: 590 nm). By normalizing the A.U. to the control
mean value, the fold change in viability for each experimental group
was determined.

2.6. Enzyme-linked immunosorbent assay (ELISA) analyses on
THP-1 cells

As regards THP-1 cells, the supernatant was collected 24 h after the
last stimulation, and IL-1p, IL-6, IL-8, IL-10, and TNF-a cytokine release
were analyzed with Human IL-18 ELISA Kit (Invitrogen), Human IL-6
ELISA Kit (Sigma-Aldrich), Human IL-8 ELISA Kit (Invitrogen), Human
IL-10 ELISA Kit (Sigma-Aldrich) and Human TNF-a ELISA Kit (Invitro-
gen), according to the manufacturer’s instructions. A VICTOR Nivo Mul-
tilabel plate reader (PerkinElmer) read the absorbance signal, setting a
primary wavelength of 450 nm for all the kits.

2.7. Real-time quantitative reverse transcription polymerase chain reaction
(qRT-PCR) analyses on F11 and THP-1 cells

The total RNA collection, the reverse transcription and the QqRT-PCR
were performed following the same procedure described in Fontana
et al. [31]. Forward and reverse primers for Real-Time qRT-PCR ampli-
fication of NeuN, Tuj-1, Ngnl, NeuroD, IL-18, IL-6, IL-8, IL-10, TNF-qa,
and CD206 are listed in Table S1. The relative gene expressions were
normalized to GAPDH for F11 cells and 18SrRNA for THP-1 cells, ana-
lyzed with the AAC(T) method [40] and expressed as Fold Change with
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Fig. 2. Measurements of the normalized magnetic (a) and electric (b) field distribution produced by the coil in the PEMF system, for F = 13.5 MHz, in the xy plane
(step resolution = 1 mm) with z = 5 mm. The positions of the coil and biological samples are highlighted with black circles.

respect to the control group (“Ctrl_.d1” for F11 cells, “M0” for THP-1
cells).

2.8. Statistical analyses

All data herein presented is derived from at least 3 independent sam-
ples for each experiment and each experimental group. GraphPad Prism
9 was used to perform statistical analyses.

Considering the analysis of F11 fluorescence images, at least 5 spots
were captured for each biological sample; for each spot, at least 10
neurons were characterized, based on a power analysis previously con-
ducted by Koppes et al. [43]. A Shapiro-Wilk normality test was per-
formed, with a significance threshold of p = 0.05, showing a normal
distribution. Then, a one-way ANOVA followed by Tukey’s post hoc test
was applied to identify statistically significant differences between ex-
perimental groups (p = 0.05).

As regards F11 viability and gene expression tests, as well as analy-
ses performed on THP-1 cells, the Shapiro-Wilk normality (p = 0.05)
showed a non-normal distribution. Thus, Kruskal-Wallis with Dunn’s
post-hoc test was applied for identifying statistically significant differ-
ences (p = 0.05).

For all statistical analyses, statistically signficant differences were
represented as follows: * = p < 0.05; ** = p < 0.01; *** = p < 0.001;
##5% = p < 0.0001.

3. Results
3.1. Magnetic and electric field characterization

Measurements of normalized magnetic and electric field distribution
are reported in Fig. 2a and b, respectively, for the F = 13.5 MHz case.
The maps corresponding to the other F values are shown in Fig. S1. The
magnetic and electric fields were largely homogeneous in the positions
corresponding to the biological samples for all F values. An example of
the fast Fourier transform signal acquired at the driving F of 13.5 MHz
is reported in Fig. S2. As expected, the transform is characterized by
a main frequency component at 13.5 MHz, and other minor frequency
components. Furthermore, measurements of temperature and pH varia-
tions were performed for each experimental group to demonstrate that
PEMF did not alter these parameters values. Results are shown in Fig.
S3 and show that a temperature change of approximately —0.8 °C and
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a pH change of +0.3 were measured, which were comparable to those
recorded during PEMF stimulation.

3.2. Carrier frequency screening on F11 cells

Immunofluorescence images of samples stimulated with PEMF at dif-
ferent carrier frequencies (F) are shown in Fig. 3a. The correspond-
ing “Neurite length” distribution for neurite outgrowth quantification
is shown in Fig. 3b for each experimental group. 13.5 MHz resulted
in significantly longer neurites compared to the non-stimulated control
(p = 0.0113), to 7.5 MHz (p = 0.0025), and 27 MHz (p = 0.0282). The
“13.5 MHz” group did not show statistically significant differences com-
pared to the “54 MHz” one (p = 0.3511); however, the average value
of neurite length was slightly higher (44.10 vs. 28.70 um). Cell viability
was also tested. Results are reported in Fig. S4a. No statistically signifi-
cant difference was detected between the different samples.

Based on these results, 13.5 MHz was chosen as the most appropriate
F value for the following experimental sessions.

3.3. Pulse repetition frequency screening on F11 cells

Immunofluorescence images of samples stimulated with PEMF at dif-
ferent pulse repetition frequencies (PRF) are shown in Fig. 4a. The rela-
tive “Neurite length” distribution for neurites outgrowth quantification
is shown in Fig. 4b for each experimental group. 20 Hz resulted in sig-
nificantly longer neurites than the non-stimulated control (p<0.0001).
The “20 Hz” group did not show statistically significant differences com-
pared to the “5 Hz” group (p = 0.8579), the “50 Hz” group (p = 0.6444),
and the “75 Hz” group (p = 0.1046). The average value of neurite length
was slightly higher (52.67 um for “20 Hz” vs. 45.64, 44.10, and 31.18
um for “5 Hz”, “50 Hz” and “75 Hz” respectively). Cell viability re-
sults are shown in Fig. S4b. No statistically significant difference was
observed between the 20 Hz group and the non-stimulated control.

Based on these results, 20 Hz was chosen as the most appropriate
PRF value for the following experimental sessions.

3.4. Duty cycle screening on F11 cells

Immunofluorescence images of samples stimulated with PEMF at
different duty cycles (DC) are shown in Fig. 5a. The relative “Neurite
length” distribution is shown in Fig. 5b for each experimental group.
10% resulted in significantly longer neurites than the non-stimulated
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Fig. 3. Modulation of F11 neuron morphology in correspondence to different PEMF carrier frequencies. (a) Representative images of F11 cells, 24 h after the last
exposure to PEMF stimulation, for four different carrier frequencies (7.5 MHz (a.2), 13.5 MHz (a.3), 27 MHz (a.4), and 54 MHz (a.5) and the non-stimulated case
(Control (a.1)). The other parameters were kept constant: PRF = 50 Hz; DC = 10%; t = 3 h/d, for 3 days. In blue DAPI-stained nuclei are shown, whereas, in green,
the g-III tubulin is shown. Scale bar = 100 ym. (b) Quantification of neuromorphometrics corresponding to the images shown in (a).

control (p<0.0001). The “10%” group did not show statistically signifi-
cant differences compared to the “20%” group (p = 0.9477), the “30%”
group (p = 0.2782), and the “40%” group (p = 0.1971); however, the av-
erage value of neurite length was slightly higher (52.67 um for “10%”
vs. 47.31, 37.11 and 35.62 ym for “20%”, “30%” and “40%” respec-
tively). Cell viability results are reported in Fig. S4c. No statistically
significant difference was observed between the “Control,” the “10%,”
and the “20%” groups.

Based on these results, the optimal PEMF stimulation conditions re-
sulted in F = 13.5 MHz; PRF = 20 Hz; DC = 10%. These conditions were
then applied to THP-1 cells.

3.5. Gene expression at the optimal PEMF conditions, on day 10

Fig. 6 shows the gene expression results for the analysis on day 10.
In particular, regarding neuronal expression markers, NeuN showed an
increase in gene expression on day 10 with respect to the unstimulated
control at the same timepoint, whereas Tuj-1 showed an increase in gene
expression on day 1, 3 and 10, with respect to the unstimulated control
at the same timepoints. When considering transcription factors, Ngnl
did not show any statistical difference between stimulated and unstimu-
lated groups, whereas NeuroD showed an increase in gene expression on
day 10 with respect to the unstimulated samples. These results confirm
the positive effects of the optimal PEMF conditions on neurogenesis.

3.6. THP-1 stimulation at the optimal PEMF conditions
Fig. S5 shows THP-1 cell images after staining with a LIVE/DEAD®

Viability/Cytotoxicity Kit (Invitrogen). No significant differences in cell
viability, morphology, and proliferation were observed.
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The results concerning cytokine release are reported in Fig. 7,
whereas gene expression is shown in Fig. 8. No significant differ-
ences were observed for all pro-inflammatory markers, between the
“MO + PEMF” and the “MO0” groups, both in terms of cytokine re-
lease and gene expression. This confirmed that PEMF did not induce
any inflammatory effect on cells. IL-8 cytokine release decreased in the
“MO + PEMF” group with respect to “M0”. Furthermore, TNF-a and IL-8
release, as well as gene expression of IL-8 and IL-1p, decreased in the
“M1 + PEMF” group compared to “M1”, proving an anti-inflammatory
effect induced by PEMF stimulation.

As expected, an anti-inflammatory effect was observed in the “M2”
group with respect to the “M0” group (increased cytokine release of IL-
10 and increased gene expression of IL-10 and CD206). IL-10 cytokine
release increased in the “M0 + PEMF” group with respect to “M0”, so
demonstrating PEMF anti-inflammatory effect. The increase of IL-10 and
CD206 gene expression supported this effect.

4. Discussion

To our knowledge, no prior state-of-the-art studies have investigated
the in vitro effects of different PEMF stimulation parameters on F11 neu-
ronal cells. First, we characterized the magnetic and electric field distri-
bution in correspondence to biological samples (Fig. 2), also demon-
strating that PEMF application did not induce any temperature and
pH alteration in F11 cells. The complete characterization of the elec-
tromagnetic field in the stimulation area and the assessment of field
homogeneity in the area occupied by the samples is an aspect not al-
ways addressed in similar works focused on PEMF stimulation [44]. Seo
et al. [45], for example, promoted the regeneration of crush-injured rat
nerves, by setting up an ad hoc PEMF stimulation system and applying
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Fig. 4. Modulation of F11 neuron morphology in correspondence to different PEMF pulse repetition frequencies. (a) Representative images of F11 cells, 24 h after
the last exposure to PEMF stimulation, for four different pulse repetition frequencies (5 Hz (a.2), 20 Hz (a.3), 50 Hz (a.4), and 75 Hz (a.5)) and the non-stimulated
case (Control (a.1)). The other parameters were kept constant: F (Optimal) = 13.5 MHz; DC = 10%; t = 3 h/d for 3 days. In blue DAPI-stained nuclei are shown,
whereas, in green, the g-III tubulin is shown. Scale bar = 100 ym. (b) Quantification of neuromorphometrics corresponding to the images shown in (a).

it to bone marrow-derived mesenchymal stem cells. Despite specifying
some of their stimulation parameters, the homogeneity of the magnetic
field and the induced electric field in the biological samples’ area was
not assessed, in this study. Yang et al. [46] applied PEMF to BV2 cells,
a type of microglial cell, to assess possible anti-inflammatory protective
effects against brain injury. Although the electromagnetic field output
was measured through a Gaussmeter, its homogeneity in the entire cen-
ter area of the Helmholtz coils, where the bottom of the cell culture
plates was positioned, was not verified.

In the first experiment, we identified the optimal F value to trigger
beneficial effects on neural cells. A significant increase in neurites out-
growth was registered at an F of 13.5 MHz (Fig. 3), with unaltered cell
viability (Fig. S4). All the other tested F values (7.5, 27, and 54 MHz)
did not show significant differences with respect to non-stimulated sam-
ples. The screening of different PEMF carrier frequencies has never been
approached in the state-of-the-art, considering not only F11 cells but
neural cells in general: Vincenzi et al. [16], for example, applied PEMF
on PC12 (from rat pheochromocytoma) and SH-SY5Y (from human neu-
roblastoma), but did not specify the adopted F. Ma et al. [17] stimulated
embryonic neural stem cells (from mice) by using PEMF, but, even in
this case, the adopted value of central F was not reported.

When varying PRF, a dramatic increase in neurite outgrowth was ob-
served in correspondence to a PRF of 20 Hz with respect to the control
group (Fig. 4). The 5 Hz and 50 Hz groups also showed a significant
increase with respect to the control group, but less evident. No differ-
ence was observed between the 75 Hz and the control group. These
results suggested that, for that explored range, an increase in the energy
transmitted (corresponding to a higher PRF) was useless for promoting
neurite outgrowth. The optimal PRF range for neurite outgrowth was
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observed to be 5-50 Hz. Zhang et al. [15] observed longer neurites in
PC12 cells at a PRF of 50 Hz, and an I between 0.19 and 1.37 mT, but
no F was specified in this study.

Similarly, considering in vivo studies, Tavakoli et al. [38] were able
to improve functional recovery and morphometric indices of rat sciatic
nerve at an I of 0.3 mT (the same intensity used in this work) and a PRF
of 2 Hz (t = 4 h/d for 1-5 days), a value that is quite close to the optimal
PRF range found in our study. Also, Kanje et al. [36] also fostered rat
sciatic nerve regeneration at an I of 0.3 mT and a PRF of 2 Hz (4 h/d
for 1-4 days). None of these studies specified the adopted F, so limiting
experimental repeatability.

An explanation of the efficacy of this PRF interval in inducing neu-
ral regenerative effects can be found in the electrical resonance phe-
nomenon.

Electrical resonance occurs when a system (e.g., a neural cell) oscil-
lates with greater amplitude at a specific frequency [47]. It has been
demonstrated that these oscillatory signals can influence connectivity
between neurons, synaptic communication, and the rhythm of spike fir-
ing [48]. For mammalian neurons, the resonance frequency has been ob-
served to range from 4 to 10 Hz [47]. The final optimal PRF range found
in this study is reasonably consistent with the mammals’ resonance fre-
quency range. More studies would be needed to confirm this hypothesis
and investigate the underlying mechanism, which is probably directly
related to voltage-gated ion channels on the cell membrane [48]. In
addition to that, in our study, a slight increase in viability, even if not
statistically significant, was observed at a PRF of 20 Hz (Fig. S4b). It is
known that neural regeneration is typically a highly energy-demanding
process [49], so an enhanced metabolic activity is expected to
benefit it.



F. Fontana, A. Cafarelli, F. Iacoponi et al.

Control

(a.5)

Engineered Regeneration 5 (2024) 80-91

—_
80, R,
g 60
£
(=2}
& 404
I
3 204
=z
0 T T T T T
N de g0 de e
RSP SR
00
(b)

Fig. 5. Modulation of F11 neuron morphology in correspondence to different PEMF duty cycles. (a) Representative images of F11 cells, 24 h after the last exposure to
PEMF stimulation, for four different duty cycles (10% (a.2), 20% (a.3), 30% (a.4), and 40% (a.5)) and the non-stimulated case (Control (a.1)). The other parameters
were kept constant: F (Optimal) = 13.5 MHz; PRF (Optimal) = 20 Hz; t = 3 h/d for 3 days. In blue DAPI-stained nuclei are shown, whereas, in green, the g-III tubulin
is shown. Scale bar = 100 ym. (b) Quantification of neuromorphometrics corresponding to the images shown in (a).

The last experimental session was devoted to the investigation of the
optimal DC. No studies in the state-of-the-art have screened PEMF DC
when stimulating neural cells. We found that a DC of 10% was the best
value from a neuromorphometric and viability viewpoint. A dramatic
decrease in neurite outgrowth was observed when increasing DC, go-
ing from 10% to 40%, proving that an increase in transmitted energy
was partially harmful. A similar trend was also observed for viability.
This behavior can be justified by comparing the stimulation rate to the
neuron refractory period.

The refractory period is the interval following a neuron spike
wherein the system cannot be excited again. It is a fundamental com-
ponent of excitability, during which the neuron returns to its rest state,
thus enabling repeatable spikes [50]. Generally, in a neuron, the refrac-
tory period lasts 1-2 ms [51]. By fixing a PRF of 20 Hz, the pulse period
for DC screening tests was equal to 50 ms. When varying the DC between
10% and 40%, the pulse resulted in an interval between 5 and 20 ms,
respectively, higher than the neuron physiological refractory period. It
is known that, at low stimulation rates, the nerve cell response simply
follows the stimulus. When the stimulation period equals the refractory
period, firing occurs at its maximum. When stimulation rates are higher
than the maximum action potential rate, the relationship between nerve
cell response and stimulation rate turns unpredictable, especially if the
stimulation alters the refractory period. Thus, the nerve cell response
can increase and decrease as the pulse rate increases [52]. This could
explain what was observed in our study: DC could have altered the polar-
ization of nerve membrane, affecting signaling in neurons and reducing
neurite outgrowth and cell viability. However, future analysis would be
needed to verify such a hypothesis.

Once the optimal stimulation condition for promoting regenera-
tive effects on F11 cells was identified (F = 13.5 MHz, PRF = 20 Hz,
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DC = 10%), we verified the effects of this condition on long-term gene
expression of F11 cells. A time-point of 10 days, after PEMF stimulation,
was considered as nerve repair is a long-term process and this could have
provided a more comprehensive understanding of the effects of PEMF
stimulation over time. In particular, we focused on neuronal expression
markers NeuN and Tuj-1 and on transcription factors Ngnl and Neu-
roD, which are known to be closely related to neurogenesis [29,30].
The most positive and beneficial results are represented by Tuj-1 gene
expression increase, already boosted 24 h after PEMF stimulation with
respect to control and remaining statistically unaltered at day 3 and
day 10; as well as NeuroD and NeuN gene expression increase, with a
significant boost 10 days after PEMF stimulation. Von Bohlen and Hal-
bach [53] schematized the neurogenesis mechanism into five consecu-
tive stages, with main relative markers: proliferation (nestin), differenti-
ation (nestin, Pax6), migration (NeuroD, DCX, PSA-NCAM), axonal and
dendritic targeting (PSA-NCAM, DCX, TUC-4, Calretinin), and finally
synaptic integration (NeuN, Tuj-1; Calbindin). More specifically, if on
one hand Tuj-1 is expressed mostly by neuronal progenitor cells and
immature granule cells, NeuN is mainly expressed by mature granule
cells. The achieved results not only confirmed and respected the tem-
poral development of neural differentiation (as NeuN gene expression
increased lately with respect to that of Tuj-1) but also proved that this
differentiation was significantly promoted and accelerated 10 days after
PEMF stimulation.

The same optimal stimulation condition was also considered to
demonstrate whether it could modulate inflammatory conditions on
THP-1 cells. Understanding their effects on immune cells is paramount,
given the crucial role of inflammation in nerve injury processes, given
a future preclinical and clinical application of these parameters for neu-
ral regeneration. [6]. Indeed, such condition induced anti-inflammatory
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Fig. 6. Gene expression of neuronal expression markers NeuN (a) and Tuj-1 (b), and of transcription factors Ngn1 (c) and NeuroD (d) (only the optimal stimulation
condition was considered for the “PEMF” group, namely: F = 13.5 MHz; PRF = 20 Hz; DC = 10%).

87



F. Fontana, A. Cafarelli, F. Iacoponi et al.

(@)

(©)

TNF-a Cytokine release [pg/mL]

IL-6 Cytokine release [pg/mL]

600 —

400 -

1000 -
800 -
600
400

200

I I 1
® &>
& Qe&
ko
Rl
rm

T T T T T
O & N & 2
A\ Q@\‘ AN Q@‘* <

®

%

(e)

IL-10 Cytokine release [pg/mL]

300

200

100

| s |
—_
800 - —
—_ [UN SE—
< g *
[S —_
2 600 -
2
& ]
© 400 -
2
_5 -
g 200 - =
N == =
0 1 Ql I QI 1
NP R\
XQ@ XQQ
® S
*
— ok
1500 - "

1000

500 —

IL-8 Cytokine release [pg/mL]
I

R PRSP R
@ N
Q@@q@@
el
| e a— |
[ . . . S—
[EN S—
—_—
‘ ?
AP SR
AP\ RN SR RN
XQ@ )(Q®
»® N

88

Engineered Regeneration 5 (2024) 80-91

Fig. 7. Pro-inflammatory markers (TNF-« (a),
IL-13 (b), IL-6 (c), IL-8 (d)) and anti-
inflammatory marker IL-10 (e) cytokine re-
lease, for THP-1 cells, for all experimental
groups (“MO + PEMF” and “M1 + PEMF” were
stimulated at the optimal condition, namely:
F =13.5 MHz, PRF = 20 Hz, DC = 10%). .
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Fig. 8. Pro-inflammatory markers (TNF-« (a),
IL-18 (b), IL-6 (¢) and IL-8 (d)) and anti-
inflammatory markers (IL-10 (e) and CD206
(f)) gene expression, for THP-1 cells, for
all experimental groups (“M0O + PEMF” and
“M1 + PEMF” were stimulated at the optimal
condition, namely: F = 13.5 MHz, PRF = 20 Hz,
DC = 10%). Genes were expressed as fold
changes with respect to “MO0”.
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effects in THP-1 cells (Figs. 7 and 8). Ross et al. (2019) [54] examined
the effects of PEMF on immune cells, finding that the following con-
dition: I = 0.04 mT, PRF = 5.1 Hz, t = 5 min (for one day) was able
to decrease pro-inflammatory cytokines secretion (IL-1p, IL-6, and TNF-
«) and stabilize anti-inflammatory cytokines secretion (IL-10). Patruno
et al. (2020) [55] observed that PEMF stimulation at the following con-
dition: I = 1 mT, PRF = 50 Hz, t = 6 h (for one day) had protective effects
on LPS-treated THP-1 cells, in terms of activation of anti-inflammatory
intracellular pathways (Nrf2 and HO-1). The outcomes of these studies
are not entirely comparable to the ones shown in this work since the
stimulation conditions were different. However, they confirm that dif-
ferent PEMF stimulation regimes can produce anti-inflammatory effects.

5. Conclusions

In this work, different PEMF stimulation parameters (carrier fre-
quency - F, pulsed repetition frequency - PRF, and duty cycle - DC)
were systematically screened to trigger beneficial (pro-regenerative)
effects on F11 neural cells in vitro. The following parameter values:
F = 13.5 MHz, PRF = 20 Hz, DC = 10% (with an I of 0.3 mT and a
t of three h/d for three days) were identified as the optimal ones for en-
abling neural regeneration in terms of neurite outgrowth. This was also
confirmed by gene expression results, which suggested a neurogenesis
promotion and acceleration 10 days after PEMF stimulation.

Furthermore, such an optimal stimulation condition was also ap-
plied to THP-1 cells, differentiated into M1 and M2 phenotypes. PEMF
did not induce any differentiation towards M1 phenotype, decreased
cytokine level and gene expression of pro-inflammatory markers in
M1-differentiated macrophages, and increased gene expression of anti-
inflammatory markers in MO macrophages. These results pave the way
for future studies that may further investigate the underlying mecha-
nisms of cell responses and for a translation of this technology, which
can be applied directly to patients, thanks to the already proven safety
of PEMF stimulation regimes.
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