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1   |   INTRODUCTION

In the management of hypertension, a certain proportion 
of patients experience difficulties in achieving adequate 
blood pressure control. Although the specific definition is 
beyond the scope of this discussion, the 2017 AHA/ACC 
Hypertension Guidelines define resistant hypertension 
as high blood pressure that remains uncontrolled despite 

the use of three antihypertensive agents, including one 
diuretic. It is distinguished from more severe cases of re-
fractory hypertension. The causes of resistant hyperten-
sion are multifactorial, but one prominent factor is the 
increased sympathetic nervous activity observed in these 
patients compared to those who can be controlled hyper-
tension (Grassi et al., 2014), making the assessment and 
regulation of sympathetic tone a critical challenge.
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Abstract
While exposure of moderate static magnetic fields (SMF) can alter neuronal excit-
ability, the effects on sympathetic neurons remain underexplored. This study in-
vestigates the effects of moderate SMF on Kv channels in the plasma membrane 
of sympathetic neuron-like PC12 cells. The current density of Kv channels was 
significantly lower in the 18-h magnet-exposed group, with effects persisting even 
after the magnet was removed before patch-clamp measurements. The current 
density of outward current in the presence of TEA was not different between the 
two groups, indicating that magnetic field affects TEA-sensitive Kv channels. To 
further explore these changes, RNA sequencing was performed on samples from 
both the Sham and 18-h magnet-exposed groups, identifying 37 moderate SMF-
sensitive genes. Changes in mRNA expression levels and KEGG analysis sug-
gested that pathways involved in the inhibition of neuronal excitability, such as 
GABAB receptor activation and Kir3 channel opening, may be more likely to be 
activated. In conclusion, moderate SMF is strongly associated with reduced cur-
rent density in PC12 cells, particularly affecting Kv channels. The present study 
provides fundamental information on the influence of long-term SMF exposure 
on the excitability of sympathetic neurons.
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The mechanism by which sympathetic activation con-
tributes to hypertension includes the release of norepi-
nephrine from sympathetic nerve terminals, resulting in 
vasoconstriction, increased heart rate, enhanced myocar-
dial contractility, and the activation of renin-angiotensin-
aldosterone system, illustrating the intricate involvement 
of both the cardiovascular and renal systems (Esler, 2000). 
Recent non-pharmacological treatment options for resis-
tant hypertension include renal denervation and barore-
ceptor activation therapy.

Renal denervation involves the use of a catheter to de-
liver ultrasound or radiofrequency energy to ablate the 
sympathetic nerve fibers surrounding the renal arteries, 
thereby reducing excessive sympathetic activity (Azeez 
et al., 2024). On the other hand, baroreceptor activation 
therapy entails the electrical stimulation of the carotid 
sinus baroreceptors, which leads to a suppression of car-
diovascular activity in the medullary centers, subsequently 
lowering peripheral sympathetic nerve activity and help-
ing to control blood pressure (Biffi et al., 2024). However, 
the clinical selection of these invasive treatments remains 
a subject of ongoing debate.

Given these challenges, we focus on the neuromod-
ulatory effects of magnetism to explore the potential of 
developing a new non-invasive therapeutic approach. 
Interestingly, the effects of transcranial static mag-
netic field (tSMS) therapy on the brain have begun to 
be investigated in recent years, offering an alternative 
to transcranial magnetic stimulation (TMS). A study 
found that placing a 110–190 mT NdFeB magnet just 
above the primary motor cortex (M1) of the cerebral 
cortex for 10 min leads to a 25% reduction in motor 
evoked potentials (MEPs) (Oliviero et al., 2011), which 
has renewed the interest in SMF research. Furthermore, 
the inhibitory effects of tSMS last after the magnet is re-
moved—lasting up to 30 min following 30 min of stimu-
lation (Dileone et al., 2018; Oliviero et al., 2011; Silbert 
et al., 2013). Animal studies also have demonstrated that 
SMF decrease spontaneous neuronal activity and visual 
evoked potentials (Aguila et al., 2016). Another study in-
vestigated axon initiation segment (AIS) plasticity, find-
ing that 6–48 h of SMF exposure altered the structure 
of the AIS in cortical neurons, particularly in inhibitory 
neurons, suggesting that SMF may influence neuronal 
excitability (Beros et al., 2024). While this study implies 
that SMF may affect voltage-gated calcium channels, the 
exact mechanism remains unclear (Beros et  al.,  2024). 
More detailed studies indicate that generating a mag-
netic pressure gradient of about 10−2 Pa and a surface 
tension of 0.1–1 mN/m in brain tissue may enable 
SMF to activate mechanosensitive ion channels or me-
chanically stimulate voltage-dependent channel func-
tion (Hernando et  al.,  2020). Moreover, Albuquerque 

et al., 2016 suggest that increased friction between ions 
and channels may alter ion conductance, but Hernando 
et  al.,  2020 reported that the Lorentz force exerted by 
the magnetic field on ions is unlikely to directly affect 
neuronal activity. Some researchers support the theory 
that moderate SMF in the range of 1–1000 mT can non-
invasively modulate neuronal activity through mecha-
nisms such as the magnetization-induced reorientation 
of phospholipid molecules (magnetic anisotropy), defor-
mation (strain) of ion channels, or mechanical effects 
like rotation (Rosen, 2003; Hernando et al., 2020; Freire 
et al., 2020). Overall, while there is consensus that mod-
erate SMF suppress neuronal excitability in the brain, 
no specific theory has emerged to explain the underly-
ing mechanisms.

As previously mentioned, many studies have investi-
gated the effects of SMF on the brain, providing valuable 
insights for medical applications owing to their low in-
vasiveness and high usability. However, few studies have 
validated these findings using cells from the autonomic 
nervous system. Several studies employing patch-clamp 
techniques have examined the relationship between SMF 
and ion channels in various cell types, such as primary 
sensory cells from the trigeminal ganglia (Lu et al., 2015) 
and cultured GH3 cells (Ad, 1996). These studies suggest 
an inhibitory effect of SMF on neuronal activity. We aim 
to explore the potential of therapeutic application of SMF 
technology for modulating the autonomic nervous system, 
particularly in conditions such as hypertension and ar-
rhythmias associated with sympathetic overactivity. In this 
study, we investigate the effects of SMF on ion channels 
through electrophysiological and genetic analysis, using 
PC12 cells—a rat adrenal-derived pheochromocytoma cell 
line that differentiates into sympathetic-like cells.

2   |   MATERIALS AND METHODS

2.1  |  Cell culture and cell differentiation

Cultured PC12 cells (IFO50278) are obtained from the 
JCRB Cell Bank of the National Institutes of Biomedical 
Innovation and Nutrition. The cells are cultured and pas-
saged (P12-25) in RPMI medium supplemented with fetal 
bovine serum. The medium is replaced the day after seed-
ing 7 × 104 cells onto a 35-mm dish, and NGF (Catalog No. 
CLMCNET-001.1, Cedarlane Laboratories Ltd.) is added 
to a final concentration of 100 ng/mL. Medium replace-
ment and NGF addition are performed every 3 days, and 
patch-clamp measurements are conducted 6 ± 1 days after 
cell differentiation. Incubator conditions are maintained 
at 37°C and 5% CO₂ to ensure a suitable environment for 
cell culture.
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2.2  |  Evaluation of differentiation by 
immunostaining

When NGF is added to PC12 cells, neuronal elongation 
can be observed after approximately 3 days. To confirm 
differentiation into sympathetic-like cells, immunostain-
ing for tyrosine hydroxylase (TH) is performed after NGF 
addition, following this procedure: First, PC12 cells are 
fixed in a 4% paraformaldehyde solution for 15 min at 
room temperature. Next, the cells are permeabilized with 
0.1% Triton X-100 (1:1000 dilution) for 10 min and blocked 
with 2% BSA in PBS for 1 h. For co-staining, the cells are 
incubated with a rabbit-derived TH antibody (1:200, over-
night; catalog No. 25859-1-AP, PROTEINTECH). The fol-
lowing day, the cells are washed and blocked with PBS 
containing 5% BSA for 1 h at room temperature, then in-
cubated with a goat anti-rabbit IgG (H + L) cross-adsorbed 
secondary antibody (1:500, overnight at 4°C; Alexa Fluor 
[TM] 488, Catalog No. A11008, Invitrogen) and DAPI 
(1:200, 1 h at room temperature; Catalog No. 62248, 
Thermo Scientific). (Figure 1). Images are acquired using 
an inverted fluorescence phase contrast microscope (BZ-
X800L, KEYENCE) with a 20x objective lens. For DAPI 
visualization, a DAPI-V filter set was used with excitation 
at 395/25 nm, emission at 460/50 nm, and a dichroic mir-
ror at 400 nm. For Alexa Fluor 488 visualization, a GFP-B 
filter set was used with excitation at 470/40 nm, emission 
at 535/50 nm, and a dichroic mirror at 495 nm. The over-
lay images are captured using BZ-X800 Analyzer software.

2.3  |  Magnetic field exposure

On each experimental day, two 35-mm dishes, each con-
taining 7 × 104 PC12 cells, are prepared for the Sham and 
Mag groups. After 120–144 h of culture following the in-
itial addition of NGF, only the Mag group is exposed to 
a disk magnet for the indicated period. A 35-mm dish is 
placed on a disk-shaped magnet with a diameter of 35 mm 

and a height of 5 mm (Neomag), as illustrated in Model 
1 (Figure 2a). Magnetic field exposure times are set to 1, 
6, or 18 h, depending on each experiment (Experiment 
1–6). There was no obvious difference in cell morphol-
ogy between the Mag group cells, which were magneti-
cally exposed for 18 h, and the Sham group cells, which 
were cultured for 18 h without magnetic exposure. We 
also compared the membrane capacitance which reflects 
the cell size, and there was no significance between them 
(Experiment 3: 40.27 ± 16.84 pF and 53.29 ± 26.34 pF 
for Sham and Mag groups, respectively/Experiment 4: 
56.44 ± 27.00 pF and 53.54 ± 23.70 pF for Sham and Mag 
groups, respectively). The predicted magnetic flux den-
sity at the bottom of the dish ranges from 171 to 411 mT 
(Figure 2b,c). The image of Model 2 depicts the arrange-
ment of the magnets during the patch-clamp procedure. 
For the Mag group, measurements are started immedi-
ately after removing the disk magnet and placing a ring-
shaped magnet (outer diameter 60 mm, inner diameter 
50 mm, height 10 mm, Neomag) along the left edge of the 
dish, as shown in Model 2 (Figure 2a). The measurement 
duration for both the Sham and the Mag groups is 150 min 
following the replacement of the extracellular fluid in 
each dish.

In this configuration, the magnetic flux density 
at the bottom of the dish ranges from 34 to 353 mT 
(Figure  2b,c). Magnetic field analysis was performed 
using μ-Excel (Mutec Corporation). A 3-axis Gaussmeter 
(USB Handheld 3-Axis Teslameter, SENIS), capable of 
measuring in the microtesla range, was used to measure 
the magnetic field. For background magnetic field mea-
surements, the sensor was placed inside the incubator, 
and the values were recorded on an external computer 
with the incubator door closed. The maximum value was 
recorded every 15 s, with a total of 10 measurements, 
and calibration was performed after each measurement. 
Ambient magnetic fields were measured similarly, with 
the sensor placed in an area free of equipment or power 
sources within a 1-m radius.

F I G U R E  1   PC12 neurons. PC12 
cells after the addition of NGF show 
axonal elongation and differentiation into 
sympathetic-like neurons. Fluorescent 
staining labels tyrosine hydroxylase 
(TH), a marker for sympathetic neurons. 
Almost all cells have differentiated into 
sympathetic-like cells on Day 6.
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2.4  |  Whole-cell patch-clamp recordings

Patch pipettes are prepared using a SUTTER P-97 
puller, following a protocol designed to achieve a re-
sistance of 3–8 MΩ by using the pipettes have an outer 
diameter of 1.5 mm and an inner diameter of 0.86 mm. 
The basal extracellular solution consists of the fol-
lowing (in mM): 145 NaCl, 5 KCl, 2 CaCl₂, 1 MgCl₂, 
10 HEPES, and 10 D-glucose monohydrate. The pH 
is adjusted to 7.3–7.5 using 10 N NaOH. After wash-
ing out the culture medium, the dish is filled with 
2 mL of this extracellular solution. The intracellular 
solution for the patch pipettes contains (in mM): 135 
KCl, 1 MgCl₂, 1 EGTA, 10 HEPES, and 20 D-sucrose. 
Recordings are made and analyzed using pClamp 11 
software (Molecular Devices). The total number of 
cells is shown in Table 1. The patch clamp experiments 
were conducted over three or more days in each ex-
perimental group, and they were combined. We also 
tried to avoid conducting experiments in the same 

order of groups each day. The I-V curves were plotted 
by measuring the current amplitude at the end of each 
step pulse (495–500 ms after applying the voltage) for 
every current trace.

2.5  |  Kv channel inhibition experiments

Two different Kv channel inhibitors were used in 
Experiment 5. After exposing the cells to the magnetic 
field for 18 h, the medium was replaced with the basal ex-
tracellular solution in the control group. One group was 
treated with 4-aminopyridine (4-AP, Catalog No. A5006, 
Sigma-Aldrich) dissolved in the extracellular solution to 
a final concentration of 1 mM, while another group was 
treated with tetraethylammonium (TEA, Catalog No. 
90283, Sigma-Aldrich) dissolved in the extracellular so-
lution to a final concentration of 10 mM. In experiment 
6, the medium was replaced with the same extracel-
lular solution containing TEA as used in Experiment 5. 

F I G U R E  2   (a) Magnet. Model 1 is a disc-shaped NdFeB magnet (φ35 × 5 mm), exposed by placing a 35 mm dish on top of the magnet. 
Model 2 is a ring-shaped NdFeB magnet (φ60 × φ50 × 10 mm), exposed by positioning a dish along the left edge of the magnet. (b) Magnetic 
Flux Diagram. The distribution of the magnetic field is shown by the magnetic flux lines when the magnets of Model 1 and Model 2 are 
viewed from the side. The x-axis and y-axis represent the distance from the magnet (in mm), and the color scheme indicates the number of 
magnetic flux lines (in Weber, Wb). The magnetic flux density shown in (c) can be calculated by dividing the number of magnetic flux lines 
by the area. In this study, the thickness of the bottom of the 35 mm dish was assumed to be 1 mm, and magnetic field data corresponding to 
the positions of the cells on the dish were obtained through analysis. (c) Graph of magnetic flux density. For Model 1, cells on the dish are 
predicted to be exposed within the flux density range of 171–411 mT, while for Model 2, the range is 34–353 mT.

T A B L E  1   Experimental designs for Experiments 1 through 6, including group settings and details on exposure period to the Model 1 
magnet during cell culture, the type of recording solution used during patch clamp, and the presence, absence, or exposure period to the 
Model 2 magnet during patch clamp.

Group settings
Model 1 exposure time 
during culture

Patch-clamp recording 
solution

Model 2 exposure time 
during recordings

Experiment 1 Sham group (n = 17) Sham: none Normal Sham: none

Mag group (n = 19) Mag: 1 h Mag: up to 150 min

Experiment 2 Sham group (n = 22) Sham: none Normal Sham: none

Mag group (n = 18) Mag: 6 h Mag: up to 150 min

Experiment 3 Sham group (n = 21) Sham: none Normal Sham: none

Mag group (n = 20) Mag: 18 h Mag: up to 150 min

Experiment 4 Sham group (n = 28) Sham: none Normal None

Mag group (n = 24) Mag: 18 h

Experiment 5 Control group 
(n = 20)

18 h Control: Normal None

4-AP group (n = 20) 4-AP: 1 mM

TEA group (n = 22) TEA: 10 mM

Experiment 6 Sham group (n = 28) Sham: none TEA: 10 mM None

Mag group (n = 27) Mag: 18 h
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(a) I-V curve (Exp. 1) 
Model 1: 1 hour / Model 2: up to 150 min
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Patch-clamp measurements were then performed on the 
cells from the Sham and the Mag groups.

2.5.1  |  The experimental design of this study 
is described below (Table 1)

Experiment 1
The Sham group receives no magnetic field exposure. The 
Mag group is exposed to the Model 1 magnet during cul-
ture for 1 h. Then, it is exposed to the Model 2 magnet dur-
ing patch-clamp recording (up to 150-min). The culture 
medium was replaced with a recording solution just be-
fore patch-clamp recording.

Experiment 2
The Sham group receives no magnetic field exposure. The 
Mag group is exposed to the Model 1 magnet during cul-
ture for 6 h. Then, it is exposed to the Model 2 magnet dur-
ing patch-clamp recording (up to 150-min). The culture 
medium was replaced with a recording solution just be-
fore patch-clamp recording.

Experiment 3
The Sham group receives no magnetic field exposure. The 
Mag group is exposed to the Model 1 magnet during cul-
ture for 18 h. Then, it is exposed to the Model 2 magnet 
during patch-clamp recording (up to 150-min). The cul-
ture medium was replaced with a recording solution just 
before patch-clamp recording.

Experiment 4
The Sham group receives no magnetic field exposure. 
The Mag group is exposed to the Model 1 magnet during 
culture for 18 h, but there is no magnetic field exposure 
during the patch-clamp recording. The culture medium 
was replaced with a recording solution just before patch-
clamp recording.

Experiment 5
All three groups are exposed to the Model 1 magnet 
for 18 h, but there is no magnetic field exposure during 

patch-clamp recording (up to 150-min). The culture me-
dium was replaced with a recording solution just before 
patch-clamp recording. The recording solution for the 
4-AP group contains 1 mM 4-AP, while TEA group con-
tains 10 mM TEA.

Experiment 6
The Sham group receives no magnetic field exposure. The 
Mag group is exposed to the Model 1 magnet for 18 h, but 
there is no magnetic field exposure during patch-clamp 
recording (up to 150-min). The culture medium was re-
placed with a recording solution with 10 mM TEA just be-
fore patch-clamp recording.

2.6  |  RNA sequencing

PC12 cells are seeded at equal density in 35-mm dishes, 
adopting the conditions used in patch-clamp experi-
ments. On day 5 of differentiation, dishes from both 
the Sham group (n = 3) and the Mag group (n = 3) are 
washed once with D-PBS, then dissolved in QIAzol 
lysis Reagent (QIAGEN) and pipetted thoroughly, and 
immediately frozen at −80°C. RNA extraction and 
sequencing are performed in the Genome Analysis 
Laboratory at the Research Institute for Microbial 
Diseases, Osaka University. Data analysis is conducted 
using the iDEP 2.0 platform provided by South Dakota 
State University.

2.7  |  Statistical analysis

For the electrophysiological experiments, the student's t-test 
is conducted, assuming equal variances. The normalized 
data are expressed as ±SD (standard error of the mean). The 
inactivating outward component, which includes the tran-
sient current, is defined as a decrease of 10% or more when 
comparing the maximum current value after the onset of 
voltage input with the current value near the end of the 
pulse. The chi-squared test is performed to analyse the oc-
currence rate of this inactivating outward component.

F I G U R E  3   Current density for patch clamp measurements during the magnetic field exposure of Model 1 magnets for a specified 
time, followed by exposure of Model 2 for a specified time (Experiment 1–3). The number of n for each group represents the total number 
of independent cells measured. (a–c) Exposure time for Model 1: 1 h (Sham group n = 17, Mag group n = 19). (d–f) Exposure time for 
Model 1: 6 h (Sham group n = 22, Mag group n = 18). (g–i) Exposure time for Model 1: 18 h (Sham group n = 21, Mag group n = 20). Graphs 
showing the I–V curves and their ratio to the maximum value current, two typical waveforms of the Sham and Mag groups in sequence. The 
orange and light blue plots indicate significant differences at p < 0.01 and p < 0.05, respectively. The normalized data are expressed as ±SD. 
Statistical significance: Compared to the Sham group. The exposure period indicated on the label of each graph or waveform refers to the 
Mag group. No magnet exposure was conducted in the Sham group.
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F I G U R E  3    (Continued)
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3   |   RESULTS

3.1  |  Effects of SMF on PC12 neurons

Whole-cell patch-clamp recordings were performed on 
PC12 neurons differentiated into sympathetic-like cells for 
6 ± 1 days. During the patch-clamp recordings, step pulses 
were applied in 10 mV increments from −80 mV to +120 mV 
with the holding potential of −100 mV. The typical voltage-
dependent K+ current, observed as outward current, was 
mainly detected (e.g., Figure 3c left). On the other hand, the 
transient inward currents of voltage-dependent Na+ chan-
nels were not detectable in the experiments. For the outward 
current, some population exhibited the voltage-dependent 
inactivating components as shown in the right waveforms of 
both the Sham group and the Mag group in Figure 3c.

The Mag group was exposed to the Model 1 magnet 
for the specified exposure period, followed by the Model 
2 magnet during the patch-clamp recording. We examined 
the current density after 1 h of magnetic field exposure 
(Sham group: n = 17; Mag group: n = 19, Figure  3a–c)/
Experiment 1), after 6 h of magnetic field exposure (Sham 
group: n = 22; Mag group: n = 18, Figure 3d–f)/Experiment 
2), and after 18 h of magnetic field exposure (Sham group: 
n = 21; Mag group: n = 20, Figure  3g–i)/Experiment 3). 
When these results were compared using Student's t-test, 
a significant difference from the Sham group was ob-
served only in the experiment where cells were exposed 
to the magnet for 18 h. Throughout the experiments, there 
were no significant differences between groups in resting 
membrane potential (data not shown).

3.2  |  Persistence of SMF effects on PC12 
neurons effects after magnet removal

In Experiment 4, cells in the Mag group were exposed 
to the Model 1 magnet for 18 h and then patch-clamped 
without magnetic field exposure for 150 min during the 
measurement (Sham group: n = 28; Mag group: n = 24, 
Figure  4). A significant decrease in current density was 
observed in the Mag group compared to the Sham group, 
indicating that after a relatively long SMF exposure period 
of 18 h, the effects persisted for a certain period following 
the removal of the magnetic field.

3.3  |  SMF effects on Kv channel currents 
using inhibitors

We hypothesized that inhibition of Kv channels by mag-
netic field exposure may account for the observed decrease 
in outward current density in the 18-h magnet-exposed 

group. We tested two well-known Kv channel inhibitors, 
4-aminopyridine (4-AP) and tetraethylammonium (TEA), 
expecting that the magnet field exposure effect on the out-
ward currents will not be observed when the ionic currents 
are measured in the presence of the inhibitor. After 18 h of 
exposure to the magnet field, patch-clamp recordings were 
performed by replacing the extracellular solution with one 
of three conditions: basal extracellular solution, basal extra-
cellular solution with 1 mM 4-AP, or basal extracellular so-
lution with 10 mM TEA (control group: n = 20, 4-AP group: 
n = 20, TEA group: n = 22; Experiment 5). Patch-clamp re-
cordings were conducted without magnetic field exposure 
for 150 min. The results showed a marked decrease in cur-
rent density in the TEA group, while the 4-AP group ex-
hibited a slight, non-significant decrease (Figure 5a). TEA 
treatment also exhibited the inward current that has not 
been observed in control, suggesting that the inward cur-
rent was masked in the large Kv components in PC12. In 
Experiment 6, both the Sham group (n = 28) and the Mag 
group (n = 27), which were exposed to the magnet field for 
18 h, had their medium replaced with extracellular solu-
tion with 10 mM TEA. Patch-clamp recordings were then 
performed, without magnetic field exposure during the 150-
min recording. The difference in current density as observed 
in Experiment 4 was not observed under the TEA treatment 
in Experiment 6 (Figure 5d). We found that the previously 
observed difference in current density was not evident under 
TEA treatment (Figure 5d), indicating that the decrease of 
outward current via magnetic field exposure involves the 
voltage-gated K+ channels.

3.4  |  Effects of SMF on the inactivating 
outward component of PC12 neurons

We also examined the magnetic effect on the inactivating 
component of outward current. We defined the inactivat-
ing component as the transient current decrease of 10% or 
more when comparing the maximum current value after 
the onset of voltage input to the current value near the 
end of the pulse (Figure 6). We then examined the occur-
rence probability of this inactivating component both in 
the Sham and the Mag groups. A chi-square test was used 
to analyze each group, revealing no significant difference 
in occurrence between the groups with and without mag-
netic field exposure (Table 2).

3.5  |  Genetic analysis by RNA 
sequencing

Given the prolonged effect of 18-h magnetic field expo-
sure on current density, we conducted RNA sequencing 
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10 of 20  |      KANEDA et al.

analysis to investigate the effects of SMF on Kv chan-
nels or other related genes (Table 2). Comparisons were 
made between the Sham group (n = 3) and the Mag group 

(n = 3). This analysis identified 37 genes (Figure 7a) with 
expression level changes of more than 2-fold, using a 
false discovery rate (FDR) cutoff of 0.1. A heatmap was 

F I G U R E  4   Current density for patch clamp measurements during the exposure of Model 1 magnets for a specified time, not followed 
by exposure of Model 2 for a specified time (Experiment 4). The number of n for each group represents the total number of independent cells 
measured. Exposure time for Model 1: 18 h (Sham group n = 28, Mag group n = 24). Graphs showing the I–V curves and their ratio to the 
maximum value current, two typical waveforms of the Sham and the Mag groups in sequence. The light blue plots indicate significant differences 
at p < 0.05, respectively. The normalized data are expressed as ±SD. Statistical significance: Compared to the Sham group. The exposure period 
indicated on the label of each graph or waveform refers to the Mag group. No magnet exposure was conducted in the Sham group.
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Blue: p < 0.05

(a) I-V curve (Exp. 4) 
Model 1: 18 hour / Model 2: none

(b) Maximum value current (Exp. 4)
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F I G U R E  5   Experiments with Kv channel inhibitors (Experiment 5/6). The number of n for each group represents the total number 
of independent cells measured. (a–c) Experiment 5 show the selection of appropriate inhibitors for validation. Cells magnetically exposed 
with Model 1 for 18 h were patch clamped under three conditions: Control (n = 20, no Kv channel inhibitor), 4-AP (n = 20, a Kv channel 
inhibitor), and TEA (n = 22, another Kv channel inhibitor). The current density was significantly lower with TEA. Model 2 was not exposed 
during patch clamping. (a) I–V curve, (b) their ratio to the maximum value current, (c) two typical waveforms in the control group, two 
typical waveforms in 4-AP group and one typical waveform in TEA group. Light blue plots indicate significant differences at p < 0.05. (d–f) 
Experiment 6 illustrates patch clamping and current density under TEA without magnetic field exposure (n = 28) and with 18 h of magnetic 
field exposure (n = 27), showing no significant differences. (d) I–V curve, (e) their ratio to the maximum value current, (f) two typical 
waveform patterns in the Sham group and in the Mag group. The normalized data are expressed as ±SD. Statistical significance: Compared 
to the control/Sham group. The exposure period indicated on the label of each graph or waveform refers to the Mag group. No magnet 
exposure was conducted in the Sham group.
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generated to visualize the expression patterns of these 
genes (Figure 7b). KEGG analysis revealed 19 upregulated 
pathways and one downregulated pathway (Figure  7c). 
Notably, pathways related to neuroactive ligand-receptor 
interactions—particularly the GABAB receptor path-
way—and the circadian entrainment pathway were 
activated. These pathways included with several G pro-
teins (Gi and Go), as well as pathways associated with 
Kir3 channel activation. Additionally, within the ECM-
receptor interaction pathway, there was a significant in-
crease in laminin expression and a decrease in collagen 
expression.

4   |   DISCUSSION

Magnetic field exposure for a relatively long period (18 h) 
reduced the current density of Kv channels. Importantly, 
this effect persisted for some time after the removal of 
the magnet. The lack of a significant effect under TEA-
induced inhibition of Kv channels suggests that the SMF 
influences Kv channel function. However, except for 
Kv4.3, no differences in expression were observed in other 
Kv channels, indicating that SMF may affect Kv channels 
at the levels of protein translation or post-translational 
modification.

The results of the KEGG analysis indicated that the 
GABAB pathway is more likely to be activated by mag-
netic field exposure, supported by a 1.9-fold increase in 
the expression of KCTD16, an auxiliary subunit of the 
GABAB receptor (Zuo et al., 2019). Additionally, mRNA 

expression of RGS2, a signaling factor that enhances the 
activity of GABAB receptor-binding Gproteins (Fowler, 
Aryal, Suen & Slesinger, 2007; Labouebe et al., 2007), in-
creased 3.0-fold. These changes may contribute to the in-
hibition of neuron excitability by promoting the opening 
of Kir3 channels.

4.1  |  Kv channels and current density 
reduction

The current density of PC12 neurons did not show 
significant differences after 1 or 6 h of magnetic field 
exposure, although a slight change began to emerge at 
the 6-h mark. After 18 h, there was a clear decrease in 
current density, indicating a threshold between 6 and 
18 h (Figure 3). In subsequent experiments (Figure 5), 
the difference in current density measured in the pres-
ence of TEA between the two groups substantially re-
duced when comparing conditions with and without 
magnetic field exposure (Figure 5d). This suggests that 
the magnetic field affects TEA-sensitive Kv channels. 
Of note, we observed the transient inward current 
upon the addition of TEA, indicating that the current 
component was masked by the TEA-sensitive K+ cur-
rents in the absence of the drug. This current compo-
nent is likely due to voltage-gated calcium channel 
activities which has been also previously reported in 
PC12 cells.

The occurrence rate of inactivation waveforms does 
not change regardless of the presence or absence of 

F I G U R E  6   Estimation of inactivating outward component. (a) The inactivating outward component including the transient current is 
defined as a waveform that decreases by 10% or more when comparing the maximum current value after the start of the voltage input with 
the current value near the end of the pulse. (b) The occurrence rate of the inactivating outward component. The occurrence rate of this 
inactivating outward component was compared between the Sham and the Mag groups (Experiment 1–4). Bars indicate the percentage of 
occurrence in each group. The chi-squared test was performed to analyze the occurrence rate of this inactivating outward component, but 
there was no significant difference in any group comparison.
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      |  13 of 20KANEDA et al.

T A B L E  2   Kv channel or other related genes. KCND3 (Kv4.3) is the only gene whose fold change in expression in the Sham and the Mag 
groups (n = 3 each) is more than 2.0-fold and p < 0.01. References: Kcna: Kv1.x, Kcnb: Kv2.x, Kcnc: Kv3.x, Kcnd: Kv4.x, Kcnf: Kv5.x, Kcng: 
Kv6.x, Kcnq: Kv7.x, Kcnv: Kv8.x, Kcns: Kv9.x, Kcnh: Kv10.x, Kv11.x, Kv12.x., Kcnab: Voltage-gated potassium channel beta subunit, Kcne: 
Voltage-gated potassium channel subfamily, E.

Gene name Description NCBI gene ID [uid] Fold change
Student's t-test 
p-value

Kcna1 Potassium voltage-gated channel 
subfamily A member 1

24,520 1.000

Kcna10 Potassium voltage-gated channel 
subfamily A member 10

295,360 1.000

Kcna2 Potassium voltage-gated channel 
subfamily A member 2

25,468 1.000

Kcna3 Potassium voltage-gated channel 
subfamily A member 3

29,731 1.011 9.73E-01

Kcna4 Potassium voltage-gated channel 
subfamily A member 4

25,469 1.024 6.35E-01

Kcna5 Potassium voltage-gated channel 
subfamily A member 5

25,470 1.000

Kcna6 Potassium voltage-gated channel 
subfamily A member 6

64,358 1.000

Kcna7 Potassium voltage-gated channel 
subfamily A member 7

365,241 1.206 1.53E-02

Kcnab1 Potassium voltage-gated channel 
subfamily A member regulatory beta 
subunit 1

29,737 1.201 1.19E-01

Kcnab2 Potassium voltage-gated channel 
subfamily A regulatory beta subunit 2

29,738 1.045 7.26E-01

Kcnab3 Potassium voltage-gated channel 
subfamily A regulatory beta subunit 3

58,981 1.388 3.85E-01

Kcnb1 Potassium voltage-gated channel 
subfamily B member 1

25,736 1.017 8.63E-01

Kcnb2 Potassium voltage-gated channel 
subfamily B member 2

117,105 1.105 6.45E-01

Kcnc1 Potassium voltage-gated channel 
subfamily C member 1

25,327 −1.022 8.83E-01

Kcnc2 Potassium voltage-gated channel 
subfamily C member 2

246,153 1.000

Kcnc3 Potassium voltage-gated channel 
subfamily C member 3

117,101 −1.015 7.89E-01

Kcnc4 Potassium voltage-gated channel 
subfamily C member 4

684,516 −1.202 7.06E-02

Kcnd1 Potassium voltage-gated channel 
subfamily D member 1

116,695 1.047 2.38E-01

Kcnd2 Potassium voltage-gated channel 
subfamily D member 2

65,180 −1.273 3.68E-01

Kcnd3 Potassium voltage-gated channel 
subfamily D member 3

65,195 2.145 9.93E-04

Kcne1 Potassium voltage-gated channel 
subfamily E regulatory subunit 1

25,471 1.504 2.31E-01

Kcne2 Potassium voltage-gated channel 
subfamily E regulatory subunit 2

171,138 −1.033 3.80E-01

(Continues)
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Gene name Description NCBI gene ID [uid] Fold change
Student's t-test 
p-value

Kcne3 Potassium voltage-gated channel 
subfamily E regulatory subunit 3

63,883 1.181 3.74E-01

Kcne4 Potassium voltage-gated channel 
subfamily E regulatory subunit 4

367,302 −1.567 4.42E-01

Kcne5 Potassium voltage-gated channel 
subfamily E regulatory subunit 5

681,190 1.000

Kcnf1 Potassium voltage-gated channel 
modifier subfamily F member 1

298,908 1.000

Kcng1 Potassium voltage-gated channel 
modifier subfamily G member 1

296,395 −1.131 3.74E-01

Kcng2 Potassium voltage-gated channel 
modifier subfamily G member 2

307,234 1.238 1.70E-01

Kcng3 Potassium voltage-gated channel 
modifier subfamily G member 3

171,011 1.189 4.83E-01

Kcng4 Potassium voltage-gated channel 
modifier subfamily G member 4

307,900 1.000

Kcnh1 Potassium voltage-gated channel 
subfamily H member 1

65,198 1.062 5.05E-01

Kcnh2 Potassium voltage-gated channel 
subfamily H member 2

117,018 −1.057 2.08E-01

Kcnh3 Potassium voltage-gated channel 
subfamily H member 3

27,150 −1.307 2.76E-01

Kcnh4 Potassium voltage-gated channel 
subfamily H member 4

114,032 1.056 5.06E-01

Kcnh5 Potassium voltage-gated channel 
subfamily H member 5

171,146 1.000

Kcnh6 Potassium voltage-gated channel 
subfamily H member 6

116,745 1.141 3.98E-02

Kcnh7 Potassium voltage-gated channel 
subfamily H member 7

170,739 1.000

Kcnh8 Potassium voltage-gated channel 
subfamily H member 8

246,325 −1.021 9.10E-01

Kcnip1 Potassium voltage-gated channel 
interacting protein 1

65,023 1.000

Kcnip2 Potassium voltage-gated channel 
interacting protein 2

56,817 1.171 3.74E-01

Kcnip3 Potassium voltage-gated channel 
interacting protein 3

65,199 −1.408 1.28E-02

Kcnip4 Potassium voltage-gated channel 
interacting protein 4

259,243 1.000

Kcnq1 Potassium voltage-gated channel 
subfamily Q member 1

84,020 1.000

Kcnq2 Potassium voltage-gated channel 
subfamily Q member 2

170,848 1.039 8.10E-01

Kcnq3 Potassium voltage-gated channel 
subfamily Q member 3

29,682 1.086 7.91E-01

Kcnq5 Potassium voltage-gated channel 
subfamily Q member 5

259,273 −1.043 4.93E-01

T A B L E  2   (Continued)
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magnetic exposure (Figure 6), so we concluded that the 
magnetic effect in this study is not strongly related to 
the subtype of the inactivating voltage-dependent potas-
sium channels. In Figures 3g and 4a, where significant 
differences in current density were observed between 
the Sham and Mag groups, we analyzed the current at 
the end of the measurement duration (495–500 ms), pri-
marily reflecting the non-inactivating components. As 
an additional analysis, the inactivating components of 
the outward current were assessed by subtracting the 

current at the end (495–500 ms) from that at the start 
(3–18 ms) within the 500 ms measurement duration. No 
significant differences were observed between the two 
groups at any voltage input. These data suggest that SMF 
does not affect the I–V curves of inactivating component 
(Figure S1).

Unexpectedly, RNA sequencing results did not con-
firm an increase in gene expression for specific Kv chan-
nels except Kv4.3. While this result may not be consistent 
with our electrophysiological findings, it is still possible 

F I G U R E  7   RNA sequencing analysis (a) Volcano plot. 37 genes were extracted by setting the fold change and FDR cutoff values. (b) 
Heat map. 37 genes were indicated in the sham group (n = 3) and the 18-h magnet group (n = 3). (c) KEGG analysis was performed as part of 
the pathway analysis, showing 19 upregulated and 1 downregulated pathways.

(b) Heat map (c) KEGG(a) Volcano plot

Gene name Description NCBI gene ID [uid] Fold change
Student's t-test 
p-value

Kcns1 Potassium voltage-gated channel, 
modifier subfamily S, member 1

117,023 1.000

Kcns2 Potassium voltage-gated channel, 
modifier subfamily S, member 2

66,022 1.000

Kcns3 Potassium voltage-gated channel, 
modifier subfamily S, member 3

83,588 1.000

Kcnv1 Potassium voltage-gated channel 
modifier subfamily V member 1

60,326 1.000

Kcnv2 Potassium voltage-gated channel 
modifier subfamily V member 2

294,065 1.000

Kcnrg Potassium channel regulator 305,947 1.028 9.25E-01

Kcns1 Potassium voltage-gated channel, 
modifier subfamily S, member 1

117,023 1.000

Kcns2 Potassium voltage-gated channel, 
modifier subfamily S, member 2

66,022 1.000

Kcns3 Potassium voltage-gated channel, 
modifier subfamily S, member 3

83,588 1.000

T A B L E  2   (Continued)
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that magnetic field exposure affects processes such as 
the regulation of protein translation, post-translational 
modifications, or the transport of proteins to the plasma 
membrane, which are necessary for the channel function. 
Alternatively, it is also possible that the expression or func-
tion of auxiliary subunits that regulate Kv channels have 
changed (Maffie, Dvoretskova, Bougis, Martin-Eauclaire 
& Ruby, 2013).

Here we discuss the candidates of ion channels that are 
potentially sensitive to SMF in PC12 by the following cri-
teria. (1) It is well expressed in PC12 neurons (FPKM>10). 
(2) It is well inhibited by TEA at concentrations below 
20 mM. (3) It has slow or no inactivation property upon 
prolonged depolarization. Based on these criteria, Kv3.4, 
Kv7.2–7.3, and Kv10.1 could be listed as primary candi-
dates contributing to SMF-sensitive components (Blaine 
& Ribera, 2001; Dierich et al., 2018; Dixon & McKinnon, 
1996; Gutman et al., 2003; Greene & Hoshi, 2017; Zemel, 
Ritter, Covarrubias & Muqeem, 2018). Notably, Kv7.2–7.3, 
which is important for regulating neuronal excitability 
and well expressed in PC12 neurons, has been shown to 
reduce M current by approximately 57% when blocked 
with 20 mM TEA (Nigro et al., 2014).

We also examined the expression of auxiliary subunits 
of Kv channels in PC12 cells. Kvβ2 (Kcnab), an auxiliary 
subunit of Kv3 family, was found to be expressed in PC12, 
and voltage-gated potassium ion channel subfamily E 
member 2 (Kcne2), an auxiliary subunit of the Kv7 and 
Kv10 family, was fully expressed. However, these auxil-
iary subunits did not differ in their gene expression lev-
els between the Sham and the Mag groups, and it would 
be also important topic whether the function of auxiliary 
subunits can be controlled by magnetic field.

4.2  |  Persistent SMF effect

Experiment 4 demonstrated that once PC12 neurons were 
exposed to the magnetic field for 18 h, the reduction in 
current density persisted for several hours after the mag-
net was removed.

Based on studies of static magnetic effects on the 
central nervous system, it has been shown that a rela-
tively short 10-min tSMS treatment reduces motor cor-
tex excitability for 6 min (Oliviero et al., 2011) and that 
the amplitude of motor evoked potentials decrease for 
at least 30 min following a 30-min stimulation (Dileone 
et al., 2018; Oliviero et al., 2011; Silbert et al., 2013). On 
the other hand, our findings suggest that the effect of 
longer exposure to magnetic fields persist even after the 
magnet is removed. This effect is probably mediated by 
the regulation of protein synthesis or gene expression of 

some Kv channels. Although we did not examine the re-
covery period after magnet removal in the present study, 
these regulation are generally transient, and it would 
probably recover to the basal level in a few days. Further 
research is needed to better define the relationship be-
tween magnetic field parameters, exposure period, and 
the time required for effects to subside in sympathetic 
neurons.

4.3  |  SMF effect on gene expression 
in PC12

Interestingly, we observed that SMF induces gene expres-
sion changes in a wide variety of molecules, and some of 
them largely contribute to the neuronal function.

For example, it is known that GABAB receptor and Kir3 
channels are regulated through their interaction (David 
et al., 2006). Based on mRNA expression levels and KEGG 
analysis from RNA sequencing data, we predict that the 
activation pathway of GABAB receptors associated with 
Kir3 channels is likely to be promoted in cells exposed to 
magnetic fields in our study. We found that four genes re-
lated with the channels were upregulated more than 1.5-
fold in the 18-h magnet-exposed group compared to the 
Sham group: voltage-gated potassium ion channel sub-
family D member 3 (KCND3, Kv4.3) was upregulated 2.1-
fold (p < 0.01), potassium channel tetramerization domain 
containing 16 (KCTD16) increased 1.9-fold (p < 0.05), 
chloride voltage-gated channel Kb (CLC-K2, Kb) in-
creased 1.9-fold (p < 0.01), and transient receptor poten-
tial cation channel subfamily C member 3 (TRPC3; Zhou, 
Matta & Zhou, 2008) also showed significant changes with 
a 1.6-fold increase (p < 0.01).

We also observe the 2.3-fold increase (p < 0.01) of 
mRNA expression in Synaptotagmin 13 (SYT13) in the 
Mag group. SYT13 is a calcium-independent membrane 
protein primarily involved in the exocytosis of synaptic 
vesicles, which may help regulate synaptic activity and 
prevent excessive enhancement. It is also noteworthy 
that calcium/calmodulin-dependent protein kinase II 
(CaMKII), which phosphorylates and regulates voltage-
dependent potassium ion channels, was reduced by 2.2-
fold (p < 0.01) in the Mag group. CaMKII also plays a 
role in synaptic plasticity and neurotransmitter release. 
Therefore, it is possible that a decrease in CaMKII con-
tributes to the reduced function of voltage-dependent 
potassium ion channels, leading to insufficient 
neurotransmission.

These results indicate that SMF could affect not only 
neuronal excitability but also synaptic function in sympa-
thetic neurons.
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4.4  |  The mechanisms of SMF action on 
neurons

The mechanisms by which SMF affect neurons are 
being investigated using a comprehensive range of re-
search methods. We have reviewed various studies on 
how weak to moderate SMF affects neurons, including 
those discussing changes in plasma membrane poten-
tial, biomechanics, ion channel regulation, metabolism, 
and cell–cell interactions (ex. Fang et  al., 2024; Liang 
et  al., 2024; Nakamura, Nakao & Wakabayashi, 2019; 
Nikolic et  al., 2013; Park et  al., 2022; Saletnik et  al., 
2024). Specific studies, in addition to those mentioned 
in the Introduction, include the spatial rotation of ani-
sotropic anti-magnetic particles and the magnetopho-
retic pressure on cell membranes, both of which could 
influence cellular function (Hashemi & Abdolali, 2017). 
Also, Sinha et  al.,  2024 indicates that SMF exposure 
enhances the activity of chloride ion channels associ-
ated with the SLC26A11 transporter protein while sup-
pressing action potential firing. As a new approach, the 
method of verifying the mechanism of static magnetic 
fields through the application of optogenetics and other 
techniques (Hernández-Morales et al., 2024) is particu-
larly interesting. Another noteworthy point is that we 
found a 2.5-fold reduction in the expression of the in-
teracting lysosomal protein (RILP), suggesting that cell 
migration may also be affected. Considering it from an-
other viewpoint, although it is difficult to verify this in 
biological systems, it is believed that the magnetic field 
and radical pair mechanisms are closely related. Some 
reports have suggested that even small changes in the 
magnetic fields could affect chemical reactions by alter-
ing the quantum mechanical wave functions of colliding 
particle (Khurana et al., 2024; Player et al., 2021; Talbi 
et al., 2024).

Another important factor to consider regarding the 
experimental condition in the present study is the back-
ground magnetic field. It should be noted that even 
weak magnetic fields can lead to factors such as inhib-
ited cancer cell proliferation (Raylman et al., 1996; Sun 
et al., 2023) and increased intracellular reactive oxygen 
species (Akimoto et al., 2024; Dobosz et al., 2024). The 
background magnetic field inside the incubator was 
measured to be 178 ± 8 μT, which is lower than the ex-
ternal magnetic field of 247 ± 15 μT and is not expected 
to significantly affect the magnetic field distribution 
or cell proliferation in the experimental setup. (Values 
are expressed as the mean ± SD of 10 measurements.) 
In this study, the Sham and Mag groups were cultured 
at a sufficient distance from each other in the same 
incubator.

5   |   CONCLUSION

In summary, this study found that exposure to moderate 
static magnetic fields (SMF) reduced the current density 
in sympathetic-like PC12 neurons, indicating the effects 
on ion channels, particularly Kv channels. Notably, the 
effects of the magnetic field did not diminish immedi-
ately after the cessation of exposure; rather, they per-
sisted for a certain period. The mechanism of moderate 
SMF exposure may involve molecular conformational 
changes in Kv channels and genetic modulation of path-
ways that inhibit neuronal excitation. We believe that 
the present study serves as a stepping stone for future 
research, emphasizing the need to investigate the effects 
of magnetic fields on peripheral sympathetic nerves. 
Unlike previous reports, this study is novel in that it was 
conducted in an experimental system that does not re-
quire a complicated magnet fixation setup. We hope that 
this work will encourage more active research in this 
field by utilizing inexpensive, readily available, com-
mercially available magnets that fit into standard cul-
ture goods.
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