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Cellular mechanisms underlying 
state‑dependent neural inhibition 
with magnetic stimulation
Hui Ye1*, Vincent Chen2 & Jenna Hendee1

Novel stimulation protocols for neuromodulation with magnetic fields are explored in clinical and 
laboratory settings. Recent evidence suggests that the activation state of the nervous system plays 
a significant role in the outcome of magnetic stimulation, but the underlying cellular and molecular 
mechanisms of state-dependency have not been completely investigated. We recently reported 
that high frequency magnetic stimulation could inhibit neural activity when the neuron was in a low 
active state. In this paper, we investigate state-dependent neural modulation by applying a magnetic 
field to single neurons, using the novel micro-coil technology. High frequency magnetic stimulation 
suppressed single neuron activity in a state-dependent manner. It inhibited neurons in slow-firing 
states, but spared neurons from fast-firing states, when the same magnetic stimuli were applied. 
Using a multi-compartment NEURON model, we found that dynamics of voltage-dependent sodium 
and potassium channels were significantly altered by the magnetic stimulation in the slow-firing 
neurons, but not in the fast-firing neurons. Variability in neural activity should be monitored and 
explored to optimize the outcome of magnetic stimulation in basic laboratory research and clinical 
practice. If selective stimulation can be programmed to match the appropriate neural state, prosthetic 
implants and brain-machine interfaces can be designed based on these concepts to achieve optimal 
results.

Magnetic stimulation on excitable biological tissues was first reported in the early twentieth century by Jacques 
d’Arsonval (1896) and Thompson (1910) with their work on human visual sensations. Modern development of 
novel stimulation protocols with magnetic field have been explored in clinical and laboratory environments for 
effective neuromodulation and treatment of neurological diseases, such as epilepsy1,2. Control of neural activity 
with the magnetic field is largely dependent on the stimulation parameters, such as duration, frequency, intensity, 
and orientation of the magnetic coil to the targeted neurons3. In clinical practice, each of these parameters have 
been carefully optimized to produce the best outcome with transcranial magnetic stimulation (TMS)4–6. In basic 
lab research, these parameters are associated with the excitation of individual neurons7, alternation of synaptic 
transmission8,9, and changes in ion channel dynamics10.

Besides the parameters that define the magnetic stimuli, emerging evidence has strongly suggested that bio-
physical properties of the neural tissue could also affect the outcome of magnetic stimulation. Tissue heterogene-
ity and anisotropy significantly alter the magnetically induced electric field and current density distribution in 
the brain11–13. At the single cell level, cells of different classes respond to the same magnetic stimuli differently14. 
The cumulative effects of magnetic stimulation depend on the structure of the targeted neural circuit, morphol-
ogy, and electric properties of the neurons3.

Recent evidence further suggests that the excitation state of the nervous system might play a significant role 
in the outcome of magnetic stimulation (termed “state-dependent”). For example, magnetic stimulation pro-
duces different perceptual or behavioral outcomes that may depend on the excitability levels of specific neuronal 
populations15. It has been found that the instantaneous brain state can be used to promote efficacious plasticity 
induction by TMS16. Recordings of extracellular spikes and local field potentials from the cat visual cortex fol-
lowing TMS have demonstrated that responses to TMS depend on the state of neural activity17. The presence 
of electric discharge (measured by spikes and local field potential) in the visual cortex after TMS depends on 
the pre-TMS activity in the recorded area. These observations suggest that the stimulation effects of magnetic 
fields could be dependent on the active state of individual neurons. However, this possibility has never been 
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thoroughly studied with intracellular technology, and the ion channel mechanisms underlying this phenomenon 
are largely unknown.

To address if the excitation state of the neuron could indeed affect the outcomes of magnetic stimulation, one 
would need an experimental system that allows the control and monitoring of an individual neuron’s activity 
under magnetic stimulation. Such an experimental design is technically challenging since the noise induced by 
time-varying magnetic stimulation could interfere with and contaminate the intracellular recording. Further-
more, the conventional large coil used in clinical settings could not provide the level of specificity required in 
such applications.

The large neurons and long nerve projections in the buccal ganglion in the marine mollusk, Aplysia califor-
nica, provide an ideal system for the study of electric18 and magnetic stimulation19 at the single cell level. Using 
the buccal ganglion neurons, we20 recently reported that high frequency magnetic stimulation with a micro-coil 
could inhibit neural activity. In this published study, the firing frequency of the neurons was relatively low, and 
the inhibitory effects of the magnetic field were significant. Neurons were instantly and completely inhibited 
when the miniature coil was turned on to apply high frequency (i.e., 400 Hz) stimulation.

In this paper, we test the hypothesis that neural inhibition by magnetic stimulation is dependent on the activa-
tion state of the targeted neurons. We used several in vitro protocols to drive the neuron to fire action potentials 
at various frequencies. The state of the neuron is, therefore, defined as the frequency of action potentials in the 
neuron. We found that when the neuron was at a low firing state, the magnetic stimulation protocol was effective 
in inhibiting the neuron. In contrast, when the neuron was at a high firing state, the same magnetic stimulation 
became incapable of blocking the somatic activation in the neuron.

To further investigate the cellular and ion channel mechanisms underlying “state-dependent” magnetic block-
age, we further developed the computer simulation methods used in the previous work20. We directly measured 
the magnetically induced electric field and incorporated this new information into the biophysical modeling 
and NEURON simulation work. We believe these new steps made our modeling endeavor significantly closer to 
the biological reality. Using the improved NEURON model, we provide a mechanistic explanation of the state-
dependency in single neuron inhibition by the magnetic field.

Results
Magnetic inhibition of spontaneous neural activity is state‑dependent.  To investigate the effects 
of magnetic stimulation on the individual neurons, we used the novel technology of miniature coil stimulation, 
which provides focal neural stimulation. A commercial multilayer surface mount inductor was selected for the 
study thanks to its small size (1 mm × 0.5 mm × 0.5 mm) and capability of producing a large electric field20,21. 
To further reveal the internal structure of the coil, we chemically dissolved the coil encapsulation (Fig. 1). Each 
inductor contains 20 loops of rectangular shape.

The coil was driven by a power amplifier to produce high frequency stimulation. Monophasic square pulses 
of various frequencies were generated by a signal generator and delivered to the power-amplifier. To estimate 
the waveform of the induced electric field, we measured it close to the coil in the petri dish. Consistent with 
previous reports22,23, the miniature coil generated electric voltages in a biphasic shape (Fig. 2), suggesting that 
the neurons will be stimulated only during the rising and falling phases of each pulse.

Figure 1.   The miniature coil used for the magnetic stimulations. (a) The inductor with a size of 1 mm × 0.5 mm 
× 0.5 mm. (b) The internal structure of the coil was revealed by removing the ceramic cover with chemicals. The 
structure of the coil included 20 loops in rectangular shape. (c) The size of the coil was compared to a ruler for 
reference.
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The miniature coil was positioned carefully above the buccal ganglion for stimulation (Fig. 3). For miniature 
coil stimulation, orientation of the miniature coil to the cell has been shown to play significant roles in axon 
stimulation24. Previously, it has been shown that efficient neural stimulation requires the induced electric field 
be parallel to the soma-axon axial25,26. We positioned the coil so that the coil loop was in parallel to the buccal 
ganglion—BN2 axial (Fig. 3b). This ensured that the induced electric field had the largest gradient along the 
soma-axon axial to produce efficient stimulation20.

To investigate state-dependent inhibition of single neuron activity by the miniature coil, we intracellularly 
recorded from several jaw motor neurons (B3, B6, and B9) in the buccal ganglion of Aplysia. These large neurons 
have similar physiological properties. Morphologically, they are located within a small area on the caudal surface 
of the buccal ganglion. They all innervate the I1/I3 muscle by sending axons through the buccal nerve II (BN2). 
Activation of these neurons is responsible for jaw closure during the feeding behavior of Aplysia27–29. Therefore, 
these neurons are likely stimulated by the same magnetic intensity.

When the sharp electrode was inserted into the soma, it recorded spontaneous activity in the neuron, which 
usually lasted for 10–20 min, until the neuron became quiescent again. We tested the capability of magnetic 
stimulation in inhibiting these action potentials. We applied 400 Hz square waves to the coil for several sec-
onds. When the neuron fired at a higher frequency (> 3 Hz), the coil was incapable of inhibiting neural activity 
(Fig. 4a). In contrast, when the neuron’s firing frequency was relatively low (1.5–3 Hz), coil stimulation could 
further decrease the intrinsic firing frequency (Fig. 4b). When the neuron fired at a lower frequency (< 1.5 Hz), 
the coil could reversibly and completely block neural activity (Fig. 4c).

Figure 2.   Input voltage to the coil and the magnetically induced electric potential. Upper traces: Square waves 
(10 V) of various frequencies were generated by a signal generator and were delivered to the miniature coil via a 
power amplifier. Lower traces: Magnetically induced electric potential recorded in the petri dish.

Figure 3.   Magnetic stimulation applied to the buccal ganglion of Aplysia. (a) The buccal ganglion and the 
identified neurons. (b) An illustration of the buccal ganglion under miniature coil stimulation. A miniature 
coil was positioned on top of the buccal ganglion for magnetic stimulation (I: electric current inside the coil, B: 
inward magnetic field generated by the electric current). Locations of interneurons (B4 and B5), motor neurons 
(B3, B6, B9, and B10), and several other neurons and nerves (EN: esophageal nerve, BN1: buccal nerve I, BN2: 
buccal nerve II, BN3: buccal nerve III, and CBC: cerebro-buccal connection) were identified in the illustration.
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To demonstrate quantitatively the frequency-dependency of coil inhibition in neural activity, we plotted the 
firing frequency of the neuron during the coil stimulation against its baseline firing frequency right before the 
stimulation (Fig. 4d, n = 31). This scatter plot demonstrates that high frequency magnetic stimulation could 
partially or completely block neural activity, depending on the intrinsic frequency of the neuron. In this plot, 
the diagonal line indicates there is no significant difference in the neuron’s firing frequency before and during 
coil stimulation. State-dependent magnetic inhibition was observed in all five motor neurons tested under this 
protocol.

State-dependent inhibition of neuron activity was also observed when the frequency of the stimulus varied. 
We applied a spectrum of stimulation frequencies to the coil (5–1000 Hz). When the recorded neuron was at 
a highly active state (> 3 Hz), magnetic stimulation failed to completely block the neural activity (Fig. 5a). In 
contrast, when the cell was at a relatively low active state (< 1.5 Hz), all stimuli could completely block neuron 
activity (Fig. 5b). State-dependent magnetic inhibition was observed in all 5 motor neurons tested under this 
protocol, when spontaneous neural activity was present.

Magnetic inhibition of induced neural activity is state‑dependent.  Since the level of neural activ-
ity is essential in the neuronal response to magnetic inhibition, in the following experiments, the firing fre-
quency of the neuron was deliberately controlled.

In the first protocol, constant electric currents were injected into the quiescent motor neurons for about 15 s. 
The depolarization current was gradually increased to elicit more activity in the neuron. This caused the neuron 
to fire action potentials at different frequencies (Fig. 6a). A 400 Hz stimulation (approximately 5–10 s in dura-
tion) was then applied to this cell for neural blockage. Consistent with our previous study20, complete inhibition 
was observed when the neuron fired between 2 and 5 Hz (Fig. 6a). In contrast, neurons firing between 3 and 

Figure 4.   Magnetic blockage of neural activity was dependent on the spontaneous firing frequency in the 
neuron. (a) Magnetic stimulation (400 Hz, red bars) was ineffective when the neuron exhibited high firing rates. 
(b) Magnetic stimulation partially blocked the neuron that was moderately active. (c) Magnetic stimulation 
completely suppressed the neuron whose activity was low. In (a–c), three representative traces for the neuron 
were shown at each activation state. (d) Firing frequency of the neuron in baseline recording versus that during 
magnetic stimulation.
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8 Hz were partially inhibited. If the neuron fired at a high frequency (above 8 Hz), its activity was not affected 
by the coil stimulation.

We quantified the total 36 trials and plotted the firing frequency during magnetic stimulation against the 
frequency immediately before stimulation (Fig. 6b). State-dependent magnetic inhibition was observed in all 
five motor neurons tested under this protocol.

Figure 5.   State-dependent soma inhibition by the miniature coil with a range of stimulation frequencies. 
Neural activity in a spontaneously firing neuron was recorded. Stimuli (red bars) ranging in frequency 
(5–1000 Hz) were applied to the coil. (a) Magnetic stimulation had a minimal effect when the neuron was at a 
high firing state (> 3 Hz). (b) Complete magnetic inhibition was observed for all stimulation frequencies when 
the neuron was at a low firing state (< 1.5 Hz).

Figure 6.   Magnetic inhibition was dependent on the level of neuronal activity induced by sustained 
depolarization current. (a) Depolarization currents with gradual increases in intensity (starting from 1 to 9 
nA, with 1 nA increments) were injected into the neuron (resting potential − 55 mV) to elicit action potentials. 
Magnetic stimulation (400 Hz, red bars) was applied to the soma for inhibition. When firing with low frequency, 
the neuron was completely inhibited by the miniature coil. When firing at a high frequency, the neuron 
sustained its activity during magnetic stimulation. (b) Firing frequency of the neuron in baseline recording 
versus that during magnetic stimulation.
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In the second protocol, we delivered short current pulses to the neuron at a fixed frequency: 0.5, 1, or 2 Hz 
(Fig. 7). Duration of the pulses was adjusted so that each electric pulse could trigger one single action potential. 
The coil stimulated the soma at 400 Hz for approximately 10 s (red bars). Consistent with our previous study20, 
the magnetic stimulation inhibited the neuron when it was driven to fire at a low rate (0.5 and 1 Hz) that was 
triggered by the short pulses. In contrast, the magnetic stimulation did not block the soma firing at a high rate 
(2 Hz, Fig. 7b). Statistically, at 0.5 Hz firing rate, 30/35 action potentials were blocked; at 1 Hz firing rate, 54/62 
action potentials were blocked. These measures are not statistically different ( x2=0.037, p = 0.85). When the 
neurons fired at 2 Hz, 0/112 action potentials were blocked by the magnetic stimulation (Fig. 7c). This rate of 
inhibition at 2 Hz was significantly lower than the recorded neurons firing at 0.5 Hz ( x2=111.94, p < 0.001) and 
at 1 Hz ( x2=132.45, p < 0.001). State-dependent magnetic inhibition was observed in all five motor neurons 
tested under this protocol.

In summary, coil stimulation successfully blocked the neurons in a slow-firing state, but spared neuron in a 
fast-firing state.

Computational simulation confirmed that magnetic inhibition of neuron activity is 
state‑dependent.  To simulate soma inhibition by the high frequency magnetic stimulation, we utilized a 
modified version of our published biophysical model that computed the magnetically induced electric field in 
the vicinity of the neuron20. The modified coil model includes the temporal profile of the induced electric field, 
which was validated by direct measurement (Fig. 2). We then applied this modified electric field to a multi-
compartment model of the Aplysia neuron (Fig. 8).

To simulate the different activation states of the neuron, we injected different levels of depolarization currents 
to the modeled neuron to elicit action potentials of various frequencies. We applied 400 Hz stimulation pulses 
to the coil, as in the electrophysiological experiments.

Simulation confirmed that the high frequency magnetic pulses could inhibit the neuron, and the inhibitory 
effects were dependent on the firing frequency of the neuron. In Fig. 9a, a depolarization current (35 nA) was 
injected into the soma to trigger action potentials at a high firing rate (8 Hz) for 3000 ms. When the firing of 
the neuron was steady, we applied a 1000 ms pulse train (400 Hz) to the soma. The magnetic stimulation caused 
some fluctuation of the membrane potential, but it failed in blocking the action potentials.

In contrast, when the neuron was firing at a relatively low frequency, coil stimulation became effective in 
neural suppression. In Fig. 9b, a smaller depolarization current (20 nA) was injected into the soma to trigger 
action potentials with much lower frequency (5–6 Hz) than in Fig. 9a. When the firing of the neuron became 
steady, we applied the same 1000 ms pulse train (400 Hz) to the soma. The stimulation pulses instantly blocked 
the action potentials. These simulation results replicate the electrophysiological data in Fig. 6, in which neurons 
were injected with a long depolarization current to trigger action potentials. Withdrawal of the coil stimulation 
allowed the neuron to resume its firing capability to the level before stimulation. In this simulation, the miniature 
coil was positioned close to the soma for specific stimulation (Fig. 3). Varying the coil center could cause changes 
in the distance between the targeted neuron and the coil. By adjusting the stimulation intensity, the coil could 
consistently block the neuron’s firing in a state-dependent manner.

Figure 7.   Magnetic inhibition is dependent on the level of neuronal activity induced by pulse stimulation. The 
neuron was elicited to fire a single action potential by short current pulses at 0.5, 1, and 2 Hz, respectively. The 
coil stimulated the soma at 400 Hz for approximately 10 s (red bars). (a) Magnetic stimulation inhibited the 
soma firing at a low rate (0.5 and 1 Hz) but did not block the soma firing at a higher rate (2 Hz). (b) Expanded 
traces of the blue rectangles in (a). (c) Percentage of successful blockage by the magnetic field in multiple trials.
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Computational simulation revealed ion channel mechanisms underlying the state‑dependent 
magnetic inhibition of neural activity..  Previous studies have demonstrated that electric or magnetic 
stimulation could affect ion channel functions. Among these channels, voltage-dependent sodium channels and 
potassium channels are the most studied since they directly contribute to the initiation and sustainability of the 
action potentials. For example, high frequency stimulation using monophasic electric current was shown to 
depolarize the membrane, inactivate sodium channels, and impair the mechanisms of neuronal firing30. Low 
frequency magnetic simulation altered the kinematics of sodium and potassium channels in the hippocampal 
pyramidal neurons31.

To investigate the ionic mechanisms underlying magnetic inhibition and its state-dependency, we monitored 
the inward sodium current (INa+) and the outward potassium current (IK+) during magnetic stimulation. To 
illustrate the kinetics of the sodium channel, we plotted the activation (m) and inactivation (h) variables for the 
sodium channels. To illustrate the kinetics of the potassium channels, we plotted the activation variable (n) for 
the potassium channels during NEURON simulation of coil stimulation.

In the absence of coil stimulation, the membrane was at resting potential (− 65 mV). Depolarization currents 
were applied to the soma to drive neuronal firing at different frequencies. Strong depolarization of the soma 
elicited constant firing of the soma at a higher frequency (8 Hz, Fig. 10a). Under weak depolarization, the soma 
fired at a moderate frequency (5 Hz, Fig. 11a). In both cases, the sodium channel was modestly de-inactivated 
(h = 0.3 in Fig. 10e, and h = 0.4 in Fig. 11e) before the firing of each action potential. This allowed a sufficient 
activation of the sodium channels (m = 0.95, Figs. 10d, 11d) to produce a large inward sodium current (INa+, 
Figs. 10b, 11b) and depolarization of the membrane for spiking. Meanwhile, activation of the potassium channels 
was substantial (n = 0.65, Figs. 10f, 11f), and a large inward potassium current was observed to hyperpolarize 
the membrane during the falling phase of the action potentials (Figs. 10c, 11c).

When a neuron of relatively high activity (8 Hz) was stimulated by the magnetic coil, there was a fast oscil-
lation in the membrane potential, due to the oscillatory nature of the magnetically induced electric field. This 
oscillatory effect can also be observed in the INa+ and IK+ current traces, defined by the product of the driving 
force (the difference between the membrane potential and the equilibrium potential of a specific ion) and the 
conductance of the individual ion channels. Because of the voltage-dependency of the state variables (m, h, and 

Figure 8.   Multi-compartment neuron model under magnetic stimulation. The neuron was stimulated by a 
cylindrical coil (radius 250 μm), whose axis overlapped with the z-axis. High frequency square pulses were 
delivered to the coil to induce the electric field (E: electric field, I: coil current, and B: inward magnetic field 
generated by the electric current). The modeled neuron included a spherical soma (200 μm in diameter, 
100 segments) and a cylindrical axon (15 μm in diameter, 20,000 μm in length, 200 segments). Each neural 
compartment was inserted with Hodgkin-Huxley type ion channels. The center of the soma (O) is located close 
to the center of the coil (C), and the axon was in the x direction. Point A (x, 0) was a point on the neuron, whose 
distance to the center of the coil is r.
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Figure 9.   Neural inhibition by the magnetic field is dependent on the active state of the neuron. 400 Hz coil 
stimulation (red lines) was applied to the modeled neuron. (a) 35 nA depolarization current elicited high firing 
frequency (7 Hz) and the magnetic stimulation failed to inhibit the neuronal activity. (b) 20 nA depolarization 
current elicited moderate firing (5 Hz) and the magnetic stimulation inhibited neural activity instantly.

Figure 10.   Ion channel dynamics of a highly active neuron (7 Hz) under magnetic stimulation with the 
miniature coil (red lines). (a) Membrane potential. (b) Na+ current. (c) K+ current. (d) Na+ channel activation 
(m). (e) Na+ channel inactivation (h). (f) K+ channel activation (n).
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n), small oscillatory effects were also observed on state variable traces (Fig. 10d–f). However, the overall kinetics 
of the state variables were not altered by the magnetic stimulation. The highly active neuron was able to sustain a 
fast, inward INa+ and a delayed, long IK+, and generate normal action potentials during the magnetic stimulation.

In contrast, when a neuron of low or moderate activity (5–6 Hz) was stimulated by the magnetic coil, the 
membrane potential also oscillated due to the neuron being driven by the high frequency stimuli. However, 
stimulation did not cause a dramatic depolarization or hyperpolarization of the membrane potential (Fig. 11a). 
The fast influx of the sodium current was interrupted and diminished during the high frequency coil stimula-
tion (Fig. 11b). Coil stimulation prevented the activation of the sodium channels (m decreased from 0.95 to 
0.2, Fig. 11d), and prevented sufficient de-inactivation of the sodium channels (h decreased from 0.4 to 0.2, 
Fig. 11e). Since the conductivity of the sodium channel is defined by m3h32, this result suggests that sodium chan-
nel conductance was reduced under magnetic stimulation, preventing the ignition of an action potential in the 
low-activity neurons. In the meantime, the potassium channels (n = 0.5, Fig. 11f) were not able to be activated, 
leading to a diminished outward potassium current (Fig. 11c).

To directly measure the sodium channel conductance, we performed a voltage clamp experiment using the 
model neuron (Fig. 12). The membrane potential in the middle of the soma (Soma50) was clamped from − 65 to 
10 mV for 30 ms (Fig. 12a1), which led to a fast inward sodium current (INa, Fig. 12a2), followed by a delayed 
outward potassium current (IK, Fig. 12a3). When the high frequency (400 Hz) magnetic field was applied to the 
modeled neuron via the micro-coil, it caused a quick fluctuation of membrane potential that was superimposed 
on the clamped voltage (10 mV, Fig. 12b1). This led to a disruption of the quick rising phase in the sodium cur-
rent (INa) and a reduction of the overall INa (Fig. 12b2). It also caused a fluctuation in the IK (Fig. 12b3), which 
may affect the shape of action potentials. By varying the duration of holding potentials (5–30 ms, with 5 ms 
increments), we recorded the sodium “tail currents” (Fig. 12a4). During magnetic stimulation, we observed a 
significant decrease in the amplitude of the sodium tail currents (Fig. 12b4), suggesting a significant decrease 
in the sodium channel conductance32. This voltage clamp experiment further confirmed that the magnetic field 
impaired normal channel dynamics by reducing the amount of inward sodium current and decreasing sodium 
conductance.

In summary, the state-dependent inhibition of single neuron activity is mediated by the differential modula-
tion of the ion channel dynamics in the high-active neurons vs. low-active neurons. This modulation is caused 
by the oscillation of membrane potential in the high frequency magnetic field. While ion channels in the high-
active neurons are insensitive to the magnetic stimulation, dynamics of ion channels in the low-active neurons 

Figure 11.   Ion channel dynamics of a relatively low-active neuron (5 Hz) under magnetic stimulation (red 
lines) with the miniature coil. (a) Membrane potential. (b) Na+ current. (c) K+ current. (d) Na+ channel 
activation (m). (e) Na+ channel inactivation (h). (f) K+ channel activation (n).
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are significantly affected. It caused insufficient sodium channel activation and de-inactivation, and decreased 
sodium conductance, leading to the failure of initiating and sustaining the action potentials in these neurons.

Discussion
State‑dependent neural inhibition.  The outcome of electrical and magnetic stimulation has been 
reported to be state-dependent at the behavioral level. Animals under these different states have distinct 
responses to neural stimulation with electric current33. Considerable changes have been observed in functional 
connectivity and correlated activity between the awake state and anesthesia both in monkeys34 and rodents35. 
This paper sought to understand how individual neurons respond to magnetic stimulation in a state-dependent 
manner.

We reported that the outcome of magnetic stimulation was dependent on the activation state of the target 
neurons. Specifically, the neurons at a lower excitability state (low firing rate) were more prone to inhibition by 
the high frequency coil stimulation. These action potentials could be spontaneous (Figs. 4, 5), or better controlled 
by depolarization current steps (Fig. 6) or short pulses of fixed frequency (Fig. 7). These protocols mimic a variety 
of excitatory inputs to the neuron with rhythmic or tonic synaptic inputs. Considering neural activity is dynamic, 
it is reasonable to speculate that the same neuron could have varied sensitivity to the same magnetic field. These 
results also suggest that neurons with less excitatory synaptic input are also more prone to inhibition. Therefore, 
variability in synaptic drive renders individual neurons variable to magnetic stimulation.

Ion channel mechanisms of state‑dependent magnetic inhibition.  Previous works with high fre-
quency electric stimulation for neural inhibition have reported that the behavior of ion channels largely depended 
on the waveforms used in these studies36. For example, in high frequency stimulation using monophasic electric 
pulses, the unidirectional electric current was shown to depolarize or hyperpolarize the membrane18. Excessive 

Figure 12.   Sodium and potassium currents in a voltage clamp experiment (NEURON simulation). (a1) 
Without magnetic stimulation, the membrane potential was clamped from − 65 to 10 mV for 30 ms. (a2) Fast 
inward current (INa). (a3) Slow outward (IK). (a4) The sodium “tail currents” (red traces) were produced by 
varying the duration of clamping steps (from 5 to 30 ms, with 5 ms increments). The blue trace demonstrated 
the INa for a 30 ms clamping period. (b1) With a 400 Hz magnetic stimulation, oscillation in the membrane 
potential occurred. (b2) Fast inward current (INa). (b3) Slow outward current (IK). (b4) The amplitude of the 
sodium “tail currents” (red traces) was significantly decreased during magnetic stimulation.
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depolarization could lead to “depolarization blockage,” which inactivated sodium channels and impaired the 
mechanisms of neuronal firing30. In some chronic applications, biphasic stimulation with electric field was used 
for neural blockage in peripheral nerves37,38, since it caused less tissue damage when compared to monophasic 
stimulation due to the neutralization properties of electrochemical reactions36. Since biphasic electric currents 
can depolarize and hyperpolarize the nerve membrane alternatively, it cannot be assumed that the blockage is 
due to either membrane depolarization or hyperpolarization.

In our work with magnetic stimulation, we confirmed, via biophysical modeling and direct measurement, that 
the induced electric field is biphasic. Intracellular recording confirmed that the change in membrane potential 
was insignificant during high frequency magnetic stimulation. Instead, we observed a high frequency oscilla-
tion in the membrane potential (Figs. 4, 5, 6, 7). Therefore, the neurons were unlikely to be inhibited by the 
depolarization blockage and its associated ion channel changes.

Because experimental studies have been limited by techniques and methods available at times, modeling 
studies provide important insights into biophysical aspects of miniature coil stimulation. Specifically, we used 
multi-compartment NEURON modeling to simulate the effects of high frequency magnetic stimulation on a 
single Aplysia neuron. We observed that a high frequency magnetic field inhibited the neuron in a low activation 
state but spared the neuron in a high activation state (Fig. 9). Magnetic stimulation in the highly active neuron 
caused limited changes in the ion channel dynamics of the neuron (Fig. 10). In contrast, magnetic stimulation 
introduced significant changes in the low-activity neuron, including insufficient sodium channel activation 
and de-inactivation, and insufficient potassium channel activation. Voltage clamp experiments, by measuring 
the “tail currents,” confirmed that sodium channel conductance was significantly decreased by the magnetic 
stimulation (Fig. 12b4). These combined ion channel mechanisms led to the failure of sustaining the somatic 
action potentials in the low-activity neuron (Fig. 11). Previously, it was found that low frequency (15 or 50 Hz) 
magnetic stimulation was able to alter sodium and potassium channel activation in the pyramidal neurons in 
the rat’s hippocampus31. It would be interesting to directly use patch clamp technology to validate our model 
prediction about the alterations of ion channel dynamics under micro-coil stimulation at the higher frequency 
band that we explored.

Limitations of the NEURON model and future work.  The NEURON model in this study was adapted 
from a published model for the Aplysia neuron18. By implementing a simple geometrical structure to represent 
a soma and a straight axon, this model was not perfect in replicating all the behavior of an Aplysia neuron. For 
example, the model did not include the synaptic connection with other neurons, which could affect outcomes of 
magnetic stimulation39. The Hodgkin-Huxley based ion channel mechanism did not include several important 
ion channels that might be important for neural excitability, such as the Ca2+ channels and A-type K+ channels10. 
The model also did not consider the potential ion accumulation induced by magnetic stimulation, which could 
accumulate in the extracellular space40,41 and alter neural excitability. These limitations can be addressed in 
future endeavors when biological data becomes available to support the next iteration of modeling.

When the Aplysia neural model was first proposed18 based on the H–H model32, it adapted most of the param-
eters that defined the ion channel dynamics (i.e., activating state variables m, h, and n), which were best defined 
at a relatively low temperature (6.3 °C,32). We, therefore, chose to run the model at this default temperature in the 
H–H model, so that the model neuron (Figs. 10, 11) could generate action potentials whose firing frequency can 
match those from the electrophysiological recording (1–12 Hz). Running the model at room temperature (20 °C) 
produced a higher firing frequency in the neuron than that observed in the electrophysiological experiments from 
the Aplysia neuron. However, under both temperatures, we observed similar “state-dependent” neural inhibition 
and ion channel dynamics. To perfectly match the model observation with experimental data at the same room 
temperature, we need to modify the temperature-sensitive parameters in our model. This requires performing 
voltage-clamp experiments and analyzing the activating state variables at room temperature.

During the computation of the induced electric field and its interaction with the modeled neuron, the extra-
cellular electric field was computed without consideration of the tissue and its counter effect on the externally 
applied electric fields, which could introduce some computational errors3,42. Though we modeled the geometry 
of the miniature coil as an infinitely long cylinder for computational simplicity, a more accurate representation 
of the coil shape and electric field calculation will be needed. In addition, considerations of tissue inhomogeneity 
and anisotropy will also be necessary for a more accurate representation of the induced electric field13,43. This can 
be accomplished by using finite element models44 with additional work in the future. Regardless of these model 
limitations, the current model is sufficient to simulate state-dependent neural inhibition by the magnetic coil 
and, for the first time, allows us to understand the channel dynamics underlying this interesting phenomenon 
in neuromodulation by electromagnetic stimulation.

The in vitro observation of state-dependent magnetic inhibition shall be further validated using in vivo 
preparation, in which the miniature coil will be implanted inside, close to the buccal ganglion, for stimulation. 
Recording single neuron activity from the behaving animals is also feasible, by attaching a small suction electrode 
on the buccal ganglion surface, next to the soma45.

Finally, this work proposes that state-dependent neural inhibition by magnetic stimulation is associated 
with membrane potential changes and the associated ion channel dynamics. The quick, reversible inhibition of 
the neural activity by the miniature coil stimulation is indeed associated with the membrane oscillation in our 
experimental (Figs. 4, 5, 6, 7) and simulation (Fig. 9) results. Many other works have also provided experimen-
tal and theoretical evidence to support this notion (reviewed in3). However, the impact of the magnetic field is 
not limited to neurons and ion channel activation/deactivation46. Magnetic fields can alter an array of cellular 
physiology processes, such as cell proliferation47, microglial activation48, and the production of reactive oxygen 
species49, which can produce prolonged post-treatment effects in magnetic stimulation.
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Implications of state‑dependent neural stimulation on basic cellular research.  The discovery 
that state-dependency can be observed at the single cell level has several implications to basic research in neuro-
modulation with electric and magnetic stimulations.

First, this work enriches our understanding of the neural response to electric and magnetic fields, and its 
dependency on the cell’s intrinsic properties. Previous works have identified these important properties, including 
the morphological and electrical properties of a single neuron, the density of the neurons within a tissue, and 
ephaptic interactions between far-distance neurons3. The work presented here highlights the need to understand 
the modulatory effects of electric and magnetic stimulation in the context of individual neurons’ dynamic and 
excitatory states.

Second, since the level of neural excitability changes over time, it is worth monitoring these changes to opti-
mize stimulation outcomes. For example, recreational use of drugs is commonly associated with an increased 
excitability of neurons50, and excitability may change during aging51 and in pathological conditions such as 
seizures52. Consequently, experimental protocols for neuromodulation with electromagnetic stimulation should 
consider matching or compensating for these dynamic changes at the cellular level.

Third, state-dependent responses of the neuron to electric and magnetic stimulation could also impact other 
functions of the neurons. For example, neuronal excitability plays significant roles in cell migration53, myelination 
processes54, post-translational modification of synaptic molecules 55, and the transcription of a large set of genes56. 
If electric or magnetic stimulation were to be used to control these processes by regulating the excitability of the 
neuron, one would expect to observe state-dependent outcomes in these neural functions.

Implications of state‑dependent stimulation to clinical neuromodulation with high frequency 
magnetic fields.  Previously, it was found that high frequency magnetic stimulation can inhibit neuron 
activity, including axonal blockage19 and somatic inhibition20. These stimulation effects, referred to as ‘‘virtual 
lesions’’4, provided a method for the reversible blockage of neural function without structural brain lesions that 
cause permanent functional deficits.

Traditionally, high frequency signals were more widely used in electric stimulation than in magnetic stimula-
tion, such as in deep brain stimulation (DBS)57 or peripheral nerve blockage58 with electrode. This is mainly due 
to the fact that it is technologically challenging to generate high frequency pulses with a large magnetic coil for 
TMS, for reasons such as energy-storage requirements and potential thermal effects caused by high frequency 
current in the large coil.

However, recent developments in repetitive transcranial magnetic stimulation (rTMS) have demonstrated 
the possibility of using a high frequency stimulus for magnetic stimulation. For example, a stimulation para-
digm employing bursts of high frequency (50 Hz) rTMS59, known as theta-burst stimulation (TBS), significantly 
reduced motor cortical excitability when applied continuously. High frequency rTMS trains have demonstrated 
long-term anticonvulsant effects60 in some animal studies. High frequency rTMS could decrease epileptic spike 
frequency acutely61. High frequency stimulation with a miniature coil at 400 Hz is also effective in suppressing 
epileptiform activity in hippocampal slices in vitro62.

The intensity of the magnetic field generated by the miniature coil is 54.3 mT (Eq. 4). Although this value is 
significantly smaller than that used in clinical rTMS applications (several Tesla), the close positioning of the min-
iature coil to the targeted neuron ensured large gradients of the induced electric field for neural stimulation22,63,64.

This work provides strong evidence that the state of the neurons plays significant roles in magnetic stimula-
tion. Although the work is from a model system of invertebrate, which does not allow us to speculate the out-
comes of our stimulation protocols if applied to human neurons, it strongly supports some of the pioneer ideas 
in clinical TMS and DBS practices. Specifically, it highlights the importance of state-dependent stimulation in 
clinical settings using high frequency rTMS. It also highlights the importance of monitoring the activation state 
of the nervous system for the best outcomes in these clinical practices, which can be supported by the following 
applications.

First, pre-existing activity levels can modulate the stimulation intensity required to evoke an overt response. 
For example, it was found that higher pre-TMS activity predicts larger post-TMS responses17. It is, therefore, 
essential to understand pre-existing activity levels to predict the outcome of such stimulation procedures.

Second, since neural activity changes over time, it is essential to monitor the activity state of the targeted 
neurons and neural network during brain stimulation. Changes in neural activity can also be observed in hemo-
dynamic signals for effective TMS65. Combined TMS with functional magnetic resonance imaging (fMRI) is 
powerful in revealing how different TMS intensities could induce different local and remote activation66. This 
combined approach with imaging technology could provide an empirical guide for the effective use of TMS in 
both clinical and experimental settings.

Third, it is essential to develop technology that can apply state-dependent brain stimulation. Electroencepha-
lography (EEG) can be used to monitor the fluctuations of the brain state67. Real-time, multi-channel EEG data 
can be used to monitor the brain state online and modify stimulation parameters68 to apply state-dependent 
brain stimulation. EEG can also be used to design closed-loop, purpose-driven stimuli, to provide brain-state 
guided stimulation69,70.

Fourth, it is essential to develop technology that can precondition the state of the neural network to enhance 
the stimulation outcome71. For example, it is possible to use transcranial direct current stimulation (tDCS) to 
precondition the low frequency rTMS of the motor cortex, and this preconditioning reversed the effects of 1 Hz 
rTMS72.

Finally, it is possible to consider using pharmacological approaches to alter the excitability of the nervous 
system and maximize the clinical outcome of rTMS, as demonstrated in several reports. For example, when 
anticonvulsant phenytoin was administered, the magnetic field was more effective in decreasing audiogenic 
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seizure severity in mice73,74. Similarly, bursts of high frequency rTMS, together with lorazepam, suppressed 
seizures in a rat kainate status epilepticus model61, with the combined method being more effective than rTMS 
alone. Future research should explore the possibility of improving complementary therapies by adjusting the 
excitability state of the nervous system.

Methods
Magnetic stimulation of the neuron.  A multilayer surface mount inductor (100nH, MLG1005SR-
10JTD25, TDK U.S.A. Corporation, Uniondale, NY) was used as the miniature coil for neural stimulation 
(Fig. 1). The coil was coated with acrylate copolymer enamel (Revlon, New York)75 for electric isolation. An arbi-
trary function generator (AFG1022, Tektronix) was used to generate a stimulation signal. Monophasic square 
waves (50% duty cycle) of various frequencies were generated and delivered into the power amplifier. The signal 
triggered large current pulses through a 1000 W power amplifier (Pyramid PB 717X 2 channel, Pyramid Car 
Audio, Brooklyn, NY, 11204). The output of the power amplifier was connected to the two leads of the miniature 
coil to generate time-varying magnetic fields. The amplifier was powered by a triple-channel DC power supply 
(2231A-30-3, Keithley). The power amplifier works as a constant voltage source. For frequencies higher than 
5 Hz, voltage across the coil also maintained square pulses. Square waves of various frequencies (5–500 Hz) 
were delivered to the power amplifier for the stimulation. The voltage across the two coil ends was measured 
and recorded. Voltage changes around the coil were measured in a petri dish filled with Aplysia saline (Fig. 2).

The impedance of the coil was measured at the beginning and end of each experiment to test its connectivity. 
Potential leakage of the coating coverage was also tested by measuring the impedance of the coil to the ground. 
If present, this leaking current could generate an extremely large level of noise. The local temperature around 
the coil was measured with a thermocouple, which was connected to a digital thermometer (HH11B, Omega 
Engineering, Norwalk, CT) to display the temperature with 0.1 °C resolution. Throughout the experiments, we 
did not observe noticeable temperature increases.

To illustrate the structure of the coil (Fig. 1b), we removed the ceramic core and epoxy coating following a 
published protocol62, using 40% liquid hydrofluoric acid at room temperature for 48 h, followed by 10 N HCL 
for 1 h.

In vitro electrophysiology and miniature coil stimulation.  Aplysia californica (100–150  g) were 
obtained from Marinus Scientific (Newport Beach, CA) and kept in artificial seawater at room temperature 
(20 ± 1  °C). Animals were anesthetized by an injection of isotonic MgCl2 (50% of body weight). The buccal 
ganglion was dissected and immersed in an Aplysia saline solution (pH 7.4), which contained 460 mM NaCl, 
55 mM MgCl2.H2O, 11 mM CaCl2.2H2O, 10 mM KCl, and 10 mM Hepes. The buccal ganglion was completely 
de-sheathed to expose the cell bodies. The preparation was put into a 4 °C refrigerator for 1 h to allow the neu-
rons to recover from dissection before the electrophysiology experiments were performed at room temperature.

The intracellular electrodes were made by pulling single-barreled capillary glasses using a Flaming-Brown 
micropipette puller (P-30, Sutter Instrument). The pulling protocol was adjusted so that the tip of the electrode 
was sharp for cell penetration. Sharp electrodes were backfilled with 3 M potassium acetate before use. For 
intracellular recording, intracellular signals were amplified using a DC-coupled amplifier (model 1600, A-M 
systems). DC offset was eliminated, and the bridge was balanced before inserting the electrode into the cell body 
for stimulation and recording. Large jaw motor neurons (i.e., B3, B6, B9) on the caudal side of the buccal gan-
glion were recorded. These neurons have similar physiological properties and functions. They each send axons 
to the jaw closure muscle I1/I3 via the buccal nerve II (BN2)27–29,76. To avoid any post-stimulation effects, a single 
neuron from each animal was magnetically stimulated and recorded. To elicit action potentials, depolarization 
currents of various intensities were injected into the neuron. To precisely control the frequency of firing of the 
recorded neurons, an isolated pulse stimulator (model 2100, A-M systems) was connected to the 1600 amplifier to 
deliver short pulses at various frequencies. Intracellular recordings were digitized (25 kHz) by a CED 1401, then 
recorded and analyzed by Spike 2 software (version 7.2, Cambridge Electronic Design Limited). For magnetic 
stimulation, the miniature coil was positioned by a micromanipulator above the buccal ganglion. The coil was 
oriented so that its induced electric field was parallel to the ganglion—BN2 axial (Fig. 3) to produce effective 
stimulation25,26 of the recorded motor neurons.

Calculation of magnetic field generated by a miniature coil.  When an electric pulse was delivered 
to the coil, it generated a magnetic field around the coil. The voltage across the coil was equal to the voltage drop 
due to the coil resistance and inductive impedance,

where I was the current in the coil, R was the coil resistance, and L was the inductance of the coil.
For the rising phase of the pulse, solution of the coil current was

Therefore, the coil current was zero at the beginning of the pulse and increased exponentially to a plateau 
value (V/R). For the falling phase of the pulse, the coil current was

(1)V = IR + L
dI

dt

(2)I =
V

R

(

1− e−
tR
L

)
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Therefore, the coil current decayed exponentially in the falling phase, from maximum (V/R) to zero.
For a coil with a flowing current (I) inside, the magnetic field was calculated by

for the rising phase, or

for the falling phase, where N was the loop of the coil, l  was the length of the coil, and μ0 = 4π × 10−7 H/m was 
the vacuum permeability.

Calculation of the induced electric field by a magnetic coil.  A magnetic field generated by the coil 
could also be calculated by Faraday’s law of induction,

where ɛ was the electromotive force (EMF) and �B was the magnetic flux. It could also be written in an integral 
form (Kelvin–Stokes theorem),

where 
⇀

B was the magnetic field inside the coil, 
⇀

E  was the induced electric field, d
⇀

l  was an infinitesimal vector 
element or the path element, and d

⇀

A was an infinitesimal vector element of the area considered.
Figure 8 illustrates the cylinder system, whose center was overlapping with the center of the coil. For a point 

A (r, θ) in this system, from Eq. (7),

Here, Rc was the radius of the coil, and r was the distance between an arbitrary point to the center of the coil.
Combining Eqs. (4) and (8), the induced electric field (outside the coil) during the rising phase was

Similar analysis was applied to the falling phase by combining Eqs. (5) and (8),

Therefore, the induced electric field was the largest at the rising and falling phases (with opposite sign), fall-
ing to zero with time following a relaxation course. The electric field needs to be large enough at the on and off 
phases for effective stimulation.

This waveform was experimentally measured by putting a recording electrode close to the coil in a petri dish 
filled with Aplysia saline (Fig. 2). The shape of the induced electric field was biphasic in shape, and exponentially 
decayed after reaching the peaks. When the duration of the square pulse was long (> 2 ms), the waveform for 
each of the pulses was identical, and was independent of stimulation frequency.

To incorporate the biophysical model of the miniature coil with the multi-compartment model of the Aplysia 
neuron, we applied the induced electric field to the model neuron (Fig. 3). It is well-accepted that the gradients 
of the electric field along the soma-axon axis define the location and speed of depolarization or hyperpolariza-
tion by extracellular stimulation22,63. Therefore, we calculated the electric potential along the axon, in the x-axial 
direction.

In Fig. 8, the coil-induced electric field could be expressed on a Cartesian basis using matrix transformation,

where sinθ =
y
r  , cosθ = x

r  , and r = (x2 + y2)1/2.
For the rising phase of the pulse, using Eqs. (10) and (12),
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For the falling phase of the pulse, using Eqs. (11) and (12),

For the rising phase of the pulse, the electric potential distribution along the axon is

For the falling phase of the pulse, the electric potential distribution along the axon is

We used the parameters of the miniature coil that were provided by the manufacturer for the computation. 
This included the length (l = 0.5 mm), resistance (R = 2 Ω), and inductance (L = 100 nH) of the inductor. Since 
each loop of the coil was a 1 mm × 0.5 mm rectangle shape (Fig. 1B), the coil was modeled as a circle with 
Rc = 0.25 mm. When 20 V square waves (-10 V/10 V peak to peak) were applied, the output of the coil was 
V = 2.16 V.

NEURON modeling of an Aplysia neuron.  Effects of coil stimulation on a single neuron were tested 
with a published multi-compartment soma-axon model of an Aplysia neuron18 using the NEURON simulation 
environment package77. The model was modified to simulate neuron activity under magnetic stimulation with 
a miniature coil20. Briefly, the modeled Aplysia neuron contained a spherical soma and a cylindrical axon. The 
diameter of the soma (D) was 200 µm, matching the size of a large motor neuron (i.e., B3, B6, and B9) in the 
buccal ganglion (Fig. 3). The soma was divided into 100 (N, i = 0–99) segments along its soma-axon axis. Each 
segment was 2 µm in length and was in the shape of a cylinder-disk. The soma tip segment (i = 0) was set to be 
1 µm in diameter. The diameters of the rest of the soma disks, D(i) (i = 1–99), were computed as a function of its 
distance to the center of the soma (Fig. 8).

The axon cylinder was 15 μm in diameter and 20,000 μm in length and was divided into 200 segments of 
equal length.

The Hodgkin-Huxley (H–H) type of fast sodium, slow potassium, and leakage channels in the membrane 
were inserted into each compartment of the modeled neuron32. The ionic current at the n-th segment of the 
neuron was expressed as

where VNa, VK, and VL were the equilibrium membrane potentials for sodium, potassium, and leakage chan-
nels, respectively. gNa, gk, and gL were the maximal conductances of Na, K, and leakage channels, respectively 
(Table 1). V is the membrane potential in the n-th segment. The parameters m and h represented the activation 
and inactivation of the sodium channels, respectively, whereas n represented the activation of potassium chan-
nels. The evolution equations for variables m, h, and n were

where
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Detailed electrical parameters of the modeled soma and axon (Table 1) were adapted from the published 
model of the Aplysia buccal neuron18. To simulate the lower densities of Na+ and K+ channels in the soma com-
pared to the axon, the maximal conductance of Na+ and K+ channels in the soma were set to be 1/5 of those in 
the axon18. The time constants of the Na+ and K+ channels were increased by linear scaling factors based on the 
ratios of the time constants of the Hodgkin-Huxley model to the time constants of Aplysia sensory neurons78.

During NEURON simulation, the electric voltage induced by the miniature coil (Eqs. 17 and 18) was applied 
to the modeled NEURON using the “play” function44. To simplify the calculation, we set the center of the mod-
eled soma as (0,0), and a point A (X, 0) was defined as the location of an arbitrary point (A) on the modeled 
cell (Fig. 8). The center of the coil was defined at (xcoil, ycoil). Therefore, in Eqs. (17) and (18), x = X − xcoil and 
y = ycoil . The model was set to run at the default temperature (6.3 °C) as first introduced in the H–H model32 
and Lu model18. We also ran the model at room temperature (20 °C). Simulation with both temperatures pro-
duced qualitatively similar results. Since precise modeling of the exponential rise or decay of the induced electric 
voltage was computationally challenging, we used biphasic, short pulses with alternating direction to represent 
the induced electric field. The duration of the pulse was 1 ms, as observed in our actual measurements (Fig. 2).

Statistics.  The inhibitory effects of coil stimulation on neurons that fire at different frequencies were com-
pared with Chi-square analysis using SigmaStat 3.01a (Systat Software, Inc.).

Data availability
All data generated or analyzed during this study are included in this published article.
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Table 1.   Electric parameters of the NEURON model for an Aplysia neuron that contains a soma and an axon. 
t: environmental temperature in degrees Celsius. v: membrane potential of a neural segment in mV.

Electrical parameter Value

Membrane capacitance (Cm) 1 μF/cm2

Fast Na+ channels

Max. sodium conductance (gNa_) in the soma 0.024 S/cm2

Max. sodium conductance (gNa_) in the axon 0.12 S/cm2

Reversal potential (ENa) 50 mV

Slow K+ channels

Max. potassium conductance (gK_) in the soma 0.0072 S/cm2

Max. potassium conductance (gK_) in the axon 0.036 S/cm2

Reversal potential (EK) − 77 mV

Leakage channels

Conductance (gL) 0.00028 S/cm2

Reversal potential (EL) − 65 mV

https://doi.org/10.1186/s12984-015-0061-1
https://doi.org/10.1097/00004691-199807000-00005
https://doi.org/10.1038/nn.3422
https://doi.org/10.1016/j.neuron.2015.07.032
https://doi.org/10.1088/1741-2560/4/3/014
https://doi.org/10.1063/1.5006520


17

Vol.:(0123456789)

Scientific Reports |        (2022) 12:12131  | https://doi.org/10.1038/s41598-022-16494-8

www.nature.com/scientificreports/

	 9.	 Tokay, T., Holl, N., Kirschstein, T., Zschorlich, V. & Kohling, R. High-frequency magnetic stimulation induces long-term potentia-
tion in rat hippocampal slices. Neurosci. Lett. 461, 150–154. https://​doi.​org/​10.​1016/j.​neulet.​2009.​06.​032 (2009).

	10.	 Tan, T. et al. Repetitive transcranial magnetic stimulation increases excitability of hippocampal CA1 pyramidal neurons. Brain 
Res. 1520, 23–35. https://​doi.​org/​10.​1016/j.​brain​res.​2013.​04.​053 (2013).

	11.	 De Lucia, M., Parker, G. J., Embleton, K., Newton, J. M. & Walsh, V. Diffusion tensor MRI-based estimation of the influence of 
brain tissue anisotropy on the effects of transcranial magnetic stimulation. Neuroimage 36, 1159–1170. https://​doi.​org/​10.​1016/j.​
neuro​image.​2007.​03.​062 (2007).

	12.	 Miranda, P. C., Hallett, M. & Basser, P. J. The electric field induced in the brain by magnetic stimulation: A 3-D finite-element 
analysis of the effect of tissue heterogeneity and anisotropy. IEEE Trans. Biomed. Eng. 50, 1074–1085. https://​doi.​org/​10.​1109/​
TBME.​2003.​816079 (2003).

	13.	 Opitz, A., Windhoff, M., Heidemann, R. M., Turner, R. & Thielscher, A. How the brain tissue shapes the electric field induced by 
transcranial magnetic stimulation. Neuroimage 58, 849–859. https://​doi.​org/​10.​1016/j.​neuro​image.​2011.​06.​069 (2011).

	14.	 Pashut, T. et al. Patch-clamp recordings of rat neurons from acute brain slices of the somatosensory cortex during magnetic 
stimulation. Front. Cell Neurosci. 8, 145. https://​doi.​org/​10.​3389/​fncel.​2014.​00145 (2014).

	15.	 Silvanto, J. & Muggleton, N. G. New light through old windows: moving beyond the “virtual lesion” approach to transcranial 
magnetic stimulation. Neuroimage 39, 549–552. https://​doi.​org/​10.​1016/j.​neuro​image.​2007.​09.​008 (2008).

	16.	 Stefanou, M. I. et al. Brain state-dependent brain stimulation with real-time electroencephalography-triggered transcranial mag-
netic stimulation. J. Vis. Exp. JoVE https://​doi.​org/​10.​3791/​59711 (2019).

	17.	 Pasley, B. N., Allen, E. A. & Freeman, R. D. State-dependent variability of neuronal responses to transcranial magnetic stimulation 
of the visual cortex. Neuron 62, 291–303. https://​doi.​org/​10.​1016/j.​neuron.​2009.​03.​012 (2009).

	18.	 Lu, H., Chestek, C. A., Shaw, K. M. & Chiel, H. J. Selective extracellular stimulation of individual neurons in ganglia. J. Neural Eng. 
5, 287–309. https://​doi.​org/​10.​1088/​1741-​2560/5/​3/​003 (2008).

	19.	 Skach, J., Conway, C., Barrett, L. & Ye, H. Axonal blockage with microscopic magnetic stimulation. Sci. Rep. 10, 18030. https://​doi.​
org/​10.​1038/​s41598-​020-​74891-3 (2020).

	20.	 Ye, H. & Barrett, L. Somatic inhibition by microscopic magnetic stimulation. Sci. Rep. 11, 13591. https://​doi.​org/​10.​1038/​s41598-​
021-​93114-x (2021).

	21.	 Bonmassar, G. et al. Microscopic magnetic stimulation of neural tissue. Nat. Commun. 3, 921. https://​doi.​org/​10.​1038/​ncomm​
s1914 (2012).

	22.	 Lee, S. W. & Fried, S. I. Enhanced control of cortical pyramidal neurons with micromagnetic stimulation. IEEE Trans. Neural Syst. 
Rehabil. Eng. 25, 1375–1386. https://​doi.​org/​10.​1109/​TNSRE.​2016.​26314​46 (2017).

	23.	 Park, H. J. et al. Activation of the central nervous system induced by micro-magnetic stimulation. Nat. Commun. 4, 2463. https://​
doi.​org/​10.​1038/​ncomm​s3463 (2013).

	24.	 Golestanirad, L. et al. Solenoidal micromagnetic stimulation enables activation of axons with specific orientation. Front. Physiol. 
9, 724. https://​doi.​org/​10.​3389/​fphys.​2018.​00724 (2018).

	25.	 Jefferys, J. G. Influence of electric fields on the excitability of granule cells in guinea-pig hippocampal slices. J. Physiol. 319, 143–152 
(1981).

	26.	 Gluckman, B. J. et al. Electric field suppression of epileptiform activity in hippocampal slices. J. Neurophysiol. 76, 4202–4205. 
https://​doi.​org/​10.​1152/​jn.​1996.​76.6.​4202 (1996).

	27.	 Morton, D. W. & Chiel, H. J. The timing of activity in motor neurons that produce radula movements distinguishes ingestion from 
rejection in Aplysia. J. Comp. Physiol. A 173, 519–536 (1993).

	28.	 Ye, H., Morton, D. W. & Chiel, H. J. Neuromechanics of coordination during swallowing in Aplysia californica. J. Neurosci. 26, 
1470–1485. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​3691-​05.​2006 (2006).

	29.	 Ye, H., Morton, D. W. & Chiel, H. J. Neuromechanics of multifunctionality during rejection in Aplysia californica. J. Neurosci. 26, 
10743–10755. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​3143-​06.​2006 (2006).

	30.	 Ackermann, D. M., Bhadra, N., Gerges, M. & Thomas, P. J. Dynamics and sensitivity analysis of high-frequency conduction block. 
J. Neural Eng. 8, 065007. https://​doi.​org/​10.​1088/​1741-​2560/8/​6/​065007 (2011).

	31.	 Zheng, Y., Xia, P., Dong, L., Tian, L. & Xiong, C. Effects of modulation on sodium and potassium channel currents by extremely 
low frequency electromagnetic fields stimulation on hippocampal CA1 pyramidal cells. Electromagn. Biol. Med. 40, 274–285. 
https://​doi.​org/​10.​1080/​15368​378.​2021.​18854​33 (2021).

	32.	 Hodgkin, A. L. & Huxley, A. F. A quantitative description of membrane current and its application to conduction and excitation 
in nerve. J. Physiol. 117, 500–544. https://​doi.​org/​10.​1113/​jphys​iol.​1952.​sp004​764 (1952).

	33.	 Murris, S. R., Arsenault, J. T. & Vanduffel, W. Frequency- and state-dependent network effects of electrical stimulation targeting 
the ventral tegmental area in Macaques. Cereb. Cortex 30, 4281–4296. https://​doi.​org/​10.​1093/​cercor/​bhaa0​07 (2020).

	34.	 Uhrig, L. et al. Resting-state dynamics as a cortical signature of anesthesia in monkeys. Anesthesiology 129, 942–958. https://​doi.​
org/​10.​1097/​ALN.​00000​00000​002336 (2018).

	35.	 Paasonen, J., Stenroos, P., Salo, R. A., Kiviniemi, V. & Grohn, O. Functional connectivity under six anesthesia protocols and the 
awake condition in rat brain. Neuroimage 172, 9–20. https://​doi.​org/​10.​1016/j.​neuro​image.​2018.​01.​014 (2018).

	36.	 Tai, C., de Groat, W. C. & Roppolo, J. R. Simulation analysis of conduction block in unmyelinated axons induced by high-frequency 
biphasic electrical currents. IEEE Trans. Biomed. Eng. 52, 1323–1332. https://​doi.​org/​10.​1109/​tbme.​2005.​847561 (2005).

	37.	 Tanner, J. A. Reversible blocking of nerve conduction by alternating-current excitation. Nature 195, 712–713. https://​doi.​org/​10.​
1038/​19571​2b0 (1962).

	38.	 Cattell, M. & Gerard, R. W. The, “inhibitory” effect of high-frequency stimulation and the excitation state of nerve. J. Physiol. 83, 
407–415. https://​doi.​org/​10.​1113/​jphys​iol.​1935.​sp003​238 (1935).

	39.	 Feuerstein, T. J., Kammerer, M., Lucking, C. H. & Moser, A. Selective GABA release as a mechanistic basis of high-frequency 
stimulation used for the treatment of neuropsychiatric diseases. Naunyn Schmiedebergs Arch. Pharmacol. 384, 1–20. https://​doi.​
org/​10.​1007/​s00210-​011-​0644-8 (2011).

	40.	 Bikson, M. et al. Suppression of epileptiform activity by high frequency sinusoidal fields in rat hippocampal slices. J. Physiol. 531, 
181–191. https://​doi.​org/​10.​1111/j.​1469-​7793.​2001.​0181j.x (2001).

	41.	 Lian, J., Bikson, M., Sciortino, C., Stacey, W. C. & Durand, D. M. Local suppression of epileptiform activity by electrical stimulation 
in rat hippocampus in vitro. J. Physiol. 547, 427–434. https://​doi.​org/​10.​1113/​jphys​iol.​2002.​033209 (2003).

	42.	 McIntyre, C. C., Grill, W. M., Sherman, D. L. & Thakor, N. V. Cellular effects of deep brain stimulation: Model-based analysis of 
activation and inhibition. J. Neurophysiol. 91, 1457–1469. https://​doi.​org/​10.​1152/​jn.​00989.​2003 (2004).

	43.	 Salvador, R., Silva, S., Basser, P. J. & Miranda, P. C. Determining which mechanisms lead to activation in the motor cortex: A 
modeling study of transcranial magnetic stimulation using realistic stimulus waveforms and sulcal geometry. Clin. Neurophysiol. 
122, 748–758. https://​doi.​org/​10.​1016/j.​clinph.​2010.​09.​022 (2011).

	44.	 Joucla, S., Gliere, A. & Yvert, B. Current approaches to model extracellular electrical neural microstimulation. Front. Comput. 
Neurosci. 8, 13. https://​doi.​org/​10.​3389/​fncom.​2014.​00013 (2014).

	45.	 Warman, E. N. & Chiel, H. J. A new technique for chronic single-unit extracellular recording in freely behaving animals using 
pipette electrodes. J. Neurosci. Methods 57, 161–169 (1995).

	46.	 Ye, H. & Kaszuba, S. Neuromodulation with electromagnetic stimulation for seizure suppression: From electrode to magnetic coil. 
IBRO Rep. 7, 26–33. https://​doi.​org/​10.​1016/j.​ibror.​2019.​06.​001 (2019).

https://doi.org/10.1016/j.neulet.2009.06.032
https://doi.org/10.1016/j.brainres.2013.04.053
https://doi.org/10.1016/j.neuroimage.2007.03.062
https://doi.org/10.1016/j.neuroimage.2007.03.062
https://doi.org/10.1109/TBME.2003.816079
https://doi.org/10.1109/TBME.2003.816079
https://doi.org/10.1016/j.neuroimage.2011.06.069
https://doi.org/10.3389/fncel.2014.00145
https://doi.org/10.1016/j.neuroimage.2007.09.008
https://doi.org/10.3791/59711
https://doi.org/10.1016/j.neuron.2009.03.012
https://doi.org/10.1088/1741-2560/5/3/003
https://doi.org/10.1038/s41598-020-74891-3
https://doi.org/10.1038/s41598-020-74891-3
https://doi.org/10.1038/s41598-021-93114-x
https://doi.org/10.1038/s41598-021-93114-x
https://doi.org/10.1038/ncomms1914
https://doi.org/10.1038/ncomms1914
https://doi.org/10.1109/TNSRE.2016.2631446
https://doi.org/10.1038/ncomms3463
https://doi.org/10.1038/ncomms3463
https://doi.org/10.3389/fphys.2018.00724
https://doi.org/10.1152/jn.1996.76.6.4202
https://doi.org/10.1523/JNEUROSCI.3691-05.2006
https://doi.org/10.1523/JNEUROSCI.3143-06.2006
https://doi.org/10.1088/1741-2560/8/6/065007
https://doi.org/10.1080/15368378.2021.1885433
https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1093/cercor/bhaa007
https://doi.org/10.1097/ALN.0000000000002336
https://doi.org/10.1097/ALN.0000000000002336
https://doi.org/10.1016/j.neuroimage.2018.01.014
https://doi.org/10.1109/tbme.2005.847561
https://doi.org/10.1038/195712b0
https://doi.org/10.1038/195712b0
https://doi.org/10.1113/jphysiol.1935.sp003238
https://doi.org/10.1007/s00210-011-0644-8
https://doi.org/10.1007/s00210-011-0644-8
https://doi.org/10.1111/j.1469-7793.2001.0181j.x
https://doi.org/10.1113/jphysiol.2002.033209
https://doi.org/10.1152/jn.00989.2003
https://doi.org/10.1016/j.clinph.2010.09.022
https://doi.org/10.3389/fncom.2014.00013
https://doi.org/10.1016/j.ibror.2019.06.001


18

Vol:.(1234567890)

Scientific Reports |        (2022) 12:12131  | https://doi.org/10.1038/s41598-022-16494-8

www.nature.com/scientificreports/

	47.	 Cullen, C. L. & Young, K. M. How does transcranial magnetic stimulation influence glial cells in the central nervous system?. 
Front. Neural Circuits 10, 26. https://​doi.​org/​10.​3389/​fncir.​2016.​00026 (2016).

	48.	 Kim, J. Y. et al. Attenuation of spinal cord injury-induced astroglial and microglial activation by repetitive transcranial magnetic 
stimulation in rats. J. Korean Med. Sci. 28, 295–299. https://​doi.​org/​10.​3346/​jkms.​2013.​28.2.​295 (2013).

	49.	 Sherrard, R. M. et al. Low-intensity electromagnetic fields induce human cryptochrome to modulate intracellular reactive oxygen 
species. PLoS Biol. 16, e2006229. https://​doi.​org/​10.​1371/​journ​al.​pbio.​20062​29 (2018).

	50.	 Oliveri, M. & Calvo, G. Increased visual cortical excitability in ecstasy users: A transcranial magnetic stimulation study. J. Neurol. 
Neurosurg. Psychiatry 74, 1136–1138. https://​doi.​org/​10.​1136/​jnnp.​74.8.​1136 (2003).

	51.	 El-Hayek, Y. H. et al. Hippocampal excitability is increased in aged mice. Exp. Neurol. 247, 710–719. https://​doi.​org/​10.​1016/j.​
expne​urol.​2013.​03.​012 (2013).

	52.	 Zhang, Z. J. et al. Transition to seizure: Ictal discharge is preceded by exhausted presynaptic GABA release in the hippocampal 
CA3 region. J. Neurosci. 32, 2499–2512. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​4247-​11.​2012 (2012).

	53.	 Jeong, S. H., Jun, S. B., Song, J. K. & Kim, S. J. Activity-dependent neuronal cell migration induced by electrical stimulation. Med. 
Biol. Eng. Comput. 47, 93–99. https://​doi.​org/​10.​1007/​s11517-​008-​0426-8 (2009).

	54.	 Choi, E. H., Blasiak, A., Lee, J. & Yang, I. H. Modulation of neural activity for myelination in the central nervous system. Front. 
Neurosci. 13, 952. https://​doi.​org/​10.​3389/​fnins.​2019.​00952 (2019).

	55.	 Ebert, D. H. & Greenberg, M. E. Activity-dependent neuronal signalling and autism spectrum disorder. Nature 493, 327–337. 
https://​doi.​org/​10.​1038/​natur​e11860 (2013).

	56.	 West, A. E. Biological functions of activity-dependent transcription revealed. Neuron 60, 523–525. https://​doi.​org/​10.​1016/j.​neuron.​
2008.​11.​008 (2008).

	57.	 Kuncel, A. M. & Grill, W. M. Selection of stimulus parameters for deep brain stimulation. Clin. Neurophysiol. 115, 2431–2441. 
https://​doi.​org/​10.​1016/j.​clinph.​2004.​05.​031 (2004).

	58.	 Kilgore, K. L. & Bhadra, N. Nerve conduction block utilising high-frequency alternating current. Med. Biol. Eng. Comput. 42, 
394–406 (2004).

	59.	 Huang, Y. Z., Edwards, M. J., Rounis, E., Bhatia, K. P. & Rothwell, J. C. Theta burst stimulation of the human motor cortex. Neuron 
45, 201–206. https://​doi.​org/​10.​1016/j.​neuron.​2004.​12.​033 (2005).

	60.	 Ebert, U. & Ziemann, U. Altered seizure susceptibility after high-frequency transcranial magnetic stimulation in rats. Neurosci. 
Lett. 273, 155–158 (1999).

	61.	 Gersner, R., Dhamne, S. C., Zangen, A., Pascual-Leone, A. & Rotenberg, A. Bursts of high-frequency repetitive transcranial mag-
netic stimulation (rTMS), together with lorazepam, suppress seizures in a rat kainate status epilepticus model. Epilepsy Behav. 62, 
136–139. https://​doi.​org/​10.​1016/j.​yebeh.​2016.​05.​021 (2016).

	62.	 Ye, H., Chen, V. C., Helon, J. & Apostolopoulos, N. Focal suppression of epileptiform activity in the hippocampus by a high-
frequency magnetic field. Neuroscience 432, 1–14. https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2020.​02.​018 (2020).

	63.	 Rattay, F. Analysis of models for external stimulation of axons. IEEE Trans. Biomed. Eng. 33, 974–977. https://​doi.​org/​10.​1109/​
TBME.​1986.​325670 (1986).

	64.	 Lee, S. W., Fallegger, F., Casse, B. D. & Fried, S. I. Implantable microcoils for intracortical magnetic stimulation. Sci. Adv. 2, 
e1600889. https://​doi.​org/​10.​1126/​sciadv.​16008​89 (2016).

	65.	 Allen, E. A., Pasley, B. N., Duong, T. & Freeman, R. D. Transcranial magnetic stimulation elicits coupled neural and hemodynamic 
consequences. Science 317, 1918–1921. https://​doi.​org/​10.​1126/​scien​ce.​11464​26 (2007).

	66.	 Bohning, D. E. et al. A combined TMS/fMRI study of intensity-dependent TMS over motor cortex. Biol. Psychiatry 45, 385–394. 
https://​doi.​org/​10.​1016/​s0006-​3223(98)​00368-0 (1999).

	67.	 Romei, V. et al. Spontaneous fluctuations in posterior alpha-band EEG activity reflect variability in excitability of human visual 
areas. Cereb. Cortex 18, 2010–2018. https://​doi.​org/​10.​1093/​cercor/​bhm229 (2008).

	68.	 Habibollahi Saatlou, F. et al. MAGIC: An open-source MATLAB toolbox for external control of transcranial magnetic stimulation 
devices. Brain Stimul. 11, 1189–1191. https://​doi.​org/​10.​1016/j.​brs.​2018.​05.​015 (2018).

	69.	 Tanskanen, J. M. A., Ahtiainen, A. & Hyttinen, J. A. K. Toward closed-loop electrical stimulation of neuronal systems: A review. 
Bioelectricity 2, 328–347. https://​doi.​org/​10.​1089/​bioe.​2020.​0028 (2020).

	70.	 Leite, J. et al. Surface EEG-transcranial direct current stimulation (tDCS) closed-loop system. Int. J. Neural Syst. 27, 1750026. 
https://​doi.​org/​10.​1142/​S0129​06571​75002​65 (2017).

	71.	 Ridding, M. C. & Ziemann, U. Determinants of the induction of cortical plasticity by non-invasive brain stimulation in healthy 
subjects. J. Physiol. 588, 2291–2304. https://​doi.​org/​10.​1113/​jphys​iol.​2010.​190314 (2010).

	72.	 Siebner, H. R. et al. Preconditioning of low-frequency repetitive transcranial magnetic stimulation with transcranial direct current 
stimulation: Evidence for homeostatic plasticity in the human motor cortex. J. Neurosci. 24, 3379–3385. https://​doi.​org/​10.​1523/​
JNEUR​OSCI.​5316-​03.​2004 (2004).

	73.	 McLean, M. J., Engstrom, S., Holcomb, R. R. & Sanchez, D. A static magnetic field modulates severity of audiogenic seizures and 
anticonvulsant effects of phenytoin in DBA/2 mice. Epilepsy Res. 55, 105–116 (2003).

	74.	 McLean, M. J., Engstrom, S., Qinkun, Z., Spankovich, C. & Polley, D. B. Effects of a static magnetic field on audiogenic seizures in 
black Swiss mice. Epilepsy Res. 80, 119–131. https://​doi.​org/​10.​1016/j.​eplep​syres.​2008.​03.​022 (2008).

	75.	 Park, H. J. et al. Activation of the central nervous system induced by micro-magnetic stimulation. Nat. Commun. https://​doi.​org/​
10.​1038/​Ncomm​s3463 (2013).

	76.	 Lu, H., McManus, J. M. & Chiel, H. J. Extracellularly identifying motor neurons for a muscle motor pool in Aplysia californica. J. 
Vis. Exp. JoVE https://​doi.​org/​10.​3791/​50189 (2013).

	77.	 Hines, M. L. & Carnevale, N. T. The NEURON simulation environment. Neural Comput 9, 1179–1209 (1997).
	78.	 Baxter, D. A., Canavier, C. C., Clark, J. W. Jr. & Byrne, J. H. Computational model of the serotonergic modulation of sensory neurons 

in Aplysia. J. Neurophysiol. 82, 2914–2935. https://​doi.​org/​10.​1152/​jn.​1999.​82.6.​2914 (1999).

Acknowledgements
We thank the financial support (RSG: 1100) from Loyola University Chicago. V.C is supported by the National 
Science Foundation Grant (CBET-2144472).

Author contributions
H.Y. performed the electrophysiology experiments and computer simulation, and drafted the manuscript. V.C. 
contributed to the biophysical modeling and preparation of the manuscript. J.H. contributed to the animal care 
and preparation of the manuscript.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.3389/fncir.2016.00026
https://doi.org/10.3346/jkms.2013.28.2.295
https://doi.org/10.1371/journal.pbio.2006229
https://doi.org/10.1136/jnnp.74.8.1136
https://doi.org/10.1016/j.expneurol.2013.03.012
https://doi.org/10.1016/j.expneurol.2013.03.012
https://doi.org/10.1523/JNEUROSCI.4247-11.2012
https://doi.org/10.1007/s11517-008-0426-8
https://doi.org/10.3389/fnins.2019.00952
https://doi.org/10.1038/nature11860
https://doi.org/10.1016/j.neuron.2008.11.008
https://doi.org/10.1016/j.neuron.2008.11.008
https://doi.org/10.1016/j.clinph.2004.05.031
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.yebeh.2016.05.021
https://doi.org/10.1016/j.neuroscience.2020.02.018
https://doi.org/10.1109/TBME.1986.325670
https://doi.org/10.1109/TBME.1986.325670
https://doi.org/10.1126/sciadv.1600889
https://doi.org/10.1126/science.1146426
https://doi.org/10.1016/s0006-3223(98)00368-0
https://doi.org/10.1093/cercor/bhm229
https://doi.org/10.1016/j.brs.2018.05.015
https://doi.org/10.1089/bioe.2020.0028
https://doi.org/10.1142/S0129065717500265
https://doi.org/10.1113/jphysiol.2010.190314
https://doi.org/10.1523/JNEUROSCI.5316-03.2004
https://doi.org/10.1523/JNEUROSCI.5316-03.2004
https://doi.org/10.1016/j.eplepsyres.2008.03.022
https://doi.org/10.1038/Ncomms3463
https://doi.org/10.1038/Ncomms3463
https://doi.org/10.3791/50189
https://doi.org/10.1152/jn.1999.82.6.2914


19

Vol.:(0123456789)

Scientific Reports |        (2022) 12:12131  | https://doi.org/10.1038/s41598-022-16494-8

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to H.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cellular mechanisms underlying state-dependent neural inhibition with magnetic stimulation
	Results
	Magnetic inhibition of spontaneous neural activity is state-dependent. 
	Magnetic inhibition of induced neural activity is state-dependent. 
	Computational simulation confirmed that magnetic inhibition of neuron activity is state-dependent. 
	Computational simulation revealed ion channel mechanisms underlying the state-dependent magnetic inhibition of neural activity.. 

	Discussion
	State-dependent neural inhibition. 
	Ion channel mechanisms of state-dependent magnetic inhibition. 
	Limitations of the NEURON model and future work. 
	Implications of state-dependent neural stimulation on basic cellular research. 
	Implications of state-dependent stimulation to clinical neuromodulation with high frequency magnetic fields. 

	Methods
	Magnetic stimulation of the neuron. 
	In vitro electrophysiology and miniature coil stimulation. 
	Calculation of magnetic field generated by a miniature coil. 
	Calculation of the induced electric field by a magnetic coil. 
	NEURON modeling of an Aplysia neuron. 
	Statistics. 

	References
	Acknowledgements


