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 A physical model for the reduced excitability in neurons exposed to a constant magnetic 

field is presented. In presence of a constant magnetic field reduced excitability is 
observed in the form of an increase in the excitation threshold and a decrease in the 

frequency of action potentials. The proposed explanation is based on the well-known 

Hall Effect. In particular, the slight redistribution of charge associated with the 
magnetic force exerted on moving intracellular ions leads to formation of the Hall 

electric field in a direction perpendicular to that of action potential transmission. 

Therefore, under transient conditions the ionic current available for discharging the 
membrane capacitance and the consequent firing of the action potential is reduced. The 

validity of the proposed model is verified by simulations based on the Hodgkin and 

Huxley model for electrical excitability of neuron.  
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INTRODUCTION 

 

In spite of increasing public concern about the impact of magnetic fields on health, use of magnetic devices 

in the practice of clinical medicine is on the rise. Examples include magnetic resonance imaging of body 

structures [1], the use of SQUID (semi-conducting quantum interference device) probes to detect magnetic 

fields produced by cardiac [2],[3] and neural tissue [4],[5] and the use of pulsed magnetic fields to enhance bone 

healing [6]. However, the understanding of the influence of magnetic fields at the cellular level is still limited. 

Theoretical studies suggest that constant magnetic flux densities in the range of 25-100 Tesla would be required 

to affect ionic currents of nerve processes [7],[8]. Experimental studies also indicate that electrically stimulated 

action potentials of adult mouse sensory neurons in cell culture are blocked to a large extent when the neuron 

was positioned in a static magnetic field of 11milliTesla [9]. Furthermore, according to a recent experimental 

study, magnetic flux densities as low as 0.2 microTesla raise the excitation threshold and decrease the amplitude 

of the action potentials in the isolated frog sciatic nerve [10]. In this work a physical model for the reduced 

excitability in neurons exposed to a constant magnetic field is presented.  The proposed explanation is based on 

the well-known Hall Effect, which is a direct consequence of the force exerted on charged carriers moving in a 

magnetic field. The plausibility of the proposed model is assessed in light of the Hodgkin and Huxley’s model 

for action potential generation in neurons.  In addition, in order to verify the validity of the proposed model 

simulations based on the Hodgkin and Huxley model have been performed using a public-domain software. 

 

Physical Model: 

A. Excitation Threshold as a Function of Depolarizing Current: 

The reduced excitability of neurons exposed to a constant magnetic field manifests as an increase in the 

excitation threshold. The excitability of neuron is determined by the passive response, also known as the 

electrotonic response of the plasma membrane. This response can be modeled based on the equivalent circuit of 

Fig. 1. This equivalent circuit includes an electromotive force, rE , which represents the resting membrane 

potential, the electrical  
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Fig. 1: Equivalent circuit model of the neuronal plasma membrane characterizing the passive response of the 

neuron to electrical excitation in the form of a depolarizing current 

 

resistance of the membrane, mR , and the capacitance per unit area of the membrane, mC . In response to a 

depolarizing step current density StimJ  as the source of excitation, the membrane capacitance is discharged 

giving rise to a rate of change of transmembrane potential, mV , given by   
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The typical value of the neuron excitation threshold, i.e. the required depolarization of the membrane 

potential for initiation of the action potential, is approximately 15mV, which occurs over a typical time interval 

of 2msec. Therefore, considering the typical value of 2/1 cmF for the membrane capacitance, the discharging 

current density for generation of action potential can be estimated as follows: 
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For current densities higher than the typical value estimated above, the voltage-dependent sodium channels 

in the plasma membrane become activated leading to further depolarization of the membrane and initiation of 

the action potential. Action potential is equivalent to the active response of the neuron, which can be modeled 

based on the Hodgkin-Huxley equivalent circuit model using variable resistors representing voltage-dependent 

ion channels. In general, the excitability of neuron can be characterized by the magnitude of the depolarizing 

current necessary to bring the membrane potential to the threshold leading to initiation of the action potential. 

 

B. Reduced Nerve Cell Excitability in presence of a Constant Magnetic Field: 

Considering the interior of the neuron as a conductor, the Hall Effect can provide a plausible explanation 

for the reduced nerve cell excitability in presence of a constant magnetic field.  According to Lorentz law, when 

exposed to a magnetic field, moving charged particles experience a force proportional to the product of their 

velocity and the magnetic flux density. The influence of a magnetic field on the function of neuron can be 

explained based on the Lorentz force acting on the ions present in the intracellular and extracellular 

environment. The source of ionic motion is the local electric field resulting from the electrical stimulation of 

neuron, which leads to flow of a drift current. In presence of a magnetic field these ions will also be subject to 

an induced electric field known as the Hall electric field. In particular, the slight redistribution of charge 

associated with the Lorentz magnetic force exerted on moving intracellular ions leads to formation of an 

induced Hall electric field in a direction perpendicular to that of action potential transmission along the axon. 

Therefore, as shown in Fig. 2 with a normal magnetic field zB , under the conditions of electrical excitation, the 

transient ionic current density xJ , which is available for discharging the membrane capacitance, is reduced due 

to partial drift of ions along the direction of the Hall electric field (i.e. out of the page along the +y direction in 

Fig. 2). Consider the expression for the drift current given below 

nEqqnvJ d        (3) 

where q,  , n, and E represent the electronic charge, the average ionic mobility, the density of the given 

ion, and the electric field respectively, and Evd  denotes the drift velocity. Based on the above expression, 

and using the expression for the Lorentz force BqvF dM  it can be shown that the ratio Jy/Jx of the transient 

current density in the direction perpendicular to action potential transmission, yJ , relative to the depolarizing 

transient current density xJ  flowing parallel to the transmission direction is given by [11] 
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Fig. 2:  Influence of a static magnetic field on transmission of action potential along the axon 

 

Model Verification based on Simulation: 

A. Simulation Methodology: 

The validity of the model for the influence of a constant magnetic field on the excitation threshold of 

neuron can be demonstrated based on simulation. In particular, simulation of the response of a neuron to a 

depolarizing current in presence of a magnetic field must be in agreement with empirical results presented above 

indicating a decrease in the excitation threshold. The reduction in the neuronal excitation threshold is basically 

equivalent to a decrease in the amplitude of the depolarizing current. Specifically, based on the proposed model 

(equation 4) it is expected that the amplitude of the stimulating current is reduced in proportion to the magnitude 

of the applied magnetic flux density.  

By implementing the Hodgkin-Huxley model equations in MATLAB
TM

, the public-domain software 

HHSim allows the behavior of the neuronal membrane to be simulated in response to a variety of stimuli. This 

graphical simulator, which provides full access to the Hodgkin-Huxley model parameters, permits application of 

a depolarizing current to a segment of the axon, which can be specified through the STIM option. 

 

B. Simulation Results:  

Fig. 3 shows the transmembrane potential of a neuronal segment in response to two depolarizing current 

stimuli, which has been simulated using the HHSim software. In this simulation using the STIM option, first a 

depolarizing current with an amplitude of nA I stim 8.31  , and then a depolarizing current with an amplitude 

of nA 6Istim .32   
representing a 5.3% decrease in magnitude of the stimulating current are applied. As is 

evident, while the first stimulus generates an action potential, the 5.3% reduction in the magnitude of the 

stimulating current leads to suppression of the action potential as the membrane potential is not sufficiently 

depolarized to reach the critical threshold level. The 5.3% reduction in the magnitude of the stimulus current 

necessary to suppress the action potential was estimated based on equation (4) to simulate the effect of the 

magnetic field.  Based on experimental observations [9] a magnetic field of 11 milliTesla is sufficient to block 

action potential generation. Assuming an  

 

 
 

Fig. 3: Transmembrane potential of a segment of neuron in response to two depolarizing current Stimuli 

 

average ionic mobility of 
11 sec5  Vm 2 , from equation (4) the ratio of the current associated with the 

induced Hall electric field to the depolarizing current stimulus, namely the product zB , will be equal to 0.055. 
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Therefore, a 5.5% reduction (5.3% applied in the simulation) in the depolarizing current resulting from exposure 

of moving ions to an induced electric field originating from the magnetic field is sufficient to suppress the action 

potential.  Note that given the typical value of 7.5μA/cm
2
 for the stimulating current density leading to 

generation of an action potential estimated from equation (2), the values used for the stimulus current in the 

simulation correspond to a section of the neuronal membrane with an area of roughly 205.0 mm .  

 

Discussion: 

Simulation of a neuronal membrane segment in response to two depolarizing current stimuli indicated that a 

relatively small reduction in the amplitude of the stimulus current resulting from presence of a magnetic field 

may suppress action potential generation, thereby confirming the validity of the proposed model. The proposed 

model further suggests that in presence of a magnetic field, the equivalent circuit representing the neuronal 

plasma membrane may be expanded by including a magnetic-field-dependent current source whose magnitude 

is proportional to the magnetic flux density. Therefore, in quantitative agreement with the proposed model 

describing the influence of a constant magnetic field on the neuronal excitation threshold, the reduction in the 

stimulus current may be accounted for in the equivalent circuit model of the membrane using a hyperpolarizing 

dependent current source whose magnitude is proportional to zB .  

 

Conclusion:  

A physical model for reduced excitability in neurons exposed to constant magnetic field was presented. The 

slight redistribution of ionic charge resulting from the magnetic force acting on the mobile ions in the 

intracellular space was introduced as the origin of a Hall electric field in a direction perpendicular to action 

potential transmission along the axon. The Hall electric field, in turn, gives rise to a transient current density 

flowing in a direction perpendicular to the direction of the depolarizing current responsible for bringing the 

membrane potential to the threshold level necessary for action potential generation. The current density 

associated with the Hall electric field is a fraction of the total stimulating current density available for 

depolarizing the membrane as the ions forming this current component are set into motion as a result of 

electrical stimulation of the neuron. The validity of the proposed model is verified by simulations based on the 

Hodgkin-Huxley model for current flow through axonal membrane. A rigorous proof of the validity of the 

proposed model, however, requires employment of experimental neurophysiological methods for measurement 

of the induced electric field. 
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