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Abstract

Transcranial magnetic stimulation (TMS) has been widely used in studies of human motor
and cognitive functions as well as in clinical treatment. Biophysical mechanism underlying its
e!ect is, however, largely unknown. Here, we develop a theory to calculate the e!ect of magnetic
stimulation on arbitrary neuronal structure. Then, we employ a computer simulation which
combines a realistic multicompartmental model of neocortical neurons and the calculation of
the induced electric "eld. The simulation shows that a single magnetic pulse applied to model
cortical neurons can induce brief burst "ring followed by a silent period of duration comparable
to experimental data of TMS. Our simulation o!ers a new clue to understand physiology of
TMS by demonstrating that magnetic stimulation acts on biophysics of the dendrites in
neocortical neurons. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Transcranial magnetic stimulation (TMS), a non-invasive technique to stimulate
the human cerebral cortex by a brief magnetic pulse through a coil put on the scalp
[2], has been widely used in studies of human motor and cognitive functions as well as
in clinical treatment. Biophysical mechanism underlying its e!ect is, however, largely
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unknown. Previous theoretical studies [10,8] have demonstrated that a brief magnetic
pulse (less than 1 ms duration), commonly used in TMS, can generate an action
potential in a straight axonal "ber. Nevertheless, TMS typically demonstrates e!ects
including a long inhibitory period (a few hundred ms) as observed in EMG [3] and
visual perception [1,5].
In this study, we develop a theory to calculate the e!ect of magnetic stimulation on

arbitrary neuronal structure. Then, we employ a computer simulation which com-
bines a realistic multicompartmental model of neocortical neurons and the calcu-
lation of the induced electric "eld. We demonstrate that a single magnetic pulse
applied to model cortical neurons can induce brief burst "ring followed by a silent
period of duration comparable to experimental data of TMS.

2. Methods

2.1. Simulation of magnetic stimulation

TMS exerts its e!ect on cortical neurons through a mechanism di!erent from its
action on a straight axonal "ber in which transmembrane current is induced by the
spatial gradient of induced electric "eld [10]. For cortical neurons, the induced
electric "eld is nearly uniform because of the small size of neurons as compared to the
size of coils used in TMS. Instead, branching and change of size and orientation in
dendritic tree do play a signi"cant role. The derivation of induced transmembrane
current is as follows.
A magnetic pulse induces an electric "eld given by
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where A is the vector potential of the magnetic "eld produced by the coil. The
magnetic stimulation results in axial current induction inside the "ber given by
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"eld. Thus, the density of additional transmembrane current induced by magnetic
stimulation is derived by taking spatial derivative of the above axial current I
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where s is the position along the "ber of interest. As noted from this formula, change in
diameter (determining axial resistance) and direction of the "ber as well as the spatial
gradient of the electric "eld gives rise to transmembrane current induction. In our
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Fig. 1. Implementation of magnetic stimulation in compartmental models. The e!ect of magnetic stimula-
tion on parts of neurons (left column) and the implementation in compartmental models (right column) are
shown for a segment (a), ends (b), and a branching point (c). E is the electric "eld induced by magnetic
stimulation. i

����
are the induced currents in the "bers, which are determined by the axial component of the

induced electric "eld E and the axial resistance of the "ber.

simulation, the transmembrane current induced at each compartment is calculated
by
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where s
�
and s

�
are the two ends of the compartment. Note that the total transmem-

brane current in a compartment is determined only by the induced currents at the two
ends, regardless of those between these points. This transmembrane current was
injected in a multicompartmental model to simulate the e!ect of magnetic stimulation
(Fig. 1a).
Furthermore, as pointed out by Nagarajan et al. [8], at the neuronal terminals

where the induced current #ows toward (away from) them, magnetic stimulation
results in the equivalent amount of current injection (subtraction) (Fig. 1b). Also, at
the branching points, magnetic stimulation leads to current injection due to the
di!erence between the induced current in a parent "ber and the sum of those in the
branching "bers (Fig. 1c).
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Interestingly, the above theory deduced that the total amount of current injected
into an entire neuron is zero at any moment. This implies that in neurons of very short
electronic length, positive and negative injected currents are likely to be canceled out
without causing any signi"cant e!ects on the local membrane potential.
The magnetic stimulator and the coil were simulated as an LRC circuit, and all

parameters were adjusted to a commercial magnetic stimulator Magstim200 (The
Magstim Company Ltd, UK). The maximal output was set to about 500 V/m and the
pulse duration was less than 1 ms.

2.2. Multicompartmental model of cortical neuron

The neocortical neuronmodel was taken and modi"ed fromMainen and Sejnowski
[7]. Brie#y, the model neurons had a low density of Na� channels in the soma and
dendrites, and a high density in the axon hillock and initial segment. Fast
K� channels were present in the axon and soma, while slow calcium- and voltage-
dependent K� channels were in the soma and dendrites. High threshold Ca��
channels were present in soma and dendrites. Dendritic arborizations were recon-
structed from the literature. We also analyzed the e!ect of background synaptic
inputs. We modeled excitatory synapses randomly distributed on the dendrites, and
a Poisson distribution for EPSPs trains. Simulations were performed under the
NEURON [4] environment.

3. Summary of simulation results

1. A magnetic pulse produced a long inhibitory period following a brief bursting in
a Layer 5 pyramidal cell model (Fig. 2). The threshold of magnetic stimulation was
lower when background inputs were present.
2. It was di$cult to cause the long dynamics in cell models with small neuronal size

such as a Layer 4 spiny stellate cell as predicted.
3. For the Layer 5 pyramidal cell, the electric "elds with a direction parallel to the

major trunk of the apical dendrites were more e!ective than orthogonal ones.
4. Our analysis revealed that Ca�� in#ux followed by the opening of calcium-

dependent K� channels is responsible for the bursting followed by the long hyper-
polarization period.

4. Conclusion and physiological implication

To summarize, our realistic neuronal model predicted burst "ring followed by
a long silent period of neuronal activity (when background synaptic inputs are
present) similar in time course to those observed in behavioral and cognitive experi-
ments using TMS. The higher sensitivity to magnetic stimulation under background
synaptic inputs is also consistent with the fact that the e!ects of TMS are enhanced
during muscle contraction or intense sensory input [3,5]. Intracellular Ca�� is known
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Fig. 2. Simulation results. (a) Membrane potential at the soma under background synaptic inputs, with no
magnetic stimulation. (b) The same model as (a) except that a magnetic pulse was delivered at the timing
indicated by the arrow. (c) Microscopically reconstructed neuronal structure (Layer 5 pyramidal cell) used
in this simulation.

to lead to persistent change in neuronal function. Therefore, the massive dendritic
Ca�� in#ux induced by magnetic stimulation may underlie TMS-induced long-term
e!ects on cognitive performance [6], and mood in depression patients [9].
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