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Magnetic Fields That Block Action
Potentials in Cultured Neurons
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To characterize the properties of static magnetic fields on firing of action potentials (AP) by sensory
neurons in cell culture, we developed a mathematical formalism based on the expression for the magnetic
field of a single circular current loop. The calculated fields fit closely the field measurements taken
with a Hall effect gaussmeter. The biological effect induced by different arrays of permanent mag-
nets depended principally on the spatial variation of the fields, quantified by the value of the gradi-
ent of the field magnitude. Magnetic arrays of different sizes (macroarray: four center-charged neodymium
magnets of ~14 mm diameter; microarray: four micromagnets of the same material but of ~0.4 mm
diameter) allowed comparison of fields with similar gradients but different intensities at the cell position.
These two arrays had a common gradient value of ~1 mT/mm and blocked >70% of AP. Alternatively,
cells placed in a field strength of ~0.2 mT and a gradient of ~0.02 mT/mm produced by the macroarray
resulted in no significant reduction of firing; a microarray field of the same strength but with a higher
gradient of ~1.5 mT/mm caused ~80% AP blockade. The experimental threshold gradient and the
calculated threshold field intensity for blockade of action potentials by these arrays were estimated
to be ~0.02 mT/mm and ~0.02 mT, respectively. In conclusion, these findings suggest that spatial variation

of the magnetic field is the principal cause of AP blockade in dorsal root ganglia in vitro.
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INTRODUCTION

Electrically stimulated action potentials of adult
mouse sensory neurons in cell culture were blocked to
a large extent when the neuron was positioned in a static
magnetic field of ~11 mT intensity produced by an array
of four permanent magnets of alternating polarity
[McLean et al., 1991, 1995]. In the original experiments,
the magnitude of this biological effect depended on
positioning of the neuron under study in the field
(changes in vertical distance of cell from the array), on
array parameters (e.g., action potential blockade de-
creased with increasing distance between magnets in the
array), and on the number and polarity of the magnets
in the array. To facilitate description of the field prop-
erties that determined the biological effect, we have
developed a mathematical formalism that closely simu-
lates the experimental field measurements. Computer-
assisted modeling facilitates a comprehensive algebraic
characterization of the field properties. Here we com-
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pare field characteristics of different arrays to identify
possible correlations between field structure and the
corresponding AP blockade.

MATERIALS AND METHODS

The methods regarding cell culture, action potential
recording and data analysis have been published pre-
viously[McLean et al., 1991, 1995].
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Magnetic Field Measurements

The magnetic field produced by arrays of cylin-
drical neodymium magnets (radius a = 7 mm and height
h =5 mm, referred to as macroarray) was measured with
a gaussmeter (see Appendix) model 4048 (F.W. Bell,
Newton, MA). The probe was attached to an x,y,z,
mechanical micromanipulator, and the fields were
scanned from the surface of the magnet outward along
the z axis at 1 mm increments and sideways in the other
two dimensions at a constant height, z = 6 mm, for all
three field components B, B , and B, (Fig. 1). The three
scanning directions intersected at a site corresponding
to the cell position in the field. With reference to the
center of the array, designated (x,y,z) = (0,0,0), the cell
position throughout the experiments was in the
range(x,y,z) =(0 £ 1 mm, 4.5+ 1 mm, 6 £ 1 mm). Po-
sitioning of the magnets and the experimental appara-
tus have been described in detail elsewhere [McLean et
al., 1991, 1994].

For some experiments, magnets of radii a = 0.2 mm
and height h = 1 mm were used to construct microarrays
with an overall diameter of ~0.8 mm. Some dimensions
relevant to the microarray experiments are given for
future reference: The neuronal diameter was @ | ~40-
60 um and the physical microarray area diameter was
D, cray ~800 um. The neuron under study was positioned
at a height h = 1.5 £ 0.2 mm above the array. Position-
ing in the horizontal plane was difficult due to the small
size of the array. Positioning variability contributed to
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Fig. 1. Coordinate system of the experimental setup. Field
components were scanned along x,y,z axes intersecting at a
location corresponding to the experimental position of the cell;
with the center of the array as the origin, cells were positioned
within the range (x,y,z) = (0 £ 1 mm, 4.5+ 1 mm, 6 £ 1 mm).

a wide range of effects on action potential firing (see
Discussion and Appendix). The background magnetic
field and its variation over the cell culture dish were
below 1 gauss.

Experimental Error

A detailed error analysis is presented in the Ap-
pendix. Measurement errors were caused mainly by
vernier reading error, by imperfect superposition of the
coordinate systems of the magnet and the micromanipu-
lator arm holding the probe, and by gaussmeter read-
ing error, which was considered small compared to the
other two. Another experimental limitation comes from
the field averaging performed by the gaussmeter due to
the size of the measurement window of the Hall probe.

Computer Model

A computer model of array magnetic fields supple-
ments our measurements, allows three-dimensional
graphic display of the fields and makes quantitative
analysis of field characteristics possible. To preserve
relative algebraic simplicity, we assume that. the field
of a cylindrical magnet can be described by the mag-
netic field of a current loop (magnetic dipole) [Landau
and Lifschitz, 1969]. The field generated by a four-
magnet array is obtained by superposition of the four
individual dipole fields. The resultant total field is char-
acterized by three parameters: a = radius of the magnet,
2¢ = distance between adjacent magnet centers, and m
= a scaling factor.

RESULTS

Theoretical Fit

Plots of experimental data and simulations based
on these data were within the experimental measurement
error for most of the domain. For a parameter setting that
corresponds to the physical magnet dimensions (a =¢
=7 mm), the field amplitude has been set to match the
peak value of the experimentally measured component
B_,. This sets the value for the scaling parameter m (m
=43) and completely specifies the theoretical field, which
is then compared to the remaining components of the
experimental field. As an example, the fit between the
measured and computed values of the x component of
the field is shown in Figure 2. The computer model
closely reproduces all the experimental field measure-
ments (additional data available upon request), especially
in the data collection range (0 £ 1 mm, 4.5+ 1 mm, 6
+ 1 mm) where field variations are linear. Computed
values for the y and z components fit the measured data
equally well. This validates use of the computer model
as an analytic tool to describe the global characteristics
of the field.
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Fig. 2. Comparison between the experimental data points
(dotted line) and curves calculated on the basis of a current
loop model (solid line) for the x component of the magnetic field
of the MAG-4A array. In the notation B, i labels the field com-
ponent and j the scanning direction. Domains and ranges were
chosen to demonstrate the fit.
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Effect of Spatial Field Variation

The effect of static magnetic fields produced by
arrays of four magnets of alternating polarities (MAG-
4A), arrays of four magnets of the same polarity (MAG-
4+) and arrays of two magnets of alternating polarity
(MAG-2A) on AP firing is displayed in Figure 3 (top
row). All arrays were constructed of magnets of the same
material, shape, and dimensions. The maximum field
strengths for the different kinds of arrays were within
10% of one another. The number of stimuli that failed
to elicit action potentials depended on the number and
polarity of magnets in the array. Computer simulations
in the middle and bottom rows in Figure 3 show the
spatial variations of the field magnitudes of the three
arrays. The slope of the inner cone, determined from two
of the three field variations that define the gradient,! can
be taken as a visual correlate of the gradient. The gra-
dient of the field magnitude, a global measure of spa-
tial field variation, was used to compare the different
arrays quantitatively. The number of AP failures and
duration of the blockade were highest for the MAG-4A,
which had the steepest gradient at cell position. These
findings indicate that, under similar peak intensity con-
ditions, the spatial distribution of the field strength
determines the extent of the blockade.

To reduce the number of physical parameters that
influence the biological effect, we designed MAG-4A
experiments to test the correlation between the strength
of the spatial variation of the field and the extent of the
neural effect. The principal field determinant of AP
blockade was separated by controlling the values of field
intensity and the magnitude of the gradient for the MAG-
4A arrays. Due to the limited number of sizes and
strengths of available permanent magnets, field strength
and variation were controlled by adjusting the distance
between magnets in the macroarray and use of a MAG-
4A microarray.

Arrays with similar field gradients but
significantly different field intensities.

At a height z = 1.5 mm corresponding to the cell
position in the field, the microarray (see Materials and
Methods), field magnitude ranges between background
and ~0. 1 mT, and the gradient ranges from a minimum
of 0.1 mT/mm to a maximum of ~2 mT/mm (Table 1).
The small volume of the microarray magnets results

'The term gradient refers to the gradient of the field magnitude, By
and the numerical values given refer to the magnitude of the gradient and
are calculated according to the formula:

| Grad (B yy5q )|=\K%J2 +( ” gyIAGT +[ ” I;IIZAGJZ .
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Fig. 3. Correlation between the number of AP failures and spatial variation of fields
produced by three arrays of permanent magnets: 1) four magnets of alternating polarity
(i.), 2) four magnets of the same polarity (ii.), and 3) two magnets of alternating polarity
(iii.). Top row: Plots of data showing numbers of AP failures for C-like neurons
measured at cell location for the different arrays. A stimulus protocol consisting of
two control (C1, C2), four magnetic exposure (M1-M4), and up to 10 recovery (R1—
R10) periods (50 stimuli at 1 Hz) was used. Boxes outline the period of exposure

to the magnetic field. Cell location is (x,y,z) ~ (0,5,6 mm), with the origin at the center
of the four-magnet array. Same origin for the two-magnet array, taken as half of
the four-magnet array. Data from McLean et al. [1994], reexpressed graphically.
Bottom rows: Corresponding plots of field magnitude in the xy plane at z = 6 mm.
The gradient of the field magnitude is proportional to the slope of the sectional cut
in row 2, which describes the field variation in the xy plane. The variation of the field
magnitude along the z direction (not shown) is comparable for the three arrays.
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