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Influence of Strong Static Magnetic
Fields on Primary Cortical Neurons
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Intense uniformmagnetic fields, suchas those used inmagnetic resonance imaging (MRI), are thought to
exert little influence at the cellular level. Here we report modifications of the signaling cascades in rat
cortical neurons cultured for 1 h in magnetic fields of up to 5 Tesla. The activation of c-Jun N-terminal
kinase (JNK) increases monotonically with field strength, with a maximal activation of �10% at 5 T,
whereas the activation of extra cellular-regulated kinase (ERK) shows a maximum at 0.75 T (�10%).
Since ERK is involved in cellular differentiation, these results indicate a magnetic induction of the
signaling events associated with differentiation. However, the cells respond to further increases in field
strength by evoking a stress response, since JNK is a stress-activated protein kinase. Three possible
mechanisms are discussed and of these, the most plausible is magnetic field induced change in the
membrane rest potential, a microscale magnetohydrodynamic effect. This mechanism most likely
involves the activation of voltage dependent Ca2þ channel opening; since intracellular Ca2þ concen-
concentration was also found to be modified by the static magnetic field. Bioelectromagnetics 27:35–
42, 2006. � 2005 Wiley-Liss, Inc.
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INTRODUCTION

Strongmagnetic fields,B greater than 0.1 tesla (T),
can be produced by permanent magnets and by normal
or superconducting electromagnets, including those
used for nuclear magnetic resonance. The field is
generally confined in the vicinity of the magnet, falling
off as r�3 at greater distances. It is only in magnetic
resonance imaging (MRI) that organisms are regularly
exposed to strong static magnetic fields. Fields below
0.5 T are regarded as quite safe for humans, except in
respect of the forces exerted on implanted ferromag-
netic material. Effects of strong magnetic fields on
whole organisms have been found to be either absent or
transient [Villa et al., 1991].

At the cellular level, the picture is much less clear.
No magnetic field effects are reported on the aggrega-
tion ofmelanophores [Testorf et al., 2002], proliferation
of human breast cancer cells [Pacini et al., 1999a],
axonal outgrowth and proliferation of moto-neurons in
chick embryos [Yip et al., 1995a,b], alignment of
cortical neurons in mouse embryos [Konermann
and Monig, 1986], regeneration in rat sciatic nerve
[Cordeiro et al., 1989], early embryonic development of
frogs eggs [Ueno et al., 1994], behavior of normal
lymphocytes and monocytes [Aldinucci et al., 2004] or

growth of T cells under normal cell-culture conditions
[Norimura et al., 1993].

However, Pacini et al. [1999b] found that the
morphology of human neurons was altered by exposure
to a 0.2 T field for 15 min, although there was no
effect on DNA stability. Recently, Hirose et al. [2003]
qualitatively showed that human promyeloeytic cells
exposed to an inhomogeneous 6Tfield (field gradient of
41.7 T/m) had increased in the c-jun protein expression.
Nonneuronal cells (murine leukaemia cells and human
breast carcinoma) showed no response to magnetic
field, but there are reports of some magnetic field effect
on the growth rate of other cells, including human
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cancer cells [Raymond et al., 1996] and T-cells during
phytohemagglutinin (PHA) stimulation [Norimura
et al., 1993].Most striking, perhaps are the observations
by Denegre et al. [1998] of deformed development in
the early cell cleavages of frog’s eggs, which has been
qualitatively explained in terms of magnetic field
alignment of mitotic structures [Valles, 2002]. Orienta-
tional effects have also been reported in corneal
epithelial cells [Zhao et al., 1999] and smooth muscle
cells [Iwasaka et al., 2003]. Moreover, Aldinucci et al.
[2004] detected an increase of Ca2þ release in Jurkat
cells exposed to a 4.75 T field.

In the present study, we investigate the effect of an
extracellular magnetic field as an extracellular stimulus
to trigger intracellular signaling cascades in cultured
cortical neurons. Although, in the past evidence of
biochemical stimulation of specific intracellular signal-
ing cascades (i.e., MAP1, MAP2, MAP3) on different
cell types have been reported [Cobb et al., 1991, Cobb
and Goldsmith, 1995; Pearson et al., 2001; Kyosseva,
2004] it was unknown whether a static magnetic field
could elicit intracellular kinase activation. Extracellular
regulated kinase (ERK) and c-Jun N-terminal kinase
(JNK) are intracellular kinases invoked in cell survival
[Pearson et al., 2001; Chen et al., 2002] and cellular
response to stress [Pearson et al., 2001; Kyosseva,
2004], respectively. In our examination of the influence
of strong static magnetic field strength on the activation
of these two protein kinases in primary rat cultured
cortical neurons, immunocytochemistry was used to
measure the expression of phosphorylated (i.e., active)
ERK and JNK and the Ca2þ-sensitive fluorescent probe
Fura-2AM was used to measure intracellular Ca2þ

concentration.

MATERIALS AND METHODS

Cells and Culture Conditions for
Cortical Neurons

Following the guidance and assistance given by the
laboratory animal science and training department, the
least number of animals and the management and
welfare of the Wistar rats were controlled and guaran-
teed. Primary cortical neuronswere prepared from1-day
old Wistar rats and maintained in neurobasal medium
(GibcoBRL, Paisley, UK) [Fogarty et al., 2003]. Briefly,
the cortices were incubated in phosphate-buffered saline
(PBS, Sigma-Aldrich, Dorset, UK) with trypsin (0.25
mg/ml) for 25 min at 37.0 8C. After trituration and
filtering through a 40 mmmesh filter, the suspension was
centrifuged (2000g, 4 min at 20 8C) and the pellet
resuspended in warm neurobasal medium supplemented
with heat inactivated horse serum (10%), penicillin

(100 U/ml), streptomycin (100 U/ml), and glutamax
(2mM) (Sigma-Aldrich). Suspended cells were plated at
a density of 0.25� 106 cells on circular 10mm diameter
coverslips, coated with poly-L-lysine (60 mg/ml), and
incubated (5% CO2, 37.0 8C) for 2 h. After 48 h from
the plating, ARA-C (10 ng/ml) was included in the
neurobasal medium for 24 h in order to prevent the
proliferation of nonneuronal cells. Previously, the purity
of the culture was assessed by GFAP staining and it was
found to contain only 5% of astrocytes after 10 days in
culture [Nolan et al., 2003]. During the cell culture, the
media were exchanged for fresh media every 3 days and
cells were grown in culture for up to 14 days before
exposure to the magnetic fields.

Magnetic Fields and Experimental
Testing Procedures

Exposures to static magnetic fields were con-
ducted using a superconducting solenoid with a wide,
open, circular bore (Cryogenic Ltd., London, UK)
equipped with dedicated software for real-time meas-
urement of the magnetic field, as shown in Figure 1.
The internal diameter of the vertical magnet bore was
100mmand its depthwas 560mm(vertical length). The
strength of theverticalmagnetic field could bevaried up
to 5 T with 0.01% linear variation of the field strength
over the full length of the culture volume (full
chamber diameter¼ 90 mm, height¼ 60 mm). During
all exposures the magnet was set in the persistent-
current mode.

Duplicate coverslips containing neurons were
flooded with 6 ml of prewarmed medium solution,

Fig. 1. Apparatususedforculturingneuronsinstaticmagneticfield
(insidesecondchamberT¼ 37 8C, humidity 95%,CO2¼5%).The
fieldin the100mmdiameteropenbore isvertical.
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RPMI 1640 (CO2 independent supplemented with
HEPES buffer, Life Technologies, Paisley, UK), in small
plastic petri dishes (diameter¼ 60mm, height¼ 10mm,
Nunc A/S, Roskilde, Denmark). Each experiment in-
cluded two Petri dishes inserted into a dedicated
chamber, which was attached via inflow tubing to a
thermostatically controlled water bath, as shown in
Figure 1. The temperature inside the chamber was
monitored and set to 37.0� 0.1 8C.The primary cultured
cortical neurons (PCNs) were exposed to one of six
different staticmagnetic field strengths, (0.1, 0.5, 0.75, 1,
2, 5 T), for an exposure time of 1 h. Each sample had a
matching control kept under the same experimental
conditions, i.e., CO2-free medium solution in Petri
dishes at 37.0 8C, but with no magnetic field.

At the endof themagnetic exposure, the cellswere
fixed with 4% paraformaldehyde in TBS (tris-buffered
saline, Sigma-Aldrich) for 30 min at room temperature
and then permeabilized with 0.2% Triton X 100. Cells
werewashed in TBS and nonreactive sites blocked with
blocking buffer (5% goat serum in TBS) for 2 h at room
temperature. Then, coverslipswere incubated overnight
at 4 8C with a mouse polyclonal antiphospho-specific
JNK antibody (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA) or a mouse polyclonal antiphospho-specific
ERK (Santa Cruz Biotechnology, Inc.). The cells were
then washed in TBS and incubated with a biotinylated
antimouse IgG antibody for 1 h at room temperature,
followed by 1 h incubationwith streptavidin conjugated
to horse radish peroxidase. The cells were then washed
with TBS and incubated with a diaminobenzamide, a
stable chromogen that stains immunoreactive cells
brown. Coverslips were then dehydrated, mounted on
microscope slides and viewed with a light microscope
under 40� magnification for quantitative analysis.

The experimental data were collected for each
static magnetic field strength in terms of p-ERK and
p-JNK positive-response counting over a normalized
number of cells per slide (ncell¼ 400). For each kinase
staining and magnetic field strength, the ratio between
positive response (activated) and negative was corre-
lated to its matching control. Although predominantly
positive activation was found over exposed samples,
minor positive kinase activation (3%–5% of ncell) was
also found in control samples, i.e., environmental
activation. Therefore, a correlation between the control
response contribution and the static magnetic field
induced contribution was carried out to determine the
active change in positive activation induced by the two
kinases used.

Ten series of neurons (nbatch¼ 10) were analyzed
and counted under inverted microscopy by three inde-
pendent observers with similar experience in cell
counting. A statistical analysis gave the mean and

standard error of themean, and Student’s t-test was used
to establish the significance of the data obtained.

Analysis of the intracellular calcium level [Ca2þ]i
was carried out using the Ca2þ-sensitive indicator,
Fura-2AM (Molecular Probes, Eugene, OR). Twenty
batches of neurons were prepared, following the same
protocol described above, and loaded with Fura-2AM
(2 mM) for 40 min. The cells were initially centrifuged
and washed with 0.5 ml of Hanks balanced salt solution
(HBSS) and then with 10 ml of HBSS. Subsequent to
that a 10 min incubation guaranteed a sufficient
hydrolysis of the Fura-2AM. Spectrophotometer meas-
urements were then carried out by using a Cairn
spectrophotometer (Cairn, Faversham, UK). In brief,
each sample (2 ml) was loaded into a cuvette and
excited for short time by an alternating filtered Xenon
UV laser light (fluorescent light wavelength filtered at
32 revs/s at 340 and 380 nm). The excited signal was
then filtered, amplified, and digitally stored. Following
establishment of a baseline recording of ratio (340/380)
the cells were depolarized with 50 mM KCl to allow
Ca2þ influx through voltage-dependant calcium chan-
nels. The [Ca2þ]i was then calculated according to the
equation of Grynkiewicz et al. [1985].

These measurements were carried out on samples
exposed to different static magnetic field strengths,
(0.1, 0.5, 0.75, 1 T), for an exposure time of 2 min.
Paired control samples were also measured. Then
calculation of the [Ca2þ]i level related to each exposed
field, the increase of intracellular calcium level relat-
ed to KCl activation and the variation between control
and exposed fields were carried out. Subsequently,
statistical analysis was performed to calculate
mean, standard error of the mean; finally Student’s
t-test was used to establish the significance of the data
obtained.

Magnetization measurements were carried out
using a 5 T Quantum Design MPMS SQUID magneto-
meter (Quantum Design, San Diego, CA). Following
the procedure mentioned above, freshly harvested
neurons were placed in a 250 ml RNA extraction tube
which contained about 40 mg of dry mass of neurons.
The tubes were mounted in a plastic drinking straw for
the SQUIDmeasurements, which were madewithin 1 h
to maintain cell viability.

RESULTS

The results demonstrate increased activation of
both p-ERK (3s (85.5%) confidence level) and p-JNK
(3s (91.8%) confidence level). Furthermore, it was
possible to observe significant differences between the
cell groups exposed to different static magnetic field
strengths and the corresponding controls, indicating a
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differential effect ofmagnetic stimulus on the activation
of the ERK and JNK.

Over the investigation of the ERK response of
neurons exposed to a staticmagnetic field of 0.75T for 1
h qualitative analysis showed that the activated form of
the phosphorylated ERK was significantly increased
compare to the matched control, (Fig. 2a,b). Consistent
positive phosphorylation activation was also found for
neurons exposed tomagnetic field strength of 1 Twhere
the effects of the field strengths (0.1, 0.5, 2, and 5 T)
were smaller. The associated quantitative measure-
ments (nbatch¼ 10) confirmed these results, as shown in
Figure 3. In this graph, values are calculated and plotted
for each magnetic field over a normalized sample size
(ncell¼ 400) in order to take into account the statistical
variation and the batch-to-batch variation. As shown in
Figure 3, both data series have the same trend. These
results showed a significant variation of 10.4� 1.8%
(P<.01; Student’s t-test) for neurons to p-ERK
activation response for a magnetic field of 0.75 T, and

a variation of 7.9� 1.0% (Pffi.05) for neurons at 1 T. A
smaller variation was calculated for all the other field
strengths (P>.05) as shown in Figure 3.

The c-Jun N terminal kinase (JNK) response of
neurons exposed to the same range of static magnetic
fields is quite different. Here, the activation of the JNK
phosphorylation was comparable to the matched control
up to 1 T. Above this field strength, morphological
changes and consequently p-JNK activation responses
were evident when paired with control, as shown in
Figure 4a–c. In some cases, at 5 T field clear symptoms
of cell stress-death were also observed (Fig. 4d).
Quantitative measurements (nbatch¼ 10) confirmed the
changes in JNK phosphorylation activation above 1 T, as
shown in Figure 5. These showed a little percentage
variation (<2%) up to 1 T (P>.05). At 2 Ta significant
difference (9.8� 1.6%; P<.05) value was found. There
a rise in p-JNK activation was measured and quantified.
At the highest static magnetic strength (5 T), the p-JNK
activation response on neurons was statistically signifi-
cant (11.0� 1.7%; P<.01).

The analysis of the intracellular calcium response
between control and exposed to magnetic fields was
carried out to highlight any differences in the free
cytosolic calcium concentration between samples. Over
10 independent experiments were carried out to identify
any triggering effect induced by the magnetic field.
Initially the [Ca2þ]i resting concentrations were meas-
ured and quantified to determine the physiological
conditions at which the cells were subjected. Here, it
was found that control samples had an intracellular Ca2þ

concentration of 300� 26 nM, which is within the
physiological range. In samples exposed to 0.75 T intra-
cellularCa2þwas significantly increased to370� 13nM
(P<.05, Student’s t-test, n¼ 10) as shown in Figure 6a.
When KCl was added to the samples, the subsequent

Fig. 2. Primary cortical neurons cultured for 1 h. Positive p-ERK
stainingat (a) 0 T, (b) 0.75T (40�magnification).The fieldisapplied
perpendicular totheplaneoftheslides.Arrowsrepresentcellswith
active-ERKimmunoreactivity.
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activation of voltage dependent Ca2þ channels induced a
Ca2þ influx and consequently an increase in the free
calciumconcentrationwas recorded.KCl-induced depo-
larization, increased [Ca2þ]i by 46� 7% in control

samples and 35� 2.9% in samples exposed to 0.75 T
(P<.05, Student’s t-test, n¼ 10) as also shown in
Figure 6b.

The susceptibility measurements were made on
five independent batches at room temperature. Meas-
urements were also made of medium solution (HBSS)
and of simple DI water for comparison. Susceptibility
results were w¼�10.0� 10�9� 1.0� 10�9 m3/kg for
deionized water (S> 30 MO); w¼�1.0� 10�9�
0.1� 10�9 m3/kg for HBSS medium, and w¼
�2.0� 10�9� 0.2� 10�9 m3/kg for the cultured
cortical neurons.

DISCUSSION

The results demonstrate that a static magnetic
field of 0.75 T triggers the same ERK signaling
cascades that have been extensively characterized for
hormones and other agents associated with cell differ-
entiation and proliferation for the production of second
messengers (e.g., cAMP, cGMP, diacylglycerol, and
Ca2þ) [Cobb and Goldsmith, 1995]. Therefore, an

Fig. 4. Primarycorticalneuronscultured for1h.Positivep-JNKstainingat (a) 0 T, (b) 2 T (40�mag-
nification), (c and d) two different batches exposed to 5 T. In (c) there is an increase of phospo-JNK
immunoreactivity whereas in (d) there is extensive cell death as evidenced by cell shrinkage and
neuriteretraction.Thefieldisappliedperpendicular to theplaneoftheslides.Arrowsrepresent cells
withactive-JNKimmunoreactivity.
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understanding of the magnetic field triggering mecha-
nism could be used as a new tool to modify cell diffe-
rentiation and proliferation.

In contrast the monotonic increase of JNK up to
5 T indicates progressive induction of a stress activated
response of the cells exposed, leading to accelerated
cell death in the higher field (Figs. 4 and 5). This is in
agreement with Hirose et al. [2003] previous study
where they qualitatively reported an influence of
magnetic field on the neuronal signaling pathway.
Moreover, it appears from the staining that the residual
astrocytes may also respond to the magnetic field with
consequent implications on the astrocyte cell cycle.
Further investigation of the potential for a selective
effect of the magnetic field on individual cell types is
necessary.

These results are consistent with the literature
available where the JNK pathway is known as a stress-
activated protein kinase because of its sensitivity to

environmental stresses (e.g., radiation), proinflamma-
tory cytokines (e.g., tumor necrosis factor-a), and
biosynthetic inhibitors [Chen et al., 2002]. This leads us
to speculate that a magnetic field greater than 2 Tmight
trigger in primary cortical neurons, the same JNK/
SAPK signaling cascades that have been associated
with cytokines, DNA synthesis interfering agents, and
many other stress-associated agents [Pearson et al.,
2001; Kyosseva, 2004].

When cells were exposed to a static magnetic field
strength of 0.75 T, the resting Ca2þ concentration was
significantly increased and this may account for the
increase in ERK activity induced by 0.75 T since
mitogen-activated protein kinase (MAPK) activation has
aCa2þ dependent component [Mulvaney et al., 1999]. In
contrast, magnetic stimulation (0.75 T) resulted in
reduced Ca2þ influx following KCl depolarization. This
suggests that the staticmagnetic field alters the activation
kinetics of voltage dependent calcium channels.

Therefore, different magnetic fields can lead to
different signal responses and consequent downstream
kinase regulation. However, the molecular mechanisms
of this specific extracellular signaling activation remain
unclear and uncorrelated to the regulation of down-
stream protein kinases phosphorylation (e.g., serine/
threonine proteins). Furthermore, another very interest-
ing aspect that remains unclear is the temporal dynamic
range of the ERK and JNK activation induced by the
static magnetic field and how the signal transduction
affects cell functions and response over time. It is known
that there is a time dependent effect on cell differ-
entiation. In this study, however due to the differentiated
nature of the cultured cortical neurons, the dynamicERK
activation was not shown, although it is possible to
speculate that the ERKactivitymayhave some influence
on cell survival/neurite outgrowth. This could lead to a
future investigation into the time dependent changes
induced by ERK activation and consequences on cell
function in a magnetic field.

Regarding the mechanism by which an intense
static magnetic field influences the cellular response
and activates a signaling pathway, three possibilities
should be considered:

Orientation of intracellular structures. A sheet of
diamagnetic graphite, for which the c-axis suscepti-
bility wc¼�380.0� 10�9 m3/kg is two orders of
magnitude greater than the a-axis susceptibility
wa¼ 6.0� 10�9 m3/kg, aligns itself with the graphene
sheets parallel to the field. Similar effects could occur
for cellular structures with a sufficiently anisotropic
susceptibility. The cell membrane, for example, might
adopt a prolate or oblate shape in a strong field.
However, we discount such mechanical strain in the
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present case because the susceptibility of neurons,
after correction for the mass of the HBSS medium
(w¼�1.0� 10�9 m3/kg), is w¼�2.0� 10�9 m3/kg.
This susceptibility is smaller than that of water and
typical organic matter. There is, therefore, little
prospect of significant anisotropy at the cellular level.
Furthermore, the strain should increase monotoni-
cally with field, which is not the case for the p-ERK
response.

Influence on reaction kinetics. The chemical poten-
tial includes a term�m �B where m¼ mBtanh(mBB/kBT)
is the induced magnetic moment of the electron in the
field. Here mB is the Bohr magneton and kB is
Boltzmann’s constant. This energy for paramagnetic
electrons in a field of 1 T is of order 10�3 K, or less
than 10�5 of the thermal energy. No significant effect
is expected, even when many reactions are involved in
a signaling cascade.

Rest potential shift. It has recently been discovered
that the rest potential of a nonmagnetic corroding
electrode can be influenced by a magnetic field. Anodic
shifts of order 1 mVare produced in a field of 1.5 T by
corrosion currents of order j¼ 1� 10�4 A/cm2, when
the cathodic current is under mass transport control
[Rhen et al., 2004]. The shifts are a magnetohydro-
dynamic effect brought about by the Lorentz force
j�B N/m2 acting on the ion currents, which modifies
the concentration profile near the electrode and hence
the rate of diffusion. The corroding electrode is
analogous to the cell membrane, with cathodic and
anodic sites relating to the channels for transmembrane
ion flows. In all cells, there are currents associated with
the modulation of the internal-external activity in
response to internal metabolic changes. In neurons
there are additional ion currents associated with signal
transmission. Typically, these are in the range 1–20 pA
[Hamill and Martinac, 2001; Hamill et al., 1981]. If
these relate to a single ion channel, local current
densities as great as 10 A/cm2 are present. Magnetic
field-induced shifts of rest potential are therefore to be
expected and it is likely that they will influence the
signaling pathways [Lioubashevski et al., 2001; Mala-
goli et al., 2003; Rogachefsky et al., 2004]. However, it
will be a challenge to observe the effects directly since
patch clamp methods will impede the field-induced
microscale convective flow, which is needed to produce
a rest potential shift.

CONCLUSION

The responses of the JNK/ERK biochemical
signaling pathways in primary cortical neurons were

differentiallymodified by strong staticmagnetic field of
order 1 Tesla.

This work is the first quantitative experimental
evidence for any static magnetic field on intracellular
signaling. The implications for MRI need to be
explored.

This study also opens the prospect of using static
magnetic field as a new physical tool for activating
intracellular signaling transduction pathways.
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