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MODULATION BY STATIC MAGNETISM OF NEURONAL ACTIVITY
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In neurons, the signal propagation involves both the conduction mediated by local electric currents through voltage-sensitive 
cation channels in axons and the transmission mediated by the exocytotic release of neurotransmitters from nerve endings into 
synaptic clefts. A great number of desperate efforts have been dedicated to biochemical, pharmacological and molecular bio-
logical studies on the elucidation of mechanisms underlying the neurotransmission at synapses, while relatively little attention 
has been paid to the comprehensive evaluation of the conduction except for local anesthetics. According to a physical theo-
rem, exposure to magnetism should lead to the generation of a certain mechanical force in neurons with concomitant electric 
currents in a particular situation. In particular, repetitive transcranial magnetic stimulation is beneficial for the treatment of
selected patients suffering from depression, bipolar affective disorder and schizophrenia as a possible alternative to the elec-
troconvulsive therapy for refractory depression. In this review, therefore, we will summarize our recent advances made on the 
neurochemical and molecular biological elucidation in cultured rat hippocampal neurons toward better understanding by the 
readers of different disciplines of mechanisms associated with the modulation by magnetism of the neuronal activity in the brain.  
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INTRODUCTION

The signal propagation is believed to involve both the signal 
transmission mediated by the exocytotic release of a variety 
of neurotransmitters from nerve endings into synaptic clefts 
and the signal conduction mediated by local electric currents 
through voltage sensitive cation channels at axons in the 
mammalian central and peripheral nervous systems. Com-
pared to the number of biochemical, pharmacological and 
molecular biological studies dedicated to the elucidation of 
mechanisms underlying the neurotransmission at synapses, 
relatively little attention has been paid to mechanisms associ-
ated with the modulation of signal conduction by endogenous 
and exogenous stimuli. In the central nervous system (CNS), 
both oscillatory and static magnetic fields could modulate a

variety of cellular functions in glia as well as neurons through 
the electromagnetic induction and/or the mechanical force at 
biomembranes in vivo and in vitro (1). Strong static magnetic 
fields are proposed to modulate synaptic functions through the
altered diamagnetic anisotropy in membranes in the CNS and 
neuromuscular junctions (2). Furthermore, it is noteworthy 
that the ferromagnetic mineral magnetite is really present in 
different human tissues including brain (3,4).

In cultured GH3 cells, exposure to a 120 mT static magnetic 
field results in inhibition of the activity of voltage-activated
calcium channels on whole-cell patch clamp analysis (5). 
Brief exposure to static magnetic fields at 200 mT not only
leads to marked morphological alterations, but also results in 
a significant reduction of both thymidine incorporation and
inositol lipid signaling, in the human neuronal cell line FNC-
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B4 (6). Action potentials are blocked by static magnetic fields
in cultured sensory neurons (7), while alternating magnetic 
fields increase the expression of the glial marker protein glial 
fibrillary acidic protein (GFAP) in cultured astrocytes (8). An
immunohistochemical study shows that marked expression of 
c-Fos protein is induced by exposure for 30 min to magnetic 
fields at 9.4 T in the visceral and vestibular nuclei of rat brain
stem in vivo (9). In organotypic brain slices of rat parietal 
cortex, magnetic stimulation results in transient expression of 
c-Fos protein in neurons but not in astroglia via tetrodotoxin-
sensitive sodium channels 3 to 6 h after stimulation (10). Simi-
larly marked expression is shown with c-Fos protein in parietal 
cortex and hippocampus (11) as well as other telencephalic 
regions including the frontal cortex, striatum, dentate gyrus, 
Ammon’s horn and amygdala (12) after several sessions of 
repetitive transcranial magnetic stimulation (rTMS). 

Transcranial magnetic stimulation has been used as a di-
agnostic tool in neurobiological fields due to its painless and
noninvasive properties (13). In clinical studies, moreover, 
rTMS is shown to be beneficial for the treatment and therapy
of selected patients with depression, bipolar affective disorder 
and schizophrenia as a possible alternative to electroconvul-
sive therapy (ECT) that is often used for the treatment of 
refractory depression (14-16). The efficacy of weak magnetic
fields in the treatment of Parkinsonism and motor complica-
tions of chronic levodopa therapy is also proposed (17). In 
healthy subjects, however, rTMS is shown to induce transient 
mood enhancement (18,19). 

On the other hand, c-Fos protein family is a partner of c-Jun 
protein family members to compose the nuclear transcrip-
tion factor activator protein-1 (AP1) that is a heterodimeric 
and homodimeric protein complex with high affinity for the
nucleotide sequence TGACGTCA on inducible target genes 
(20). Transcription factors are nuclear proteins with abilities 
to specifically recognize particular core nucleotide sequences
located at the upstream or downstream on double-stranded 
DNA for modulation of the activity of RNA polymerase II 
responsible for the synthesis of mRNA from genomic DNA in 
the nucleus. Gene transcription would therefore lead to long-
lasting and sometimes permanent alterations of a variety of 
cellular functions through consolidation of transient extracel-
lular signals following regulation of de novo biosynthesis of 
inducible target proteins (21). Such consolidation mechanism 
would be operative in certain situations including neuronal 
plasticity and degeneration. 

Accumulating evidence for the expression of AP1 com-
plex in response to neuronal activities in vitro and in vivo is 
available in the literature. In primary cultures of rat cerebellar 
neurons, for example, exposure to L-glutamate (Glu) results 
in marked expression of both c-fos gene and c-Fos protein 
through activation of a particular ionotropic Glu receptor 
subtype sensitive to N-methyl-D-aspartate (NMDA), followed 

by an increase in AP1 DNA binding (22,23). Intraperitoneal 
(24) and intracerebroventricular (25) injections of NMDA 
result in the expression of c-fos mRNA and c-Fos protein in 
the rodent brain in vivo. Punching out dissection technique 
on frozen sections reveals that the systemic NMDA induces 
a rapid but transient increase in AP1 DNA binding only in the 
dentate granule layer of murine hippocampus without affecting 
that in the CA1 and CA3 pyramidal layers (26). Hippocampal 
dentate layers are shown to contain neural progenitor cells that 
spontaneously undergo proliferation and subsequent migration 
in a manner sensitive to the prevention by activation of NMDA 
receptors even in matured brain (27,28). Expression of AP1 
complex would be therefore a guidepost for the transduction 
of extracellular signals into intracellular and nuclear signals 
for long-term consolidation and amplification.

These previous studies raise the possibility that exposure 
to magnetic fields would lead to long-term consolidation as
well as amplification of different functional alterations induced
by transient extracellular signals through the modulation of 
de novo protein synthesis at the level of gene transcription in 
the brain. In this article, we will summarize our recent find-
ings on mechanisms associated with functional alterations in 
rat hippocampal neurons cultured under brief, sustained and 
repetitive exposure to static magnetic fields.

BRIEF EXPOSURE TO MAGNETISM

Several independent lines of evidence indicate that the cellular 
maturity is one of crucial determinants for the responsiveness 
to a variety of extracellular signals in neurons. In contrast to 
studies using mature cultured neurons, NMDA is often neu-
rotrophic in a manner dependent on the cellular maturity in 
cerebellar (29,30) and hippocampal (31) neurons in primary 
culture. In cerebellar slices, NMDA is more potent in depo-
larizing Purkinje and granule cells obtained from immature 
rats than those from adults rats, with similarly potent depo-
larization by agonists for other Glu receptor subtypes (32). 
Long-term potentiation (33) as well as sensitivity to Mg2+ 
block (34,35) is declined in proportion to postnatal periods 
in rat hippocampus. 

In primary cultures of rat cortical neurons cultured for 3 to 
9 DIV, no significant changes are seen in AP1 DNA binding
following the brief exposure for 15 min to static magnetic 
fields at 100 mT generated by permanent ferrite magnets
irrespective of the time after exposure up to 60 min (36). In 
immature, but not mature, cultured hippocampal neurons, 
by contrast, magnetic fields rapidly but transiently increase
AP1 DNA binding. Moreover, brief exposure almost doubles 
AP1 binding in immature hippocampal neurons plated at a 
low density with concomitant quadruplicating binding in 
those plated at a high density. Prior brief exposure to static 
magnetic fields leads to a significantly less potent increase in
AP1 DNA binding found following the addition of NMDA 
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compared to neurons not exposed to magnetism at all (36). 
Neuronal maturity could determine the responsiveness to static 
magnetic fields, which leads to long-lasting but unidentified
functional alterations through modulation of de novo synthesis 
of particular target proteins at the level of gene transcription 
by AP1 complex in the nucleus. Differential display technique 
could be useful for the search and identification of target genes
transcribed by AP1 complex that is expressed in response 
to transient magnetic stimulation as mentioned afterward in 
this article. Judging from the findings on LDH release, it is
unlikely that magnetic stimulation is neurotoxic to immature 
hippocampal neurons.

Of antibodies directed against Fos family member proteins, 
the anti-Fra-2 antibody induces a marked decrease in AP1 
binding in hippocampal neurons exposed and not exposed 
to magnetic fields with concomitant upward migration of the
mobility on the gel (Fig. 1a). Neither the anti-c-Fos nor the 
anti-Fos-B antibody markedly affects AP1 binding in hip-
pocampal neurons irrespective of the exposure to magnetic 

force. Of antibodies against Jun family member proteins, both 
the anti-c-Jun and the anti-Jun-D antibodies are effective in 
decreasing and migrating AP1 binding in hippocampal neurons 
previously exposed and not exposed to static magnetic fields.
The anti-Jun-B antibody does not markedly affect AP1 binding 
irrespective of the exposure to magnetic fields. Immunoblot-
ting analysis reveals that the brief exposure to magnetism 
results in expression of Fra-2, c-Jun and Jun-D proteins with 
the corresponding molecular weights in hippocampal neurons 
cultured at a high density when harvested 30 min after expo-
sure (Fig. 1b).

The data cited above are not sufficient to evaluate the func-
tional alterations in neurons exposed to static magnetism. For 
this purpose, we have determined the levels of intracellular 
free Ca2+ ions permeable to NMDA receptor channels using 
a Ca2+-sensitive fluorescent dye with the aid of a confocal
laser-scanning microscope. The addition of NMDA markedly 
increases the number of fluorescent cells with an increased
intracellular free Ca2+ concentration in a concentration-de-

Figure 1. Expression of AP1 complex by brief exposure to magnetism. Brief exposure to static magnetic fields for 15 min
led to marked expression of Fra2, JunD and c-Jun proteins 30 min later in rat hippocampal neurons cultured for 3 DIV. 
Supershift assays (a);  Immunoblotting analysis  (b).
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pendent manner in hippocampal neurons not exposed to static 
magnetic fields as shown previously (37), while prior exposure
to magnetism induces a rightward shift of the concentration-
response curve between NMDA and fluorescence 24 h later
(Fig. 2). The increase by NMDA is not only inhibited by the 
antagonist for NMDA receptor channels dizocilpine (MK-801), 
but also prevented by the blocker of L-type voltage-sensitive 
Ca2+ channels nifedipine, with the inhibitor of Ca2+ release 
across ryanodine-sensitive Ca2+ channels from intracellular 
stores dantrolene being ineffective (38).

Transient magnetic stimulation would therefore induce 
long-lasting alterations of a variety of cellular functions 
through the modulation of de novo synthesis of particular 
inducible target proteins at the level of gene transcription by 
AP1 complex in the nucleus. For instance, prior brief expo-
sure to magnetism could lead to desensitization of NMDA 
receptor channels with respect to increases in intracellular 
free Ca2+ concentration and nuclear AP1 DNA binding in 
immature cultured hippocampal neurons. Expression profiles
of growth-associated protein-43 (GAP-43) give support to 
the immaturity of hippocampal neurons cultured for 3 DIV. 
Expression of GAP-43 is associated with the neuronal devel-
opment, axonal regeneration, synaptogenesis and plasticity 
in immature neurons but not seen in mature neurons (39). By 

contrast, static magnetic fields are shown to increase the level
of dissolved oxygen in aqueous solutions containing copper 
(II), iron (II) and heme iron (III) complexes (40), and inhibit 
the growth of particular bacteria under anaerobic conditions 
without affecting that under aerobic conditions (41). Neverthe-
less, it should be emphasized that expression of mRNA and 
immunoreactive protein is not always followed by alterations 
of different functions including recognition of particular core 
nucleotide sequence. From this point of view, determination 
of DNA binding is crucial for the direct demonstration of 
functional alterations induced by magnetism. The modulation 
could underlie transformation of transient extracellular signals 
carried by magnetism into long-lasting alterations of cellular 
functions in immature hippocampal neurons.

The mechanism underlying the differential increase by 
magnetism in AP1 DNA binding between neurons from 
hippocampus and cortex is not clear so far. Proliferation, dif-
ferentiation and/or maturation could undergo with neurons in 
these 2 separate telencephalic structures in a manner differ-
ent from each other. In cortical stem cells, a cell-cell contact 
would be critical for the fate of differentiation. Cortical stem 
cells give rise to neurons, astrocytes and oligodendrocytes in 
cultures at a high density, with almost exclusive differentia-
tion into smooth muscle at a low density (42). The fact that 

Figure 2. Desensitization 
of NMDA receptor chan-
nels by brief magnetism. 
Brief magnetism significantly
desensitized the ability of 
NMDA receptor channels 
to permeate free Ca2+ ions 
across cell membranes in 
cultured hippocampal neu-
rons when determined 24 h 
after the transient exposure 
for 15 min. 
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the exposure to static magnetic fields leads to an increase
in AP1 DNA binding in hippocampal neurons in a density-
dependent fashion could be accounted for by taking into 
consideration these previous findings. A number of adhesive
molecules would be responsible for the aforementioned 
density-dependent increase through a mechanism relevant to 
communications by intimate contacts between cells. An in 
situ hybridization study reveals that high frequency rTMS in 
vivo induces marked expression of mRNAGFAP in the murine 
hippocampal dentate gyrus with modest expression in cerebral 
cortex, as seen with electroconvulsive seizures (43). The pos-
sibility that the expression of AP1 complex by magnetism may 
be involved in mechanisms associated with clinical usefulness 
of rTMS for several psychiatric disorders, however, remains 
to be elucidated in future studies.

At any rate, the hippocampus seems to be one of the target 
architectures highly responsive to magnetism amongst dis-
crete brain structures. In murine hippocampal slices in vitro, 
for example, steady magnetic fields differentially modulate
evoked potentials at 8 to 10 mT (44). Direct current-gener-
ated magnetic fields induce biphasic effects on the population
spike recorded from murine hippocampal slices, which occurs 
in a manner sensitive to the inhibitor of calcium release from 
intracellular stores dantrolene but not to the NMDA receptor 
antagonists (45). In human hippocampus in vivo, moreover, 
the exposure to weak direct current magnetic field stimula-
tion alters the interictal epileptiform spike activity in several 
patients suffering from mesial temporal lobe epilepsy (46,47). 
Evocation of epileptiform activity is seen after the exposure 
to direct current magnetic fields of between 0.9 and 1.8 mT
in epileptic patients undergoing pre-surgical evaluation (48), 
while increased interictal firing rates are confirmed after a 
series of magnetic field periods in epileptic patients with
depth electrode implantation in hippocampus for pre-surgical 
evaluation (49).

SUSTAINED EXPOSURE TO MAGNETISM

In this section, we will summarize our recent observations on 
a gene downregulated in response to sustained exposure to 
static magnetic fields at 100 mT for a period of up to 9 DIV
in hippocampal neuronal preparations. The sustained exposure 
significantly increases the expression of immunoreactive
GFAP in hippocampal neuronal cultures, without markedly 
affecting that of GFAP and proliferating cell nuclear antigen 
(PCNA) in cultured astrocytes prepared from the rat hippo-
campus and neocortex (50). No significant cell death is found
in hippocampal and neocortical astrocytes cultured under 
sustained exposure to magnetism. By contrast, the sustained 
exposure to static magnetic fields significantly decreases the
expression of immunoreactive MAP-2 (microtubule-associated 
protein-2; a neuronal marker protein) to approximately 75% of 
the control level (Fig. 3). On immunocytochemical analysis, 

most cells are immunoreactive to MAP-2 at both cell bodies 
and neurites in cultured immature hippocampal neurons, while 
sustained exposure to magnetism leads to a marked decrease in 
MAP-2 expression at neurites rather than cell bodies. Similarly, 
sustained magnetism significantly decreases the expression of
the neuronal marker protein neuronal nucleus (NeuN) without 
significantly affecting that of GAP-43 in hippocampal neurons.
No significant cell death is seen in hippocampal neurons cul-
tured under the sustained exposure to static magnetic fields
on morphological analysis using a double fluorescent staining
with Hoechst 33342 (bis-benzimide trihydrochloride) and 
propidium iodide (PI). Moreover, sustained exposure does 
not significantly affect the cell survivability quantified by 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 
(MTT) assays in cultured hippocampal neurons. However, 
sustained magnetism induces a significant increase in the
maximal response for NMDA to increase intracellular free Ca2+ 
concentrations without significantly altering EC50 values.

The essential importance is that sustained exposure to static 
magnetic fields leads to significant potentiation of the maxi-
mal response of NMDA toward an increase in intracellular 
free Ca2+ ions without affecting the concentration for a half-
maximal response in cultured rat hippocampal neurons. The 
data from semi-quantitative reverse transcription polymerase 
chain reaction (RT-PCR) analysis give support to the idea that 

Figure 3. Expression of different marker proteins by sus-
tained magnetism. Sustained exposure to static magnetism 
resulted in a decrease in the expression of both MAP-2 
and NeuN, but not GAP-43, in cultured hippocampal 
neurons irrespective of cellular maturity. 
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sustained magnetism could facilitate opening processes of 
NMDA receptor channels through upregulated expression of 
particular NMDA receptor subunits required for heteromeric 
assemblies of functional receptor channels. In fact, sustained 
magnetism results in profound upregulation of expression 
of mRNA for NR1, NR2A-C, NR2D and NR3A subunits in 
cultured hippocampal neurons, without markedly affecting 
that for GAP-43 and the housekeeping gene glycelaldehyde-
3-phosophate dehydrogenase (GAPDH) (50). Although the 
increased maximal response gives rise to the possible upregula-
tion of NMDA receptor channels, Western blotting analysis is 
needed on expression of all NMDA receptor subunits required 
for assembled functional channels when antibodies are com-
mercially available against all different NR subunits cloned 
to date. The inhibition by nifedipine (38) still maintains the 
possibility that sustained magnetism would modulate proper-
ties of voltage-sensitive Ca2+ channels. 

It should be noted that sustained magnetism increases the 
expression of the dominant negative NR3A subunit in addition 
to NR1, NR2A-C and NR2D subunits. NR3A subunit associ-
ated with NR1 and NR2 subunits is shown to decrease Ca2+ 
permeation in response to stimulation by NMDA in contrast 
to NR1/NR2 channels (51). Assembly with NR1 subunit is 
required for surface expression of functional NMDA channels 
containing NR2A and NR3A subunits (52). Coexpression of 
NR1-1a, NR2A and NR3A subunits, which would result in 
a mixed population of functional NMDA channels such as 
NR1-1a/NR2A and NR1-1a/NR2A/NR3A, facilitates the ac-
cumulation of NR3A subunit in the endoplasmic reticulum 
with less expression at the cell surface (52). The increased 
expression of mRNA for NR1, NR2A-C, NR2D and NR3A 
subunits altogether is therefore insufficient to predict the
functional alteration of NMDA channels expressed at the cell 
surface following sustained magnetism. Other NR2 subunits 
could compete for NR1 subunit required for intracellular traf-
ficking of NR3A subunit upregulated by sustained magnetism
from the endoplasmic reticulum to the cell surface. Analysis 
on the expression of each NR2 subunit is undoubtedly re-
quired for further evaluation of heteromeric channel properties 
including agonist affinity, desensitization, inactivation and
developmental expression profiles as shown with mice (53).
To our knowledge, our article for the first time deals with the
possible correlation between sustained magnetism and altered 
functionality of NMDA receptor channels in immature cultured 
rat hippocampal neurons. Sustained magnetism could induce a 
variety of functional and/or pathological alterations associated 
with the crisis of neuropsychiatric disorders through upregu-
lated NMDA receptor channels in hippocampal neurons.

Upregulation of NMDA receptors would account for the 
significant decrease in expression of MAP-2 in hippocampal
neurons cultured under sustained magnetism. Microtubules 
are components of the neuritic cytoskeletons that play an 

important role in neuronal maturation. MAP-2 is a major 
constituent of cross-bridges between microtubules in dendrites 
with the essentiality for dendritic growth through selective 
stabilization of dendritic microtubules (54), while GAP-43 is 
a marker of neuronal maturity that is associated with neuronal 
development, axonal regeneration and synaptogenesis (39). 
Two high-molecular weight isoforms (MAP-2a and MAP-
2b) with an apparent molecular weight of 280 kD and two 
low-molecular weight isoforms (MAP-2c and MAP-2d) with 
an apparent molecular weight of 70 kD are known to reside 
in the brain to date (55). Both MAP-2c and MAP-2d with a 
low-molecular weight are detected in glia as well as neurons 
(56), but MAP-2a and MAP-2b with a high-molecular weight 
are specifically expressed in neurons (57). MAP-2 is also a
likely target of transmembrane signal transduction pathways 
during several stages of neural development. Phosphorylation 
of MAP-2 occurs in a manner dependent on the subtype of 
Glu receptors involved and resultant Ca2+-dependent pathways 
(58). The systemic administration of ammonium acetate is 
shown to induce proteolysis of MAP-2 through activation 
of the Ca2+-stimulated protease calpain I after stimulation of 
NMDA receptors (59). Activation of NMDA receptors leads 
to rapid but reversible dendritic injury with concomitant 
proteolysis of MAP-2 (60-62). One possible speculation is 
that upregulated NMDA receptors may play a pivotal role in 
mechanisms underlying the significant decrease in MAP-2
expression in hippocampal neurons cultured under sustained 
magnetism. The exact mechanism as well as functional 
significance of modulation by NMDA receptors, however,
remains to be elucidated in future studies. The evaluation on 
the number of living cells gives rise to an idea that sustained 
magnetism would modulate expression of MAP-2 or GFAP 
without affecting cellular viability and proliferation in cultured 
hippocampal preparations. 

There is accumulating evidence that expression of MAP-2 
may be a useful marker for diagnosis of schizophrenia and 
bipolar disorder in vivo (63,64) and in vitro (65,66). Altered 
expression of GFAP is also seen in postmortem evaluation 
of brains from patients with schizophrenia, bipolar disorder 
and major depressive disorder (67,68). An in situ hybridiza-
tion study reveals that high frequency rTMS in vivo induces 
increased expression of mRNAGFAP in the murine hippocampal 
dentate gyrus with modest expression in neocortex, as seen 
with electroconvulsive seizures (43). On both in situ hybrid-
ization and immunohistochemistry analyses, however, rTMS 
induces expression of immediately early genes such as c-fos 
with a profile different from that seen after electroconvulsive
stimulation in rat brain (69). The possibility that the present 
alterations of expression of both MAP-2 and GFAP under sus-
tained magnetism may be involved in mechanisms associated 
with the crisis of a variety of psychiatric disorders sensitive 
to the treatment with rTMS, thus, is not ruled out. Altered 
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expression of NMDA receptors would at least in part underlie 
the clinical usefulness of rTMS, whereas our data suggest that 
static magnetic stimulation is not toxic to both neurons and 
astrocytes in terms of cellular survivability.

Moreover, hippocampal neurons cultured under sustained 
exposure to static magnetic fields are subjected to extraction of
total RNA for differential display (DD) analysis using random 
primers (Fig. 4a) (70). Differentially expressed genes by sus-
tained exposure to static magnetic fields are used as templates
for PCR re-amplification (Fig. 4b), while the purified PCR
products are subsequently cloned into pT7 blue plasmid and 
sequenced to search for DNA sequence similarity with the 
BLASTN algorithm. As a consequence of the study described 
above, two particular genes are found to be downregulated 
in response to sustained magnetism in hippocampal neurons. 
The two cloned differentially expressed fragments are labeled 

with [α-32P]dCTP for Northern blot analysis. Expression of 
mRNA for #812 is significantly decreased during in vitro 
cultivation of hippocampal neurons, while a further decrease 
is seen in expression of mRNA for #812 and #612 in hippo-
campal neurons cultured under sustained exposure to static 
magnetic fields at 100 mT (Fig. 4c). Cloning of the genes
reveals sequences highly homologous (95% identical) to the 
3’ non-coding regions of the mouse basic helix-loop-helix 
(bHLH) transcription factor ALF1 (#812) and that of histone 
H3.3A (#612), respectively (Fig. 4d). 

The gene, mouse ALF1 gene (accession number X64840), 
is a murine analogue to the class I bHLH protein, HEB/HTF. 
bHLH proteins are shown to bind as homo- or hetero-dimer 
to the consensus DNA sequence CANNTG, known as E-box, 
with categorization into several classes on the basis of distri-
bution profiles, dimerization capabilities and DNA binding

Figure 4. Downregulation of particular genes by sustained magnetism. Sustained magnetism downregulated two differ-
ent genes in hippocampal neurons cultured for 3 DIV as revealed by DD-PCR (a), 1st DD-PCR (b), 2nd amplification (c), 
Northern blotting analysis (d) identification.
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specificities (71). A class I bHLH factor termed as E-factor,
which includes E12, E47, HEB/HTF4 and E2-2, is ubiquitously 
expressed (72) and able to dimerize with tissue-specific class II
factors such as MyoD in skeletal muscle (73) and Neurogenin 
in neural tissue (74), to regulate cell-specific gene transcrip-
tion. The activity of these factors is often negatively regulated 
by another class of HLH protein lacking basic domain includ-
ing the dominant-negative/inhibitory Id. Expression of the 
E-factor gene ALF1 is regulated during trophoblast develop-
ment, as the expression is extinguished in advance of giant cell 
differentiation (75). In Schwann cells, discordance is seen for 
ALF1 expression between protein and transcript levels, with 
protein levels being sharply down-regulated in terminally dif-
ferentiated cells which continue to express abundant mRNA 
(76). In the developing central nervous system, E-factor gene is 
expressed in proliferating neuroblasts and neurons at the initial 
stages of differentiation with the absence from matured and 
differentiated cells (77-79). Reduced expression of the E-fac-
tor gene ALF1 mRNA could be at least in part responsible for 
mechanisms underlying alterations of cellular differentiation 
and maturation, but not for proliferation and survival, during 
sustained exposure to static magnetic fields.

REPETITIVE EXPOSURE TO MAGNETISM

As mentioned above, rTMS is shown to be beneficial for the
treatment and therapy of selected patients with depression, 
bipolar affective disorder and schizophrenia as a possible 
alternative to ECT often used for the treatment of refractory 
depression (14-16). This fact implies the importance of subse-
quent evaluation on the functionality in hippocampal neurons 

cultured under the repetitive exposure to static magnetic fields.
Hippocampal neurons are thus cultured under daily brief 
exposure to static magnetic fields at 100 mT for 15 min each
day for the consecutive 8 DIV, followed by cell harvest 24 h 
after the last exposure and subsequent determination of cell 
viability and expression of different proteins on Western blot 
analysis. No marked alterations are found for the morphology 
(Fig. 5a, left) and survivability (Fig. 5a, right) in hippocampal 
neurons cultured under daily repetitive exposure to static mag-
netic fields. However, the repetitive exposure to static mag-
netic fields significantly decreases by 50% the expression of
MAP-2 with different molecular weights that are individually 
increased in proportion to cellular maturation (Fig. 5c), without 
significantly affecting that of NeuN and GAP-43 (Fig. 5b). By
contrast, no significant changes are seen in the expression of
both GFAP and PCNA in hippocampal preparations cultured 
under daily repetitive exposure to static magnetic fields (Fig.
5b). Daily repetitive magnetism is found to be effective in 
significantly increasing the expression of NR2B subunit, but
not that of NR2A subunit. Repetitive magnetism fails to alter 
the expression of NR1 subunit essential for the assembly of 
functional NMDA receptor channels. The cumulative addi-
tion of NMDA significantly increases Ca2+ fluorescence in a
concentration-dependent manner at a concentration range of 1 
to 100 µM in hippocampal neurons, while daily repetitive mag-
netism induces a leftward shift of the concentration-response 
curve without significantly affecting the maximal response.

Since rTMS elicits beneficial and therapeutic effects on
different neuropsychiatric disorders including refractory de-
pression, an analysis is required for the possibility that daily 
repetitive magnetism is really protective against a variety of 
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Figure 5. Repetitive magnetism. Daily repetitive magnetism markedly affected neither cellular survivability (a), nor expres-
sion of the neuronal marker protein NeuN, the neurite growth marker protein GAP-43, the astroglial marker protein GFAP 
and the proliferation marker protein PCNA (b), but led to significant downregulation of the expression of MAP-2 with 2
different molecular weights (c), in hippocampal neurons cultured for 8 DIV. 
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damages in cultured neurons. For this purpose, hippocampal 
neurons are cultured in the presence of the NMDA antagonist 
MK-801 at different concentrations. The antagonist MK-801 
not only decreases cell survivability in a concentration-depen-
dent manner at a concentration range of 1 to 100 µM in cultured 
hippocampal neurons, but also inhibits the expression of MAP-
2 with two different molecular weights, 70 kD and 280 kD. 
Almost complete inhibition is seen for the endogenous level 
of MAP-2 with both molecular weights in neurons cultured in 
the presence of 100 µM MK-801. Moreover, semi-quantitative 
RT-PCR analysis reveals that a significant decrease is seen in
the expression of mRNA for both GAP-43 and brain-derived 
neurotrophic factor in hippocampal neurons cultured in the 
presence of 10 µM MK-801. Similarly, MK-801 significantly
decreases the endogenous level of NR1 subunit by more than 
50% with a concomitant increase in that of NR2A subunit when 
exposed to hippocampal neurons for a consecutive period. 
These data are suggestive of the neurotoxicity of MK-801 in 
cultured hippocampal neurons. 

Daily repetitive magnetism is ineffective in preventing the 
loss of NR1 subunit by MK-801, but more than doubles the 
increased expression of NR2A subunit in neurons cultured 
in the presence of MK-801 without significantly altering
the expression in the absence of MK-801. The expression of 
NR2B subunit is significantly increased in neurons cultured
under daily repetitive magnetism as described above, while 
in neurons cultured in the presence of MK-801 daily re-
petitive magnetism fails to increase the expression of NR2B 
subunit. As a guidepost to evaluate the activity of NMDA 
receptor channels, the intracellular free Ca2+ concentration 
is determined by fluo-3 fluorescence using confocal laser
microscopy. The cumulative addition of NMDA increases the 
fluorescence intensity in a concentration-dependent manner at
a concentration range of 1 to 100 µM in the absence of added 
Mg2+ ions in hippocampal neurons, while in neurons cultured 
in the presence of 10 µM MK-801 significant decreases are
seen in the maximal response and the sensitivity to NMDA. 
Daily repetitive magnetism is found to significantly protect
against the decreased sensitivity to NMDA without affecting 
the maximal response. Although both daily repetitive magne-
tism and sustained exposure to MK-801 induce a significant
decrease in the endogenous level of MAP-2 with two differ-
ent molecular weights as mentioned above, daily repetitive 
magnetism significantly prevents the decrease of MAP-2 with
different molecular weights in hippocampal neurons cultured 
in the presence of MK-801. In neurons cultured under daily 
repetitive magnetism, sustained exposure to MK-801 fails to 
further decrease the expression of MAP-2. 

The data cited above argue in favor of an idea that repetitive 
magnetism would be protective against abnormalities and/or 
malfunctions in hippocampal neurons cultured in the sus-
tained presence of the NMDA receptor antagonist MK-801. 

Overstimulation of NMDA receptors is well known to induce 
neurotoxicity through massive influx of extracellular Ca2+ ions 
across the cation channels, whereas blockade of NMDA recep-
tors would also lead to neurotoxicity, such as vacuolization in 
rat (80) and mouse (81) brains, with behavioral abnormalities 
related to psychosis. Moreover, widespread apoptotic neurode-
generation would be brought about by the transient blockade of 
NMDA receptors for only a few hours during the late fetal or 
early neonatal period in developing rat brain (82). In contrast 
to fatal NR1 null mice, mice with reduced expression of NR1 
subunit survive to adulthood with concomitant exhibition of a 
variety of psychotomimetic abnormal behaviors that are ame-
liorated by treatment with the antipsychotic drugs haloperidol 
and clozapine (83). These previous findings all give support
to the toxicity related to psychosis by sustained blockade of 
NMDA receptor channels in cultured rat hippocampal neurons 
irrespective of the cell maturity as described in this article. In 
a quantitative postmortem study on brains of patients with 
sporadic bipolar disorder, in fact, a significant decrease is
seen in expression of both MAP-2 and MAP-1b, in addition to 
laminar thickness and neuron densities, in layers III, V and VI 
of the subgenual part of area 24 (66). Immunoreactive MAP-2 
is significantly decreased in cortical layers III and V in areas 9
and 32 of the prefrontal cortex, but not in the occipital cortex, 
in brains of patients suffering from schizophrenia (84). In situ 
hybridization analysis reveals that in rat brain a significant
increase is seen in the expression of mRNAMAP-2 in the dentate 
gyrus within 24 h after the last trial of daily repetitive electro-
convulsive shock that is an animal model of ECT in clinical 
treatment of depression (85). The fact that sustained exposure 
to MK-801 led to a marked decrease in the endogenous level 
of MAP-2 in cultured hippocampal neurons, gives rise to the 
similarity between phenomena found in in vivo clinical cases 
and in vitro cultured neurons in terms of the decreased MAP-
2 level. The present experimental procedures would give a 
clue for the elucidation of mechanisms underlying the clinical 
usefulness of rTMS for the therapy of refractory depression, 
schizophrenia, Parkinson’s disease and Alzheimer’s disease in 
human subjects. The possibility that molecular mechanisms 
would at least in part involve different phenomena mentioned 
in this review with respect to the etiology and pathology of cri-
sis of a variety of symptoms relevant to those neuropsychiatric 
and neurodegenerative disorders is not ruled out. 

CONCLUSION

The findings cited above argue in favor of an idea that static
magnetic fields would at first induce particular immediately
early genes, such as c-fos and c-jun, for modulation of the 
expression of target genes responsible for the homeostatic 
maintenance of the functionality and integrity in neurons. 
For example, brief exposure to static magnetism could de-
crease the endogenous level of MAP-2 required for matured 
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neuritic cytoskeletons through rapid expression of the nuclear 
transcription factor AP1 complex consisting of c-Jun, JunD 
and/or Fra2 proteins and subsequent attenuation of opening 
processes of NMDA receptor channels permeable to calcium 
ions in hippocampal neurons as shown in Fig. 6. Similarly, 
the bHLH transcription factor ALF1 identified on DD analy-
sis could at least in part play a role in mechanisms related to 
the decreased expression of MAP-2 in hippocampal neurons 
cultured under sustained exposure to static magnetic fields.
By contrast, repetitive magnetism seems to be useful for the 
prevention of neurotoxicity of an NMDA receptor channel 
antagonist in terms of the endogenous level of MAP-2 in 
cultured hippocampal neurons. In addition to the aforemen-
tioned in vitro studies using cultured neurons, further in vivo 
studies are undoubtedly required for the demonstration of 
modulating properties of static magnetic fields on a variety
of neuronal activities. 

It thus appears that static magnetic fields really modu-
late the neuronal activity through regulation of the gene 
expression in cultured rat hippocampal neurons. The altered 
MAP-2 expression is suggestive of rather potent functional 
alterations in response to static magnetic fields under differ-

ent exposure conditions. The magnetic modulation would be 
at least in part responsible for the high incidence of different 
neuropsychiatric disorders in regions with a higher magnetic 
density, in addition to less sunshine, than other areas on this 
globe. Much attention may need to be paid to the clinical use 
of powerful magnetic generators such as magnetic resonance 
image and nuclear magnetic resonance for the diagnosis of a 
variety of disorders associated with brain malfunctions. Both 
electromagnetic induction and physical force generation could 
affect the signal conduction mediated by axonal local electric 
circuitry to lead to altered transmission mediated by exocytotic 
release of neurotransmitters at synapses in central neurons. 
Elucidation of the exact underlying molecular mechanisms 
would give us a clue for the discovery and development of 
novel strategies useful for the therapy and treatment in patients 
suffering from a variety of neuropsychiatric and neurodegen-
erative disorders. 

ACKNOWLEDGMENTS

This work was supported in part by Grants-in-Aid for Scientific
Research to Yukio Yoneda from the Ministry of Education, 

Figure 6. Schematic representation. Static magnetic fields would lead to decreased expression of MAP-2 through modulation
of the activity of Ca2+-permeable NMDA receptor channels in cultured rat hippocampal neurons. 

Magnetism

Static magnetic fields

Brief magnetism Neurons

Sustained magnetism

Decreased  MAP2 expressionRepetitive magnetism

Survivability
No change

Altered NMDAR channels





32

Biomed Rev 15, 2004

Hirai, Goto, Takarada, Taniura, and Yoneda

Culture, Sports, Science and Technology, and the Ministry of 
Health, Labour and Welfare, Japan. 

REFERENCES

1. Azanza MJ, del Moral A. Cell membrane biochemistry 
and neurobiological approach to biomagnetism. Prog 
Neurobiol 1994; 44: 517-601.

2. Rosen AD. A proposed mechanism for the action of strong 
static magnetic fields on biomembranes. Int J Neurosci 
1993; 73: 115-119.

3. Kirschvink JL, Kobayashi-Kirschvink A, Woodford BJ. 
Magnetite biomineralization in the human brain. Proc 
Natl Acad Sci USA 1992; 89: 7683-7687.

4. Kirschvink JL, Kobayashi-Kirschvink A, Diaz-Ricci JC, 
Kirschvink SJ. Magnetite in human tissues: a mechanism 
for the biological effects of weak ELF magnetic fields.
Bioelectromagnetics 1992; Suppl 1: 101-113.

5. Rosen AD. Inhibition of calcium channel activation in 
GH3 cells by static magnetic fields. Biochem Biophys 
Acta 1996; 1282: 149-155.

6. Pacini S, Vannelli GB, Barni T, Ruggiero M, Sardi I, 
Pacini P, et al. Effect of 0.2 T static magnetic field on
human neurons: remodeling and inhibition of signal 
transduction without genome instability. Neurosci Lett 
1999; 267: 185-188.

7. Cavopol AV, Wamil AW, Holcomb RR, McLean M J. 
Measurement and analysis of static magnetic fields that
block action potentials in cultured neurons. Bioelectro-
magnetics 1995; 16: 197-206.

8. Chan P, Eng LF, Lee YL, Lin VW. Effects of pulsed mag-
netic stimulation of GFAP levels in cultured astrocytes. 
J Neurosci Res 1999; 55: 238-244.

9. Snyder DJ, Jahng JW, Smith JC, Houpt T A. c-Fos in-
duction in visceral and vestibular nuclei of the rat brain 
stem by a 9.4 T magnetic field. NeuroReport 2000; 11: 
2681-2685.

10. Hausmann A, Marksteiner J, Hinterhuber H, Humpel C. 
Magnetic stimulation induces c-fos via tetrodotoxin-sen-
sitive sodium channels in organotypic cortex brain slices 
of the rat. Neurosci Lett 2001; 310: 105-108.

11. Hausmann A, Weis C, Marksteiner J, Hinterhuber H, 
Humpel C. Chronic repetitive transcranial magnetic 
stimulation enhances c-fos in the parietal cortex and 
hippocampus. Brain Res Mol Brain Res 2000; 76: 355-
362.

12. Doi W, Sato D, Fukuzako H, Takigawa M. c-Fos expres-
sion in rat brain after repetitive transcranial magnetic 
stimulation. NeuroReport 2001; 12: 1307-1310.

13. Walsh V. Skill learning: Bringing cognition to its senses. 
Curr Biol 1998; 8: R572-574.

14. Hasey G. Transcranial magnetic stimulation in the treat-
ment of mood disorder: a review and comparison with 

electroconvulsive therapy. Can J Psych 2001; 46: 720-
727.

15. McNamara B, Ray JL, Arthurs J, Boniface S. Transcranial 
magnetic stimulation for depression and other psychiatric 
disorders. Psychol Med 2001; 31: 1141-1146.

16. Post A, Keck ME. Transcranial magnetic stimulation as 
a therapeutic tool in psychiatry: what do we know about 
the neurological mechanisms? J Psychiatr Res 2001; 35: 
193-215.

17. Sandyk R, Anninos PA, Tsagas N, Derpapas K. Magnetic 
fields in the treatment of Parkinson’s disease. Int J Neu-
rosci 1992; 63: 141-150.

18. George MS, Wassermann EM, Williams WA, Callahan A, 
Ketter TA, Basser P, et al. Daily repetitive transcranial 
magnetic stimulation (rTMS) improves mood in depres-
sion. NeuroReport 1995; 6: 1853-1856.

19. Kirkcaldie MT, Pridmore SA, Pascual-Leone A. Transcra-
nial magnetic stimulation as therapy for depression and 
other disorders. Aust N Z J Psych 1997; 31: 264-272.

20. Curran T, Franza BR Jr. Fos and Jun: The AP-1 connec-
tion. Cell 1988; 55: 395-397.

21. Yoneda Y, Kuramoto K, Kitayama T, Hinoi E. Consoli-
dation of transient ionotropic glutamate signals through 
nuclear transcription factors in the brain. Prog Neurobiol 
2001; 63: 697-719.

22. Szekely AM, Barbaccia ML, Alho H, Costa E. In primary 
cultures of cerebellar granule cells the activation of N-
methyl-D-aspartate-sensitive glutamate receptor induced 
c-fos mRNA expression. Mol Pharmacol 1989; 35: 401-
408.

23. Szekely AM, Costa E, Grayson DR. Transcriptional 
program coordination by N-methyl-D-aspartate-sensitive 
glutamate receptor stimulation in primary cultures of 
cerebellar neurons. Mol Pharmacol 1990; 38: 624-633.

24. Sonnenberg JL, Mitchelmore C, Macgregor-Leon PF, 
Hempstead J, Morgan JI, Curran T. Glutamate receptor 
agonists increase the expression of Fos, Fra, and AP-1 
DNA binding activity in the mammalian brain. J Neurosci 
Res 1989; 24: 72-80.

25. Ogita K, Yoneda Y. Selective potentiation of DNA bind-
ing activities of both activator protein-1 and cyclic AMP 
response element binding protein through in vivo activa-
tion of N-methyl-D-aspartate receptor complex in mouse 
brain. J Neurochem 1994; 63: 525-534.

26. Yoneda Y, Ogita K, Azuma Y, Kuramoto N, Manabe T, 
Kitayama T. Predominant expression of nuclear activator 
protein-1 complex with DNA binding activity following 
systemic administration of N-methyl-D-aspartic acid in 
dentate granule cells of murine hippocampus. Neurosci-
ence 1999; 93: 19-31.

27. Cameron HA, Woollwy CS, McEwen B, Gould E. Dif-
ferentiation of newly born neurons and glia in the dentate 



33

Biomed Rev 15, 2004

Magnetism on neuronal activity

gyrus of the adult rat. Neuroscience 1993; 56: 337-344.
28. Cameron HA, McEwen BS, Gould E. Regulation of adult 

neurogenesis by excitatory input and NMDA receptor 
activation in the dentate gyrus. J Neurosci 1995; 15: 
4687-4692.

29. Balazs R, Jorgensen OS, Hack M. N-Methyl-D-aspartate 
promotes the survival of cerebellar granule cells in cul-
ture. Neuroscience 1988; 27: 437-451.

30. Xia Y, Ragan RE, Seah EE, Michaelis ML, Michaelis 
EK. Developmental expression of N-methyl-D-aspartate 
(NMDA)-induced neurotoxicity, NMDA receptor func-
tion, and the NMDAR1 and glutamate-binding protein 
subunits in cerebellar granule cells in primary cultures. 
Neurochem Res 1995; 20: 617-629.

31. Peterson C, Neal JH, Cotman CW. Development of N-
methyl-D-aspartate excitotoxicity in cultured hippocam-
pal neurons. Dev Brain Res 1989; 48: 187-195.

32. Garthwaite G, Yamini B, Jr, Grathwaite J. Selective loss 
of Purkinje and granule cell responsiveness to N-methyl-
D-aspartate in rat cerebellum during development. Dev 
Brain Res 1987; 36: 288-292.

33. Harris KH, Taylor TJ. Developmental onset of long-term 
potentiation in area CA1 of the rat hippocampus. J Physiol 
1984; 346: 27-48.

34. Morrisett RA, Mott DD, Lewis DV, Wilson WA, 
Swartzwelder HS. Reduced sensitivity of the N-methyl-
D-aspartate component of synaptic transmission to 
magnesium in hippocampal slices from immature rats. 
Dev Brain Res 1990; 56: 257-262.

35. Kleckner NW, Dingledine R. Regulation of hippocampal 
NMDA receptors by magnesium and glycine during 
development. Brain Res Mol Brain Res 1991; 11: 151-
159.

36. Hirai T, Nakamichi N, Yoneda Y. Activator protein-1 
complex expressed by magnetism in cultured rat hippo-
campal neurons. Biochem Biophys Res Commun 2002; 
292: 200-207.

37. Hirai T, Kuramoto N, Maruyama H, Balcar VJ, Nakamura 
Y, Yoneda Y. Potentiation of nuclear activator protein-1 
DNA binding following brief exposure to N-methyl-D-
aspartate in immature cultured rat hippocampal neurons. 
J Neurosci Res 2002; 67: 523-532.

38. Nakamichi N, Ohno H, Kuramoto N, Yoneda Y. Dual 
mechanisms of Ca2+ increases elicited by N-methyl-
D-aspartate in immature and mature cultured cortical 
neurons. J Neurosci Res 2002; 67: 275-283.

39. Benowitz LI, Routtenberg A. GAP-43: an intrinsic deter-
minant of neuronal development and plasticity. Trends 
Neurosci 1997; 20: 84-91.

40. Sakurai H, Yasui H, Kunitomi K, Kamatari M, Kaneko N, 
Nakayama A. Effects of static magnetic field on dissolved
oxygen levels in aqueous solutions containing copper(II), 

iron(II), and heme iron(III) complexes. Pathophysiology 
2000; 7: 93-99.

41. Kohno M, Yamazaki M, Kimura II, Wada M. Effect of 
static magnetic fields on bacteria: Streptococcus mutans,
Staphylococcus aureus, and Escherichia coli. Pathophysi-
ology 2000; 7: 143-148.

42. Tsai RYL, McKay RDG. Cell contact regulates fate choice 
by cortical stem cells. J Neurosci 2000; 20: 3725-3735.

43. Fujiki M, Steward O. High frequency transcranial mag-
netic stimulation mimics the effects of ECS in upregulat-
ing astroglial gene expression in the murine CNS. Brain 
Res Mol Brain Res 1997; 44: 301-308.

44. Trabulsi R, Pawlowski B, Wieraszko A. The influence of
steady magnetic fields on the mouse hippocampal evoked
potentials in vitro. Brain Res 1996; 728: 135-139.

45. Wieraszko A. Dantrolene modulates the influence of
steady magnetic fields on hippocampal evoked potentials
in vitro. Bioelectromagnetics 2000; 21: 175-177.

46. Dobson J, St Pierre TG, Schultheiss-Grassi PP, Wieser 
HG, Kuster N. Analysis of EEG data from weak-field
magnetic stimulation of medial temporal lobe epilepsy 
patients. Brain Res 2000; 868; 386-391.

47. Dobson J, St Pierre T, Wieser HG, Fuller M. Changes in 
paroxysmal brainwave patterns of epileptics by weak-
field magnetic stimulation. Bioelectromagnetics 2000; 
21: 94-99.

48. Fuller M, Dobson J, Wieser HG, Moser S. On the sensi-
tivity of the human brain to magnetic fields: evocation
of epileptiform activity. Brain Res Bull 1995; 36: 155-
159.

49. Fuller M, Wilson CL, Velasco AL, Dunn JR, Zoeger J. 
On the confirmation of an effect of magnetic fields or the
interictal firing rate of epileptic patients. Brain Res Bull 
2003; 60: 43-52.

50. Hirai T, Yoneda Y. Functional alterations in immature 
cultured rat hippocampal neurons after sustained expo-
sure to static magnetic fields. J Neurosci Res 2004; 75: 
230-240.

51. Sasaki YF, Rothe T, Premkumar LS, Das S, Cui J, Talan-
tova MV, et al. Characterization and comparison of the 
NR3A subunit of the NMDA receptor in recombinant 
systems and primary cortical neurons. J Neurophysiol 
2002; 87: 2052-2063.

52. Perez-Otano I, Schulteis CT, Contractor A, Lipton SA, 
Trimmer JS, Sucher NJ, et. al. Assembly with the NR1 
subunit is required for surface expression of NR3A-con-
taining NMDA receptors. J Neurosci 2001; 21: 1228-
1237. 

53. Behar TN, Scott CA, Greene CL, Wen X, Smith SV, Maric 
D, et al. Glutamate acting at NMDA receptors stimulates 
embryonic cortical neuronal migration. J Neurosci 1999; 
19: 4449-4461.



34

Biomed Rev 15, 2004

Hirai, Goto, Takarada, Taniura, and Yoneda

54. Harada A, Teng J, Takei Y, Oguchi K, Hirokawa N. MAP2 
is required for dendrite elongation, PKA anchoring in 
dendrites, and proper PKA signal transduction. J Cell 
Biol 2002; 158: 541-549.

55. Kalcheva N, Albala J, O’Guin K, Rubino H, Garner C, 
Shafit-Zagardo B. Genomic structure of human microtu-
bule-associated protein 2 (MAP-2) and characterization 
of additional MAP-2 isoforms. Proc Natl Acad Sci USA 
1995; 92: 10894-10898.

56. Charriere-Bertrand C, Garner C, Tardy M, Nunez J. 
Expression of various microtubule-associated protein 2 
forms in the developing mouse brain and in cultured neu-
rons and astrocytes. J Neurochem 1991; 56: 385-391.

57. Matus A. Stiff microtubules and neuronal morphology. 
Trends Neurosci 1994; 17: 19-22.

58. Quinlan EM, Halpain S. Emergence of activity-dependent, 
bidirectional control of microtubule-associated protein 
MAP2 phosphorylation during postnatal development. 
J Neurosci 1996; 16: 7627-7637.

59. Felipo V, Grau E, Minana MD, Grisolia S. Ammonium 
injection induces an N-methyl-D-aspartate receptor-me-
diated proteolysis of the microtubule-associated protein 
MAP-2. J Neurochem 1993; 60: 1626-1630.

60. Faddis BT, Hasbani MJ, Goldberg MP. Calpain activation 
contributes to dendritic remodeling after brief excitotoxic 
injury in vitro. J Neurosci 1997; 17: 951-959. 

61. Minana MD, Montoliu C, Llansola M, Grisolia S, Felipo 
V. Nicotine prevents glutamate-induced proteolysis of the 
microtubule-associated protein MAP-2 and glutamate 
neurotoxicity in primary cultures of cerebellar neurons. 
Neuropharmacology 1998; 37: 847-857. 

62. Laferriere NB, Tremblay R, Murray CL, Monette R, 
Brown DL, Durkin JP, et al. AR-R15896AR blocks the 
early NMDA-induced loss of MAP2 in primary cortical 
cultures. Neurol Res 1999; 21: 524-528. 

63. Mazer C, Muneyyirci J, Taheny K, Raio N, Borella A, 
Whitaker-Azmitia P. Serotonin depletion during synapto-
genesis leads to decreased synaptic density and learning 
deficits in the adult rat: a possible model of neurodevel-
opmental disorders with cognitive deficits. Brain Res 
1997; 760: 68-73.

64. Whitaker-Azmitia PM, Borella A, Raio N. Serotonin 
depletion in the adult rat causes loss of the dendritic 
marker MAP-2. A new animal model of schizophrenia? 
Neuropsychopharmacology 1995; 12: 269-272.

65. Marx CE, Jarskog LF, Lauder JM, Lieberman JA, Gilmore 
JH. Cytokine effects on cortical neuron MAP-2 immuno-
reactivity: implications for schizophrenia. Biol Psychiatry 
2001; 50: 743-749.

66. Bouras C, Kovari E, Hof PR, Riederer BM, Giannako-
poulos P. Anterior cingulate cortex pathology in schizo-
phrenia and bipolar disorder. Acta Neuropathol 2001; 

102: 373-379.
67. Johnston-Wilson NL, Sims CD, Hofmann JP, Anderson L, 

Shore AD, Torrey EF, et al. Disease-specific alterations
in frontal cortex brain proteins in schizophrenia, bipolar 
disorder, and major depressive disorder. The Stanley 
Neuropathology Consortium. Mol Psychiatry 2000; 5: 
142-149.

68. Cotter D, Mackay D, Landau S, Kerwin R, Everall I. Re-
duced glial cell density and neuronal size in the anterior 
cingulate cortex in major depressive disorder. Arch Gen 
Psychiatr 2001; 58: 545-553.

69. Ji RR, Schlaepfer TE, Aizenman CD, Epstein CM, Qiu 
D, Huang JC, Rupp F. Repetitive transcranial magnetic 
stimulation activates specific regions in rat brain. Proc 
Natl Acad Sci USA 1998; 95: 15635-15640.

70. Hinoi E, Fujimori S, Nakamura Y, Yoneda Y. Group III 
metabotropic glutamate receptors in rat cultured calvarial 
osteoblasts. Biochem Biophys Res Commun 2001; 281: 
341-346.

71. Massari ME, Murre C. Helix-loop-helix proteins: regula-
tors of transcription in eucaryotic organisms. Mol Cell 
Biol 2000; 20: 429-440.

72. Roberts VJ, Steenbergen R, Murre C. Localization of E2A 
mRNA expression in developing and adult rat tissues. 
Proc Natl Acad Sci USA 1993; 90: 7583-7587.

73. Lassar AB, Davis RL, Wright WE, Kadesch T, Murre C, 
Voronova A, et al. Functional activity of myogenic HLH 
proteins requires hetero-oligomerization with E12/E47-
like proteins in vivo. Cell 1991; 66: 305-315.

74. Sun Y, Nadal-Vicens M, Misono S, Lin MZ, Zubiaga A, 
Hua X, et al. Neurogenin promotes neurogenesis and 
inhibits glial differentiation by independent mechanisms. 
Cell 2001; 104: 365-376.

75. Scott IC, Anson-Cartwright L, Riley P, Reda D, Cross 
JC. The HAND1 basic helix-loop-helix transcription 
factor regulates trophoblast differentiation via multiple 
mechanisms. Mol Cell Biol 2000; 20: 530-541.

76. Stewart HJS, Zoidl G, Rossner M, Brennan A, Zoidl C, 
Nave A, et al. Helix-loop-helix proteins in Schwann 
cells: a study of regulation and subcellular localization 
of Ids, REB, and E12/47 during embryonic and postnatal 
development. J Neurosci Res 1997; 50: 684-701.

77. Neuman T, Keen A, Knapik E, Shain D, Ross M, Nornes 
HO, et al. ME1 and GE1: basic helix-loop-helix transcrip-
tion factors expressed at high levels in the developing 
nervous system and in morphogenetically active regions. 
Eur J Neurosci 1993; 5: 311-318.

78. Soosaar A, Chiaramello A, Zuber MX, Neuman T. Expres-
sion of basic-helix-loop-helix transcription factor ME2 
during brain development and in the regions of neuronal 
plasticity in the adult brain. Brain Res Mol Brain Res 
1994; 25: 176-180.



35

Biomed Rev 15, 2004

Magnetism on neuronal activity

79. Chiaramello A, Soosaar A, Neuman T, Zuber MX. Dif-
ferential expression and distinct DNA-binding specificity
of ME1a and ME2 suggest a unique role during differen-
tiation and neuronal plasticity. Brain Res Mol Brain Res 
1995; 29: 107-118.

80. Olney JW, Labruyere J, Wang G, Wozniak DF, Price MT, 
Sesma MA. NMDA antagonist neurotoxicity: mechanism 
and prevention. Science 1991; 254: 1515-1518.

81. Wozniak DF, Brosnan-Watters G, Nardi A, McEwen M, 
Corso TD, Olney JW, et al. MK-801 neurotoxicity in 
male mice: histologic effects and chronic impairment in 
spatial learning. Brain Res 1996; 707: 165-179.

82. Ikonomidou C, Bosch F, Miksa M, Bittigau P, Vockler 

J, Dikranian K, Tenkova TI, et al. Blockade of NMDA 
receptors and apoptotic neurodegeneration in the devel-
oping brain. Science 1999; 283: 70-74.

83. Mohn AR, Gainetdinov RR, Caron MG, Koller BH. Mice 
with reduced NMDA receptor expression display behav-
iors related to schizophrenia. Cell 1999; 98: 427-436.

84. Jones LB, Johnson N, Byne W. Alterations in MAP2 im-
munocytochemistry in areas 9 and 32 of schizophrenic 
prefrontal cortex. Psychiatr Res 2002; 114: 137-148.

85. Pei Q, Burnet PJ, Zetterstrom TS. Changes in mRNA 
abundance of microtubule-associated proteins in the rat 
brain following electroconvulsive shock. NeuroReport 
1998; 9: 391-394.


