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Exposure to Extremely Low Frequency Magnetic Fields

Induces Fos-Related Antigen-Immunoreactivity
Via Activation of Dopaminergic D1 Receptor
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We previously demonstrated that repeated exposure to extremely low frequency magnetic fields (ELF-MF) increases locomotor
activity via stimulation of dopaminergic D1 receptor (J. Pharmacol. Sci., 2007;105:367-371). Since it has been demonstrated
that activator protein-1 (AP-1) transcription factors, especially 35-kDa fos-related antigen (FRA), play a key role in the neuronal
and behavioral adaptation in response to various stimuli, we examined whether repeated ELF-MF exposure induces FRA-
immunoreactivity (FRA-IR) in the striatum and nucleus accumbens (striatal complex) of the mice. Repeated exposure to ELF-
MEF (0.3 or 2.4 mT, 1 h/day, for consecutive fourteen days) significantly induced hyperlocomotor activity and FRA-IR in the striatal
complex in a field intensity-dependent manner. ELF-MF-induced FRA-IR lasted for at least 1 year, while locomotor activity
returned near control level 3 months after the final exposure to ELF-ME Pretreatment with SCH23390, a dopaminergic D1 receptor
antagonist, but not with sulpiride, a dopaminergic D2 receptor antagonist, significantly attenuated hyperlocomotor activity and
FRA-IR induced by ELE-ME Our results suggest that repeated exposure to ELF-MF leads to prolonged locomotor stimulation and
long-term expression of FRA in the striatal complex of the mice via stimulation of dopaminergic D1 receptor.
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INTRODUCTION

Numerous studies have suggested that exposure to magnetic
tields affects various physiological and pathological processes.
For instance, magnetic fields have been considered as a “possible
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risk factor” for childhood leukemia, brain tumor or breast
cancer (Floderus et al., 1993; Forssén et al., 2000; World Health
Organization, 2007; Kheifets et al., 2010). On the other hand,
therapeutic intervention with repetitive transcranial magnetic
stimulation has shown to be beneficial for improving symptoms
of Parkinsons disease (Fregni et al., 2005; Epstein et al., 2007) or
several psychiatric diseases (George et al., 1995; Post and Keck,
2001).

The activator protein-1 (AP-1) transcription factors are
composed of Fos and Jun proteins in a Fos/Jun heterodimeric or
Jun/Jun homodimeric complex that recognize and bind to specific
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DNA sequences (5-TGAGTCA-3’) in the promoter regions of
a number of genes (Pennypacker et al., 1994; Karin et al., 1997).
Temporal expression profiles of each member of the Fos family,
including c-Fos (Young et al., 1991; Rosen et al., 1994; Hsich et
al,, 2002), FosB (Chen et al., 1995; Doucet et al,, 1996; Bing et al.,
1997a), AFosB (Chen et al., 1995; Doucet et al., 1996) and fos-
related antigen (FRA) (Young et al, 1991; Rosen et al., 1994; Bing
et al,, 1997a and 1997b; Pennypacker et al., 2000; Hsich et al.,
2002) have been characterized in various in vivo animal models.
In particular, a 35-kDa FRA have shown long-lasting expression
pattern in response to chronic drug treatment or chronic neuronal
stimulation (Rosen et al., 1994; Bing et al., 1997a and 1997b; Hsich
etal., 2002), suggesting that prolonged induction of 35-kDa FRA
is important for regulating genes related to neuronal adaptation
(Pennypacker et al., 1994; Pennypacker et al., 1995; Foletta, 1996;
Bing et al., 1997b). We also have demonstrated the induction of
35-kDa FRA after treatment with kainic acid (Kim et al., 1996;
Kim et al., 1998), cocaine (Jhoo et al., 2000; Kim et al., 2001), or
methamphetamine (Shin et al., 2005).

Magnetic fields have shown to affect behavioral profiles
regulated by dopaminergic system (Wilson, 1988; Choleris et al.,
2001; Sieron et al., 2004; Jana¢ et al., 2005; Shin et al., 2007; Liu
et al,, 2008) in rodents. In the previous study, we demonstrated
that exposure to extremely low frequency magnetic fields (ELF-
MF) increases striatal dopamine levels (Lee et al., 2001), and that
ELF-MF induces hyperlocomotor activity via dopaminergic D1
receptor stimulation (Shin et al., 2007).

Little is known about the role of magnetic fields in modulations
of AP-1 transcription factors in vivo, although magnetic fields-
induced up-regulations in AP-1 transcription factors have
demonstrated in vitro (Lin et al., 1998; Hirai et al., 2002). Since
FRA is the most important factor of the AP-1 modulation of
genes necessary for neuronal adaptation (Pennypacker et al.,
1995; Bing et al., 1996; Bing et al., 1997b), we examined FRA-
immunoreactivity (FRA-IR) in the striatum and nucleus
accumbens (striatal complex) after ELF-MF exposure, and
we evaluated whether dopaminergic receptors are involved in
the induction of FRA by applying dopaminergic D1 receptor
antagonist, SCH 233390 and dopaminergic D2 receptor
antagonist, sulpiride. Unexpectedly, we observed that FRA-IR
lasted for at least 1 year after final exposure to ELF-ME This long-
lasting FRA-IR requires activation of dopaminergic D1 receptor.

MATERIALS AND METHODS

Animals and treatments

All mice were handled in accordance with the US National
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Institute of Health guidelines for the humane care of laboratory
animals and the Institutional Animal Care and Use Committee of
Kangwon National University. Male adult C57BL/6 mice (Orient
Bio Inc., Charles River Technology, Gapyung-Gun, Gyeonggi-Do,
Korea), weighing 25+2 ¢, were maintained on a 12:12 h light:dark
cycle, with food and water available ad libitum. The ambient
conditions were maintained at 20+2°C. Mice were adapted to
these conditions for 2 weeks before the experiments.

The ELF-MF was generated with three Helmholtz coils, set
parallel to each other, in a wooden frame (Lee et al.,, 2001; Shin et
al., 2007). The ELF-MF consisted of 60-Hz time-varying fields and
the magnetic flux density was 0.3 or 2.4 mT. Animals were exposed
to ELE-MF for 1 h/day for fourteen days. As seven days’ exposure
to ELF-MF was not fully enough for locomotor stimulation (Shin
etal,, 2007), we extended exposure period by fourteen days in this
study. Thirty minutes before the animals were exposed to ELF-
ME mice were treated with SCH23390 hydrochloride (SCH, D1
antagonist; Tocris Co., Ellisville, MO, USA) at 0.03 or 0.1 mg/kg,
i.p. or (RS)-(+) sulpiride (Sulp, D2 antagonist; Tocris Co.) at 10 or
20 mg/kg, i.p. (Shin et al,, 2007). Locomotor activity was measured
0 hour, 1 day, 1 week, 3 months or 1 year after the final ELF-MF
exposure using an automated video-tracking system (Noldus
Information Technology, Wagenin, The Netherlands). Eight test
boxes (40x40x30 cm high) were operated simultaneously by a
computer. Animals were studied individually during locomotion
in the test box. A printout for each session showed the pattern
of ambulatory movements in the test box. The distance traveled
(in cm) was analyzed for 30 min. Data were collected and
analyzed between 9:00 and 17:00 h. Animals were sacrificed for
immunohistochemical analyses 90 min after measurement of

locomotor activity.

Immunohistochemistry

Sections containing the nucleus accumbens and striatum were
processed for FRA immunohistochemistry. Prior to incubation
with the primary antibody, sections were preincubated in PBS
containing 0.2% Triton X-100 and 4% normal goat serum
for 20 min. After 48-h incubation with the primary antibody
against FRA (1 : 2,000, Young et al,, 1991; Bing et al.,, 1996; Kim
etal,, 2001) at 4°C, sections were incubated with the secondary
biotinylated anti-rabbit IgG (1 : 1,000; Vector Laboratories, Inc.,
Burlingame, CA, USA) for 1 h, and immersed in avidin-biotin-
peroxidase complex (ABC Kits; Vector Laboratories, Inc.) for 1
h. 3,3’-Diaminobenzidine was used as the chromogen. Digital
images of FRA-immunoreactive neurons were acquired on an
Olympus microscope (Tokyo, Japan), using an attached digital
microscope camera (Olympus, Tokyo, Japan) and a personal
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computer. A region of interest (ROI), having an area of 0.1 mm”,
was created using Optimas (version 6.51; Media Cybernetics, Inc.,
Silver Spring, MD, USA). Cell counting was performed blindly
by two investigators and their results were averaged. Results are

indicated as the number of FRA-immunoreactive cells /0.1 mm”.

Statistics

Data were analyzed using analysis of variance (ANOVA) and
Post-hoc Fisher's PLSD test was followed for the comparison
among groups. A p value less than 0.05 was deemed to be
statistically significant.

RESULTS

Experimental schedules are shown in Fig. 1. Control mice
showed a basal locomotor activity (Fig. 2). Locomotor activity
was significantly increased immediately after the final exposure
to ELF-MF in a field intensity-dependent manner, and it remains
elevated 1 week later (0 hour and 1 day: Saline+0.3 or 2.4 mT
vs. Saline+Control, p<0.05 or p<0.01; 1 week: Saline+2.4 mT vs.
Saline+Control, p<0.05). However, locomotor activity returned
near control level 3 months after the final exposure to ELF-ME
ELF-MF-induced hyperlocomotor activity was significantly
attenuated by treatment with SCH23390, a dopaminergic D1
receptor antagonist in a dose-related manner [0 hour: SCH23390
(0.1 mg/kg)+2.4 mT vs. Saline+2.4 mT, p<0.01; 1 day: SCH23390
(0.03 or 0.1 mg/kg)+2.4 mT vs. Saline+2.4 mT, p<0.05 or p<0.01; 1
week: SCH23390 (0.1 mg/kg)+2.4 mT vs. Saline+2.4 mT, p<0.05].
However, dopaminergic D2 receptor antagonist, sulpiride did not
significantly alter hyperlocomotor activity induced by ELF-MF
(Fig. 2).

FRA-immunoreactive cells were barely observed in the striatal
complex of the control (Fig. 3 and 4). Repeated exposure to ELF-
MEF significantly increased FRA-IR in the striatal complex 2 hours

Exposure to ELF-MF

after the final exposure in a field intensity-dependent manner,
and this FRA induction lasted for 1 year (both of striatum and
nucleus accumbens at 2 hours, 1 day, Iweek, 3 months and 1
year: Saline+0.3 or 2.4 mT vs. Saline+Control, p<0.01). Treatment
with SCH23390 (0.1 mg/kg, i.p.) significantly attenuated the
ELF-MF-induced increase in FRA-IR in the striatum [0 hour, 1
day and Iweek: SCH23390+2.4 mT vs. Saline+2.4 mT, p<0.01;
3 months and 1 year: SCH23390+2.4 mT vs. Saline+2.4 mT,
p<0.05] and nucleus accumbens [0 hour, 1 day, Iweek and 3
months: SCH23390+2.4 mT vs. Saline+2.4 mT, p<0.01; 1 year:
SCH23390+2.4 mT vs. Saline+2.4 mT, p<0.05], while sulpiride (20
mg/kg, i.p.) did not significantly affect FRA-IR induced by ELF-

Locomotor activity
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Fig. 2. Changes in locomotor activity after repeated exposure to extremely
low frequency magnetic fields (ELF-MF) in the mice. Locomotor activity
was measured 0 hour, 1 day, 1 week, 3 months and 1 year after the final
ELF-MF exposure. SCH 0.03 or 0.1=SCH 23390 at 0.03 or 0.1 mg/
kg, i.p. Sulp 10 or 20=sulpiride at 10 or 20 mg/kg, i.p. Each value is the
mean+S.E.M. of 6 mice. *p<0.05, **p<0.01 vs. Saline+Control, &p<().()5
vs. Saline+0.3 mT' ELF-ME "p<0.05, "p<0.01 vs. Saline+2.4 mT ELF-MF
(One-way ANOVA followed by Fischer’s PLSD test).
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Fig. 1. Experimental schedule for evaluating effects of repeated exposure to extremely low frequency magnetic fields (ELF-MF) on the locomotor
activity and fos-related antigen-immunoreactivity (FRA-IR) in the striatum and nucleus accumbens (striatal complex) of the mice. Animals were
exposed to ELF-MF (0.3 or 2.4 mT; 1 hour/day) for consecutive 14 days. Thirty minutes before each exposure to ELF-ME mice were treated with
SCH23390 hydrochloride (a dopaminergic D1 antagonist; 0.03 or 0.1 mg/kg, i.p.) or sulpiride (a dopaminergic D2 antagonist; 10 or 20 mg/kg, i.p.).
Locomotor activity was measured 0 hour, 1 day, 1 week, 3 months and 1 year after the final ELF-MF exposure using an automated video-tracking
system. Mice were sacrificed for immunocytochemical evaluation 90 min after the measurement of locomotor activity. *SCH23390 (a dopaminergic
D1 antagonist; 0.03 or 0.1 mg/kg, i.p.) or Sulpiride (a dopaminergic D2 antagonist; 10 or 20 mg/kg, i.p.) was injected 30 min prior to ELF-MF exposure.
*Behavioral evaluation followed by immunocytochemical study.
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Fig. 3. Changes in fos-related antigen-immunoreactivity (FRA-IR) after
repeated exposure to extremely low frequency magnetic fields (ELF-MF)
in the striatum of the mice. SCH 0.1=SCH 23390 at 0.1 mg/kg, i.p. Sulp
20=sulpiride at 20 mg/kg, i.p. Each value is the mean+S.E.M. of 6 mice.
*p<0.01 vs. Saline+Control, “p<0.05, ““p<0.01 vs. Saline+0.3 mT ELF-ME,
p<0.05, "p<0.01 vs. Saline+2.4 mT ELF-MF (One-way ANOVA followed
by Fischers PLSD test).

MF (Fig. 3and 4).
DISCUSSION

To our knowledge, this is the first demonstration that repeated
exposure to ELF-MF produces nearly permanent induction of
FRA in the striatal complex in vivo. Elevated FRA-IR lasted for
at least 1 year after final exposure to ELE-MF in the present study.
A number of studies have suggested that transient and short-
term expression of FRA proteins is a marker of extracellular
stimuli (Nguyen et al., 1992; Bing et al., 1997b; Deutch et al.,
1998), while long-term expression of FRA mediates neuronal
adaptation through the persistent activation of the AP-1 binding
site in the nucleus (Bing et al., 1996 and 1997b; Pennypacker et
al., 2000). AP-1 binding sites are located in the promoter regions
of various genes, including tyrosine hydroxylase, proenkephalin,

http://dx.doi.org/10.5607/en.2011.20.3.130
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Fig. 4. Changes in fos-related antigen-immunoreactivity (FRA-IR) after
repeated exposure to extremely low frequency magnetic fields (ELF-MF)
in the nucleus accumbens of the mice. SCH 0.1=SCH 23390 at 0.1 mg/kg,
i.p. Sulp 20=sulpiride at 20 mg/kg, i.p. Each value is the mean+S.E.M. of
6 mice. *p<0.01 vs. Saline+Control, “p<0.05, ““p<0.01 vs. Saline+0.3 mT
ELF-ME "p<0.01 vs. Saline+2.4 mT ELF-MF (One-way ANOVA followed
by Fischer’s PLSD test).

prodynorphin, and glial fibrillary acidic protein (Pennypacker
et al., 1994; Nakashima et al., 2003). Among these genes,
proenkephalin- and prodynorphin-gene expressions have shown
temporal correlation with long-lasting expressions of 35-kDa FRA
induced by psychostimulants (Bronstein et al., 1996; Shin et al.,
2005) or kainate (Bing et al, 1997b; Kim et al., 1998). Enkephalin
and dynorphin, which are derived from proenkephalin precursor
and prodynorphin precursor, respectively, have been suggested
to play an important role in the neuroadaptive responses related
to behavioral sensitization, drug reward, drug withdrawal,
or recovery of motor function via modulating post-synaptic
dopaminergic receptor sensitivity or pre-synaptic dopamine
release (Steiner and Gerfen, 1998; Bruijnzeel, 2009). Moreover,
it has been reported that exposure to magnetic fields increases
prodynorphin gene expression (Ventura et al., 2000) and regulates
the activity of opioid receptors (Thomas et al., 1997). Therefore,
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it may be possible that proenkephalin- and prodynorphin-genes
may be involved in the neuroadaptive responses mediated by
long-term FRA expression in response to ELF-ME although the
role and physiological significance of the long-term expression of
FRA induced by ELF-MF remain to be further clarified.

In the present study, ELF-MF-induced long-lasting FRA
expression in the striatal complex was attenuated by SCH23390, a
dopaminergic D1 antagonist, but not by sulpiride, a dopaminergic
D2 antagonist, suggesting that ELF-MF induces long-lasting FRA-
IR via stimulation of dopaminergic D1 receptor. These results are
in line with previous findings showing that direct stimulation of
D1 receptor with specific agonist (Wirtshafter, 2007) or indirect
stimulation of D1 receptor with psychostimulants (Young et al.,
1991; Bronstein et al.,, 1996; Zhang et al., 2002) augments FRA
expression in the striatal complex. Especially, it has been suggested
that dopaminergic DI receptor-mediated adenylate cyclase
signaling pathway, but not phospholipace C pathway, is necessary
for inducing FRA in the striatum (Wirtshafter, 2007). Although
it is not clear how ELF-MF stimulates dopaminergic D1 receptor,
it has been reported that ELF-MF exposure alters intracellular
Ca” levels and facilitates releases of neurotransmitters (Blackman
etal,, 1991; Sandyk, 1994). Thus, there is a possibility that ELF-
MF might increase dopamine release into the synaptic cleft
through the modulation of Ca* influxes. In addition, elevation in
dopamine level in the striatum after repeated exposure to ELE-MF
has reported (Lee et al., 2001; Sieron et al., 2004). However, Jana¢
et al. (2009) indicated that ELF-MF does not change the affinity
and density of striatal dopaminergic receptor. In their study (Jana¢
et al, 2009), rats were fully exposed to ELF-MF for up to 7 days,
whereas mice were exposed to ELF-MF for consecutive 14 days
in our present study. Since it has been suggested that ELF-MF-
induced change in neuronal activity and behaviors may be affected
by exposing schedule (Lyskov et al., 1993), it requires further study
to achieve better understanding on the discrepancy between Jana¢
etal. (2009) and current finding,

In the behavioral evaluation, locomotor activity was increased
after repeated exposure to ELF-ME and it returned near control
level 3 months later. ELF-MF-induced hyperlocomotor activity
was also attenuated by dopaminergic D1 antagonist, SCH23390.
Although locomotor activity can not fully support time-dependent
pattern in FRA in the striatal complex, we raise the possibility that
FRA expression modulates, at least in part, behavioral responses
to repeated ELF-MF exposure. It has been reported that induction
of 35-kDa FRA is accompanied with behavioral changes during
repeated treatment with psychostimulants, such as cocaine (Rosen
et al,, 1994; Hiroi et al., 1997) or amphetamine (Turgeon et al.,
1997). Striatal expression of 35-kDa FRA and hyperlocomotor
134
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activity after repeated treatment with cocaine or amphetamine
have shown to be more pronounced than those after single
injection (Hiroi et al,, 1997; Turgeon et al., 1997), suggesting that
35-kDa FRA plays a key role in repeated neuronal stimulation. In
addition, Hsieh et al. (2002) reported that elevated 35-kDa FRA
expression, but not c-Fos expression, is sustained for at least 40
days after withdrawal from repeated amphetamine administration,
while locomotor activity returned near control level 10 days after
withdrawal, suggesting that 35-kDa FRA plays a certain role in
neurobehavioral adaptation.

Our results suggest that repeated exposure to ELF-MF induces
prolonged locomotor stimulation and long-term expression of
FRA in the striatal complex via stimulation of dopaminergic
D1 receptor. Finally, we raise the possibility that ELF-MF-
mediated dopaminergic activations can be one of the therapeutic
interventions for improving Parkinsons symptoms.

ACKNOWLEDGEMENTS

This study was supported by a grant from the Brain Research
Center from 21st Century Frontier Research Program funded by
the Ministry of Science and Technology, Republic of Korea and by
2008 Research Grant from Kangwon National University. Xuan-
Khanh Thi Nguyen, Thuy-Ty Lan Nguyen and Diem-Thu Pham
were supported by BK 21 program. Equipment at the Institute of
Pharmaceutical Science (Kangwon National University) was used

for this study.
REFERENCES

1. Bing G, McMillian M, Kim H, Pennypacker K, Feng Z, Qi Q,
Kong LY, ladarola M and Hong JS (1996) Long-term expression
of the 35,000 mol. wt fos-related antigen in rat brain after kainic
acid treatment. Neuroscience 73:1159-1174.

2. Bing G, Wang W, Qi Q Feng Z, Hudson P, Jin L, Zhang W, Bing
R and Hong JS (1997a) Long-term expression of Fos-related
antigen and transient expression of delta FosB associated with
seizures in the rat hippocampus and striatum. ] Neurochem
68:272-279.

3. Bing G, Wilson B, Hudson P, Jin L, Feng Z, Zhang W, Bing R
and Hong JS (1997b) A single dose of kainic acid elevates the
levels of enkephalins and activator protein-1 transcription fac-
tors in the hippocampus for up to 1 year. Proc Natl Acad Sci
US A94:9422-9427.

4. Blackman CE Benane SG and House DE (1991) The influence
of temperature during electric- and magnetic-field-induced

alteration of calcium-ion release from in vitro brain tissue.

http://dx.doi.org/10.5607/en.2011.20.3.130



en

Long-lasting FRA Induced by ELF-MF

10.

1.

12.

13.

14.

15.

Bioelectromagnetics 12:173-182.

. Bronstein DM, Pennypacker KR, Lee H and Hong JS (1996)

Methamphetamine-induced changes in AP-1 binding and
dynorphin in the striatum: correlated, not causally related
events? Biol Signals 5:317-333.

Bruijnzeel AW (2009) Kappa-opioid receptor signaling and
brain reward function. Brain Res Rev 62:127-146.

Chen ], Nye HE, Kelz MB, Hiroi N, Nakabeppu Y, Hope BT
and Nestler EJ (1995) Regulation of delta FosB and FosB-like
proteins by electroconvulsive seizure and cocaine treatments.
Mol Pharmacol 48:880-889.

Choleris E, Thomas AW, Kavaliers M and Prato FS (2001)
A detailed ethological analysis of the mouse open field test:
effects of diazepam, chlordiazepoxide and an extremely low
frequency pulsed magnetic field. Neurosci Biobehav Rev 25:
235-260.

Deutch AY, Bubser M and Young CD (1998) Psychosti-
mulant-induced Fos protein expression in the thalamic
paraventricular nucleus. ] Neurosci 18:10680-10687.

Doucet JP, Nakabeppu Y, Bedard PJ, Hope BT, Nestler EJ,
Jasmin BJ, Chen JS, ladarola M, St-Jean M, Wigle N, Blanchet
P, Grondin R and Robertson GS (1996) Chronic alterations
in dopaminergic neurotransmission produce a persistent
elevation of deltaFosB-like protein(s) in both the rodent and
primate striatum. Eur ] Neurosci 8:365-381.

Epstein CM, Evatt ML, Funk A, Girard-Siqueira L, Lupei N,
Slaughter L, Athar S, Green J, McDonald W and DeLong MR
(2007) An open study of repetitive transcranial magnetic
stimulation in treatment-resistant depression with Parkinsons
disease. Clin Neurophysiol 118:2189-2194.

Floderus B, Persson T, Stenlund C, Wennberg A, Ost A and
Knave B (1993) Occupational exposure to electromagnetic
fields in relation to leukemia and brain tumors: a case-control
study in Sweden. Cancer Causes Control 4:465-476.

Foletta VC (1996). Transcription factor AP-1, and the role of
Fra-2. Immunol Cell Biol 74:121-133.

Forssén UM, Feychting M, Rutqvist LE, Floderus B and
Ahlbom A (2000) Occupational and residential magnetic
field exposure and breast cancer in females. Epidemiology 11:
24-29.

Fregni F, Simon DK, Wu A and Pascual-Leone A (2005)
Non-invasive brain stimulation for Parkinsons disease: a
systematic review and meta-analysis of the literature. ] Neurol
Neurosurg Psychiatry 76:1614-1623.

George MS, Wassermann EM, Williams WA, Callahan
A, Ketter TA, Basser P, Hallett M and Post RM (1995)

Daily repetitive transcranial magnetic stimulation (rTMS)

http://dx.doi.org/10.5607/en.2011.20.3.130

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

improves mood in depression. Neuroreport 6:1853-1856.
Hirai T, Nakamichi N and Yoneda Y (2002) Activator pro-
tein-1 complex expressed by magnetism in cultured rat hi-
ppocampal neurons. Biochem Biophys Res Commun 292:
200-207.

Hiroi N, Brown R, Haile CN, Ye H, Greenberg ME and Nestler EJ
(1997) FosB mutant mice: loss of chronic cocaine induction
of Fos-related proteins and heightened sensitivity to cocaines
psychomotor and rewarding eftects. Proc Natl Acad Sci U S A
94:10397-10402.

Hsieh HC, Li HY, Lin MY, Chiou YE Lin SY, Wong CH and
Chen JC (2002) Spatial and temporal profile of haloperidol-
induced immediate-early gene expression and phosphoCREB
binding in the dorsal and ventral striatum of amphetamine-
sensitized rats. Synapse 45:230-244.

Jana¢ B, Pesi¢ V, Jelenkovi¢ A, Vorobyov V and Proli¢ Z (2005)
Ditferent effects of chronic exposure to ELF magnetic field
on spontaneous and amphetamine-induced locomotor and
stereotypic activities in rats. Brain Res Bull 67:498-503.

Janac¢ B, Tovilovi¢ G, Tomi¢ M, Proli¢ Z and Radenovi¢ L
(2009) Effect of continuous exposure to alternating magnetic
field (50 Hz, 0.5 mT) on serotonin and dopamine receptors
activity in rat brain. Gen Physiol Biophys 28:41-46.

Jhoo WK, Shin EJ, Lee YH, Cheon MA, Oh KW, Kang SY, Lee
C, Yi BC and Kim HC (2000) Dual effects of dextromethor-
phan on cocaine-induced conditioned place preference in mice.
Neurosci Lett 288:76-80.

Karin M, Liu Z and Zandi E (1997) AP-1 function and regu-
lation. Curr Opin Cell Biol 9:240-246.

Kheifets L, Ahlbom A, Crespi CM, Draper G, Hagihara J,
Lowenthal RM, Mezei G, Oksuzyan S, Schiiz ], Swanson J,
Tittarelli A, Vinceti M and Wunsch Filho V (2010) Pooled
analysis of recent studies on magnetic fields and childhood
leukaemia. Br ] Cancer 103:1128-1135.

Kim HC, Bing G, Shin EJ, Jhoo HS, Cheon MA, Lee SH, Choi
KH, Kim JT and Jhoo WK (2001) Dextromethorphan affects
cocaine-mediated behavioral pattern in parallel with a long-
lasting Fos-related antigen-immunoreactivity. Life Sci 69:
615-624.

Kim HC, Pennypacker KR, Bing G, Bronstein D, McMillian
MK and Hong JS (1996) The effects of dextromethorphan on
kainic acid-induced seizures in the rat. Neurotoxicology 17:
375-385.

Kim HC, Suh JH, Won JS, Jhoo WK, Song DK, Kim YH, Wie
MB and Suh HW (1998) Phenidone blocks the increases of
proenkephalin and prodynorphin gene expression induced
by kainic acid in rat hippocampus: involvement of Fos-

135

www.enjournal.org



Eun-Joo Shin, et al.

en

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

136

related antigene protein. Brain Res 782:337-342.

Lee BC, Bing G, Jhoo WK, Yoon JM, Kang KS, Shin EJ,
Kim WK, Ko KH and Kim HC (2001) Prenatal exposure to
magnetic field increases dopamine levels in the striatum of
offspring. Clin Exp Pharmacol Physiol 28:884-886.

Lin H, Han L, Blank M, Head M and Goodman R (1998)
Magnetic field activation of protein-DNA binding. ] Cell
Biochem 70:297-303.

Liu T, Wang S, He L and Ye K (2008) Anxiogenic effect of
chronic exposure to extremely low frequency magnetic field
in adult rats. Neurosci Lett 434:12-17.

Lyskov EB, Juutilainen J, Jousmaki V, Partanen J, Medvedev S
and Hénninen O (1993) Effects of 45-Hz magnetic fields on
the functional state of the human brain. Bioelectromagnetics
14:87-95.

Nakashima A, Ota A and Sabban EL (2003) Interactions
between Egrl and AP1 factors in regulation of tyrosine
hydroxylase transcription. Mol Brain Res 112:61-69.

Nguyen TV, Kosofsky BE, Birnbaum R, Cohen BM and
Hyman SE (1992) Differential expression of c-fos and zif268
in rat striatum after haloperidol, clozapine, and amphetamine.
Proc Natl Acad Sci U S A 89:4270-4274.

Pennypacker KR, Hong JS and McMillian MK (1995) Im-
plications of prolonged expression of Fos-related antigens.
Trends Pharmacol Sci 16:317-321.

Pennypacker KR, Hong JS and McMillian MK (1994) Phar-
macological regulation of AP-1 transcription factor DNA
binding activity. FASEB ] 8:475-478.

Pennypacker KR, Yang X, Gordon MN, Benkovic S, Miller
D and O'Callaghan JP (2000) Long-term induction of Fos-
related antigen-2 after methamphetamine-, methylenedi-
oxymethamphetamine-, 1-methyl-4-phenyl-1,2,3, 6-te-
trahydropyridine- and trimethyltin-induced brain injury.
Neuroscience 101:913-919.

Post A and Keck ME (2001) Transcranial magnetic stimula-
tion as a therapeutic tool in psychiatry: what do we know
about the neurobiological mechanisms? ] Psychiatr Res 35:
193-215.

Rosen JB, Chuang E and Iadarola MJ (1994) Differential in-
duction of Fos protein and a Fos-related antigen following
acute and repeated cocaine administration. Mol Brain Res 25:
168-172.

Sandyk R (1994) Rapid normalization of visual evoked poten-
tials by picoTesla range magnetic fields in chronic progressive
multiple sclerosis. Int ] Neurosci 77:243-259.

Shin EJ, Jeong JH, Kim HJ, Jang CG, Yamada K, Nabeshima

www.enjournal.org

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

T and Kim HC (2007) Exposure to extremely low frequency
magnetic fields enhances locomotor activity via activation
of dopamine D1-like receptors in mice. ] Pharmacol Sci 105:
367-371.

Shin EJ, Nabeshima T, Suh HW, Jhoo WK, Oh KW, Lim
YK, Kim DS, Choi KH and Kim HC (2005) Ginsenosides
attenuate methamphetamine-induced behavioral side eftects
in mice via activation of adenosine A2A receptors: possible
involvements of the striatal reduction in AP-1 DNA binding
activity and proenkephalin gene expression. Behav Brain Res
158:143-157.

Sieront A, Labus 1, Nowak P, Cie$lar G, Brus H, Durczok
A, Zagzit T, Kostrzewa RM and Brus R (2004) Alternating
extremely low frequency magnetic field increases turnover
of dopamine and serotonin in rat frontal cortex. Bioelectro-
magnetics 25:426-430.

Steiner H and Gerfen CR (1998) Role of dynorphin and
enkephalin in the regulation of striatal output pathways and
behavior. Exp Brain Res 123:60-76.

Thomas AW, Kavaliers M, Prato FS and Ossenkopp KP (1997)
Pulsed magnetic field induced “analgesia” in the land snail,
Cepaea nemoralis, and the effects of mu, delta, and kappa
opioid receptor agonists/antagonists. Peptides 18:703-709.
Turgeon SM, Pollack AE and Fink JS (1997) Enhanced CREB
phosphorylation and changes in c-Fos and FRA expression
in striatum accompany amphetamine sensitization. Brain Res
749:120-126.

Ventura C, Maioli M, Pintus G, Gottardi G and Bersani F
(2000) Elf-pulsed magnetic fields modulate opioid peptide
gene expression in myocardial cells. Cardiovasc Res 45:1054-
1064.

Wilson BW (1988) Chronic exposure to ELF fields may
induce depression. Bioelectromagnetics 9:195-205.
Wirtshafter D (2007) Rotation and immediate-early gene
expression in rats treated with the atypical D1 dopamine
agonist SKF 83822. Pharmacol Biochem Behav 86:505-510.
World Health Organization (2007) Extremely low frequency
(ELF) fields (Environ Health Criteria Monograph, n. 238).
WHO, Geneva, Switzerland.

Young ST, Porrino L] and ladarola MJ (1991) Cocaine induces
striatal c-fos-immunoreactive proteins via dopaminergic D1
receptors. Proc Natl Acad Sci U S A 88:1291-1295.

Zhang D, Zhang L, Lou DW, Nakabeppu Y, Zhang ] and Xu
M (2002) The dopamine D1 receptor is a critical mediator
for cocaine-induced gene expression. ] Neurochem 82:1453-
1464.

http://dx.doi.org/10.5607/en.2011.20.3.130



