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Abstract
Magnetic fields with different frequency and intensity parameters exhibit a wide range of effects on different biological mod-
els. Extremely low frequency magnetic field (ELF MF) exposure is known to augment or even initiate neuronal differentiation 
in several in vitro and in vivo models. This effect holds potential for clinical translation into treatment of neurodegenerative 
conditions such as autism, Parkinson’s disease and dementia by promoting neurogenesis, non-invasively. However, the lack 
of information on underlying mechanisms hinders further investigation into this phenomenon. Here, we examine involvement 
of glutamatergic Ca2+ channel, N-methyl-d-aspartate (NMDA) receptors in the process of human neuronal differentiation 
under ELF MF exposure. We show that human neural progenitor cells (hNPCs) differentiate more efficiently under ELF MF 
exposure in vitro, as demonstrated by the abundance of neuronal markers. Furthermore, they exhibit higher intracellular 
Ca2+ levels as evidenced by c-fos expression and more elongated mature neurites. We were able to neutralize these effects 
by blocking NMDA receptors with memantine. As a result, we hypothesize that the effects of ELF MF exposure on neuronal 
differentiation originate from the effects on NMDA receptors, which sequentially triggers Ca2+-dependent cascades that 
lead to differentiation. Our findings identify NMDA receptors as a new key player in this field that will aid further research 
in the pursuit of effect mechanisms of ELF MFs.

Keywords  Extremely low frequency magnetic field (ELF MF) · Neuronal differentiation · N-methyl-d-aspartate (NMDA) 
receptor · Human neural progenitor cells (hNPCs)

Abbreviations
ADAM10	� A disintegrin and metalloproteinase
AMPA	� Alpha-amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid

CREB	� Cyclic AMP-responsive element-binding 
protein

DAPI	� 4-6-diamidino-2-phenylindole-dihydrochlo-
ride

EGFR	� Epidermal growth factor receptor
ELF MF	� Extremely low frequency magnetic field
hNPCs	� Human neural progenitor cells
mT	� MilliTesla
NMDA	� N-methyl-d-aspartate

Introduction

External stimuli that can trigger molecular events in biologi-
cal media may prove valuable for both research applications 
and possible clinical tools. One prominent example is the 
development of optogenetic methods which enable optically 
triggering molecular cascades using light–sensitive proteins 
(Anikeeva 2016). However, these techniques usually require 
intracranial implantation of light delivery set ups as visible 
and near-infrared light is heavily absorbed by physiological 
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media (Iseri and Kuzum 2017). Moreover, dependence on 
transgenically expressed light-sensitive proteins renders 
their clinical translation currently impossible (Chow and 
Boyden 2013; Gilbert et al. 2014). Consequently, vigorous 
efforts for finding new molecular manipulation strategies 
that can bypass the restrictions of optogenetics have been 
underway in recent years. The ability of magnetic fields to 
permeate tissues virtually undisturbed (Salvador et al. 2007; 
Hardwick et al. 2014; Klomjai et al. 2015) makes them the 
strongest candidate in this pursuit (Nimpf et al. 2017).

The field of magnetogenetics targets proteins that may 
be sensitive to external magnetic stimuli, such as IscA1 
and ferritin, in an attempt to control ion channels (Qin et al. 
2015; Wheeler et al. 2016; Stanley et al. 2014). Unfortu-
nately, these promising results were proven to be impossible 
to occur via the suggested routes by very simple calculations 
(Anikeeva and Jasanoff 2016) as well as experimental results 
proving that the observed effects were not due to magnetic 
field exposure alone (Long and Zhang 2018). These findings 
necessitate a complete re-evaluation of this newly emerging 
field.

ELF MFs, on the other hand, produce influences on a 
wide array of native biological models without any trans-
fected magneto-sensitive proteins. Furthermore, these effects 
appear under exposure to much weaker magnetic fields, on 
the level of several milliTeslas (mT) which present no cyto-
toxic or genotoxic effects (Boorman et al. 1997; Pettenati 
et al. 2018). There is already growing concern about the 
effects of exposure to ELF MFs as epidemiological (Dava-
nipour et  al. 2007; Zhou et  al. 2012) and experimental 
(Consales et al. 2012, 2018) findings point to possible asso-
ciations with neurodegenerative diseases. However, efforts 
are being made to identify useful effects under controlled 
exposure conditions. An increase in viability and collagen 
synthesis was observed in osteoblasts under the effects of 
75-Hz magnetic fields as well as an increase in angiogenesis 
factors (Saliev et al. 2014). Interestingly, 50 Hz was com-
monly accepted as the frequency for promoting neuronal 
differentiation and successfully used in studies on mesen-
chymal and neural stem cell lines (Cuccurazzu et al. 2010; 
Cho et al. 2012; Kim et al. 2013; Ma et al. 2014, 2016). 
Exposure to the same frequency also enhanced the efficiency 
of induced pluripotent stem cell reprogramming (Baek et al. 
2014). It is important to realize here that responses to mag-
netic field exposure varies widely depending on parameters 
such as frequency, exposure duration (Ma et al. 2014; Yu 
et al. 2014) and cell type (Nikolova et al. 2005; Ma et al. 
2014). These variables offer promising options in possible 
bio-modulatory applications (Maziarz et al. 2016).

NMDA receptors are glutamatergic ion channels that dis-
play high Ca2+ permeability (Chang and Kuo 2008). Unlike 
other glutamate-gated channels such as alpha-amino-3-hy-
droxy-5-methyl-4-isoxazole propionic acid (AMPA) and 

kainate receptors, NMDA receptor activation occurs slowly 
and activates Ca2+-dependent cascades to regulate neuronal 
processes such as synaptic plasticity (Blanke and VanDon-
gen 2009; Iacobucci and Popescu 2017). Channel opening 
requires binding of glutamate and glycine to discrete bind-
ing sites. A Mg2+ ion resides on a third binding site within 
the pore called a Mg2+ block which needs to be removed 
by the change in membrane potential during depolarization 
as a prerequisite for Ca2+ transition through the channel 
(Collingridge and Watkins 1994). NMDA receptor blockers 
such as memantine, ketamine, MK-801 and phencyclidine 
block the channel opening to prevent Ca2+ influx (Johnson 
and Kotermanski 2006; Parsons and Gilling 2007; Song 
et al. 2018). Memantine was utilized in this work as a low-
affinity NMDA receptor antagonist (Temme et al. 2018) to 
avoid possible toxicity effects that may arise during the long 
incubation period of the experiments.

One particularly important application here will be the 
effects of magnetic fields on neural cell differentiation which 
we hypothesize may prove to be a useful tool in treatment 
of neurodegenerative diseases especially since the effect is 
reproducible in in vivo models (Cuccurazzu et al. 2010). 
However, designing such a tool requires the knowledge 
of exact mechanisms of this effect to be able to tune field 
parameters for targeting specific molecular pathways. Unfor-
tunately, discussions on these mechanisms in the literature 
are mostly postulations derived from the limited data we cur-
rently have which largely consist of changes in the expres-
sion levels of some proteins (Kim et al. 2013; Baek et al. 
2014; Choi et al. 2014; Ma et al. 2016).

In the pursuit of effect mechanisms, the most commonly 
identified effect is the elevation of intracellular Ca2+ concen-
tration in vivo and in vitro (Walleczek 1992; Karabakhtsian 
et al. 1994; Morgado-Valle et al. 1998; Fanelli et al. 1999; 
Zhou et al. 2002; Lisi et al. 2006; Manikonda et al. 2007; 
Sun et al. 2016). Concomitant effects of Ca2+ influx such 
as increased expression levels of c-fos and c-myc (Kara-
bakhtsian et al. 1994) along with augmented protein kinase 
A, protein kinase C and calcineurin activities (Manikonda 
et al. 2007) were also determined. Enhancement of neuronal 
differentiation under ELF MF exposure was previously 
linked to cyclic AMP-responsive element-binding protein 
(CREB) phosphorylation which could be traced back to epi-
dermal growth factor receptor (EGFR) activation through 
Akt signaling in the upstream (Park et al. 2013). Still, no 
proven rationale exists about the starting point of the cas-
cade that is triggered by the ELF MF exposure and results 
in neuronal differentiation. Considering the clues mentioned 
above, the NMDA receptor, a relatively unexplored candi-
date as a Ca2+ gateway in this field, may be the starting point 
in the cascade. NMDA receptor activation results in Ca2+ 
influx and activation of Ca2+-dependent pathways (Papadia 
and Hardingham 2007) which agrees with the elevation of 
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intracellular Ca2+ under ELF MF exposure. It is also known 
that NMDA receptor activation heavily promotes neuronal 
differentiation (Yoneyama et al. 2008), as NMDA receptor 
signaling is a major regulator of proliferation and differentia-
tion of neural progenitor cells (Joo et al. 2007; Jansson and 
Åkerman 2014). The hypothesis is further reinforced by the 
fact that the aforementioned EGFR–Akt–CREB cascade is 
stimulated by NMDA receptor activation at multiple points, 
namely; Akt phosphorylation is known to be triggered by 
NMDA treatment in vitro and EGFR phosphorylation can be 
enhanced by NMDA receptor activation through upregula-
tion of a disintegrin and metalloproteinase 10 (ADAM10) 
(Tang et al. 2012).

Previous studies on effects of ELF EMF on NMDA recep-
tors report altered ligand binding (Manikonda et al. 2007) 
and transient elevations in subunit expression (Li et al. 2014; 
Kazemi et al. 2018) but do not address possible effects on 
activation. Considering the above information, it is tempting 
to hypothesize NMDA receptors to be the starting point of 
ELF MF effects on neural progenitors.

In this study, we explore possible involvement of NMDA 
receptors in the effect of ELF MFs on neuronal differentia-
tion. We exposed differentiating hNPCs to 50 Hz, 1 mT ELF 
MF, as these are the most commonly utilized parameters for 
neuronal differentiation in the literature (Cui et al. 2017). We 
demonstrate that 50 Hz ELF MF exposure during neuronal 
differentiation enhances the levels of neuronal markers, c-fos 
and neurite outgrowth. These effects are completely reversed 
by treatment with an NMDA receptor antagonist, revealing 
a heavy NMDA receptor dependence. Implications and pos-
sible processes that lead to these findings are discussed. Our 
current results provide a robust affirmation to our hypothesis 
as all previously reported effects of ELF MF exposure are 
eliminated by memantine treatment. Furthermore, to the best 
of our knowledge, human neural progenitor cells (hNPCs) 
have never been used as an in vitro model of neuronal dif-
ferentiation for ELF MF studies before, which makes the 
findings more relevant to ELF MF effects on human neural 
tissue.

Materials and Methods

Cell culture and ELF MF exposure

hNPCs were a kind gift from Prof. Leo A. Behie (Univer-
sity of Calgary, Calgary, Canada). Cells were isolated from 
the telencephalon region of a 10 week post-conception fetus 
according to the protocols and strict ethical guidelines pre-
viously established and approved by the Conjoint Health 
Research Ethics Board (CHREB, University of Calgary, 
Canada; ID: E-18786) guidelines (Mendez et al. 2002). 
Frozen neurospheres of hNPCs were thawed at 37 °C and 

transferred into a T25 cell culture flask (Nunc) in PPRF-h2 
medium (Baghbaderani et al. 2010). Two days later, neu-
rospheres were dissociated by trituration and re-seeded in 
fresh PPRF-h2 medium to allow reformation and growth 
of spheres. During 14 days of growth, 40% of medium was 
refreshed every other day. For differentiation, neurospheres 
were enzymatically dissociated (0.25% Trypsin–EDTA, 
GIBCO) and transferred to differentiation medium consist-
ing of Neurobasal A (Thermo Fisher) supplemented with 
10 ng/mL bFGF (Sigma Aldrich), 2% B-27 supplement 
(Thermo Fisher) and 0.5% Glutamax (Thermo Fisher). Cells 
(monolayer) were then seeded on poly-d-lysine (100 µg/mL, 
Sigma Aldrich) and laminin (10 µg/mL, Sigma Aldrich) 
coated coverslips at a density of 2 × 104 cells/cm2 (Teixeira 
et al. 2015). Intact neurospheres were directly added on 
coated coverslips without dissociation. “Intact neurosphere 
seeding was only performed for an initial visual evalua-
tion. All other experiments are performed with monolayer 
cells obtained from dissociated neurospheres.” Memantine 
treatment was performed by dissolving memantine (Sigma 
Aldrich) in PBS and adding to media at a final concentration 
of 2 µM (Jantas and Lason 2009). Final vehicle concentra-
tion in media was kept below 0.01%. Sham and ELF MF 
group plates were placed in different incubators at 37 °C 
under 5% CO2 atmosphere. Cells were allowed to differenti-
ate for 5 days under control (sham exposure) or continuous 
50-Hz, 1.0-mT ELF MF exposure conditions. ELF MF expo-
sure was provided by a Helmholtz coil pair placed inside the 
cell culture incubator (Cho et al. 2012). 50-Hz sinusoidal 
signal was obtained by attenuating power line signal through 
a variac and fed to the coils to maintain a 1.0 mT root mean 
square field intensity which was measured by an EMF spec-
trum analyzer (Aaronia NF-5035).

Immunocytochemistry

hNPCs were washed with PBS and fixed with 4% formalde-
hyde (Sigma Aldrich) solution in PBS for 10 min and per-
meabilized with PBS containing 0.1% Triton X-100 (Sigma 
Aldrich). After blocking non-specific binding sites with 10% 
fetal calf serum (Thermo Fisher) in PBS for 1.0 h at room 
temperature, coverslips were incubated in primary antibod-
ies against MAP2 (mature neuronal marker Abcam, mouse, 
1:500), doublecortin (DCX) (Santa Cruz, goat, 1:300) or 
c-fos (Abcam, Rabbit, 1:300) for 2.0 h at room tempera-
ture. Corresponding secondary antibodies (Abcam, 1:500) 
conjugated with either Alexa Fluor 488 or Alexa Fluor 594 
were sequentially added and incubated at room temperature 
for 1.0 h. Nuclei were counterstained with 4-6-diamidino-
2-phenylindole-dihydrochloride (DAPI) for 10 min and 
micrographs were taken with fluorescence microscopy 
(Olympus BX-61) (Teixeira et al. 2016).
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Western blot

Differentiated hNPCs were harvested into ice-cold RIPA 
buffer and protein concentrations were estimated by Brad-
ford assay (Bio-Rad). Lysates were diluted in 2X Laemmli 
buffer before use. 4–10% discontinuous polyacrylamide 
(Sigma Aldrich) gels were cast and proteins were resolved 
under 120 V (Bio-Rad, Mini Protean). Protein bands were 
transferred (Bio-Rad, Transblot Turbo) to PVDF mem-
branes (Millipore). Membranes were probed with primary 
antibodies against MAP2 (Abcam, mouse, 1:500), Tuj1 
(Santa Cruz, mouse, 1:1000) and DCX (Abcam, rabbit, 
1:500) at 4  °C, overnight. Corresponding horseradish 
peroxidase conjugated secondary antibodies (Abcam, 
1:2000) were added on membranes and incubated for 
1.0 h at room temperature. Bands were visualized by add-
ing 3,3′,5,5′-tetramethylbenzidine chromogenic substrate 
(Thermo Fisher) on the membranes. Scanned membranes 
were quantified by ImageJ software.

Quantification of micrographs

ImageJ software was used for analyzing immunostaining 
micrographs. Marker positive cells were counted by apply-
ing a threshold to each of at least 25 images from each 
group, so that only marker-expressing cells remain on the 
foreground. DAPI stained total nuclei and cells positive 
for each marker were counted manually.

NeuronJ, an ImageJ plugin, (Jacob et al. 2004) was used 
to manually mark and measure the length of all MAP2+ 
neurites from at least 20 images from each group.

Micrographs from c-fos immunostaining experiment 
were converted to grayscale and each MAP2+ cell was 
manually selected with region of interest tool for mak-
ing mean gray value measurements for c-fos. Background 
measurements were subtracted from intensity values of 
each cell. At least 19 images were analyzed for each group.

Statistical analysis

Statistical significance of ELF MF exposure and meman-
tine treatment effects were tested by two-way ANOVA 
followed by Tukey’s HSD post hoc test using Graphpad 
Prism software. One-way ANOVA was used for cell counts 
where memantine treatment was not performed. All data 
presented as mean ± SEM of three independent experi-
ments. Calculated p values that are lower than 0.05 were 
considered significant and denoted as * for p < 0.05, ** for 
p < 0.01 and n.d. for differences that are not significant. 
Exact p values are given in the text.

Results

The effect of ELF MF exposure on neuronal differentiation 
of hNPCs was first assessed by immunostaining for early 
(DCX, marker for immature neurons) and mature neurons 
(MAP2). Intact neurospheres and dissociated cells were 
differentiated for qualitative and quantitative evaluation 
respectively, under sham and continuous ELF MF (50 Hz, 
1.0 mT) exposure conditions. hNPCs differentiated as a 
monolayer resulted in a population of 52.5% ± 2.9 DCX+ 
and 57.0% ± 1.82 MAP2+ cells. Total number of cells and 
populations did not differ (p = 0.899 and 0.507 for DCX and 
MAP2, respectively) under ELF MF exposure conditions 
(Fig. 1a). Neurospheres attached to the culture surface upon 
induction of differentiation and cells started to migrate. A 
gradual decline of DCX+ was observed as cells migrated 
away from the neurosphere core; whereas, ELF MF group 
showed an abrupt reduction in DCX+ cells immediately 
outside the neurosphere boundary (Fig. 1c). This finding 
was expressed as the profile of DCX signal intensity plotted 
against the distance from neurosphere core (Fig. 1b). DCX 
signal at the neurosphere center decays to 10% of initial 
values within 259 ± 47 µm distance in ELF MF group, com-
pared to 482 ± 30 µm in sham group (p = 0.04).

Neuronal differentiation of monolayer cultures was 
further evaluated through total abundances of neuronal 
markers, comparatively estimated by western blots. Over-
all results of two-way ANOVA reveal significant effect of 
ELF MF on all tested markers (p = 0.003, 0.013 and 0.042 
for TUJ1, MAP2 and DCX, respectively) but no significant 
effect of memantine treatment alone (p = 0.434, 0.193 and 
0.762 for TUJ1, MAP2 and DCX, respectively). ELF MF 
exposure resulted in significantly (p = 0.016 and p = 0.003 
respectively) elevated total levels of mature neuronal mark-
ers MAP2 and TUJ1 (Fig. 2a and b), while early neuron 
and migration marker DCX levels showed a sharp drop 
(p = 0.009) compared to sham exposure (Fig. 2c). Blocking 
NMDA receptors, by treating the cells with uncompetitive 
channel antagonist memantine, neutralized the effects of 
ELF MF exposure on all three markers. Memantine treat-
ment alone had little to no effect on (p = 0.323, 0.859 and 
0.076 for TUJ1, MAP2 and DCX, respectively) the abun-
dance of markers (Fig. 2a, b, c).

ELF MF also enhanced morphological maturation of 
neurons in an NMDA receptor dependent manner. Overall, 
two-way ANOVA results show significant effects for both 
ELF MF (p = 0.007) and memantine treatment (p < 0.001) 
on neurite lengths of mature neurites. MAP2+ neurites were 
significantly longer (p = 0.004) in cells differentiated under 
exposure while memantine treated cells were not (p = 0.949) 
affected by ELF MF (Fig. 3a) according to post hoc analysis. 
An NMDA receptor-based effect of ELF MF on neuronal 
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activity was also identified by measuring c-fos levels in 
MAP2+ cells. Mean c-fos fluorescence signal intensities 
within these cells were heightened by both ELF MF expo-
sure (0.007) and memantine treatment (p < 0.001) according 
to the overall two-way ANOVA test. Presence of memantine 
alone produced a sharp increase (p < 0.001) in c-fos levels 
but also eliminated the effect of ELF MF exposure as signal 
intensities were indistinguishable between sham and ELF 
MF groups under memantine treatment (Fig. 3b).

Discussion

Despite concerns about biological effects of chronic expo-
sure and its epidemiological association with neurodegen-
erative diseases, (Consales et al. 2012) ELF MFs may hold 
potential for new, non-invasive intervention options for dis-
eases of neural tissues due to their unperturbed penetration 
into biological media and subtle but promising effects on 
the molecular level. These include ameliorating cognitive 
symptoms of Alzheimer’s disease (Arendash et al. 2010; 
Liu et al. 2015) and attenuating tau phosphorylation which 

is one of the molecular hallmarks of Alzheimer disease (Hu 
et al. 2016). They are known to drive different stem cell 
populations towards neural differentiation when applied at 
50 Hz, in vitro (Cho et al. 2012; Park et al. 2013; Ma et al. 
2014, 2016) and in vivo (Cuccurazzu et al. 2010), even 
in the absence of differentiation factors (Cho et al. 2012). 
Although investigations into neural differentiation effects 
almost exclusively use 50 Hz fields, other parameters such 
as field intensity, exposure duration, exposure intervals and 
signal waveform vary widely between studies as well as their 
obtained results (Cui et al. 2017). Optimizing these parame-
ters with a purposefully designed waveform to elicit a selec-
tive, well-defined and useful molecular response constitutes 
the ultimate goal of this field. Pinpointing exact interaction 
mechanisms of ELF MF with neural tissue is therefore the 
major milestone towards this target.

The absence of an effect of ELF MF on MAP+ cell 
population is already expected since neuronal–glial fate 
is determined by completely different processes which 
cannot be altered during differentiation after commit-
ment to a cell type (Sanalkumar et al. 2010). However, 
intact neurospheres seem to dissipate less efficiently under 

Fig. 1   Assessment of immature (DCX+) and mature (MAP2+) neuron 
populations under 50-Hz, 1.0-mT ELF MF exposure a Quantification 
of MAP2+ and DCX+ neurons obtained from monolayer cultures as 
a percentage of total nuclei under sham and ELF MF conditions b 
Sample DCX intensity profiles of images taken from neurons differ-
entiated as intact neurospheres as a function of distance from the neu-

rosphere center c DCX (red) and MAP2 (green) immunofluorescence 
images of neurons differentiated as intact neurospheres where initial 
neurosphere cores are marked with white arrows on DAPI (blue) 
stained nuclei; scale bar 100  µm for all micrographs in panel. Data 
presented as the mean ± SEM of three independent experiments; nd 
non-significant according to one-way ANOVA
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ELF MF exposure as they exhibit clearer boundaries with 
DCX− cells around them. Since DCX plays an important 
role in neuronal migration (Ayanlaja et al. 2017), it can be 
inferred that the rapid loss of DCX expression slows the 
expansion of differentiating neurospheres. This qualitative 
observation is also confirmed by western blot data which 
show a drastic drop in total DCX levels of monolayer cul-
tures. Intact neurosphere differentiation was performed 
solely for visualizing purposes and was not repeated 
for other experiments as they do not allow cell counting 
for seeding and analysis. We showed that mature neu-
ron marker levels are enhanced under ELF MF exposure 
which confirms previous reports on different in vitro mod-
els (Park et al. 2013; Seong et al. 2014; Ma et al. 2016). 
Memantine is a use-dependent uncompetitive antagonist 
of NMDA receptor. It shares a binding site with the Mg2+ 

channel block, meaning glutamate binding and Mg2+ block 
dislodging are both required for memantine activity, which 
also make it a voltage-dependent blocker. After meman-
tine binds to channel opening, the channel can close and 
trap the molecule inside. This characteristic is shared with 
other common NMDA receptor blockers such as aman-
tadine, ketamine, MK-801 and phencyclidine (Johnson 
and Kotermanski 2006; Parsons and Gilling 2007; Song 
et al. 2018). Our results demonstrate that blocking NMDA 
receptors in this manner prevents ELF MF from enhanc-
ing neuronal marker levels as well as restoring early neu-
ron marker DCX to normal levels. These findings create 
adequate basis to propose that exposure to ELF MF mag-
nifies NMDA receptor activation which leads to improve-
ment of neuronal differentiation. It can be speculated that 
ELF MF may increase channel open probability through 

Fig. 2   Western blot analysis of early and mature neuron markers in 
monolayer cultures under ELF MF exposure and memantine treat-
ment conditions. Representative blot images and densitometry 
analyses of a MAP2, b TUJ1 and c DCX as normalized to actin 

expression. Data presented as the mean ± SEM of three independent 
experiments; **p < 0.01, *p < 0.05, nd non-significant according to 
Tukey’s HSD post hoc test
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effects on the Mg2+ block or due to local fluctuations in 
the trans-membrane potential caused by induced eddy 
currents. We further reinforced our findings by analyzing 

two more NMDA receptor-facilitated events; c-fos levels 
(Lerea et al. 2018) and neurite outgrowth (Pearce et al. 
1987; Hong et al. 2015; Cambray-Deakin and R.D. 1990). 

Fig. 3   Effect of ELF MF exposure and memantine treatment on neu-
rite lengths and c-fos expression of hNPCs differentiated as monolay-
ers. a Representative images of MAP2 (green) and DCX (red) immu-
nostained cells along with neurite length analysis of each group b 
Representative images of hNPCs immunostained for MAP2 (green) 

and c-fos (red) given with quantification analysis of c-fos signal 
intensity from MAP2+ cells. Data presented as the mean ± SEM of 
three independent experiments; **p < 0.01, *p < 0.05, n.d. non-signif-
icant according to Tukey’s HSD post hoc test
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An increase in c-fos expression of mature neurons was 
already expected as a response to the rise in intracellu-
lar Ca2+ levels which confirms previous studies reporting 
Ca2+ influx in response to ELF MF exposure (Walleczek 
1992; Karabakhtsian et al. 1994; Morgado-Valle et al. 
1998; Fanelli et al. 1999; Zhou et al. 2002; Lisi et al. 2006; 
Manikonda et al. 2007; Sun et al. 2016). Interestingly, 
presence of memantine alone also resulted in significant 
increase in c-fos which is explained by previous findings 
where memantine administration induced c-fos expression 
in cortical neurons in vivo (De Bartolomeis et al. 2013). 
Conversely, memantine treated cells exhibited similar lev-
els of c-fos between sham and ELF MF exposure groups, 
eliciting that Ca2+ influx under exposure is triggered by 
NMDA receptors. Lastly, we show that neurite outgrowth 
is augmented by ELF MF exposure, confirming previously 
reported results (Ma et al. 2016), which was also shown 
to be an NMDA receptor-mediated effect as displayed by 
relapsed neurite lengths in memantine treated group.

Overall, our results show that ELF MF exposure ampli-
fies neuronal differentiation of hNPCs in an NMDA recep-
tor-dependent manner. Other previously reported effects 
such as elevation of c-fos levels, intracellular Ca2+ and 
elongated neurites are also demonstrated to be facilitated 
by NMDA receptor activation. These findings allow us to 
postulate that effects of ELF MF on neural differentiation 
are initiated by its effects on activation mechanisms of 
NMDA receptors. In essence, this work identifies NMDA 
receptors as a strong candidate for future studies which 
pursues interaction mechanisms of ELF MF with neural 
tissues.
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