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ABSTRACT In modern societies, people are more likely to be exposed to technological devices that
emit extreme low frequency (ELF, < 300 Hz)-electromagnetic fields (EMFs). Although ELF-EMFs are
successfully used as therapeutic agents in psychiatry treatment and rehabilitation practices, they are also
considered to be environmental pollutants that pose a risk to human health. However, several studies have
suggested that ELF-EMFs stimulation has the potential to ameliorate learning and memory processes in
humans. Given that the underlyingmechanisms ofmagnetic stimulation on the brain are not fully understood,
this study aimed to investigate the effects of ELF-EMFs in learning and memory formation. Sprague-Dawley
rats were used as a model system to evaluate learning and memory mechanisms based on the synaptic
plasticity of the Schaffer-CA1 pathway in hippocampal slices using ELF-EMFs stimulation. Parameters were
selected based on previous experiments (i.e., 15 hertz [Hz], 2 militesla [mT]), during, and after plasticity
induction, basic frequencies of 1, 5, 20 and 100 Hz were applied and an on-line ELF-EMFs stimulation
drive was used together, which previously defined as preceding, middle and post stimulation. Our results
showed that the greatest effect on synaptic plasticity was observed when ELF-EMFs were paired with a
plasticity induction protocol. Importantly, ELF-EMFs did not affect synapses that were weakly active or
in synapses containing N-methyl-D-aspartate (NMDA) receptors that were blocked. This study highlights
the metaplastic-like role of ELF-EMFs, acting as modulators of synaptic activity processes,as well as their
regulation by NMDA receptor-dependent synaptic plasticity.

INDEX TERMS Preceding, middle and post ELF-EMFs stimulation, hippocampal slices, LTP and LTD,
metaplasticity, NMDA receptors.

I. INTRODUCTION
In modern society, greater use of technologies leads
to increased exposure to extremely low-frequency (ELF,
<300 Hz) - electromagnetic fields (EMFs) generated by
structures and appliances [1]. In addition, there is grow-
ing evidence that suggests that exposure to ELF-EMFs
affects biological behavior [2]–[4]. Therefore, there exists
a growing concern regarding the possibility of ELF-EMFs
inducing biological phenomena, which might be harmful to
human health and this is now currently under investigation
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in living systems, including their effects on brain activ-
ity, nervous system function and cognitive behaviors [5].
Recently, ELF-EMFs have been proposed to be involved
in the modulation of hippocampal functions, including cell
proliferation, neurogenesis and the regulation of behav-
ioral activities [6]–[8]. Some studies have also shown that
ELF-EMF exposure could cause notable long-term deficits
in learning abilities [9] and memory formation in developing
mice [10]. More recent studies have revealed that ELF-EMF
of 60 hertz (Hz) and 0.7 militesla (mT) could also provide
cognitive advantages in mice [11] and exert positive effects
on the acquisition and maintenance of spatial memory [12].
Based on these data, we can conclude that several factors
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might indeed contribute to the promotional effect of elec-
tric and magnetic field exposure on learning and long-term
memory. Nevertheless, the underlying mechanisms mediat-
ing these effects have not been fully elucidated.

Furthermore, it is well established that the hippocampus
is involved in regulating cognitive functioning, including
short-term memory and the long-term memory [13]. After
the discovery of long-term potentiation (LTP) mechanisms
by Dr. Professor Terje Lømo from the University of Oslo,
Norway in 1966, LTP and long term depression (LTD)
have been key cellular process of learning and memory in
experiment models in vitro [14], [15]. Primarily, in neu-
rosciences research, learning and memory are thought to
be mediated by synaptic plasticity involving several pro-
cesses, including LTP / LTD. Thus, synaptic activity is
mediated by changes in synaptic strength via LTP / LTD
mechanisms, which are further divided into three duration
phases, before, during and after plasticity induction [16].
Marquez-Ruiz et al found that transcranial direct-current
stimulation can modulate the cortical synaptic mechanisms
which were involved in classical eyeblink conditioning in
behaving rabbits (Marquez-Ruiz et al., PNAS USA, 2012).
They also found that transcranial alternating-current stim-
ulation can evoke tactile perception in behaving rabbits
(Marquez-Ruiz et al., Scientific Rep, 2016) [17], [18]. Many
in vivo experiments investigating EMF exposure have shown
the difficulties involved in intervening exactly during these
three duration phases [19], [20]. However, in vitro brain slices
preparation allow for precise control over the EMFs being
evaluated with respect to the different stages of synaptic
activity. In a previous study, Park et al. reported that prim-
ing micro magnetic stimulation reduced LTP of Schaeffer
collaterals from the CA3 region synapsing onto neurons in
the CA1 region in C57BL/6 mice [21]. According to the
scientific literature, adding a direct current stimulation (DCS)
during the plasticity induction phase also has an impact on
synaptic plasticity [22], and EMF exposure has the ability
to induce a time-varying electric field (due to Maxwell-
Faraday’s law) [23]. Therefore, in this paper we put forward
a hypothesis that ELF-EMF stimulation regulates synaptic
plasticity at different stages, in other words, the phase during
plasticity induction corresponds to the process of memory
formation and the phase after plasticity induction corresponds
to the process after memory formation and consolidation,
which were equally important in this stimulation.

As a model of endogenous synaptic plasticity, we induced
LTP / LTD using canonical protocols (e.g., pulse trains of
stimuli delivered to Schaffer-CA1 synapses of rat hippocam-
pal slices). Moreover, ELF-EMF stimulation was added
before plasticity induction to determine the best magnetic
stimulation parameters.We then confirmed that an ELF-EMF
value of 15 Hz and 2 mT, was the best value among our
test parameters and established it as a unified parameter for
later studies. Subsequently, we further confirmed the influ-
ence of the magnetic stimulation added before, during and
after plasticity induction that was generated using a base

frequency of 1, 5, 20 and 100 Hz, which showed that the
middle ELF-EMF stimulation had the greatest impact on
LTP / LTD. Notably, the ELF-EMF stimulation did not affect
synapses that were weakly active or synapses containing
NMDA receptors that were blocked and inactive. Based on
these results, we captured a new frequency response function
(FRF), which has been widely used to study the predictions
of the Bienenstock, Cooper and Munro (BCM) theory of
synaptic plasticity [24]. To this end, we show that ELF-EMFs
can shift the FRF and diminish LTP / LTD synaptic activity,
similar to BCM-induced metaplasticity. Finally, we show that
ELF-EMFs may not directly induce plasticity, but rather act
as modulators of endogenous synaptic plasticity, which is
crucial for our understanding of the effects of ELF-EMF
stimulation on learning and memory formation.

II. METHODS
A. ETHICS STATEMENT
The experimental procedures used here were approved by the
Animal Care and Use Committee of School of Electronics
and Information Engineering, Tianjin Polytechnic University,
Tianjin, China, and complied with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
(NIH publication No. 80-23, revised in 1996).

B. ANIMALS
A total of 85 Sprague–Dawley male rats, 14 to18 days old
at the time of surgery, were purchased from the Institute of
Academy ofMilitaryMedical Sciences (Tianjin, China), with
the certification number SCXK (Jing) 2016-0006. Animals
were housed in individual cages in a clean room maintained
under a 12-hour light / dark cycle at a constant temperature
(25 ± 2◦C) and had access to food and water ad libitum.
All procedures were approved by the Institutional Animal
Care and Use Committee. The number of animals used and
the experimental protocol were designed to minimize animal
suffering. All brain slices were randomly assigned to either
the control or the experimental group to minimize subjective
bias.

C. HIPPOCAMPAL SLICE PREPARATION
Animals were deeply anesthetized with ether, and their brains
were rapidly removed and submerged in a 4◦C ice-cold cut-
ting solution containing 90 mM sucrose, 87.2 mM NaCl,
2.5 mM KCl, 7 mM MgCl2, 0.5 mM CaCl2, 1.25 mM
NaH2PO4, 25 mM NaHCO3, and 16.7 mM glucose. The
solution was continuously bubbled with 95% O2 and
5% CO2. Next, 400 µm-thick slices were cut using a
Vibratome 3000 tissue slicer (Technical Products Interna-
tional, St. Louis, MO) in ice-cold cutting solution. Slices
were then incubated at 33◦C in artificial cerebrospinal fluid
(ACSF) consisting of 120 mM NaCl, 2.5 mM KCl, 2 mM
MgSO4·7H2O, 2 mM CaCl2, 1.25 mM NaH2PO4·2H2O,
26 mM NaHCO3, and 10 mM glucose continuously bubbled
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with 95% O2 and 5% CO2 (pH 7.4). All reagents were of
analytical grade and made in China.

D. ELECTROPHYSIOLOGICAL RECORDINGS
After incubation for 60 minutes, a slice was transferred onto
the patch-clamp perfusion chamber and continuously super-
fused with oxygenated ACSF, the temperature was main-
tained at 33◦C. We used standard procedures to record field
excitatory postsynaptic potentials (fEPSPs) in the Schaffer-
CA1 pathway of the hippocampus. The bipolar stimulat-
ing electrode, CBARC75, FHCTM, (FHC, Inc., Bowdoin,
ME) was placed in the stratum radiatum of the CA1 to
deliver test and conditioning stimuli. Recording electrodes
made of glass micropipettes pulled by a Sutter Instru-
ments P-97 (Sutter Instrument, Novato, CA) filled with
ACSF (resistance 1-8 M�) were placed in stratum radia-
tum (250 µm) from the stimulating electrode. fEPSPs were
induced by test stimuli at 0.05 Hz with an intensity elicited
40-50% of the maximum response. Stable baseline fEPSPs
were recorded every minute for at least 20 minutes before
any plasticity induction was applied. Then, fEPSPs were
recorded again every minute for 60 minutes after plasticity
induction. Induction frequencies were chosen as 1, 5, 20,
and 100 Hz. To induce LTD, 900 pulses were delivered at
1 and 5 Hz. To induce LTP, 900 pulses were delivered at
20 Hz and 400 pulses delivered at 100 Hz (duration: 1 second,
repeated four times with 20-second breaks) [25], [26]. For
NMDAR antagonist experiments, 100 µM MK-801 (Sigma-
Aldrich, St. Louis, MO) was included in the ACSF perfused
in the recording chamber throughout the experiment. Because
MK-801 is an open channel blocker, slices were in the record-
ing chamber 20 minutes before baseline fEPSPs recording to
ensure the complete blockade of NMDAR channels [27].

E. ELECTROPHYSIOLOGICAL RECORDINGS
In order to allow for more accurate electrophysiological
recordings after exposure to the magnetic field, an on-line
magnetic stimulation device based on a patch clamp system
was used. Our previous study had successfully demonstrated
that the system may allow real-time observation of the effects
of magnetic stimulation on neurons [28], [29]. In this study,
preceding, middle, and post ELF-EMF stimulus protocols
were used as shown in Fig. 1A1, A2 and A3, where the
duration of preceding and post ELF-EMF stimulation was
20 minutes, and the duration of the middle ELF-EMF stim-
ulation was the same as the one used for electric induction.
In brief, the drive controller was composed of the function
generator, SDG1020 (SLGLENT Technologies, Solon, OH)
and the power amplifier, TDA7294 (STMicroelectronics, TX,
USA) to amplify the current, which passed through the coil
to produce a continuous sinusoidal magnetic field with inten-
sities of 0.5, 1, and 2 mT and frequencies of 15, 50, and
100 Hz. The experimental magnetic field intensity of the
position of the slices was measured by the militesla device,
HT108 (Ningbo Haitian Magnets, Ningbo, China) to ensure
the accuracy of the magnetic field.

FIGURE 1. ELF-EMFs stimulation protocol and experimental flow. (A1)
ELF-EMFs stimulation protocol. Ê, Ë, Ì representing preceding, middle
and post ELF-EMFs stimulation protocol, respectively. Ê showed the time
schedule of the test stimulus, 20 minutes of ELF-EMFs stimulation,
baseline recording, Plasticity induction (PI) and LTP /LTD recording. Ë
showed the time schedule of test stimulus, baseline recording, PI +
ELF-EMFs stimulation and LTP / LTD recordings. The brown rectangle box
indicates that PI and ELF-EMFs stimulation are performed at the same
time. Ì showed the time schedule of test stimulus, baseline recording, PI,
LTP / LTD recording, 20 minutes of ELF-EMFs stimulation and LTP / LTD
recordings. The blue rectangle box, as shown in (A2), indicates the
ELF-EMFs stimulation parameters with different magnetic frequencies
(15, 50 and 100 Hz, respectively), magnetic intensities (0.5, 1 and 2 mT,
respectively) and stimulation modes (Ê, Ë and Ì respectively). The pink
rectangle box, as shown in (A3), indicates electrical stimulation for
induction of LTP / LTD with frequencies of 1, 5, 20 and 100 Hz,
respectively. (B) Experimental flow. First, the ELF-EMFs stimulation
parameters of the maximum response were determined by the
Exp1 group using protocol Ê, plasticity induction was established by
using 100 Hz to induce LTP. Moreover, by using the stimulation
parameters from Exp1 group, the effects of different stimulation modes
(Ê, Ë, Ì) on LTP / LTD were investigated in the Exp2 group, all protocols
were applied, plasticity induction using 1 Hz and 5 Hz to induce LTD,
20 Hz and 100 Hz to induce LTP. In the Exp3 group, by using protocol Ë,
plasticity induction was established by using 1 Hz to induce LTD and 20
Hz to induce LTP. Finally, a new frequency response function (FRF) is
obtained from the Exp1, 2, 3 groups.

The experimental process is shown in Fig. 1B, these slices
were randomly divided into a control group and an experi-
mental group, which were then further divided into 3 groups
(Exp1, Exp2 and Exp3 groups). No ELF-EMF stimulation
was applied to the slices of the control group. However, for
the slices from the experimental group, 20 minutes preceding
ELF-EMFs were introduced on the Exp1 Group to reach
the maximum response on LTP under magnetic stimulation.
Then, all the preceding, middle and post ELF-EMFs parame-
ters were applied to the hippocampal slice, and the LTD / LTP
induced by electrical stimulation frequencies of 1, 5, 20 and
100 Hz were recorded on Exp2 Group, in order to observe the
effects of the different magnetic modes on synaptic plasticity.
Finally, the Exp3 group was established to observe whether
ELF-EMFs affected the synapses that were weakly active or
synapses containing NMDA receptors that had been pharma-
cologically blocked.

F. STATISTICAL ANALYSIS
The raw data were processed with the Origin 8.0 data analysis
software (OriginLab, Northampton, MA) and the statistical
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FIGURE 2. Determination of ELF-EMFs stimulation parameters for the
Exp1 group. (A-C) Time course of 100 Hz HFS-induced LTP without (control
group, black) and with 15, 50, and 100 Hz preceding ELF-EMFs (0.5 mT
group, red; 1 mT group, blue; 1 mT group, green). Grey bars indicate the
duration of induction. (D) Histogram showing the effect of preceding
ELF-EMFs stimulation on LTP induction, synaptic strength is the average
of the all normalized fEPSP amplitude in each condition (60 minutes
post-induction). Compared with the control group, the synaptic strength
increase with the decreased of magnetic field frequency and increase of
magnetic field intensity, preceding ELF-EMFs stimulation shifts synaptic
plasticity in SC-CA1 towards reduction. 15 Hz, 2 mT group showed the
greatest difference. Data are represented as the mean ± SEM. ∗p < 0.05,
∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001; NS: not significant, one-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons test.

analysis was finalized with Graphpad Prism7 (GraphPad
Software Incorporation, San Diego, CA). In the Exp1 group,
all the data were analyzedwith a one-way analysis of variance
(ANOVA) using the Tukey’s multiple comparisons test. In the
Exp2 group, all data were analyzed with a two-way analysis
of variance (ANOVA) on ranks with Tukey’s post hoc test
to evaluate the main effects of treatment and induction, and
their interaction. Results were expressed as the mean ± SD.
Differences were considered to be significant at ∗p < 0.05,
∗
∗ p < 0.01, ∗∗∗p < 0.001.

III. RESULTS
A. PRECEDING ELF-EMFs STIMULATION MODULATES LTP
FREQUENCY AND INTENSITY DEPENDENCE
For the Exp1 group (Fig. 1B), we first determinedwhether the
preceding ELF-EMFs stimulation used was able to regulate
the synaptic LTP, and identified the frequency and intensity
dependence on LTP, using the stimulus protocol number Ê as
depicted in Fig. 1A1. We then applied 20 minutes of priming
on-line sinusoidal ELF-EMFs using frequencies of 15, 50 and
100 Hz on Schaffer collateral pathways of the CA1 hip-
pocampal region, before taking the baseline recording. Each
frequency consisted of four magnetic field intensities: a con-
trol (without EMFs), 0.5 mT, 1 mT and 2 mT (Fig. 2A-C).
A 100 Hz high frequency stimulation (HFS) generated

LTP in the slide recordings (Control: 202.5± 3.9%, n = 5,
slices / 3 rats; 15 Hz, 0.5mT: 147.6± 3.5%, p< 0.001, n = 6,
slices / 3 rats; 15 Hz, 1 mT : 144.2± 3.4%, p < 0.001, n = 6,

slices / 3 rats; 15 Hz, 2mT: 136.9± 4.7%, p < 0.0001, n = 5,
slices / 3 rats; 50 Hz, 0.5 mT: 161.6 ± 3.9%, p < 0.001,
n = 6, slices / 3 rats; 50 Hz, 1 mT: 150.4± 3.7%, p < 0.001,
n = 5, slices / 3 rats; 50 Hz, 2 mT: 146.5± 4.2%, p < 0.001,
n = 5, slices / 3 rats; 100 Hz, 0.5 mT: 185.3 ± 5.2%,
p < 0.001, n = 4, slices / 2 rats; 100Hz, 1mT: 180.9± 4.5%,
p < 0.001, n = 5, slices / 3 rats; 100Hz, 2mT: 175.7± 4.2%,
p < 0.001, n = 5 slices / 3 rats). Moreover, ANOVAmethods
were used to analyze the data and the resulting statistical
values are shown in Fig. 2D. These results showed that the
preceding ELF-EMFs stimulation shifted LTP, and synaptic
strength increased with decreasing values of magnetic field
frequencies and increasing values of magnetic field inten-
sities, compared with those of the control group. Notably,
the group assigned to the 15 Hz, 2 mT ELF-EMFs parameters
showed the greatest difference.

B. PRECEDING, MIDDLE, AND POST ELF-EMFs
STIMULATION AS MODULATORS OF SYNAPTIC PLASTICITY
Subsequently, we applied to prime sinusoidal on-line to pre-
ceding, middle, and post ELF-EMFs stimulation using the
parameters, 15 Hz and 2mT, in order to study the effects
of synaptic plasticity events on the Exp2 group (Fig. 1B).
Of note, all the stimulus protocols designed in this study were
on the Exp2 group (i.e., protocols Ê, Ë, and Ì), as seen
in Fig. 1A1. In addition, there were three types of ELF-EMFs
stimulations used here. Each type consisted of four electrical
induction frequencies, chosen as 1, 5, 20 and 100 Hz.

First, 20 minutes of ELF-EMFs stimulation was applied
before the baseline recording was taken, we called this pro-
tocol ‘‘preceding ELF-EMFs stimulation’’, with plasticity
induction frequencies of 1, 5, 20 and 100 Hz, lasting 15, 3,
0.75 minutes and 64 seconds, respectively. The time course of
the four plasticities induced LTP / LTD recordings at 60 min-
utes is shown in Fig. 3A1-A4 (red = control group; black =
preceding ELF-EMFs stimulation group). The experimental
results showed that the preceding ELF-EMFs stimulation
phase significantly attenuated LTD / LTP plasticity (1 Hz,
low frequency stimulation (LFS): 89.6 ± 3.4%, p = 0.004,
n = 4 slices / 2 rats; 20 Hz (HFS): 110.5 ± 4.5%, p =
0.04, n = 5 slices / 2 rats; 100 Hz (HFS): 136.9 ± 4.7%,
p < 0.001, n = 5 slices / 3 rats). Moreover, the ELF-EMFs
had a reduced effect at a frequency of 5 Hz, that was not
statistically significant (Fig. 3A2: 96.9 ± 4%, p = 0.13,
n = 5 slices / 2 rats), this was consistent with the effects we
had observed in a previous study at the threshold between LTP
and LTD [30].

Other studies investigating hippocampal CA1 plasticity
have suggested that focusing on the induction of synaptic
plasticity is crucial in order to fully understand the inner
molecular mechanisms underlying neural plasticity events
and memory formation [22]. Here, we were interested in the
effects of ELF-EMFs stimulation on rat hippocampal slices
during synaptic plasticity induction. We called this protocol
‘‘middle ELF-EMFs stimulation’’. Moreover, the duration of
the magnetic field stimulation was equal to the duration of
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FIGURE 3. ELF-EMFs modulate LTP / LTD in the Exp2 group. The 2 mT
magnetic field of 15 Hz was produced and applied to slices to study to
effect of preceding, middle and post ELF-EMFs stimulation on synaptic
plasticity. (A1-A4) Application protocol Ê, added 20 minutes of ELF-EMFs
stimulation before the baseline recording, plasticity induction was 1 Hz
(A1), 5 Hz (A2), 20 Hz (A3) and 100 Hz (A4), there was an obvious
weakening effect on LTP / LTD. Grey bars indicate the duration of
induction. (B1-B4) Application protocol Ë, added 900 s (B1), 180 s (B2),
45 s (B3) and 64 s (B4) ELF-EMFs stimulation during plasticity induction.
The Middle phase of ELF-EMFs stimulation applied during
plasticity-inducing attenuated LTP / LTD stronger than preceding
ELF-EMFs. Grey bars indicate the duration of induction and concurrent
ELF-EMFs stimulation. (C1-C4) Application protocol Ì added 20 minutes
ELF-EMFs stimulation in the middle of the entire recording on LTP / LTD
after plasticity induction, and we found that post and preceding ELF-EMFs
have similar effects. Grey bars indicate the duration of induction. The
time course of fEPSP traces is provided for each condition (red: control
group; black: 15 Hz, 2 mT ELF-EMFs stimulation group). Data are
represented as the mean ± SEM across slices.

the electric induction (1 Hz: 15 minutes, 5 Hz: 3 minutes,
20 Hz: 0.75 minutes and 100Hz: 64 seconds). In addition,
we showed that the middle ELF-EMFs stimulation resulted
in a larger synaptic plasticity change together with the pre-
ceding ELF-EMFs stimulation as seen in Fig. 3B1-B4 (1 Hz
(LFS): 93.4 ± 3.6%, p < 0.001, n = 5 slices / 3 rats;
5 Hz: 102 ± 5.5%, p = 0.04, n = 5, slices / 3 rats;
20 Hz (HFS): 103.9 ± 2.9%, p = 0.004, n = 5 slices /
3 rats; 100 Hz (HFS): 122.3 ± 3.9%, p < 0.001, n = 5,
slices / rats). After this, we added 20 minutes of ELF-EMFs
stimulation in the middle of the entire recording for LTD /
LTP after plasticity induction. We called this protocol ‘‘post
ELF-EMFs stimulation’’, and found that the ‘‘preceding’’ and
‘‘post ELF-EMFs stimulation’’ protocols, had similar effects
as seen in Fig. 3C1-C4 (1 Hz: 91.7± 3.9%, p < 0.001, n = 5
slices / 3 rats; 5 Hz: 100.4 ± 3.6%, p = 0.06, n = 4 slices /
2 rats; 20 Hz: 105.5± 3.5%, p = 0.002, n = 6 slices / 3 rats;
100 Hz: 137.1 ± 3.8%, p < 0.001, n = 4 slices / 2 rats).
Markedly, these experimental results showed that preceding,
middle, and post ELF-EMFs stimulation events can inhibit

TABLE 1. Variance analysis of the mean normalized fEPSP amplitudes
of 20 points (1 point / 1 minute) within 41-60 minutes of LTP / LTD
recordings in the Exp2 group.

LTP / LTD plasticity, with the middle magnetic phase having
the most obvious effect on plasticity.

C. ELF-EMFs CAN SHIFT THE FREQUENCY RESPONSE
FUNCTION, SIMILAR TO METAPLASTICITY
Three different modes of magnetic stimulation and four dif-
ferent electrical induced frequencies were applied to Schaffer
collateral pathways synapsing on CA1 stratum radiatum of
hippocampal slices from the Exp2 group. LFS generated
LTD, while HFS generated LTP, all the resulting statisti-
cal data are shown in Table 1. In addition, we tested the
interaction between the treatment groups (control, preceding,
middle, and post ELF-EMFs modulation phase groups) and
induction groups (1, 5, 20, and 100 Hz electrical induced fre-
quency groups) (Table 1, two-way ANOVA: FTreatment(3,64) =

913.4, p < 0.001; FInduction(3,64) = 67.38, p < 0.001;
FTreatment∗Induction(9,64) = 144.6, p < 0.001). Compared to
the control group, both the treatment and induction groups
presented significantly altered patterns of activity resulting
from the experimental procedures. For instance, when the
electrical induced frequency was constant, the effects of the
magnetic stimulation mode are shown in Fig. 4A, except for
a comparison between preceding ELF-EMFs stimulation and
post ELF-EMFs stimulation groups, other groups presented
significant differences (∗p < 0.05, ∗∗ p < 0.01, ∗ ∗ ∗p <
0.001). Based on the above statistical analysis we established
a new FRF as shown in Fig. 4B. The resulting preceding,
middle, and post ELF-EMFs stimulation FRF were signifi-
cantly shifted compared to the control FRF, which mapped
the degree of synaptic activity during induction to the degree
of the resulting synaptic plasticity, which is consistent with
the existing literature reports [31].

D. THE EFFECTS OF ELF-EMFs STIMULATION REQUIRE A
CONCURRENT ENDOGENOUS SOURCE OF NMDAR
PLASTICITY
As seen in the scientific literature, HFMS (High-frequency
magnetic stimulation) can induce long-term potentiation in
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FIGURE 4. ELF-EMFs stimulation induces metaplastic-like effects on LTP/
LTD. (A) Histogram showing the effect of preceding, middle and post
ELF-EMFs stimulation phases on LTP / LTD induction, mean normalized
fEPSP amplitudes of 20 points (1 point/ 1min) within 41-60 minutes LTP /
LTD recording. The LTP / LTD in the middle phase ELF-EMFs stimulation
group was most significantly reduced compared with the control group.
(B) Preceding ELF-EMFs (red), middle ELF-EMFs (blue) and post ELF-EMFs
(green) shifts the BCM-like frequency-response function towards
potentiation, similar to metaplasticity, synaptic strength was the average
of the last twenty normalized fEPSP amplitude in each condition
(41-60 minutes post plasticity induction). Data are represented as the
mean ± SEM across slices. ∗p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001; NS: not
significant, two-way analysis of variance (ANOVA) and Tukey’s multiple
comparisons test.

rat hippocampal slices [32]. Here, we propose that the
ELF-EMFs stimulation can only modulate the synaptic plas-
ticity that is regulated by the activity of NMDA path-
ways (i.e., NMDA receptors). ELF-EMFs stimulation, would
therefore, require a concurrent endogenous source of plastic-
ity to modulate synapse formation. To test this requirement,
we applied an ELF-EMFs stimulation as in the middle phase
induction, but this time removed endogenous NMDAR-
dependent plasticity in two ways: first by weakening synaptic
activity to well below the plasticity threshold, and second by
directly blocking NMDAR currents during strong synaptic
activity. ELF-EMFs stimulation applied during weak synap-
tic activity (30 pulses, 1 / 60 Hz), had no discernable effects
on neural plasticity (Fig. 5A; control: 100.2 ± 2.7%, n = 6
slices / 3 rats; ELF-EMFs [15Hz, 2 mT]: 100.6 ± 3.8%,
n = 6 slices / 3 rats; p = 0.88). When paired with synaptic
activity (1 Hz LFS and 20 Hz HFS), while at the same
time blockingNMDAR activity with the antagonist,MK-801,
ELF-EMFs stimulation also presented no effect in synaptic
changes (Fig. 5B, control: 93.8± 3.7%, n = 7, slices / 4 rats;
ELF-EMFs: 94.7 ± 3%, n = 8, slices / 4 rats; p = 0.55;
Fig. 5C, control: 93.7 ± 3.7%, n = 7 slices / 3 rats; ELF-
EMFs: 94.7 ± 4.2%, n = 8 slices / 4 rats; p = 0.63).
These results suggest that stimulation with ELF-EMFs can
modulate LTP / LTD plasticity in an NMDAR dependent
manner, which strongly suggest the involvement of NMDA
receptor signaling pathways.

IV. DISCUSSIONS
In conclusion, the present study shows the influence of
preceding ELF-EMFs stimulation on LTP and in addition
identifies the optimal frequency and strength of ELF-EMFs
generating the greatest impact on synaptic plasticity. From
an experimental point of view, we further illustrated the
possible effects of middle and post ELF-EMFs stimulation

FIGURE 5. ELF-EMFs effects on neural activity require an endogenous
source of NMDAR plasticity for the Exp3 group. (A) ELF-EMFs
stimulation (red) applied during the synaptic activity that is too weak to
induce plasticity (30 pulses at 1 / 60 Hz) has no effect on synaptic
strength. (B) ELF-EMFs with 1 Hz LFS has no effect on synaptic strength
when NMDARs are blocked with the antagonist MK-801. (C) ELF-EMFs
stimulation of 20 Hz HFS has no effect on synaptic strength when
NMDARs are blocked with the antagonist MK-801. Grey bars indicate the
duration of induction and concurrent ELF-EMFs stimulation. Data are
represented as the mean ± SEM across slices.

phases on synaptic plasticity, which can help understand
directly the role of ELF-EMFs in the processes associated
with learning and memory. Furthermore, blocking NMDA
receptor activity using the MK-801 antagonist, confirmed an
important actionable target of ELF-EMFs through NMDA
receptor pathways. In addition, using the on-line ELF-EMFs
system on rat hippocampal slices provided a basis for neural
pathway research, as plasticity induction processes strongly
appear to be impacted by ELF-EMFs, which may aid future
studies investigating mechanisms associated with learning
and memory formation.

A. THE POTENTIAL EFFECT ELF-EMFs HAVE ON
SYNAPTIC PLASTICITY
There is now compelling evidence demonstrating the role
of both LTP and LTD-like processes in learning and mem-
ory neuroplastic events [33]. Both of these processes not
only provide strong evidence for activity-dependent synaptic
plasticity in higher animals but also provide an ideal model
for studying the neural mechanisms underpinning learning
and memory processes at the synaptic level. Some schol-
ars believe that a decline in gene expression is a possible
mechanism affecting plasticity [34]. Another possible expla-
nation for the inhibitory effects of ELF-EMF’s on neural
plasticity may be an increase in intracellular Ca2+ levels.
A rise in intracellular Ca2+ concentration is a direct result of
excessive and/or persistent activation of glutamate-gated ion
channels, which may also cause neuronal degeneration [35].
Interestingly, it was reported that ELF-EMFs stimulation
increased the concentrations of inhibitory amino acids, such
as glycine, the inhibitory neurotransmitter, GABA, and the
microtubule protein, Tau [36]. In addition, other studies have
shown that extended EMF exposure could cause notable
long-term deficits in learning ability and memory formation
in rats [10], [37]. Another key feature of synaptic plasticity
is that the process itself is, indeed, plastic. This character-
istic of synaptic plasticity has been termed metaplasticity
(i.e., higher-order synaptic plasticity) [38] and it involves a
myriad of innate neural processes, For instance, vesicles of
neurotransmitters have the ability to fuse with the synaptic
membrane, as glutamate molecules bind on post-synaptic
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2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl) propanoic
acid (AMPA) and NMDA receptors, that are both of major
significance for LTP and LTD events.

B. ELF-EMFs STIMULATION-INDUCED METAPLASTICITY
It has been proposed that the horizontal axis of the FRF
can be equated with the degree of postsynaptic calcium
influx during induction. In addition, it believed that HFS
leads to a strong calcium influx and triggers LTP, while LFS
leads to a moderate calcium influx and LTD [39]. Based on
this calcium control hypothesis, we expected the ELF-EMFs
stimulation-induced plasticity to modulate calcium influx
through NMDAR activity and produce similar horizontal
shifts in the FRF. Instead, our results showed that no matter
what kind of stimulation protocol we used, the largest shift
in LTP was the 100 Hz frequency group. We were con-
vinced that the reason for this phenomenon was, perhaps,
that the 100 Hz frequency control group had the largest
shift compared with the LFS group and the 20 Hz frequency
group. According to previous studies, ELF-EMFs stimula-
tion has the potential to change cell membrane permeability,
and thereby calcium activity, triggering the signal transduc-
tion cascade, which affects neural activity [40]. We also
believe, that ELF-EMFs stimulation can regulate other impor-
tant molecules, given that it has been suggested that HFS
can elevate brain-derived neurotrophic factor (BDNF) levels
in the hippocampus, which can, in turn, induce neuroplas-
ticity in the pre-limbic cortex and stimulates neuropeptide
release [41].

In addition, Tokay and others recorded that HFMS
significantly reduced the propensity of subsequent elec-
trical LTP, and found that NMDA receptor activation
was involved in this form of HFMS-induced metaplas-
ticity [42]. Markedly, our results support this hypothesis,
as ELF-EMFs stimulation had no discernable effects on
plasticity changes, when the synaptic input was weakened
(Fig. 5A) or when NMDAR signals were blocked during
strong synaptic inputs (Fig. 5B and C). Together, these results
strongly indicate that synaptic efficacy can be modulated
by ELF-EMFs only in the presence of NMDAR-dependent
plasticity.

V. LIMITATIONS OF THE STUDY
Evoked LTP can interfere with synaptic changes in strength
evoked by actual associative learning in behaving mice [43].
However, in this study, we performed ELF-EMFs stimulation
induces metaplastic-like effects on in vitro brain slices not in
behaving rats. Therefore, the correlation between the effect of
in vitroELF-EMFs stimulation on LTP / LTD and the synaptic
changes evoked by actual associative learning in behaving
mice needs to be further verified.

VI. CONCLUSION
Previous studies have shown that ELF-EMFs can be widely
used as neural regulators [44], [45]. In addition, data from
animals and humans demonstrate a correlation of ELF-EMFs

with synaptic plasticity [46], [47]. More recently, other
studies showed that repetitive transcranial magnetic stim-
ulation (rTMS) can be applied as a therapeutic modality
to directly or indirectly modulate neuronal excitability and
synaptic plasticity in a specific neural region or in the
entire brain. For example, high-frequency rTMS (HF-rTMS,
5 to 20 Hz) induces LTP, whereas low-frequency rTMS
(LF-rTMS, ≤ 1 Hz) induces LTD [48]. Standard TMS has
been demonstrated to be able to modulate cortical excitability
up to a maximum depth of 1.5 to 2.5 cm from the scalp [49].
Nonetheless, it is still unknown exactly how EMF-EMFs can
regulate deep brain regions, such as the hippocampus. Organ-
otypic brain slice cultures can allow for precise control over
the EMF stimulus with respect to different stages of synaptic
activity. The results of this study show that ELF-EMFs can
inhibit synaptic plasticity in the CA1 region of hippocampal
slices in vitro. This highlights the importance of middle
ELF-EMFs stimulation effects, which have received little
attention in the EMFs literature. An earlier study has also
shown that a 2 T pulsed magnetic field can induce LTP
without electrical HFS in the CA1 region [32], in a similar
manner to rTMS. However, sinusoidal ELF-EMFs with an
mT order of magnitude cannot induce plasticity, instead it can
only act as a modulator, similar to the BCM-proposed meta-
plasticity. Whether wider frequency ranges, stronger doses,
or more complex EMF stimulation protocols, are necessary
to induce endogenous synaptic activity will require further
research. Despite this complexity, we highlight that a middle
phase of ELF-EMFs stimulation, may be an effective mean
of regulating synaptic activity when paired with a learning
process.
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tial; HFS, high-frequency stimulation; LFS, low-frequency
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