Chapter-3

Effects of ELF-PEMF Exposure on Spontaneous
Alternation, Anxiety, Motor Co-ordination and Locomotor
Activity of Adult Wistar Rats and Viability of C6 (Glial)
Cells in Culture

76



3.1 Introduction

The EM fields in our environment are intensively increasing due to industrial expansion,
gradually rising electrical distribution and broad usage of electrical and electronic appliances,
and most recently, mobile phones (Azab and Ebrahim, 2017; Ibrahim et al., 2018; Swanson
and Kaune, 1999). The measurements of background MFs have shown an increasing trend due
to the usage of household appliances in several countries, including Australia, North America,
and the U.K. (Coghill et al., 1996; Karipidis, 2015; Linet et al., 1997). Recently, several
research articles supported the therapeutic applications of EM fields for cognitive disorders
based on the field strength, frequency, and length of exposure (Arendash, 2012; Capelli et al.,
2017; Demitrack and Thase, 2009; DiCarlo et al., 1999; Hong, 1995; Sandyk, 1994a, 1994b,
1994a; Sandyk and Iacono, 1994). The ELF-PEMF therapy is safe and non-invasive to reduce
pain and neuroinflammation. Moreover, we can also use it to supplement and enhance currently
existing healthcare modalities. The ELF-PEMF exposure is also able to reduce the amyloid-3
peptide levels, modulate miRNAs in Alzheimer’s disease, attenuate post-traumatic stress
disorder (PTSD), improve adenosine phosphate (ATP) production, increase oxygenation and
circulation, promote hydration, facilitate detoxification and support better absorption of
nutrients (Capelli et al., 2017; Levin, 2002; Mohammad Alizadeh et al., 2019; Perez et al.,

2021).

The biological effects of PEMF are mainly due to the induction of small electrical currents
(Polk and Postow, 1995). The magnetism produces a voltage in the tissue that the following

expression can represent:

V=NxA+ () (3.1)
Here,

V = Induced voltage in volts (V)(M'L2T73A™1)
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N = Number of wire turns
A = Area of coil (M°L?T?)

dB

Frie rate of change in magnetic field

As shown in equation (3.1), a PEMF is more suitable than a static MF for bioelectromagnetic
applications since the dB/dt component of the equation is zero for the static MF. The Maxwell
equations explain the interactions of physical and biological mechanisms (Téglas et al., 2018).
Numerous studies also reported that ELF-PEMF (< 20 mT) with duration (> 2 h/day to several
days in some studies) affected cognitive functions (HE et al., 2011; Zecca et al., 1998).
However, there is a paucity of post-exposure effects of 50 Hz ELF-PEMF of 1-3 mT with an
exposure duration of < 1 h/day. How could they influence spontaneous alternation, anxiety,
motor co-ordination, and locomotor activity in the rodent model? Therefore, evaluating the
effects of 50 Hz ELF-PEMF exposure on the rats might shed further light on the relationship

between MFs exposure and cognitive performance.

In the present work, we have studied the effects of ELF-PEMF exposure of 1-3 mT, 50 Hz with
an exposure duration of 20 min (twice) with a 4 h gap on the cellular proliferation and
morphologies of C6 (Glial) cells and spontaneous alternation, anxiety, motor co-ordination,
and locomotor activity of Wistar rats under in vitro and in vivo conditions, respectively. We
also performed histological analysis of the selected brain sections (hippocampus and cortex)
and estimated the cortical cell counts, tissue structure, and morphology following the 50 Hz
ELF-PEMF exposure.

3.2 Material and methods

3.2.1 Materials

We received a C6 (Glial) cell line from the National Center for Cell Sciences (NCCS) Pune.

We also received Dulbecco’s modified Eagle’s medium (DMEM) high glucose, phosphate
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buffer saline (PBS), ethylenediaminetetraacetic acid (EDTA), 4',6-diamidino-2-phenylindole
(DAPI), bovine serum albumin (BSA), antibiotics penicillin-streptomycin solution (100X), and
fetal bovine serum (FBS) from HiMedia, India. We used absolute ethanol (99.9%) and distilled

water for in vitro experiments.

3.2.2 50 Hz ELF-PEMF exposure system

The 50 Hz ELF-PEMF exposure was provided by a custom-made monoaxial Helmholtz coils
system, as illustrated in figures 3.1 (A-D). The prototype of the Helmholtz coil system is
fabricated using a 0.5-inch thick plywood circular frame of a circumference (2nr = 1.664 m),
wire length (L = 898.668 m) for coil radius (R = 0.265 m) using the copper wires of diameter
(d =0.914 x 1073m) for 20 Standard Wire Gauge (SWG) and cross-sectional area (A =
6.558 X 10~"m?) with wire turns (N = 540), coil winding was done manually but machine-
aided, as depicted in figures 3.1 (A-B). The exposure system was powered by the sinusoidal
current at a frequency (50 Hz), time (20 msec.), and duty cycle (50%), as depicted in figure 3.1
(C). The incubation chamber for in vitro studies was fabricated with a 0.5 cm thick acrylic
sheet with dimensions length = 30 cm, height = 17 cm, and width = 25 cm, as shown in
figures 3.2 (A-D). The following expressions can explain the magnetic field intensity, current,
and duty cycle

B = (4)3/2 I¥nxp
=) ) (3-2)

5 R

Here,
B = Magnetic flux density (Tesla) (M1L?T~2471)
N = Number of turns
R = Coil radius (meters) (M°L!T?)
I = Current flow through coils (Ampere) (M°T°L°AY)

r = Coil separation distance
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and

1 = Permiability of free space (411 x 1077 E) (MILIT2A72)

Duty cycle = —Ton

Ton+Toff

(3.3)

As shown in equation (3.2), the magnetic flux density (B) is directly proportional to the number

of wires turn (N) and supplied current (I) but inversely proportional to the coil radius (R).

Ton and Topg are the time durations for A.C. current on cycle and off cycle, respectively, and

I=1, 2, 3 A, as shown in figure 3.1 (C).
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Figure 3.1 Schematic representation of Helmholtz coil system. (A) Monoaxial Helmholtz coil
structural profile, (B) magnetic field direction inside exposure system, (C) Sinusoidal current
characteristics, (D) Schematic arrangement of the Helmholtz coil setup for bioelectromagnetic
studies.
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Figure 3.2 50 Hz ELF-PEMF exposure system for in vitro and in vivo experiments. (A)
Schematic representation for in vivo analysis, (B) Schematic representation for in vitro study,
(C) Monoaxial Helmholtz coil system for in vivo analysis, (D) Monoaxial Helmholtz coil
system for in vitro analysis.

3.2.3 The experimental measurement of ELF-PEMF

The intensity of the 50 Hz ELF-PEMF between two parallel coils was measured in real-time
utilizing an AC/DC gaussmeter (MG3002, Lutron Electronic) at various loading voltages as
depicted in figures 3.3 (A-D). After placement of cell culture platforms or rats inside the ELF-
PEMF chamber, we continuously monitored the magnetic flux density throughout the
experimental duration. During 50 Hz ELF-PEMF exposure, the cell monolayer was kept at a
temperature (37 + 2°C) inside an incubation chamber, and we performed ELF-PEMF exposure
for 20 min (twice) with a 4 h gap. In contrast, we maintain identical conditions for control

groups except for MF exposure.
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Figure 3.3 50 Hz ELF-PEMF distributions between Helmholtz coils at different loading
voltages. (A) Schematic for acrylic sheet placement along x, y, and z-axis in 50 Hz ELF-PEMF
exposure system (B) Magnetic flux density vs sensor movement along the z-axis for a voltage
and current range (V = 75 volts,[ = 1.0 A), (C) Magnetic flux density vs sensor movement
along the z-axis for a voltage and current range (V = 120 volts, [ = 2.0 A), (D) Magnetic flux
density vs sensor movement along the z-axis for a voltage and current range (V =
190 volts,I = 3.0 A).

3.2.4 In Vitro analysis

3.2.4.1 Experimental protocol

The cell culture platform was divided into four groups: control, ELF-PEMF1 (B = 1 mT),
ELF-PEMF2 (B = 2 mT), and ELF-PEMF3 (B = 3 mT) with an exposure duration of 20 min
(twice) with a 4 h gap at a voltage range of V = 75 — 190 volts till 6™ day or confluency
(90%) whichever was earlier as depicted in figure 3.4. Simultaneously, temperature and
humidity were identical for the control and exposed groups. Cells cultured in wells without
exposure were taken as the negative control, i.e. (the control group). The 50 Hz ELF-PEMF

exposure system for in vitro studies is depicted in figures 3.2 (B & D). During MF
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measurement, the magnetic flux densities exhibited no significant difference; a slightly high
magnetic flux density near the coil surface was observed due to the proximity of the magnetic
sensor from the coil surface. The cell culture medium was changed every alternate day just
before when a bright-field microscope captured images. All the experiments under the same

condition were repeated thrice.

Dosel Time Timegap Dose2 Time

Control
g—

1mT
1mT 20 min 4 hours 1mT 20 min

- 2mT
2mT 20 min 4 hours 2mT 20 min

3mT
— 3mT 20 min 4 hours 3mT 20 min

Capture and collection of brightfield Fluorescence microscopic analysis of
images of exposed and control cells exposed and control cells
Capture and collection of brightfield

images of exposed and control cells

Capture and collection of brightfield Fluorescence microscopic analysis of
images of exposed and control cells exposed and control cells
Capture and collection of brightfield

images of exposed and control cells

Capture and collection of brightfield
images of exposed and control cells

Figure 3.4 Schematic representation of repeated 5-day MF exposure study. In this study, C6
cell lines were exposed to 50 Hz ELF-PEMF (1-3 mT, 20 min (twice) with 4 h gap) under in
vitro conditions and observed daily for changes in cell proliferation and morphology.
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3.2.4.2 Glial cell culture and preparation

C6 is a glial cell line isolated from the brain of a rat with glioma, and it is spindle-like cells that
simulate human glioblastoma multiforme (GBM) (Giakoumettis et al., 2018; Xu et al., 2019).
It is widely used in toxicological studies to observe any harmful effects of new therapy
methods. We cultured the cells in Dulbecco’s Modified Eagle medium (DMEM, HiMedia)
supplemented with 10% fetal bovine serum (FBS, HiMedia) and 1% antibiotics (Penicillin and
streptomycin, HiMedia). The cell culture was maintained at temperature (37 = 2°C), CO2 (5%),
and humidity (95%) inside the incubator (Galaxy 170S, Eppendorf, Germany). After the cells
reached confluency (i.e., 90%), trypsin (0.5%) and EDTA (0.2%) were utilized to detach, and
a hemocytometer counted the cell. The cells were seeded at 1x10° cells/well and kept inside an
incubator to promote growth and wait for 12-15 h for adequate cell adhesion on the surface

before exposure to the magnetic field intensities.
3.2.4.3 Cell proliferation

Cell viability indicates healthy cells for understanding the mechanism or pathways involved in
cell survival or death. The cell culture platform was exposed to 50 Hz ELF-PEMF of 1-3 mT
for an exposure duration of 20 min (twice) with a 4 h gap at a loading voltage of V =75 —
190 volts, respectively, for 5 days. We captured bright-field images of C6 cells daily to analyze

cell count and proliferation upon exposure.
3.2.4.4 Fluorescence microscopic analysis

Fluorescence analysis of cells is a simple and effective approach to provide qualitative data on
the day-to-day progress of cell cultivation. F-actin is responsible for structural, mechanical,
and enzymatic functions within eukaryotic cells (Dominguez and Holmes, 2011). Rhodamine
Phalloidin is a series of phalloidin conjugates used to stain actin filaments in fluorescence

microscopy (Lichtman and Conchello, 2005; Lu et al., 2014). DAPI staining was utilized to

84



determine the number of nuclei to understand changes in cell morphologies after therapy or
drug treatment (Tarnowski et al., 1991). The cells were plated at a density of 1x 103 on 22 mm
coverslips to visualize cell structure and morphology. On days 1, 3, and 5, after 50 Hz ELF-
PEMF exposure, the cells were rinsed with PBS three times, followed by fixing (15 min.) with
paraformaldehyde (4%). The cells were permeabilized with 0.5% Triton X 100 for 5 min at
temperature (37 + 2 °C) followed by treatment with 1% BSA for 10 minutes after being rinsed
three times with PBS. After PBS wash, 1X Rhodamine-phalloidin (1:150, Invitrogen, Carlsbad,
CA, USA) for f-actin staining was added followed by 4,6-diamidino-2-phenylindole (DAPI,
1:800, Roche, Basel, Switzerland). In the end, glycerol was added to keep the cells from drying
out while they were being examined under a fluorescent microscope (Leica SP8, Wetzlar,

Germany) for any changes in cell morphology.

3.2.5 In Vivo analysis

3.2.5.1 Animal

Adult Wistar male rats (8 weeks, 150-180 g) were received from the Central Animal House,
Institute of Medical Sciences, Banaras Hindu University, Uttar Pradesh, India. The rats were
housed in polypropylene cages under standard laboratory conditions of 12:12 h light-dark
cycle, temperature (25 = 2 °C), and relative humidity (45-55%) with free access to commercial
rat feed (Doodhdhara Pashu Ahar, India) and water ad libitum during experiment. The
experiments were carried out following the guidelines of the Central Animal Ethical

Committee of Banaras Hindu University, Varanasi, India (Serial no. Dean/2017/CAEC/261).
3.2.5.2 Experimental protocol

In the G*power analysis performed, we selected a error probability as 0.05 with power (1- err
probability), effect size, number of groups, number of measurements, and the non-sphericity

correction (€) as 0.80, 0.30, 4, 5, and 1, respectively. We calculated the total sample size as 24,
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and the rats were divided into four groups, i.e., control, ELF-PEMF1 (B =1 mT), ELF-PEMF2
(B=2mT), and ELF-PEMF3 (B =3 mT) (n = 6 male rats in each group) accordingly. Further,
we also used the resource equation method for sample size calculation, which is based on the
law of diminishing returns (Festing, 2006; Festing and Altman, 2002). In this method, a value
E (degree of freedom of analysis of variance (ANOVA)) was calculated. As suggested in
previous reports, E's value must lie between 10 and 20. If E (< 10), then adding more animals
will increase the probability of significant results, but if E (>20), then adding more animals

will not increase the chance of getting substantial results (Charan and Kantharia, 2013).

E = Total number of animals — Total number of groups 3.4

In our study, we took 6 rats per group, and there were 4 groups. So, according to the

formulae,

E=(6x4)—-(4) (3.5)
and
E=20 (3.6)

Hence, 6 rats per group can be considered an appropriate sample size per the “resource
) per group pprop p p

equation method” in our present experiment.

An exposure duration of 20 min (twice) with a 4 h gap was given for 14 days (experimental
period). The ELF-PEMF exposure system for in vivo studies is depicted in figures 3.2 (A &
C). We conducted all behavioral analyses between 10.30 h and 16.30 h, and observations were
recorded and quantified with ANY-MAZE ™ (version-3.72; USA) video tracking system. We
maintained a time interval of 30 min between each behavioral test (Bhattacharjee et al., 2021;
Krishnamurthy et al., 2013; Prajapati et al., 2020). Animals were subjected to an Elevated plus

maze (EPM) (anxiety), Actophotometer (locomotor analysis), Rotarod (motor coordination),
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and Y-maze (spontaneous alternation) on respective days, as depicted in figure 3.5. On day 14,
after behavioral tests, rats were decapitated, and the brain was micro dissected into the cortex
and hippocampus by following the standard procedure (Garabadu et al., 2015; Prajapati et al.,

2019).

Dosel Time Timegap Dose2 Time
Control

(n=16)

E
)
]
]
]
]

8 weeks old
male adult
Wistar rats (n=6)

n=24

1mT

> 1mT 20 min 4 hours 1mT

2mT
(n=6)

> 2mT 20 min 4 hours 2mT

P

3mT

3mT 20 min 4 hours 3mT 20 min

Day-0

Collection of body weight data
among all groups

}

Byl Collection of body weight data

among all groups

}

IiII

Day-7
Collection of body weight data

among all groups
Day-14

Collection of organ coefficients and
body weight data among all groups

|

Behavioral analysis (Y-maze, EPM, Rotarod,
Actophotometer)

Behavioral analysis (Y-maze, EPM, Rotarod,
Actophotometer)

Behavioral analysis (Y-maze, EPM, Rotarod,
Actophotometer)

Behavioral analysis (Y-maze, EPM, Rotarod,
Actophotometer) and histopathological
analysis of brain tissues

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
(n=6) 1
! |
|
|
|
|
|
I
I
|
1
1
|
1
|
|
|
|
|
|
1

Figure 3.5 Schematic representation of repeated 14 days in vivo study. In this study, adult
Wistar rats were exposed to 50 Hz ELF-PEMF exposure (1-3 mT, 20 min (twice) with a 4 h
gap). We observed any significant changes in total body weight, organ coefficient, cognitive
abilities, brain tissue structure, and morphology.



3.2.5.3 Organ coefficient analysis

Organ weight is a sensitive indicator of any aberrant changes induced by chemical or non-
chemical means. In various toxicological studies, organ weight assessment has been utilized to
determine the toxic effects of test therapy between treated and control animals (Majumdar and
Krishnamurthy, 2022; Michael et al., 2007; Peters and Boyd, 1966; Pfeiffer, 1968). Since the
organ coefficient is an integral part of the toxicity assessment of therapy and medical devices,
we must perform evaluation and interpretation of data with scientific diligence. The organ

coefficient of the brain was calculated using the following formula.

Weight of the organ]

Organ coefficient = | x 100 (3.7)

Total body weight
3.2.5.4 Total body weight analysis

The total body weight analysis is crucial for assessing biological impacts and abnormal
behavioral changes during the study (Margonato et al., 1995). According to the experimental
design, we matched all animals for baseline body weight and divided them into four groups,
namely control, ELF-PEMF1, ELF-PEMF2, and ELF-PEMF3. Total body weight was
measured on days 0, 1, 7, and 14 of the experiment to determine any aberrant changes due to

ELF-PEMF exposure intensities.

3.2.5.5 Behavioral analysis

3.2.5.5.1 Y-maze test

Y-maze is an instrument utilized for the assessment of spontaneous alternation. It was
performed on days 0, 1, 7, and 14 to negate the effects of testing history, as mentioned in the
literature (Garabadu et al., 2015). It consists of three identical arms starting, known (open in
trials 1 and 2) and novel arm (open in trial 2 only) with dimensions (50x16x32 c¢m) at 120°

angle to each other. During tests, coloured papers were used for visual cues but not in repetition
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to maintain the novelty to rats. The rats were introduced to the starting arm and allowed to visit
the known arm (kept open in trials 1 and 2) adjacent to the novel arm (blocked in trials 1 but
open in trials 2). During trial 1, rats were free to visit the starting and known arms (15 min),
followed by an inter-trial interval (4 h) before starting trial 2 (Kraeuter et al., 2019). In trial 2,
rats were free to visit all arms (5 min.). The total number of entries in all arms (during trials 1
and 2 in 5 min.) and the percentage of entries in known versus novel arms (during trial 2 for 5

min.) are a measure of spontaneous alternation (Prajapati et al., 2019).

Good spatial memory

Poor spatial memory

Figure 3.6 Schematic representation of Y-maze test for spontaneous alternation (Kraeuter et
al., 2019).

3.2.5.5.2 Elevated plus maze (EPM)

EPM is used to assess anxiety-like symptoms in the exposed rats (Krishnamurthy et al., 2013).
The appearance of an instrument is of a plus sign with two open arms (50 cm x10 cm) and two
closed (50 cm % 10 cm x 40 cm) with a central square (10 cm %10 cm) having a height of 50
cm. The study was performed between 12.00 and 14.00 h in a moderately lit room (20 Ix), and
rats were relocated to the test room for habituation (30 min). The rats were positioned on open
arms facing away from the center, and we collected the data for 5 min on day 1, day 7, and day

14 of the experimental protocol (Krishnamurthy et al., 2013).
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3.2.5.5.3 Rotarod test

Rotarod (orchid scientific) was designed to evaluate impaired motor coordination ability in
rodents (Lundblad et al., 2003). The rats were trained for five successive days at a speed of 4
to 10 rpm over 10 min for stable baseline performance. During the test, the cylinder (75 mm
diameter) rotates at a constant or increasing speed, and animals try to make balance on it for
the cut-off period (60 sec.) rather than falling onto a platform directly below. During the test,
rats were positioned over the cylinder in the opposite orientation of the rod to acquire skilled
behavior. The increase in retention time is considered a sign of the acquisition of competent

behavior (Prajapati et al., 2017).

3.2.5.54 Actophotometer test

Actophotometer (ICON instrument) is a test used to evaluate the locomotor ability of rats, and
during the assessment, we kept the instrument in a dark, sound-proof, and ventilated room. The
rat movement cut off the light on the photocell, and the count was recorded. The animals were
kept inside an activity cage for habituation (3 min), followed by measurement of locomotor
activity for the next 5 min on days 0, 1, 7, and 14. The locomotor activity was expressed as

counts/5 min per animal (Reddy and Kulkarni, 1998).

3.2.5.6 Histological analysis

Histopathological studies were performed on perfused brain tissue samples from control and
50 Hz ELF-PEMF exposed groups at day 14 of the experimental duration. The brain tissues
were stored in formalin solution (10%) followed by dehydration in graded ethanol series,
cleared in benzene/xylene, and embedded in paraffin. The tissues were sectioned at 6 um,
stained with periodic acid-schiff (PAS), and constrained with hematoxylin. The sections were
observed and photographed using Leica DFC 290 (Leica Microsystems Ltd, Wetzler,

Germany) at different magnifications (Gupta et al., 2019; Srivastava et al., 2017).
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3.3 Statistical analysis

The G*power analysis was utilized for the calculation of the total sample size. All behavioral
data are expressed as mean =+ standard deviation (SD) and analyzed by two-way ANOVA
followed by the Bonferroni post hoc test. All other statistical analyses were performed using
one-way ANOVA followed by the Newman-Keuls post hoc test. All statistical analyses were
performed on Prism 5.0 for Windows (Graph Pad Prism, RRID: SCR-002798 Software, San
Diego, California). All the data are presented as mean = S.D., and p < 0.05 was considered

significant.

3.4 Results
3.4.1 Influence of ELF-PEMTF in vitro

3.4.1.1 Cellular proliferation and morphology of Glial cells

Effects of 50 Hz ELF-PEMF exposure on the cellular proliferation and morphology of C6
(Glial) cells over 5 days are depicted in figure 3.7 (A). The cell numbers at day 0 were
visualized 12 h after initial cell seeding to examine how many cells adhered to the plate. Cell
numbers significantly increased successively from day 1 to day 5. In addition, we also observed
no significant alterations in cell morphology between the exposed and control groups, as shown

in figure 3.7 (B).

The relationship between cell proliferation and 50 Hz ELF-PEMF exposure is observed. 50 Hz
ELF-PEMF exposure (1-3 mT) with the different MFs did not appear to change the average
rate of cell proliferation and morphological features of cells in the above-mentioned
experimental conditions. The function of the 50 Hz ELF-PEMF exposure and the duration of
the experiment determined the cell viability. The cell count was performed with the help of

software (NIS-Elements Viewer 4.20 and Image J). The C6 cell count was unaffected by 50
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Hz ELF-PEMF exposure compared to the control group on respective days during the study,
as depicted in figure 3.7 (C).
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Figure 3.7 Influence of 50 Hz ELF-PEMF on the proliferation and morphology of C6 cell
lines. (A) A representative panel of bright-field images of C6 cells stimulated by ELF-PEMF
of different strengths, (B) a Representative panel of fluorescent images of C6 cells stimulated
by ELF-PEMF of varying strength, (C) C6 cells count at different MF intensities over 5 days.
The initial seeding concentration was 1x10° cells/well and ELF-PEMF with an exposure
duration of 20 min (twice) with a 4 h gap till the 6™ day or confluency (90%). Scale bar: 100
um for bright-field, fluorescent, and merged images. The values are expressed as mean + S.D.

3.4.2 Influence of ELF-PEMF in vivo

3.4.2.1 Organ coefficient

Effects of 50 Hz ELF-PEMF (1-3 mT) exposure on the organ coefficient of the brain rats are

depicted in figure 3.8 (A). As shown in table 3.1, the organ coefficient of the brain changes
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from 1.0976 + 0.0983 gm (control value) to 1.133 + 0.0459 gm, 1.159 + 0.0124 gm, 1.076 +
0.046 gm. There was no significant difference in the organ coefficient of the brain observed
among 50 Hz ELF-PEMF exposed and control group as measured by One-way ANOVA ([F

(3,16) =0.35; p > 0.05]) depicted in figure 3.8 (A).

Table 3.1. Effect of 50 Hz ELF-PEMF exposure (1-3 mT) on organ coefficient of the brain of
rats.

Exposure (mT) Control ELF-PEMF1 ELF-PEMF2 ELF-PEMF3

(gm) (gm) (gm) (gm)

Organ coefficient 1.0976+0.0983 1.133+0.0459 1.159+0.0124 1.076 = 0.046
of the brain (mean
+8S.D.)
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Figure 3.8 50 Hz ELF-PEMF influence on organ coefficient of the brain and total body weight.
(A) Organ coefficient of brain, (B) Total body weight. The values are expressed as mean = S.D.
(n=06).

3.4.2.2 Total body weight

Effects of 50 Hz ELF-PEMF (1-3 mT) exposure on the total body weight of rats are depicted
in figure 3.8 (B). As shown in table 3.2, total body weight on day 14 was observed as 175.12
+ 3.705 (gm) in the control group, 178.05 + 3.44 (gm) in ELF-PEMF1, 173.62 = 5.05 (gm) in

ELF-PEMF2, 181.42 + 4.74 (gm) in ELF-PEMF3.
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The statistical analysis performed by two-way ANOVA revealed group [F (3,80) = 8.96; p >
0.05], time [F (3,80) =14.18; p > 0.05], and interaction between group and time [F (9,80)=0.11;

p>0.05].

Table 3.2. Effect of 50 Hz ELF-PEMF exposure (1-3 mT) on total body weight of rats.

Exposure (mT) Control (gm) ELF-PEMF1 ELF-PEMF2 ELF-PEMF3

(gm) (gm) (gm)

Total Body 175.12+3.705 178.05+3.44 173.625+5.05 181.42 +4.74
weight (mean +
S.D.)

3.4.2.3 Behavioral analysis

3.4.2.3.1 ELF-PEMF induced behavioral changes in the Y-maze test

Y-maze is a verified method for assessing cognitive behavior in rats (Prajapati et al., 2020).
The effects of 50 Hz ELF-PEMF exposure on spontaneous alternation behavior in trials-1
(acquisition memory) and trial-2 (retrieval memory) and spatial recognition memory are
depicted in figures 3.9 (A, B, C & D). The two-way ANOV A revealed total arm entries in trial-
1 [F (3,64) = 0.25; p > 0.05] among groups, time [F (3,64) = 0.40; p > 0.05] and interaction
between groups and time [F (9,64) = 0.19; p > 0.05]. Similar results were found for total arm
entries in trial-2 [F (3,64) = 1.36; p > 0.05], time [F (3,64) = 1.06; p > 0.05], and interaction

between groups and time [F (9,64) = 0.23; p > 0.05].

There were no significant changes observed in arm discrimination behavior between known
and novel arms among groups [F (3,64) = 0.38; p > 0.05], time [F (3,64) = 0.54; p>0.05] and
interaction between groups and time [F (9,64) = 0.48; p > 0.05], percentage of known novel
arm entries [F (3,64) = 1.094; p > 0.05] among groups, time [F (3,64) = 1.303; p > 0.05] and
interaction between groups and time [F (9,64) =0.7199; p>0.05]. ELF-PEMF did not attenuate

spatial recognition memory in experimental rats.
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3.4.2.3.2 ELF-PEMF-induced anxiety-like behavior in EPM

EPM is utilized to study anxiety-like behavior in experimental animals. It uses normal
exploratory behavior in animals to determine anxiety levels (Krishnamurthy et al., 2013). In
this study, 50 Hz ELF-PEMF-induced changes in percentage arm entries, total time spent in
arms, and the total number of arm entries in the form of exploratory behavior are depicted in
figures 3.9 (E, F & G). The two-way ANOVA demonstrated no significant changes in the
percentages of open arm entries among groups [F (3,64) = 0.18; p > 0.05], time [F (3,64) =
0.24; p > 0.05] and interaction between groups and time [F (9,64) = 0.08; p > 0.05], percentage
of time spent in open arms among groups [F (3,64) = 0.39; p > 0.05], time [F (3,64) = 0.25; p
> 0.05] and interaction between groups and time [F (9,64) = 0.17; p > 0.05]. Moreover, no
changes were observed in total arm entries among groups [F (3,64) = 0.18; p > 0.05], time [F
(3,64) = 0.33; p > 0.05], and interaction between groups and time [F (9,64) = 0.13; p > 0.05].
Post hoc analysis revealed no significant changes in open-arm entries and time spent in the

open-arm during the experimental duration.

3.42.33 ELF-PEMF-induced motor co-ordination ability in Rotarod

Motor co-ordination ability in terms of retention time on the rotating bar is shown in figure 3.9
(H). The two-way ANOVA revealed no significant differences among groups [F (3,64) = 2.93;
p>0.05], time [F (3,64) = 1.303; p > 0.05], and interaction of the groups and the time [F (9,64)
= 0.41; p > 0.05], respectively. Post hoc analysis demonstrated that repeated ELF-PEMF

exposure during the experimental duration did not affect the retention time.

3.4.2.34 ELF-PEMF-induced alterations in locomotor activity

The locomotor activity was expressed in total beam counts in 5 minutes per animal. In the
present study, ELF-PEMF exposure caused no changes in locomotor activity, as depicted in

figure 3.9 (I). The two-way ANOV A showed no significant differences among groups [F (3,64)
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=0.73; p > 0.05], time [F (3,64) = 0.34; p > 0.05], and interaction of the groups and the time

[F (9,64) = 0.16; p > 0.05]. Post-hoc tests also showed no changes in the locomotor activity of

experimental animals.

Table 3.3 Effects of 50 Hz ELF-PEMF exposure (1-3 mT) on behavioral changes in adult

Wistar rats during Y-maze, EPM, Rotarod, and Actophotometer test.

Repeated exposure of ELF-PEMF (1-3 mT, 50 Hz)

Time: 2 times, 20 min (twice) with 4 h gap

Groups DO D1 D7 D14 Observation Conclusion
Total arm entries (trial-1)
Control 7+0.707 7.2 +0.836 6.8 +0.836 7.2 +1.095 p>0.05 No
significant
ELF-PEMF1 6.8 +0.836 7+0.707 7.2+1.303 6.8 +0.836 changes
ELF-PEMF2 6.6+0.894 6.8+ 0.836 741414 6.8 +0.836 Were
observed
ELF-PEMF3 6.6 +0.547 7+0.707 7.2 +1.643 7.2 +£0.447 among the
groups.
Total arm entries (trial-2)
Control 13.6 £ 1.51 12.8+0.83 13 £0.707 13.8+0.8366 p>0.05 No
ELF-PEMF1 12+1.140  12.6+1.51 13+1414  12.8+1.788 significant
changes
ELF-PEMF2 12+ 1.414 12.2+0.83 12.4+1.14 13.2+1.923 were
ELF-PEMF3 12.8+1.64 12.6 £2.07 13.2+1.09 13.4+1.673 observed
among the
groups.
Percentage of known arm entries
Control 34.6 £4.87 33.2+4.711 33.8+3.76 32.2+443 p>0.05 No
ELF-PEMF1 32+1414  322+1.92 32.6+£1.81  33.6+2.408 significant
changes
ELF-PEMF2 32.6+2.40 31.8+1.48 31.8+£1.92 34.6 + 3.361 were
ELF-PEMF3 32.8+2.77 33.2+£4.08 32.8+£2.68 34.8 +4.147 observed

96



among the

groups.
Percentage of known novel entries
Control 41.6 £3.36 42.8 £5.63 43 £3.162 42.8+2.949 p>0.05 No
ELF-PEMF1 402+228  44+2.121 394181 404+ 1.673 significant
changes
ELF-PEMF2 40.8+4.96 42.8 £3.63 39.6+1.14 39.6 +2.073 were
ELF-PEMF3 40+ 5.244 41.2+4.71 42.2+4.14 42.8 £2.387 observed
among the
groups.
Percentage open-arm entries
Control 33.8+£3.193  34.2+2.588 34.6 £4.56 35+5.52 p>0.05 No
ELF-PEMF1 34+3.60  35+3.464 346+439  36.6+3.049 significant
changes
ELF-PEMF2 354+5.176 35+3.535 35.4+4.03 35.6 £4.159 were
ELF-PEMF3 344+4722 352+3.033 34.8 £4.43 34.8 £5.16 observed
among the
groups.
Percentage time spent in open arms
Control 8.4+1.140 8+ 1.870 8.2+1.303 8.8£1.095 p>0.05 No
ELF-PEMF1 82:0836 8%1.58 82+1.30  7.8+2.58 significant
changes
ELF-PEMF2 8+1 7.4+1.816 7.8+1.788 8.2+0.44 were
ELF-PEMF3 7.8+ 1.64 8.2 +1.303 8+£0.707 8.4+1.51 observed
among the
groups.
Total arm entries (min)
Control 11.2+1.303 11.6+2.07 11.4+1.51 11.8+1.095 p>0.05 No
ELF-PEMF1 122 11841303 1164181  11.8+2.28 significant
changes
ELF-PEMF2 11.8+1923 11.2+0.836 11.2+£2.04 12.4+1.516 were
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ELF-PEMF3 11.6+2408 12+1.581 11.8+3.03 12.2 +0.836 observed
among the
groups.

Retention time on the rod (seconds)

Control 1542 + 158.6 £ 8.26 157 +£5.83 1584+6.84 p=>0.05 No

6.457 significant
changes

ELF-PEMF1 1488+3.27 151+11.42 149.2+2.5 151+6 were

ELF-PEMF2 146.4+492 1574+11.37 153.6+4.1 149.8 £ 6.97 observed

ELF-PEMF3 1512+8.64 1522+1059 1552+82  152.8+11.16 among the
groups

Locomotor activity (score/5 min)

Control 342+4.74 33.2+4.86 352+3.34 34+4.74 p>0.05 No

ELF-PEMF1 322 +4.65 344 +3.64 35+2091 34.4+2.07 significant

ELF-PEMF2 32.4+2.70 33.2+3.11 32.6+5.50 32+4 changes

ELF-PEMF3 32.8+3.27 33.6 +4.615 34+£5.52 33.2+5.76 were
observed
among the
groups.
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-PEMF on spontaneous alternation,

3.9 Influence of 50 Hz ELF
and locomotor activity of adult Wistar rats. (A) Total arm entries

Figure

Trial-1, (B)

Total arm entries Trial-2, (C) Percentage known arm entries, (D) Percentage known novel arm

coordination,

entries, (E) Percentage open arm entries, (F) Percentage time spent in open arms, (G) Total arm
entries, (H) Retention time on rod (sec.), (I) Locomotor activity (score/5 min.). Two-way

= 6).

ANOVA was utilized for statistical analysis, and values are expressed as mean = S.D. (n

1 analysis

tologica

1S

4H

3.4.2

Hematoxylin and eosin (H&E) stain is one of the principal tissue stains used in histology

(Titford, 2005). The hematoxylin and eosin stain cell nuclei with purplish blue and extracellular

matrix with cytoplasm pink, respectively, with other structures taking combinations of these

Chan, 2014). The histopathological alterations in the

colours (Bancroft and Gamble, 2008;

Dentate gyrus (DG) region and Cornu ammonis (CA2) region of the hippocampus,

respectively, and cortex regions of brain tissues are depicted in figures 3.10 (A, B & C). 50 Hz
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ELF-PEMF caused no notable decrease in cortical cell counts and no noticeable structural
changes in the hippocampus and cortex regions, indicating no signs of neurodegeneration. The
cell count in the brain's cortex region was performed with the help of software (NIS-Elements
Viewer 4.20 and Image J). We observed no significant change in the cell counts of the cortex

region among 50 Hz ELF-PEMF exposed and control group as measured by one-way ANOVA

([F (3,8) =1.23; p > 0.05]) depicted in figure 3.10 (D).

A

2000

1500 +

1000

Cortex cell count

Experimental groups
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Figure 3.10 Influence of 50 Hz ELF-PEMF exposure on hippocampus and cortex brain region.
Representative H&E-stained images of brain tissues in control and ELF-PEMF exposed groups
on day 14; (A) Hippocampus DG region (control, 1 mT, 2 mT & 3 mT), (B) Hippocampus
CAZ2 region (control, 1 mT, 2 mT & 3 mT), (C) cortex region (control, | mT, 2 mT & 3 mT ),
(D) cortex cell count in exposed and control groups. No aberrant changes existed between
control, ELF-PEMF1, ELF-PEMF2, and ELF-PEMF3 exposed rats. The values are expressed
as mean = S.D. (n = 6).

3.5 Discussion:

EM exposure has increased following the widespread use of modern telecommunication
systems and household appliances in daily life (Kaune et al., 2000; Kheifets and Oksuzyan,
2008; Swanson (INVITED), 1999). Brain tissues with different electrical characteristics can
exhibit other effects under variable magnetic field intensities. Not much evidence is available
for the impact of ELF-PEMF with an exposure duration of < 1 h/day on brain cells (Glial cells)
and behavioral parameters. Thus, the present study was designed to explore the EM stimulation
induced by 50 Hz ELF-PEMF in male Wistar rats and C6 cells. C6 (Glial) cells are non-
neuronal cells mainly found in the central nervous system (CNS) and peripheral nervous system
(PNS) and responsible for homeostasis, protection, and support for neurons. C6 cells are long
and spindle-shaped, with a large nucleus at the center. It is helpful to analyze the effects of pro-
inflammatory molecules on tau phosphorylation and amyloid precursor protein (APP)
expression, temozolomide (TMZ) induced cognitive impairment, magnetic and R.F. effects on
cell proliferation (Martinez-Diaz et al., 2020; Pathak et al., 2020; Stagg et al., 1997; Xu et al.,
2019). We exposed C6 cells to ELF-PEMF with adjustable intensities, voltage, and current but
with a fixed frequency (50 Hz) and exposure duration. The bright-field images showed no
fragmentation of C6 cells after the exposure, and fluorescent microscopy also revealed that f-
actin distribution and nucleus are unaffected by 50 Hz ELF-PEMF exposure. Based on the
above findings, we anticipate that 50 Hz ELF-PEMF is non-destructive under current

experimental conditions. Xu et al. studied the effects of a pulsed millisecond magnetic field on
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C6 (Glial) cells and observed cumulative time effects, and it is non-destructive (Xu et al.,
2019). Akbarnejad et al. studied the impact of ELF-PEMF in different amplitudes on the
Glioblastoma Multiforme (GBM) cell line (U87) in vitro. They observed proliferative and
inhibiting effects for selective PEMF frequencies and intensities (Akbarnejad et al., 2017).
Based on the above findings, we can suggest that 50 Hz ELF-PEMF is non-destructive under

current experimental conditions.

The influence of 50 Hz ELF-PEMF (1-3 mT) exposure on the organ coefficient of the rat brain
is shown in figure 3.8 (A). The organ coefficient is the most preliminary indicator of drug
toxicity, which often precedes morphological alterations in tissue structure and morphology
(Michael et al., 2007). The results showed no aberrant changes in the organ coefficient of the
brain and revealed no significant alteration in tissue morphology and structure under current
experimental conditions. Chung et al. studied the ELF magnetic effects on female Sprague-
Dawley (S.D.) rats. There were no changes in organ weights, mean maternal body weight, and
hematological parameters (Chung et al., 2003). Persinger et al. studied the effect of a rotating
magnetic field (RMF) on wet organ weight and thyroid morphology. They observed no
significant changes in wet adrenal and pituitary weights and body weight in adult female rats

(Persinger et al., 1978).

Figure 3.8 (B) illustrates the effects of 50 Hz ELF-PEMF (1-3 mT) with an exposure duration
of 20 min (twice) with a 4 h gap on the total body weight of rats within the experimental period.
The statistical analysis of total body weight shows a comparable pattern with no significant
difference in body weight between exposed and control groups at the end of the experiment.
Akhras et al. studied the influence of a 50 Hz sinusoidal magnetic field on male Sprague-
Dawley (SD) rats and observed no significant changes in absolute body weight and weight of

testes (Al-Akhras et al., 2006). Cakir et al. studied the ELF-EMF effects on body weight and
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hematological parameters and observed no variation in body weight and blood serum

parameters (Cakir et al., 2009).

Scientists often perform several tests on each animal to assess the behavioral phenotype of
various rodents since a single behavioral test cannot provide all the necessary information.
Moreover, repeated stress can influence learning, memory, and cognition, altering the results
(Brown et al., 2000; Hénell and Marklund, 2014). In the present study, we performed tests for
anxiety and exploratory behavior first since results can be significantly affected by testing
history (repeated tests). Therefore, multiple days of resting time between tests were maintained
(Lad et al., 2010; Mcllwain et al., 2001; Peng et al., 2016; Wolf et al., 2016). Animals exposed
to 50 Hz ELF-PEMF showed no significant changes in cognitive behavior. In the Y-maze test,
dependent variables were general exploratory behavior and spatial recognition memory
regarding the total number of arm entries in trial-1(1 5 min.), trial-2 (5 min.), and the
percentage of known and novel arm entries, respectively. In the present study, no noted changes
were detected in exploratory and coping behavior within the experimental duration, as depicted
in figures 3.9 (A, B, C & D), suggesting that 50 Hz ELF-PEMF possibly caused no loss in
spatial recognition memory. Earlier studies also supported that ELF-PEMF exposure does not
affect spatial recognition memory (Cai et al., 2013; Conrad et al., 1997; Fu et al., 2008;
McEwen et al., 1997; Trzeciak et al., 1993). Thus, results indicate that the repeated exposure
of adult Wistar rats to ELF-PEMF with an exposure duration of 20 min (twice) with a 4 h gap

may reflect no impairment in spatial recognition capability.

Anxiety-like behavior is generally observed in humans and rats with PTSD (Post-traumatic
stress disorder). The reduction in open-arm entries and time spent in open arms are symptoms
of anxiety-like behavior in the EPM (Patki et al., 2014). In the present study, repeated exposure
to 50 Hz ELF-PEMF did not significantly affect the percentage of open-arm entries and time
spent on open arms, as depicted in figures 3.9 (E, F & G). The literature also reports a similar
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observation (HE et al., 2011). Thus, the current finding indicates that repeated exposure of
adult Wistar rats to 50 Hz ELF-PEMF with an exposure duration of 20 min (twice) with a 4 h
gap did not induce noticeable anxiety-like behavior. Further, no tolerance was observed for
repeated trials on EPM in the control group animals, as mentioned in (Prajapati and
Krishnamurthy, 2021). It may be due to a one-week interval gap between exposures
(Bhattacharjee et al., 2021). Similarly, in another study, rats did not show tolerance to open

arms following exposure to EPM for 18 consecutive days (Treit et al., 1993).

In the current study, the outcomes revealed that the repeated exposure to 50 Hz ELF-PEMF
with an exposure duration of 20 min (twice) with a 4 h gap did not significantly change
spontaneous motor behavior in adult Wistar rats, as depicted in figure 3.9 (H). We observed no
significant change in retention time in the exposed groups compared to the control. Also, the
results suggested that repeated exposure to ELF-PEMF with an exposure duration of 20 min
(twice) with a 4 h gap did affect motor coordination abilities in rats. Similarly, the repeated
exposure to 50 Hz ELF-PEMF, with an exposure duration of 20 min (twice) with a 4 h gap, did
not affect spontaneous locomotion, as depicted in figure 3.9 (I). We observed no noticeable

changes in the basal activity (score/5 min.) of exposed groups compared to the control.

The hippocampus is a curved seahorse-shaped organ responsible for memory and learning
(Burgess et al., 2002). Hippocampus is divided into subfields CA1, CA2, and CA3. CAl
neurons primarily form and retrieve hippocampus-dependent memories (Bartsch et al., 2011).
The CA2 region of the hippocampus is involved in creating social recognition memory and
hippocampal information processing (Lehr et al., 2021; Tzakis and Holahan, 2019). CA3
region has a specific role in memory processes, seizure susceptibility, and neurodegeneration
(Cherubini and Miles, 2015). DG region forms hippocampal memory (Hainmueller and Bartos,

2020).
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Hippocampal neurogenesis is the formation of new granules for the maintenance of learning
and memory, and damage to it can impair the formation and recall of new memories and the
remembrance of past experiences. The cerebral cortex is the brain's outermost layer of nerve
cell tissue. It is also responsible for memory, thinking, learning, reasoning, problem-solving,
and functions related to your senses (Jawabri and Sharma, 2022). The 50 Hz ELF-PEMF
exposure did not result in any significant structural or morphological changes in the
hippocampus or cortex regions of the brain, as evaluated by H&E staining and shown in figures
3.10 (A, B & C). We also observed through the statistical analysis that the cortical cell counts

remain unaffected in the exposed groups compared to the control, as shown in figure 3.10 (D).

3.6 Conclusion

In the present work, we have studied the effects of 50 Hz ELF-PEMF in both in vitro (C6 Glial
cells) and in vivo (adult Wistar rats) models. The present study reveals that exposure to ELF-
PEMF for 20 min (twice) with a 4 h gap could be non-destructive for C6 cells and result in
unaltered effects on spontaneous alternation, anxiety, motor coordination, and locomotor
activity of adult Wistar rats. The results demonstrated that 50 Hz ELF-PEMF exposure did not
induce any significant levels of cellular fragmentation and changes in the morphology of glial
cells. Also, the outcomes revealed no noticeable effects on spontaneous alternation, anxiety,
motor coordination, and locomotor activity in PEMF-exposed groups compared with the
control. Histological analysis of the selected brain sections (hippocampus and cortex)
following ELF-PEMF exposure revealed no significant changes at the level of cortical cell
counts and tissue structure and morphology. Our efforts provide the theoretical underpinnings
and experimental support for the safe range of magnetic fields for their application in the

biomedical field.
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