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Abstract

Epidemiological studies have suggested that workers with primary occupation that are likely to have resulted in the medium-to-high

extremely low frequency (ELF) electromagnetic field (EMF) exposure are at increased risk of Alzheimer’s disease (AD) pathogenesis. As a

first step in investigating the possibility of an association between the ELF-EMF exposure and AD at the cellular level, we have used the

differentiating IMR-32 neuroblastoma cells. In double-blind experiments, IMR-32 cells were exposed to the magnetic field intensities of 50,

100, and 200 AT at a frequency of 60 Hz for a period of 4 h at the three ages of differentiation (2, 10, and 16 days after incubation in

differentiation medium). We used a custom-made Helmholtz coil setup driven by a 60-Hz sinusoidal signal from a function generator and an

in-house built power amplifier. Total RNA extracted from the exposed cells was separated by the agarose gel electrophoresis and transferred

to a nylon membrane for the northern hybridization. Digoxygenin-labeled APP695 RNA probes were used to detect changes in the APP695

mRNA levels in response to the ELF-EMF exposure. The results reported herein provided no support for any relationship between the

APP695 gene transcription and IMR-32 differentiation age, as well as the magnetic field exposure. This study constitutes the first step

towards investigating the possibility of an association between the ELF-EMF exposure and AD manifestations at the cellular level. D 2002

Elsevier Science B.V. All rights reserved.
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1. Introduction

There is a significant interest in the biological effects of

the power frequency (60 Hz) electromagnetic fields (EMF).

Health professionals, government administrators and regu-

lators, scientists and engineers, and the general public are

interested in this health issue. The focus of research in this

area at the cellular level is to identify cellular responses to

EMFs, to develop a dose threshold for such interactions and

use such information to formulate and test the appropriate

interaction mechanisms. Numerous studies have been

undertaken during the past two decades to examine the

biological effects in the cells exposed to the extremely low

frequency (ELF)-EMFs, and the major interest has been to

decipher the biological mechanism and site of interaction

[1,2]. Several studies have demonstrated the possibility that

a mechanism of interaction of the magnetic fields is through

a direct reaction with DNA rather than through the generally

accepted signal transduction cascade [3]. In these condi-

tions, the cell is responding to magnetic field exposure in a

manner analogous to that observed under the conditions of

cellular stress, such as an increase in the transcripts for some

heat shock genes [4,5]. Early studies in which different cells

were exposed to EMFs pointed towards the general changes

in the gene transcription [6–10] but did not address the

more important issue of which specific genes were affected

[11]. Specific mRNA level measurements in response to the

ELF-EMF exposure showed an increase in the levels of

histone H3 and p53 mRNA [12], IGF-II [13], histone H2B,

v-myc [14], c-fos [15], and c-myc [16]. However, it is

important to note that these experiments have been difficult

to replicate [17–20].

In the epidemiological studies, it has been shown that

the workers with primary occupations that are likely to

have resulted in the medium-to-high ELF-EMF exposure

are at an increased risk of Alzheimer’s disease (AD)

[21,22]. Alzheimer’s disease is one of the most serious
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health problems in the US and its impact increases as the

percentage of the elderly continues to increase. The

etiology of the brain lesions associated with AD appears

to be multifactorial [23]. Factors that are possible com-

ponents in the etiologic process are either genetic [24–

28], environmental [29–33], or related to aging [34,35].

AD is thought by many to be intimately, if not causatively,

associated with the deposition of the short h-amyloid (Ah)
peptides in the cerebral cortex and hippocampus of

affected individuals [36]. These Ah peptides are liberated

from the h-amyloid precursor proteins (APPs) after the

cleavage of APPs in the membrane by the h- and g-

secretase enzyme [37]. Among the three major APPs, the

APP695 isoform is predominantly expressed in the nerv-

ous tissue.

The concept that the ELF-EMF exposure might contrib-

ute to the AD pathogenesis merits attention [38]. As a first

step in investigating the possibility of an association

between the ELF-EMF exposure and AD at the cellular

level, we have used the differentiating IMR-32 neuroblas-

toma cells. When differentiated, IMR-32 cells mimic large

projection neurons of the human cerebral cortex. IMR-32

cells are of human origin, large in size, and have previously

been used in studies related to the stability of APP [39].

Also, under certain tissue culture conditions, these cells

have been shown to form intracellular fibrillary material

[40], commonly observed in the brains of patients affected

with AD. We reported herein on the APP695 gene tran-

scription after exposure of the differentiating IMR-32 cells

to ELF-EMF at intensities of 50, 100, and 200 AT.

2. Materials and methods

2.1. Cell lines, reagents, and culture conditions

Freely dividing IMR-32 cells obtained from the Ameri-

can Type Culture Collection (Rockville, MD, USA) were

routinely cultured in 25-cm2 flasks (Costar, Cambridge,

MA) in 10-ml medium in 95% air and 5% CO2 atmosphere

at 37 jC and fed (i.e., refreshed medium) at 2-day intervals.

The growth medium comprised of the Eagle Minimum

Essential Medium with 2 mM L-glutamine and Earle’s

Balanced Salt Solution (BSS) adjusted to contain 1.5 g/l

sodium bicarbonate, 0.1 mM nonessential amino acids, and

1.0 mM sodium pyruvate, 10% heat-inactivated fetal bovine

serum (FBS) [41]. When confluent, the cells were detached

by washing with trypsin solution preheated to 37 jC. The
suspension was centrifuged (250� g, 10 min) and the cells

were replated at 1�106 cells per 60-mm plate. For the

induction of differentiation, cells were plated 2 days prior to

the addition of the differentiation medium. The differentia-

tion medium comprised of the Eagle Minimum Essential

Medium with 2 mM L-glutamine and Earle’s BSS adjusted

to contain 1.5 g/l sodium bicarbonate, 0.1 mM nonessential

amino acids, and 1.0 mM sodium pyruvate, 5% heat-

inactivated FBS and 10 AM Bromo-deoxyuridine. The

differentiation medium was refreshed once every 2 days.

2.2. Magnetic field exposure system

Details of the magnetic field exposure system are pub-

lished elsewhere [42]. Briefly, the magnetic field was

generated by a pair of symmetric Helmholtz coils, custom-

manufactured in the laboratory. The coils have an inner

diameter of 2.75 in. (to accommodate 60-mm petri dishes)

and an outer diameter of 3.25 in. The vertical distance

between the coils is 0.3125 in. The coils were driven by a

sinusoidal signal from a function generator (LFG 1300S,

Leader) and an in-house built class AB power amplifier. The

magnetic field (B) at the center, between the coils, was

measured with an F.W. Bell gaussmeter (Model 9550) and

probe (Model T-99-253). B was adjusted by varying the coil

current. A custom-made blinding switch box was included

to eliminate experimenter bias. The switch box is composed

of three 8-pole, 6-position rotary switches (Electroswitch,

CA; Model #C4D0806N-A). Three front panel switch

combinations were used to randomize the exposure, sham,

and external coil activations.

2.3. Experimental conditions

The general experimental design involved differentiation

age (three levels), magnetic field intensity (three levels), and

exposure mode (field-exposed, sham-exposed, and external

coil activation).

Based on an earlier study involving the characterization of

IMR-32 with the neuron-specific enolase as a differentiation

marker [43], three differentiation ages were selected as

follows: 2, 10, and 16 days after incubation in differentiation

medium. The second day represents the undifferentiated

(young) cells, the 10th day represents the differentiating

(maturing) cells, and the 16th day represents the fully

differentiated (mature) cells. It is important to consider the

differentiation age as a factor because previous studies in our

laboratory have shown that the vulnerability of the differ-

entiating neuroblastoma cells to the external stimuli is differ-

entiation age-dependent [44].

Based on studies on the potential sources of the ELF-

EMFs and exposure levels in the office and domestic environ-

ments, the predominant medium values of 0.2–1 AT and the

high intermittent values of > 100 ATwere stated as effective

[45,46]. In this study, the ELF-EMF exposure levels up to 200

ATwas considered well within practical limits. The choice of

60-Hz frequency was based on the fact that most exposure

studies have focused on the possible adverse effects of the

power frequency magnetic fields.

The duration of the magnetic field exposure has been

stated as important in the maintenance of the steady state

transcript levels [47]. Short-term ELF-EMF exposures

(minutes) have been claimed to produce short-lasting

responses attributable to the inhibitory effect of the resultant
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nonspecific synthesized proteins [16]. Studies addressing

the temperature as a stress factor have shown that the time

required to cause an effect is reduced logarithmically with

increasing temperature [48,49]. Most of these studies have

considered the exposure periods of several hours (2–4 h) in

order to maintain the transcript levels (e.g., Ref. [50]).

To minimize experimenter bias, a double-blind approach

was used. A custom-made blinding switch box was used to

expose cells to magnetic fields in an unbiased manner. An

example of the blinding switch box setting is shown in

Table 1. As revealed, three exposure modes (field-exposed,

sham-exposed, and external coil activation) were made

possible. After subjecting to different exposure modes, cells

were washed twice with 1 ml of HEPES-BSS (140 mM

NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, HEPES 10

mM, D-glucose 10 mM, pH 7.4), and dislodged from the 60-

mm dish using a cell scrapper. The cells were then centri-

fuged using the same buffer and the pellets were snap-frozen

in liquid nitrogen and stored at � 70 jC for later RNA

isolation and processing.

2.4. Isolation and analysis of total RNA

Total RNA was extracted by following the manufactur-

er’s protocol for the monolayer cultures, using the TRIzolk
reagent [51]. The integrity of the extracted RNA was

ascertained by the examination of 28S and 18S bands of

the ethidium bromide-stained (1.2%) agarose–formalde-

hyde gels. Samples were considered to be degraded if the

28S band was not more intense than the 18S band. If any

sample in a series was degraded, the experiment was

repeated.

RNA samples (10–20 Ag) were size-fractionated by

electrophoresis in 1.2% agarose gels containing 6% form-

aldehyde and 1� MOPS (40 V for 20 min; 60 V for 3 h),

followed by the capillary blotting overnight from the form-

aldehyde gel to the nylon membrane (Roche Molecular

Biochemicals, Indianapolis, IN). Air-dried membranes were

cross-linked by UV irradiation to immobilize the RNA using

a UV Stratalinker (Stratagene, La Jolla, CA) on the auto-

matic setting. Membranes pre-hybridized in the Dig-Easy

Hyb solution (Roche Molecular Biochemicals) were hybri-

dized at 60 jC with digoxygenin-labeled APP695 and actin

RNA probes. Conditions suggested in the kit for the hybrid-

ization and washing of membranes were followed (Roche

Molecular Biochemicals). Intensity of the APP695 mRNA

signal was obtained using the Digoxygenin chemilumines-

cent detection kit (Roche Molecular Biochemicals).

2.5. Hybridization probes

In preparation for the northern hybridization experiments,

DNA segments corresponding to a segment of APP695 was

amplified by a reverse transcriptase-polymerase chain reac-

tion (RT-PCR) reaction using the following pair of primers

[52]; forward: 5VAATACGACTCACTATAGGGAGA-

CACCACAGAGTCTGTGGAAG 3 V; r e v e r s e :

5VCATACGATTTAGGTGACACTATAGAGGTGTCTCG-
AGGTGTCTCGAGATACTTGT 3V; T7 RNA polymerase

(underlined) and SP6 RNA polymerase (underlined) sequen-

ces were incorporated into the forward and reverse primers,

respectively. These primers were synthesized at the Molec-

ular Genetics Facility at the University of Georgia. RT-PCR

was then conducted with Titan One tube RT-PCR system

(Roche Biosciences) and evaluated by separation in a 1%

agarose gel and staining with ethidium bromide.

The parameters for the RT-PCR were as follows: cDNA

synthesis at 50 jC for 30 min, denaturation at 94 jC for 2

min; amplification cycle (denaturation at 94 jC for 0.5 min,

annealing at 57 jC for 0.5 min, elongation at 68 jC for

0.75–4 min). PCR was run for 25 cycles with cycle

elongation of 5 s for each cycle and a final elongation step

at 68 jC for 7 min. The PCR product was purified by

running the DNA in a 1.5% low melting point agarose gel at

50 V for 2 h and the DNA bands were excised from the

agarose purified using a Supelco WizardR minicolumn. The

authenticity of the purified DNA was then verified by the

sequence analysis at the Molecular Genetics Facility and

digoxygenin-labeled APP695 RNA probes were prepared

using the Digoxygenin labeling kit (Roche Biosciences).

Genbank analysis showed that there was an overall homo-

logy with the existing sequences. Digoxygenin-labeled

human actin probes were obtained from Roche Biosciences

and were used as internal standards.

2.6. Evaluation of relative transcript levels

Our analysis allowed for the possible treatment-induced

variation of the transcript levels based on the magnetic field

strengths and differentiation time. In order to determine the

Table 1

An example of the front panel switch combinations with the corresponding

exposure modesa

F1 F2 F3b Exposure mode

0 0 0 EXP

0 1 0 SHAM

1 0 0 SHAM

1 1 0 EXP

Xc X 1 EXT

a Three internal rotary switches designated as RS1, RS2, and RS3

control the ‘‘meaning’’ of the three front panel switches F1, F2, and F3. By

changing the RS switch setting, the front panel (F) switch meaning is

altered. RS1 and RS2 control the polarity of the magnetic fields that are

generated by the two coils to exposure (EXP) [current flowing in the same

direction that the magnetic fields from both coils are additive], sham-

exposure (SHAM) [current flowing in opposite directions that the magnetic

fields from both coils cancel each other], and external coil activation (EXT)

[current flowing to an identical coil located more than 1 m away from the

biological specimen].
b The setting of RS3 determines which one of the three front panel

switches is to be the controller of the ‘‘external coil/exposure coil’’ mode

(in our combination, F3 is the controller).
c X implies that the switch can take either the value of 0 or 1 without

affecting the outcome.
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amount of hybrids formed between the APP695 transcript

and its probe, the X-ray films were analyzed by densitom-

etry using the Expression 636 (Epson, Long Beach, CA) and

the Quantity One, version 2 (BioRad Laboratories, Her-

cules, CA). Measurements of APP695 transcript levels were

expressed as the ratio of APP695 to actin (internal standard)

for each experimental condition. Actin was used as an

internal standard based on the earlier studies showing no

changes in the actin transcript levels in response to the

magnetic field exposure [53]. A typical example of a North-

ern blot output that is used for the processing and analysis is

shown in Fig. 1. The top row shows the levels of the APP695

mRNA elicited by the hybridization with the APP695 RNA

probe while the bottom row shows the levels of the actin

mRNA elicited by the hybridization with the digoxygenin-

labeled human actin RNA probe.

The data were represented as the ratio of the experimen-

tal (E) signal to the control (C) signal [13]. The relative

signal (Rel. S) is a measure of the quantity according to the

equation

Rel: S ¼ ðE=CÞ � 1 ð1Þ

where E/C is the mean ratio of the experimental (exposed/

sham/external coil) to control the band density. Rel. S = 0

means no effect while the Rel. S is positive or negative for

increased or decreased mRNA signal levels, respectively.

All the treatments of the replicate ratios were examined with

a two-tailed t-test to test the hypothesis that the ratio (E/C) is

equal to unity.

3. Results and discussion

APP695 transcription level ratios, Rel. S, Eq. (1), for a

magnetic field intensity of 100 AT as a function of the

differentiation age are shown in Fig. 2. The largest variation

among all the experimental conditions was a 23% decrease

of the APP695 relative signal, observed on the 10th day of

differentiation. In all the cases, there were no statistically

significant ELF-EMF effects among the three experimental

(exposed, sham, and external coil) and control conditions at

the three culture ages of differentiation. The results also

showed that there was no change in APP695 transcription

level with differentiation age. APP695 transcription level

ratios for all the experimental conditions in 16-day old

differentiated IMR-32 cells as a function of magnetic field

strengths are shown in Fig. 3. There were no statistically

significant ELF-EMF effects between the three experimental

(exposed, sham, and external coil) and control conditions at

Fig. 1. Northern blots for expression of APP695 in 10-day-old BrdU-

differentiated IMR-32 following a 4 h magnetic field exposure at 200 AT.
CO=Control; A=Exposed; B = Sham; C=External Coil.

Fig. 2. Mean expression of APP695 relative transcription (n= 3) in BrdU-differentiated IMR-32 cells following 60 Hz magnetic field exposure (100 AT, 4 h).
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the three different magnetic field intensities, suggesting no

change in the APP695 transcription levels with increased

magnetic field strength.

Table 2 summarizes 27 different t-tests. Each block in

Table 1 represents a test of the null hypothesis Ho: the mean

APP695 relative transcription levels for the respective

experimental condition is equal to the value of unity (mean

of the APP695 relative transcription level for the respective

control condition) versus the alternative hypothesis H1: the

mean APP695 relative transcription levels for the respective

experimental condition is not equal to the value of unity; p-

values for each test are reported. A p-value greater than 0.05

indicated that the relative transcription levels for the exper-

imental condition was not different from the control con-

dition. Inspection of all the conditions show that all the 27

tests did not reject the null hypothesis at the 5% level,

suggesting that there was no statistical difference between

the experimental and control conditions at different mag-

netic field intensities and ages of differentiation.

The results reported herein provided no support for any

relationship between the APP695 gene transcription and

differentiation age, as well as the magnetic field exposure.

This is in contrast with a study in which ELF-EMF blocked

the differentiation of the erythroleukemia cells [54]. It

Fig. 3. Mean expression of APP695 relative transcription (n= 3) in 16-day-old BrdU-differentiated IMR-32 cells following 60 Hz magnetic field exposure (4 h).

Table 2

Statistical comparison of the control (unexposed) and exposed IMR-32 human neuroblastoma APP695 relative transcription levels

Day 2 Day 10 Day 16

EXP SHAM EXT EXP SHAM EXT EXP SHAM EXT

50 lT
0.2613a

(do not

reject Ho)

0.1469

(do not

reject Ho)

0.5466

(do not

reject Ho)

0.3557

(do not

reject Ho)

0.8595

(do not

reject Ho)

0.9749

(do not

reject Ho)

0.7289

(do not

reject Ho)

0.5540

(do not

reject Ho)

0.1458

(do not

reject Ho)

100 lT
0.7636

(do not

reject Ho)

0.1968

(do not

reject Ho)

0.1165

(do not

reject Ho)

0.1140

(do not

reject Ho)

0.3234

(do not

reject Ho)

0.2179

(do not

reject Ho)

0.5639

(do not

reject Ho)

0.2660

(do not

reject Ho)

0.2391

(do not

reject Ho)

200 lT
0.6842

(do not

reject Ho)

0.6441

(do not

reject Ho)

0.7298

(do not

reject Ho)

0.2694

(do not

reject Ho)

0.2471

(do not

reject Ho)

0.4226

(do not

reject Ho)

0.0735

(do not

reject Ho)

0.4709

(do not

reject Ho)

0.6446

(do not

reject Ho)

EXP—field-exposed; SHAM—sham-exposed; EXT—external coil activation.
a p-values for t-test ( p-value>0.05 = do not reject Ho).
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should be pointed out that the IMR-32 phenotype used in

this study was differentiated with respect to the morpho-

logical and biochemical but not the electrophysiological end

points [42].

Our data constituted the first step towards investigating

the possibility of an association between the ELF-EMF

exposure and AD manifestations at the cellular level.

Absence of ELF-EMF effect on APP695 gene transcription

levels provides incentives to explore the ELF-EMF effects

on other factors implicated in the AD pathogenesis. For

example, it would be useful to consider the effects of ELF-

EMF exposure on the enzyme activities of h- and g-secre-

tases [55]. Previous studies have shown that a possible

interaction mechanism is an electrochemical model that

involves alteration in the enzyme activities that involve the

ELF-EMF field induced changes [56–58]. Results from

previous studies have suggested that the ELF-EMF fields

could interfere or enhance enzyme activation by affecting the

ion concentration available to the enzyme [59,60].
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