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INTRODUCTION 
 

The concern about health effects of extremely low frequency (ELF) magnetic fields 

continues to grow, in relation to the hypothesis of the possible link between 

electrical wiring and childhood cancer. This has led to a great amount of studies, 

producing conflicting conclusions and  the comparison between these is difficult 

(Berg, 1999), because of the differences in the many parameters (duration and 

periodicity of the exposure, flux intensity, endpoints investigated). Some authors 

demonstrated that exposure to ELF magnetic field alone did not raise the 

micronuclei frequency neither in adults (Svedenstål & Johanson, 1998) nor in young 

mice (Abramsson-Zetterberg & Grawé, 2001). Whereas coexposure with ELF and 

some mutagens shows an increase in micronuclei (Cho & Chung, 2003; Verheyen et 

al., 2003) and kinetochore-positive micronuclei (Ding et al., 2003) frequency. 

Among the biological effects, an increase in visceral and skeletal anomalies was 

observed in mice by Huuskonen et al. (1998) after exposure to 50 Hz, 0.13 mT 

sinusoidal MF and by Ohnishi et al. (2002) after exposure to 50 Hz, 0.5 mT and 5.0 

mT. Furthermore,  adverse effects on murine ovarian follicles were demonstrated 

by Cecconi et al. (2000), after exposure to 33 Hz and 50 Hz, 1,50 mT sinusoidal MF.  

The aim of this work was to evaluate the possible biologic damage in adult mice, 

pregnant females and their offspring chronically exposed to extremely low 

frequency (ELF) magnetic fields. For this purpose, peripheral blood micronucleus 
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test, Comet assay and sperm abnormality assay were used to detect genotoxic 

damages and the palatal ridges alteration assay to identify possible teratogenic 

effects. 

The micronucleus test (Schmid, 1975) is a mutagenetic test “in vivo” widely used to 

detect cytogenetic damage induced by chemical and physical mutagens. The 

immunofluorescent staining with CREST antibodies (Degrassi & Tanzarella, 1988) 

may distinguish clastogenic (chromosome breakage) or aneugenic (chromosome 

malsegregation) origin of the micronuclei.  

The alkaline single-cell gel electrophoresis (SCG) assay, i.e. Comet test, is a rapid, 

sensitive procedure to quantify DNA lesions in mammalian cells (Fairbairn et al., 

1995; Tice et al., 2000). 

Sperm abnormality assay is a sensitive and fast mutagenicity test used to detect 

cytogenetic damage in germ cells. It has been demonstrated that even low doses of 

chemicals and X-rays can increase abnormal sperm cells (Wyrobek et al., 1983). 

Palatal ridges assay is able to detect severe morphological alterations in the first 

stages of the development, and palatal ridges are epithelio-mesenchymal 

structures present in secondary palate of Mammals and their morphological 

alterations are considered as an early warning sign of teratogenesis (Ikemi et al., 

2001). 

 

 

 

MATERIALS AND METHODS 

 

Nineteen adult mice (CD-1 Swiss) (among these 4 pregnant females) were exposed 

for 21 days to 50 Hz, 650 µT magnetic field generated by 90 cms long coils, working 

24 hours per day. Another group of nineteen adult mice ( including 4 pregnant 

females) were kept for 21 days inside switched off coils as sham control. In total 38 

exposed newborn mice and 36 shams were sacrificed day 3 after birth. 

The temperature and the relative humidity of the animal room were 20-22°C and 

40-50% respectively. Artificial lighting was from 8 a.m. to 8 p.m. and commercial 

pellets and tap water were available ad libitum throughout the experimental 

period.  
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MUTAGENICITY TESTS: 

Micronucleus Test  

In order to discriminate the clastogenic and aneugenic origin of the micronuclei, the 

CREST staining was applied on peripheral blood in adult and newborn mice, and in 

liver and bone marrow in newborns and adults, respectively. 

Liver (from newborns) and bone marrow (from adults) cells were flushed out with 

foetal calf serum with 25 mM EDTA. Cell suspensions were gently pipetted and 

centrifuged at 800 rpm for 5’. The pellet was re-suspended and smeared on clean 

slides. Blood smears were prepared by collecting it from jugular veins. All slides 

(bone marrow, liver and peripheral blood) were fixed in absolute methanol and 

maintained at -20°C until staining. 

The smears were stained by incubation in antikinetochore antibody (Antibodies 

Inc., Davis, CA, USA), followed by FITC-conjugated rabbit anti-human (Sigma 

Immunochemicals, St Louis, MO, USA) as a secondary antibody and FITC-conjugated 

goat anti-rabbit (ICN, Irvine, CA, USA) as a tertiary antibody. The slides then were 

counterstained by immersion in 2.5 µg/ml 4’-6’-diamidino-2-phenylindole (Sigma-

Aldrich, St Louis, MO, USA) for 10 min and mounted in a mixture of propidium iodide 

(1 µg/ml for blood, 2.5 µg/ml for liver) in antifade solution (Vector Laboratories, 

Burlingame, CA, USA). 

Micronuclei were scored at 1000x magnification using a Zeiss Axiophot microscope 

with UV light and classified for kinetochore staining using an appropriate filter. 

The samples were coded and scored blindly by the same analyst. Micronuclei 

frequencies were determined counting 2000 erythrocytes per animal. 

Comet Assay 

The comet assay (Tice et al., 2000; Hartmann et al., 2003) was carried out on the 

brain tissue of 12 adults  and 12 newborn mice. After removal, brains were washed 

in ice cold PBS (1 litre: NaCl, 8 g; KCl, 0,2 g; Na2HPO4, 1,44 g; KH2PO4, 0,24 g, pH 

7,4) and cut in little pieces. Tissue pieces were then dispersed into single-cell 

suspension using a set of pipettes with different calibre. 

Brain cells were, then, embedded in low-melting-point agarose (1% in PBS) on a 

microscope slide. A second agarose layer (0,5% in PBS) was smear on the slide. 

Afterwards, the cells were lysed in a  
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lysis buffer (2,5 M NaCl, 100 mM Na2EDTA, 10 mM Tris, Triton X-100 1%, DMSO 

10%, pH = 10, 30 min.) and electrophoresed in a highly alkaline condition (1 mM 

Na2EDTA, 300 mM NaOH, pH>13, 30 min.).  

Slides were, then, neutralised with a neutralising buffer (0,4 M Tris, pH 7,5) and 

stained with ethidium bromide (2 µg/ml). After staining, slides were scored on a 

fluorescence microscope connected to a computer. Images of comets were analysed 

with appropriate image analysis software. Tail Moment (TM) and %DNA in the tail 

(%DNA) were the parameters used to evaluate DNA damage.  

Two slides per animal were prepared and 100 cells were counted per each animal.  

For all three parameters analysed, the average mean of the 100 values obtained in 

each animal was calculated. These values were used to obtain the mean value of 

TM and %DNA for each group. 

Sperm abnormality assay   

Sperm abnormality assay was carried out on 7 exposed mice and 6 controls. Sperm 

cells of cauda epididymis were collected and cell suspension was filtered through 

80 mm stainless steel mesh and stained with 0.1 ml of 1% Eosin-Y solution. Smears 

were air dried and mounted in Eukitt, coded for microscopic  examination and the 

frequency of abnormal sperm cells (ASC) was scored in 2000 sperm cells (SC) per 

individual. Basic criteria used to assess abnormal cell morphology followed the 

description of Wyrobek and Bruce (1978). 

Palatal Ridges Analysis 

The lower jaw and tongue of the newborns were dissected, and heads were fixed 

and preserved in 90% ethanol. Palatal region of each specimen was observed at 

320x magnification using a Wild M420 three-ocular dissecting microscope and a 

Euromex MIC210 optic fibre illuminator. Digital pictures were taken with a Nikon 

Coolpix 4500 camera applied to the vertical eye of the microscope with a 

Scopetronix MaxView adapter. 32 bit pictures were treated with Adobe photoshop 

CS2 software, and converted to 1 bit bitmap format.  The perimeter, area and 

centroid of the profiles of each ridge were calculated with ImageJ 1.34 software, 

and combined with Microsoft Excel 2003 in order to obtain ∑
∑

Ai
iP

 (the sum of the 

perimeters of each ridge over the sum of the areas of each ridge) and DistCent (the 

sum of distances of centroids of each ridge on total number of ridges). 

Statistical analysis 
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The Kolmogorov-Smirnov test was used to calculate the levels of significance for 

differences in the mean frequencies of total micronucleated erythrocytes (ME), 

CREST-positive micronucleated erythrocytes (ME+), and CREST-negative 

micronucleated erythrocytes (ME-). 

With regard to the Comet test and Sperm abnormality assay data, the Student t 

test was applied on normalised data to evaluate the differences between the 

values of the control and exposed groups. This test was also used to calculate the 

levels of significance in the mean values of ∑
∑

Ai
iP

 and DistCent. 

The level of significance was established at p < 0.05. All analysis was carried out 

using STATISTICA 6.0 package (StatSoft, Tulsa, OK, USA). 

 

 

RESULTS AND DISCUSSION 

 

MICRONUCLEUS TEST  

Newborn mice: data obtained (fig.1)  in peripheral blood shows that the mean 

frequency of ME in the ELF-exposed group (x = 4.42±2.66) was significantly higher 

(p < 0.001) than that of the non-exposed one (x = 2.07±1.68). In particular, the 

mean frequency of ME+ in the ELF-exposed group (x = 0.66±0.51) is significantly 

higher (p < 0.001) than that (x = 0.15±0.26) of the non-exposed group Also the 

mean frequency of ME- in the ELF-exposed group (x = 3.76±2.63) is significantly 

higher (p < 0.025) than in the non-exposed one (x = 1.92±1.76). 

In liver the mean frequency of ME in the ELF-exposed group (x = 0.76±0.38) was 

significantly higher (p < 0.005) than that of the non-exposed group (x = 0.42±0.33). 

However, the differences between the mean frequencies of both ME+ and ME- in the 

ELF-exposed group (x = 0.13±0.22 and x = 0.63±0.36, respectively) and those in the 

non-exposed group (x = 0.05±0.16 and x = 0.36±0.33) were not statistically 

significant. 

Finally, the ME mean frequency in peripheral blood resulted significantly higher 

than in liver both in the ELF-exposed (p < 0.001) and in the non-exposed one (p < 

0.001). 
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Adults: in peripheral blood, the difference between the mean frequency of ME in 

the ELF-irradiated group (x = 1.87±0.81) and the non-exposed one (x = 1.63±0.72) 

did not result statistically significant. 

Furthermore, in bone marrow, the difference between the mean frequencies of ME 

in the ELF-exposed group (1.27±0.56) and those of the shams (1.03±0.67) was not 

statistically different. 

COMET ASSAY 

Newborns: the mean values of TM and of %DNA (tab.1)observed in newborn mouse 

brain were significantly higher (TM: p<0.05; %DNA: p<0.05) in the exposed group 

(TM=4.17+3.73; %DNA=7+0.06) than in the control one (TM=0.82+0.65; 

%DNA=2+0.01). 

Adults: analysing the results obtained in the brain of the adult mice (tab. 2), the 

mean values of TM and %DNA for the exposed group (TM=34.29+15.05; 

%DNA=42+0.13) resulted significantly higher (TM: p<0.016; %DNA: p<0.01) than the 

ones for the control group (TM=16.57+7.14; %DNA=24+0.08). 

SPERM ABNORMALITY ASSAY 

Results obtained show that the  abnormal sperm frequency (ASC/100 SC) of exposed 

mice (x=109 ± 43.9) is significantly higher (t=2.857; p=0.015) than  in the control 

mice (x=52 ± 22.7). Different types of sperm abnormalities (lack of hook, banana-

like, folded, amorphous forms) were observed. In particular the percentages of 

banana-like forms (2.52%)  and  without hook forms (3.19%) were significantly 

higher in the exposed group (0.81% and 1.5%, respectively) than in the control 

group.  

PALATAL RIDGES ALTERATION ASSAY 

The difference between ∑
∑

Ai
iP

mean values observed in exposed adult mice (x=1 

03,85±8,65)  and in sham group (x=101,83±8,69) was not statistically (t=1,00; 

p=0,319) significant (fig.2). Similarly, the differences between DistCent mean 

values in exposed (x=863,38±104,24 pixels) and sham mice (x = 862,64±79,06 

pixels) were not statistically (t = 0,03  ; p = 0,973) significant (fig.3). 

Furthermore, in order to evaluate a possible difference between adult and 

newborn mice in response to the magnetic field exposure, the mean values of the 

analysed parameters were compared. 
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In peripheral blood, comparing micronuclei frequencies of  ELF exposed mice, it was 

observed that the ME mean frequency is significantly higher (p < 0.001) in newborn 

mice than in adults. 

In particular regarding the results obtained in the brain with Comet test, the 

increase of Tail Moment and % DNA was expressed as the ratio, in absolute values, 

between the mean values of the exposed group and the control one for each 

parameters. The values of this ratio were always higher in the newborn mice (TM = 

5.08; %DNA = 2.6) than in the adults (TM = 2.06; %DNA = 1.76). Therefore, even 

though the background level was higher in the adults than in the newborns, the 

value of the ratio, which is higher in newborns than in adults indicates that the 

consequences of the exposure were stronger in the newborn mice and, thus, the last 

are more sensitive.  

In this work the genotoxic properties of Extreme-Low Frequency (ELF) 

magnetic fields were examined in adult and newborn mice, in relation to the 

hypothesis of a possible link between exposure to electromagnetic fields and 

cancer.  

Data obtained applying micronucleus test show a significant increase in micronuclei 

frequency, and in particular in CREST+  MN  in the ELF-exposed newborn mice, 

whereas in adults a significant increase in MN frequency was not observed. In 

addition results obtained applying Comet assay to the brain cells show a damage in 

the DNA higher in  the exposed animals compared with the control group.  However  

the damage is significantly higher in newborns than in adults. 

This confirms the Bergoniè and Triboundeau law (1906) that reveals that the radio-

sensitivity of a tissue is proportional in inverse way to the cellular differentiation 

and in a direct way to the karyokinetic activity. Thus, a tissue relatively 

undifferentiated and in a state of active division, like  the one of a newborn, is 

more sensitive. 

In conclusion, data obtained in newborn mice show that the chronic exposure during 

intra-uterine life  to a 50 Hz,  650 µT ELF magnetic field induce a genetic damage.  

Nevertheless, the increase of DNA strand break in brain  and in MN frequency in 

peripheral blood and liver  disagree with the data obtained by Abramsson-

Zetterberg and Grawé (13) which didn’t find any genetic alterations in mice 

exposed to ELF magnetic field. In any case, along with other dissimilarities in the 
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experimental design, the intensity of the field (14 µT) and the time of sampling (35 

days)  were different. 

It is important to underline  the four-fold increase in CREST+ micronuclei frequency 

in circulating erythrocytes in the exposed group  in comparison with the control 

group. Even though this value is quite low, it could indicate that ELF magnetic 

fields may have different properties to damage the genome integrity. This stresses 

the need for further investigation on the possible link between electromagnetic 

fields and aneuploidy in order to elucidate the relationship with carcinogenesis. 

Preliminary data obtained with sperm abnormality assay show a significant 

increase of sperm abnormalities in mice exposed to ELF magnetic fields and suggest 

a possible alteration to the spermatogenic process after exposure. This data 

agrees with data obtained by Tablado et al. (1998), in mice exposed continually for 

35 days to a field of 1 T. 

Regarding the palatal ridges alterations assay, the results obtained show that the 

development of the secondary palate is not affected by ELF magnetic field (50 Hz, 

0,65 T). Neverteless further studies at different frequency and intensity should be 

carried out to detect the possible epigenetic damage induced by ELF exposure 

(Migliorini, 2005).  

With regard to the mechanism of action, it is generally believed that the damage 

induced by the magnetic field is an oxidative damage and that free radicals are 

involved. Some authors suggest that the Fe2+ ion is involved as catalyser of the 

Fenton reaction producing the hydroxyl radical. 

Lai and Singh (1997a; 1997b; 2004) found DNA strand breaks in brain cells of rats 

exposed to 60 Hz magnetic field and showed the involvement of free radicals. 

These authors showed that the effects of the ELF magnetic fields on the production 

of reactive oxygen species (ROS) determine their clastogenic properties. By the 

way, it should be noted that ROS interactions with the spindle apparatus can result 

in aneuploidy.  
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Figure 1 - Frequencies of ME in newborn and adult mice 
 

 

 
 
 
 

Tab. 1 Comet assay in mouse brain of newborn mice 
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Tail Moment      

 N Mean SD SE Min Max 
Control 6 16.57 7.14 2.69 6.32 25.49 
Exposed 6 34.29 15.05 5.69 10.29 52.72 
       
% DNA in  
the tail 

     

 N Mean SD SE Min Max 
Control 6 24 0.08 0.03 11 35 
Exposed 6 42 0.13 0.05 19 58 

             
          Tab.2 Comet assay in mouse brain of adult mice 
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Fig. 2. Comparison of the mean values between sham group and exposed 

group  

 
 
 

Tail Moment                      

 N Mean SD SE Min Max 
Sham 6 0.82 0.65 0.27 0.28 2.06 
Exposed 6 4.17 3.73 1.52 0.51 9.38 

       
% DNA in the tail 

 N Mean SD SE Min Max 
Sham 6 2 0.01 0.01 1 5 
Exposed 6 7 0.06 0.02 2 17 

∑
∑
Ai
iP
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Fig.3. Comparison of mean values of DistCent between sham and exposed mice. 
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