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Summary
Concern has arisen over human exposures to radio frequency electromagnetic

radiation (RFEMR), including a recent report indicating that regular mobile phone use

can negatively impact upon human semen quality. These effects would be particularly

serious if the biological effects of RFEMR included the induction of DNA damage in

male germ cells. In this study, mice were exposed to 900 MHz RFEMR at a specific

absorption rate of approximately 90 mW/kg inside a waveguide for 7 days at 12 h per

day. Following exposure, DNA damage to caudal epididymal spermatozoa was assessed

by quantitative PCR (QPCR) as well as alkaline and pulsed-field gel electrophoresis.

The treated mice were overtly normal and all assessment criteria, including sperm

number, morphology and vitality were not significantly affected. Gel electrophoresis

revealed no gross evidence of increased single- or double-DNA strand breakage in

spermatozoa taken from treated animals. However, a detailed analysis of DNA integrity

using QPCR revealed statistically significant damage to both the mitochondrial genome

(p < 0.05) and the nuclear b-globin locus (p < 0.01). This study suggests that while

RFEMR does not have a dramatic impact on male germ cell development, a significant

genotoxic effect on epididymal spermatozoa is evident and deserves further investigation.
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Introduction
Exposure to radio frequency electromagnetic radiation

(RFEMR) fields of the type generally employed in cellular

phone communication have been held to exert a range of

genotoxic effects on mammalian cells including aneuploidy,

sister chromatid exchange, impaired intrachromosomal

recombination and enhanced micronuclei formation (Sykes

et al., 2001; d’Ambrosio et al., 2002; Tice et al., 2002;

Mashevich et al., 2003). In addition, RFEMR has been

found to enhance proto-oncogene expression, increase

DNA synthesis and stimulate intracellular mitogenic second

messenger formation (Maes et al., 1996; Goswami et al.,

1999; Harvey & French, 2000; Pacini et al., 2002). How-

ever, these data are controversial and several investigators

have concluded that the cellular damage induced by

RFEMR, when heating effects are set aside, is minimal

(Brusick et al., 1998; Black & Heynick, 2003; Jauchem,

2003; Meltz, 2003). Thus microbial mutation assays have

returned largely negative results, as have Drosophila melano-

gaster (fruit fly) in vivo mutation assays (Brusick et al., 1998).

Furthermore, RFEMR does not appear to induce DNA

strand breaks in murine fibroblasts (Malyapa et al., 1997;

Li et al., 2001), human blood cells (Garson et al., 1991; Maes

et al., 1997) or the yeast, Saccharomyces cerevisiae (Gos et al.,
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2000). RFEMR has also been shown to have no efficacy as a

tumour promoter in major tissues in mice (Heikkinen et al.,

2001; Mason et al., 2001) or rats (Bartsch et al., 2002). In

addition, there are no convincing data to suggest that

RFEMR has an impact on long-term survival or the

incidence of cancer in laboratory animals (Elder, 2003).

The clinical data are equally confusing. An increased risk

of cancer in exposed individuals has been detected in several

epidemiological studies but the effects are inconsistent

(Blettner & Berg, 2000; Breckenkamp et al., 2003). An

increase in lipid peroxidation, and a decrease in the activity

of the antioxidants, superoxide dismutase and glutathione

peroxidase, in human erythrocytes has been reported in

human volunteers exposed to RFEMR (Moustafa et al.,

2001). Similarly, an increase in chromosomal aberrations has

been detected in individuals as a consequence of occupa-

tional RFEMR exposure (Lalic et al., 2001). However,

other studies failed to find cytogenetic abnormalities in

workers chronically exposed to this type of radiation (Garson

et al., 1991; Maes et al., 1997).

If RFEMR does exert genotoxic effects on human cells,

one of the sensitive cell types is likely to be the post-meiotic

male germ cell. By the time these cells have developed into

spermatozoa they have lost their capacity for DNA repair and

jettisoned most of their cytoplasm containing the antioxidant

enzymes that protect most cell types from oxidative stress.

They have also separated from the Sertoli cells that have nursed

and protected them up to the point of spermiation and

differentiated to the point that they can no longer undergo

apoptosis in response to severe genetic damage. In this isolated

state, spermatozoa must spend several days maturing within

the male reproductive tract; throughout this time, they are

extremely vulnerable to the induction of DNA damage.

The induction of DNA damage in spermatozoa has been

associated with male infertility, early pregnancy loss and

morbidity in the offspring, including childhood cancer

(Ji et al., 1997; Aitken, 1999). The possibility that mobile

phone RFEMR might be one of the many environmental

factors having an impact on the male reproductive system,

was recently raised by a preliminary report in which

significant correlations were found between mobile phone

use and semen quality (Fejes et al., 2004). Given the

vulnerability of these cells to genotoxic damage, and the

clinical significance of this damage in terms of fertility,

pregnancy and childhood health (Aitken, 1999; Crow, 2000;

Sawyer & Aitken, 2000; Morris et al., 2002; Bungum et al.,

2004), studies are urgently needed on the impact of RFEMR

on DNA damage in the male germline.

Materials and methods

Animal handling and treatment
Male CD1 Swiss mice (30–35 g) bred at The University

of Newcastle, NSW, were used in all experiments. The

animals, acclimatized for at least 1 week prior to any

experimental procedures, were housed, monitored and

treated in accordance with institutional animal ethics

requirements. Food and water was provided ad libitum.

Once acclimatized, groups of mice were randomly placed

into standard plastic mouse cages with modified plastic lids,

instead of metal lids, in order to avoid interference with the

radiation.

The irradiation equipment
A rectangular waveguide was constructed measuring

300 · 300 · 1000 mm (Fig. 1). In the following discus-

sions, the long dimension is assumed to be in the longitudinal

direction, while the short dimensions are assumed to be in

the vertical and horizontal transverse directions. The

waveguide dimensions were chosen such that 900 MHz

radiation could propagate longitudinally along the wave-

guide and also so that two small (130 · 160 · 330 mm)

polycarbonate mouse cages could be accommodated within

the waveguide. The waveguide was fabricated from

1 · 1 mm brass mesh glued to an aluminium frame and

the ends were filled with 15 cm thick carbon-impregnated

foam (RFI Industries, Bayswater, Victoria, Australia), which

absorbs RF radiation, minimizing the reflection of radiation

back into the waveguide. To produce the radiation, a 3 GHz

function generator (E4431B; Agilent, Palo Alto, CA, USA)

was used to generate a pure tone of 900 MHz at +10 dBm,

corresponding to an output power of 10 mW.

A value of around 900 MHz was selected for these

experiments because it corresponds to the RFEMR
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Figure 1. The waveguide and associated apparatus. (A) power supply; (B)
function generator (allows manipulation of wave length and intensity); (C)
spectrum analyser (measures intensity of wave when connected to a probe);
(D) brass-meshed wave-guide; (E) mobile phone antenna; (F) carbon
impregnated foam; (G) mouse cage; (H) custom-made Perspex mouse box
lid.
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employed by a large range of electrical devices including

cordless phones, GSM (Global Systems for Mobile) network

mobile phones and wireless devices such as speaker systems,

remote presentation devices, baby monitors and headphones.

It is also the radio frequency that has been used in previous

studies on the health risks associated with mobile phone use

(Utteridge et al., 2002). This signal was amplified by a linear

RF amplifier (800–950 MHz, nominal 16 W maximum

output) to an output power of 8.8 W, as measured by an

Oskerblock SWR435 power/SWR meter (Electronic

Engineering Co., Tokyo, Japan). The amplifier output was

connected through a matching network into a quarter wave

mobile phone antenna placed transverse and vertical in the

centre of the waveguide. The antenna matching circuit was

tuned for maximum energy transfer to the antenna using the

Oskerblock meter. An Advantest spectrum analyzer (Ad-

vantest, Tokyo, Japan) and a Hameg HZ530 E-field probe

(Hameg GmbH, Mainhausen, Germany) were used to check

radiation levels during the irradiation of the mice.

Prior to commencing the experiments on live mice, a

calibrated single axis probe, utilizing an electrically short

dipole and diode detector diode, was used to obtain an

indication of the spatial variation of the RF fields inside the

waveguide and to calibrate the Hameg probe. The dipole

probe was inserted into the cavity through the foam RF

absorber to measure the electric field in the two transverse

polarizations over a grid of points separated by 6 cm in the

transverse directions and 10 cm in the longitudinal direction.

Irradiation of the mice
For each experiment, four or five mice were placed inside

the waveguide for 7 days, housed in a polycarbonate cage, and

were considered the treated mice. The same number of mice

were placed outside the waveguide in an identical polycar-

bonate cage for a corresponding 7 days and were considered

controls. As the waveguide was made of an open brass mesh,

the environment for both sets of mice was the same except for

the presence or absence of irradiation 900 Mhz, which

commenced from 19:00 hours each day and concluded at

07:00 hours the next day. Daily measurements included room

temperature and humidity readings, as well as the internal

temperature of the waveguide. The mice were also weighed

and inspected for clinical signs of illness daily. After the

irradiation schedule, mice were killed by CO2 asphyxiation,

and testes and cauda epididymides were dissected.

Harvesting and analysis of mouse spermatozoa
In the centre of a Petri dish, a 100 lL droplet of Biggers-

Whitten-Whittingham (BWW) medium (Biggers et al.,

1971) was overlayed with 3 mL of water-saturated mineral

oil. An additional 200 lL of BWW was then added to the

100 lL BWW droplet and the dish transferred to a 37 �C
humidified chamber for 10 min. The Petri dish was subse-

quently placed on a paper-covered styrofoam tile on the bench

to prevent heat loss and one freshly dissected cauda epididymis

was placed into each BWW droplet. The cauda epididymis

was dissected from the vas deferens, fat and other epididymal

tissue tominimize contamination by blood and epithelial cells.

A small cut was then made at the tip of the cauda epididymis

and the spermatozoa were teased out under gentle positive

pressure. The Petri dish was then returned to the humidified

37 �C chamber for 10 min to allow spermatozoa to swim out.

Subsequent to this incubation, the spermatozoa inBWWwere

removed from the water-saturated mineral oil and transferred

to 1.5 mL microcentrifuge tubes. Standard sperm analysis was

conducted on all samples including counts, morphology,

motility and vitality; the last parameter being assessed by

propidium iodide staining (Willoughby et al., 1996).

Pulsed-field gel electrophoresis
Pulsed-field gel electrophoresis (PFGE) was performed

using the BioRad CHEF-DR III Pulsed Field Electrophor-

esis System (Bio-Rad, Hercules, CA, USA). Spermatozoa

were resuspended to a concentration of 1 · 105 cells in

50 lL PBS. Subsequently, 50 lL of 2% low-melt agarose

(Bio-Rad) in phosphate-buffered saline (PBS) was added to

the sperm suspension, placed in gel plug moulds, and left to

set at 4 �C overnight before being transferred to individual

1.5 mL microcentrifuge tubes. To each tube, 1 mL of gel

lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1%

SDS, 1% Triton X-100, pH 10.0) was added and left at 4 �C
overnight. Plugs were rinsed three times with 1 mL/plug of

proteinase K buffer (2.5 M NaCl, 100 mM EDTA, 10 mM

Tris, pH 10.0) for 10 min each, before adding proteinase K

to a final concentration of 1 mg/mL to each plug and

incubating at 37 �C for 1–4 days. The gel plugs were then

rinsed three times with 1 mL of gel plug storage buffer

(50 mM EDTA, 20 mM Tris, pH 8.0) for 10 min each wash.

Plugs were stored in gel plug storage buffer at 4 �C until

required. The PFGE profiles used for these studies allowed

for the separation of DNA fragments up to 225 kb in length.

A 1% pulsed-field agarose gel was made in 0.5X TBE (1X

TBE is 100 mM Tris base, 100 mM boric acid, 2 mM EDTA,

pH 8.0) and allowed to set for 1 h. Gel plugs of approxi-

mately 5 mm · 3 mm were slipped into the wells of the gel

and sealed with 2% pulsed-field agarose. TBE (0.5X)

electrophoresis buffer was cooled to 14 �C prior to, and

for the duration of, the electrophoretic run. Parameters for

the electrophoretic run were set to 6 V/cm for 15 h at an

angle of 120 �. Pulsed-field parameters included initial and

final switch times of 0.1 and 10 s, respectively. Gels were

stained in 250 mL of 1 lg/mL ethidium bromide (EtBr) for

15 min, rinsed gently with double-distilled H2O for two

changes of 15 min each, viewed under UV using an imaging

system (Gel Doc 1000, Bio-Rad), and the image processed

using Multi-Analyst software (version 1.1; Bio-Rad).

DNA extraction and quantification
Aliquots of 5 · 106 spermatozoa were washed twice in

PBS, pelleted by centrifugation, and frozen at )80 �C over
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night. Frozen spermatozoa were then thawed and resus-

pended in 1 mL STE buffer (50 mM NaCl, 10 mM Tris,

1 mM EDTA, pH 8.0) plus 1% SDS, 1% 2-mercaptoethanol,

and 2 mg/mL proteinase K. The cells were incubated at

55 �C for 6 h with periodic agitation. Samples were then

transferred to 15 mL polypropylene conical tubes and the

DNA purified by standard phenol/chloroform extractions.

After ethanol precipitation overnight, the DNA was washed

with 70% ethanol, air-dried for 15 min and re-dissolved in

100 lL TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0).

PicoGreen (Molecular Probes, Eugene, OR, USA) was

used to quantify double-stranded DNA as described (Sawyer

et al., 2001, 2003). Briefly, a 1:10 dilution in TE (10 mM

Tris, 1 mM EDTA, pH 8.0) of the DNA samples was made,

and 5 and 10 lL aliquots of each sample placed into a

96-well plate, with 0–75 ng of lambda DNA to generate a

standard curve. PicoGreen solution was added to each

sample according to the manufacturer’s instructions, and

incubated in the dark for 5 min before reading in a

fluorescent plate reader (Fluoromark; Bio-Rad). Values

obtained from the read-out [given in relative fluorescence

units (RFU)] were used to estimate the concentration of

DNA in the samples, and 10 ng/lL solutions were gener-

ated. The 10 ng/lL samples were subsequently re-quanti-

fied, and 9 and 3 ng/lL DNA stocks were generated from

these.

Alkaline gel electrophoresis
Alkaline gel electrophoresis was performed as described

(Sutherland et al., 1999). Briefly, a 0.8% agarose gel was

prepared in 50 mM NaCl, 4 mM EDTA. Cold alkaline

electrophoresis solution (30 mM NaOH, 2 mM EDTA) was

poured into the gel tank once the gel was completely set, and

was allowed to equilibrate for 1 h. DNA (500 ng) was treated

with alkaline loading buffer (430 mM NaOH, 36 mM EDTA,

20% glycerol) for 20 min and then loaded into the gel. The

gel was run at a constant voltage of 1 V/cm for 18 h.

Following electrophoresis, the gel was removed from the

tank, rinsed with double distilled H2O, then neutralized with

two changes of 250 mL 0.4 M Tris–HCl, pH 8.0 for 1 h.

After neutralization, the gels were stained with 1 lg/mL EtBr

in water for 15 min, rinsed gently with double distilled H2O

for two changes of 15 min each, and viewed under UV using

an imaging system (Gel Doc 1000, Bio-Rad).

Quantitative PCR
Quantitative PCR (QPCR) was performed following the

protocols described by Ayala-Torres et al. (2000) as reported

in earlier publications (Sawyer et al., 2001, 2003). Briefly,

aliquots of DNA (7.5–50 ng) were subjected to PCR under

quantitative conditions, control reactions containing half the

concentration of control template DNA being included in

each set of PCR reactions. These samples were prepared by

diluting control DNA 1 : 1 with TE buffer. For these

quantitative controls, the actual values recorded for �50%�

samples were 50 ± 2% for the b-globin gene and 47 ± 4%

for the large mitochondrial fragment. Primers specific for a

10 kb fragment of murine mtDNA, and for a 9 kb fragment

of the nuclear b-globin gene were used in the PCR reactions

(Ayala-Torres et al., 2000). The respective genes were

chosen based on our ability to reproducibly and consistently

amplify the target of interest under quantitative conditions.

Details regarding primer sequences and PCR reaction

conditions have been published (Ayala-Torres et al., 2000).

All PCR reactions were performed in Hybaid PCR Express

96-well thermocyclers as previously described (Ayala-Torres

et al., 2000; Sawyer et al., 2003). After thermocycling, PCR

products were quantified by PicoGreen fluorescence using a

fluorescence microplate reader (Bio-Rad). PCR reaction

mixtures (10 lL) were measured in duplicate. PCR reactions

containing no template DNA were performed to provide

blanks. To ensure specificity of the PCR reactions, PCR

products were also visualized after electrophoreses through a

0.8% agarose gel and stained with EtBr as described (Sawyer

et al., 2003).

Quantification of DNA lesions
The QPCR assay is based on the observation that any

DNA lesion which inhibits strand synthesis by a thermosta-

ble polymerase can be detected as a decrease in amplification

of the target amplicon. Based on this premise, lesion

frequencies were calculated as previously described (Yakes

et al., 1996; Ayala-Torres et al., 2000). Briefly, amplification

of treated samples was normalized to controls to produce an

amplification ratio. Assuming a random distribution of

lesions along the target amplicon, and employing the Poisson

expression f(x) ¼ e)kkx/x!, where k is equal to the average

lesion frequency, lesion frequencies of the treated samples

were calculated. In order to use this expression to calculate

lesion frequencies, the control samples are assumed to have

no lesions. Thus, control samples were set to x ¼ 0,

reducing the Poisson expression to f(0) ¼ e)k. The lesion

frequency per amplicon was then calculated as k ¼
)ln(AD/A0), where AD/A0 is the ratio of the treated samples

(AD) to the amplification of the control samples (A0). To

determine lesions per 10 kb (104 base pairs), the k-value
obtained was divided by the amplicon fragment length,

and then multiplied by 10. It should be emphasized that

this analytical approach provides an estimation of lesion

frequency relative to the control value and does not indicate the

absolute frequency of lesions in the treated sample. For a

detailed description of the rationale behind these calcula-

tions, readers are referred to the papers published by Yakes

et al. (1996) and Ayala-Torres et al. (2000).

Statistical analyses
Quantitative PCR data values are reported as means,

normalized to control values, ±SEM. For the b-globin
target, valid QPCRs were secured on samples from 17

animals from four separate experiments. Valid mitochondrial
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target QPCRs were obtained on nine animals from three

experiments. Statistical analysis was performed using the

Superanova program following square root transformation of

the data (Abacus Concepts, Berkeley, CA, USA) and for all

experiments, a p £ 0.05 was considered significant.

Results
The rate of absorption of energy from EMR is the

specific absorption rate (SAR) given in watts per kilogram

(W/kg). The Federal Communications Commission in the

USA requires wireless phones to have an SAR of <1.6

W/kg and mobile phones are typically associated with SAR

values around 0.3–1.5 W/kg. An SAR value of more than

4 W/kg is associated with heating effects that will adversely

affect biological systems irrespective of the energy source. An

SAR well below this threshold is therefore essential if the

effects observed are to be clearly ascribed to the EMR and

not a consequence of secondary heating effects.

The transverse electric (E) field within the waveguide

averaged over nine points corresponding to the volume of

the cage area was 85 ± 10 V/m along the vertical axis and

30 ± 10 V/m along the horizontal axis. Given that the

vertically oriented antenna will launch radiation with vertical

polarization, we would expect the vertically polarized

component of the total electric field to be large, as found.

In addition, we would expect the longitudinal and transverse

horizontal components of the E field to be small. This has

been shown for the transverse horizontal component as it is

one-third of the vertical component. Now, for propagation

in a lossless waveguide, the intensity of the radiation, I, is

related to the electric field, E, by

E2 ¼ 377I

so the major contribution to the radiation intensity comes

from the vertical component of the E field. Neglecting the

horizontal component of the E field, an average intensity

within the volume of the waveguide occupied by the mice is

found to be 19 ± 10 W/m2, equivalent to 1.9 ± 1 mW/cm2.

As the mice are mainly moving in the cage with their bodies

aligned in a horizontal plane, the radiation is dominantly H

polarized with respect to the long axis of the mouse. The

whole-body SARwas then estimated using a value for the ratio

of the SAR to irradiation intensity of 0.045 (W per kg/mW

per cm2) for a prolate spheroid model of a mouse (Allen &

Hurt, 1977; Durney et al., 1986) in the H orientation. The

SAR found from the above ratio and measured average

intensity was then approximately 90 mW/kg.

A major concern that has plagued many studies in the past

is the thermal effect of the irradiation on the animals (Brusick

et al., 1998). However, the above SAR is considerably less

than the value of 4 W/kg where thermal effects are

exhibited. We confirmed that thermal effects were unim-

portant, by measuring the temperature of a saline solution

irradiated within the waveguide at the same intensity used

for our mice irradiations. Any increases in temperature on

both short (minute) and long (hour) timescales were found

to be less than the 0.1 K sensitivity of the temperature

recording instrument. This is to be expected, as the SAR of a

body with specific heat, cp, is related to its rise in

temperature, dT, in a short time period, dt, by

SAR ¼ cpdT=dt

so a temperature rise of <0.1 K over a 60 sec time period

would correspond to a SAR for the solution (assuming cp is

4.184 kJ/K/kg) of <7 W/kg. Given that the SAR of the

mice in our experiment is only 90 mW/kg any temperature

rises during the irradiation would then be much <0.1 K.

Animal and tissue parameters
The mice exhibited no overt signs of stress as a

consequence of RFEMR irradiation and no differences in

body weight were noted between irradiated and control

animals. Similarly exposure to RFEMR had no effect on the

weights of the testes and epididymides of treated animals.

Analysis of sperm parameters also showed no significant

effects of the irradiation on treated animals. In all exposure

groups, sperm counts remained unchanged, as did the

percentage of motile, morphologically normal and live cells

(Fig. 2).

In terms of DNA fragmentation, no evidence of a gross

increase in the incidence of single or double strand breaks

S
pe

rm
 d

e
ns

ity
 X

 1
06

Con

20.0

40.0

60.0

80.0

100.0A B

C D

0.0
RFEMR

M
ot

ili
ty

 (
%

)

Con

20.0

40.0

60.0

80.0

100.0

0.0
RFEMR

N
or

m
al

 m
o

rp
h

ol
og

gy
 (

%
)

Con

20.0

40.0

60.0

80.0

100.0

0.0
RFEMR Con

20.0

40.0

60.0

80.0

100.0

0.0
RFEMR

V
ia

bl
e 

(%
)

Figure 2. Sperm parameters in control and treated mice. After irradiation,
epididymides were excised, and cauda epididymal spermatozoa were
isolated as described in Materials and Methods. (A) caudal sperm reserves,
(B) percentage motile spermatozoa, (C) percentage of spermatozoa with
normal morphology, (D) percentage of viable spermatozoa.
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was evident using alkaline and PFGE respectively (Fig. 3).

However evidence for the induction of DNA damage was

found in the QPCR data. ANOVA revealed a significant

decrease in the amplification of the b-globin gene in

association with exposure to RFEMR (p ¼ 0.008; Fig. 4a)

equating with an estimated lesion frequency of 0.755

lesions/10 kb DNA. Similarly, analysis of the integrity of

the mitochondrial genome by QPCR revealed a significant

decrease in DNA amplification in the irradiated mice (p ¼
0.025; Fig. 4b) equating with an estimated lesion frequency

of 0.529 lesions/10 kb DNA.

Discussion
Although data supporting a possible genotoxic effect of

RFEMR has been obtained in certain cell types (Maes et al.,

1996; Tice et al., 2002; Mashevich et al., 2003) impacts on

the whole organism remain controversial. Thus while some

evidence has been obtained to suggest that irradiation of

lymphoma prone mice with EMR at 898.4 MHz signifi-

cantly increases the incidence of non-lymphoblastic lympho-

mas (Repacholi et al., 1997), this result has not been

replicated (Utteridge et al., 2002). Similarly, while there is

some evidence to suggest that RFEMR exposure might lead

to peripheral neurophysiological changes in some individuals

(Westerman & Hocking, 2004), there is considerable

uncertainty as to whether these effects are clinically

significant (Hossmann & Hermann, 2003). The possibility

that RFEMR exposure might have adverse impacts on the

reproductive system has not extensively addressed for either

sex; indeed, this is the first study to search for such an effect

in the male germline.

It is well known that exposure of men to a multitude of

chemical agents and ionizing radiation increases mutation

frequency in the offspring, making them more prone to

genetic disease, birth defects and childhood cancer (Aitken,

1999; Sawyer et al., 2001). This phenomenon has been

confirmed in both epidemiological and animal studies, and

has been labelled �male-mediated developmental toxicity�.
The present study was designed to determine if any potential

adverse effects of RFEMR might be mediated through the
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Figure 3. Alkaline and pulsed-field gel elec-
trophoresis of mouse sperm DNA. Sperm DNA
was prepared as described in Materials and
Methods, and subjected to (A) alkaline and (B)
pulsed-field gel electrophoresis. Representative
gels of five samples from control and treated
groups are shown. Mks ¼ molecular size
markers.

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Control Treated

Control Treated

P = 0.025

P = 0.008

Mitochondrial genome

b-globin gene 

**

*

B

A

R
el

at
iv

e 
am

pl
ifi

ca
tio

n 
(A

D
 / A

0)
R

el
at

iv
e 

am
pl

ifi
ca

tio
n 

(A
D

 / A
0)

Figure 4. Quantitative PCR analysis of gene-specific DNA damage. Sperm
DNA was prepared for QPCR as described in Materials and Methods.
Individual QPCR profiles of (A) a 9 kb fragment of the b-globin gene and (B)
a 10 kb fragment of the mitochondrial genome. *p < 0.05; **p < 0.01.
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male germline, employing a system wherein precise wave-

lengths and field intensities could be set and independently

verified and the calculated SAR was well below the thermal

threshold of 4 W/kg (Weisbrot et al., 2003). It should also

be noted that the SAR value recorded in this study is

significantly lower than the 0.3–1.5 W/kg associated with

mobile phone use. As a consequence, the reproductive

health risks associated with RFEMR exposure may be even

more serious than those reported in this study. Clearly a

range of SAR values should be assessed in future investiga-

tions.

The QPCR technique has been used to detect a wide

variety of DNA lesions in a gene-specific manner (Ayala-

Torres et al., 2000). The fundamental premise of this assay is

that DNA lesions, including base adducts and strand breaks,

impede the progress of the polymerase used in the PCR

reactions. Hence, when DNA damage is present, the

amplification of the target sequence will be decreased. The

mitochondrial genome is known to be particularly susceptible

to DNA damage and provides a sensitive biomarker for

genotoxicity (Sawyer et al., 2001). Lesion frequencies as low as

1–2 lesions per 105 base pairs can be detected with this assay

(Yakes et al., 1996; Sawyer et al., 2001, 2003). For the sake of

comparison, the pulsed field electrophoretic technique can

detect 1 lesion per 103 base pairs (Sutherland et al., 2003) while

alkaline gel electrophoresis can detect down to 2 lesions per

5 · 103 base pairs (Sutherland et al., 1999). Thus,while the gel

electrophoretic data revealed no dramatic evidence of single or

double DNA strand breaks, the more sensitive QPCR analysis

detected significant DNA damage in both the nuclear and

mitochondrial genomes of spermatozoa recovered from the

cauda epididymis. Previous studies have also observed an

impact of RFEMR on single and double DNA strand breaks

in other cell types (Lai & Singh, 1996), although this is not a

consistent finding (Meltz, 2003; Hook et al., 2004) and the

mechanisms are not clear. Impairment of DNA repair

mechanisms has been proposed (Lai & Singh, 1996), but

seems unlikely in the case of spermatozoa as these terminally

differentiated cells have no capacity for detecting or repairing

DNA damage. A direct effect of RFEMR on DNA integrity

has also been suggested (Lai & Singh, 1996) but the underlying

mechanisms remain unresolved.

The 7-day exposure period employed in this study means

that spermatozoa recovered from the cauda epididymis at

autopsy would have been exposed to the RFEMR during

epididymal transit. This exposure regime was deliberately

selected, because at this point in their life history, sperma-

tozoa have lost all capacity for DNA repair and are very

vulnerable to factors that might affect the integrity of their

DNA (Aitken, 1999). It is presumably this vulnerability that

accounts for the particular sensitivity of spermatozoa to the

genotoxic effects of RFEMR. DNA damage arising in this

way would have to be repaired by the oocyte in the few

hours that lapse between fertilization and initiation of the

first cleavage division. Mistakes at this point have the

potential to create mutations that could disrupt the normality

of embryonic development and the health and well being of

the offspring (Aitken & Krausz, 2001). This proposed

mechanism might explain why the linkages between EMR

and childhood disease suggested by epidemiological studies

have been so difficult to replicate in the laboratory. It is

possible that exposure of the child to EMR was less of a

factor in the genesis of disease than exposure of the father.

Whether this hypothesis is biologically or clinically tenable

will have to be established in follow-up studies employing a

range of SAR values and exposure times. In addition, more

refined analytical techniques will have to be used to

determine the precise nature of the genetic damage induced

in spermatozoa exposed to RFEMR, and the mechanisms

responsible for its induction. In the meantime, these

preliminary data, together with recent reports suggesting

an impact of mobile phone use on human semen quality

(Fejes et al., 2004), should alert us to the possible adverse

effects of RFEMR on genetic integrity in the male germline

and stimulate more extensive, detailed investigations of this

association.
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