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The aim of our study was to evaluate the possible effects of whole-body electromagnetic field (EMF)
exposure on reproduction in growing male rats. Male albino Wistar rats (2 days old) were exposed to
EMF 1800 and 900 MHz for 2 h continuously per day for 90 days. Sham control was kept under similar
conditions except that the field was not applied for the same period. After blood samples were collected,
the animals were sacrificed 24 h after the last exposure and the tissues of interest were harvested. The
mean plasma total testosterone showed similarity among the two study groups and was significantly
higher than the sham control rats. The percentage of epididymal sperm motility was significantly higher
in the 1800 MHz group (P < 0.05). The morphologically normal spermatozoa rates were higher and the
tail abnormality and total percentage abnormalities were lower in the 900 MHz group (P < 0.05). Histo-
pathologic parameters in the 1800 MHz group were significantly higher (P < 0.05). In conclusion, the
present study indicated that exposure to electromagnetic wave caused an increase in testosterone level,
epididymal sperm motility (forward), and normal sperm morphology of rats. As a consequences, 1800
and 900 MHz EMF could be considered to be a cause of precocious puberty in growing rats.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Developments in technology and industry have facilitated hu-
man life. However, environmental pollution has occurred as a re-
sult of these developments and is causing a threat to human and
animal lives. Studies related to the biologic effects of EMF include
a broad spectrum of systems, from bacteria to the cell level (Roja-
vin and Ziskin, 1995; Atmaca et al., 1996), the chromosome and
DNA level (Lai and Singh, 1995, 1997), and the nervous, endocrine,
immune, cardiovascular, hematopoietic, and ocular systems (Rob-
erts et al., 1986; Kolosova et al., 1996).

Many studies have reported that EMF can have adverse effects
on reproduction. However, limited data have been published with
regard to these potential adverse effects (Al-Akhras et al., 2001;
Heredia-Rojas et al., 2004; Lee et al., 2004). Moreover, there have
been conflicting findings regarding the alteration of spermatogenic
and reproductive functions. A number of studies showed that
exposure to EMF did not induce any adverse effects on the sper-
matogenesis and the reproductive capacity of animals and humans
ll rights reserved.
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bet).
(Al-Akhras et al., 2001; Heredia-Rojas et al., 2004; Lee et al., 2004).
In contrast, some studies conducted by other investigators showed
clear damage to spermatogenesis (World Health Organization
(WHO), 1987; De vita et al., 1995; Lee et al., 2004). Dasdag et al.
(1999) reported that the diameter of the seminiferous tubule in
the testes of rats was decreased even after a brief daily exposure
at a whole-body SAR of 0.141 W/kg for a month to mobile phone
radiation from commercially available GSM (890–915 MHz)
phones. However, a subsequent study carried out to explore these
results more thoroughly found that longer daily exposures to
pulsed 800–915 MHz GSM microwave radiation at a whole-body
average SAR of 0.52 W/kg had no effect on the testicular function
or structure in rats (Dasdag et al., 2003).

No exposure-related changes were found in exposed or sham-
exposed animals with respect to the anogenital distance, preputial
separation, testis weight, testicular histology, sperm count, daily
sperm production, sperm motility, sperm morphology and repro-
ductive capacity of F1 offspring (Chung et al., 2005). Earlier reports
had indicated that prenatal exposure of pregnant rats to EMF re-
sulted in reduction in thyroid and testis weight (Ossenkop et al.,
1972).

The main goal of this study was to evaluate the possible effect of
whole-body 900- and 1800-MHz EMF exposure on the rat testis
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including epididymal sperm concentration, sperm motility, sperm
morphology and serum testosterone level in male rats which ran-
ged from 2-day old up to puberty.
2. Materials and methods

The animal study was approved by the Experimental Animal
Studies Ethics Committee of Ondokuz Mayis University and was
performed. Thirty-three (2 days old) male albino Wistar rats were
obtained from the Department of Medical Science Application and
Research Center of Ondokuz Mayis University. The rats were ran-
domly divided into three independent groups, 11 of which were
exposed to 1800 MHz EMF, 11 to 900 MHz EMF, and 11 of which
were sham control rats. The control group of animals was kept un-
der similar conditions except that the field was not applied. The
rats were held in a piecage restrainer and then exposed 2 h/day
for 90 days, at the same time. The experimental conditions were
set up at a temperature of 20 ± 1 �C with a relative humidity of
55% and 12 h of illumination alternated with 12 h of darkness.

2.1. Exposure system and SAR calculation

In this study, groups of rats exposed to 900 and 1800 MHz were
kept separately in their experiment boxes. Also, sham exposure
group was kept alone isolated electromagnetically. The 900 MHz
signal was generated from the same radio frequency source as in
Koyu et al., 2005 studies (Everest GSM Simulator (Model:
900CW4, Turkey) and the 1800 MHz signal was obtained from
Everest GSM Simulator, another RF source. During exposure, mono-
pole antennas of the exposure systems were arranged and fixed in
the closest possible (nearly 2 cm to the head) to the whole body
of a rat. In the experiment boxes (with their shielding effectiveness
being about 100 dB at 1800 MHz), the radiation of the RF source was
checked with a spectrum analyzer, PROMAX, AE-566 with its differ-
ent probes. The power output of the sources can be controlled by a
control knob in their front panel. The power levels antenna output
power values of the RF generator exposure system were kept as
value of which shows the same effect to the cellular and digital
communication handsets commonly used by the general public.

2.2. System integration and exposure plan

An experimental license is required to conduct animal exposure
studies at these frequencies, in an unshielded environment, pro-
vided the experiment will not cause interference to any licensed
wireless communications. Therefore, the experiments were con-
ducted in an RF-shielded room with an estimated attenuation of
100 dB or more to generally comply with existing RF emission lim-
its for devices operating at these frequencies (ICNIRP, 1998). Two
different exposure conditions could be provided at the same time.
In this setup, different exposure environments were separated and
shielded by using specific screens mentioned above. During the
experiment, a spectrum analyzer/satellite receiver was used in or-
der to investigate the reflections and background noises in this
media. Also the repetition time, frequency, and amplitude of spec-
trum of the RF energy was investigated, observed, and verified by
the satellite level meter, Promax (MC-877C, Barcelona/Spain). All
the reflection and exposure measurements were carried out by uti-
lizing Portable RF Survey System, Holaday (HI-4417, MN/USA) with
its standard probe as well. The probe is able to pick and get a vector
sum on the X, Y and Z axis. It is quite difficult to directly measure
the SAR value on an exposed biological tissue. So, the finite-differ-
ence time–domain (FDTD) method has been used to compute the
SAR values in a simulated environment (Taflove, 1995; Dimbylow,
1997; Gajsek et al., 2002). In this study, the electromagnetic
dosimetry solution refers to measured electric field density (V/m)
and power density (mW/cm2) to SARs (digital anatomical models
based on the FDTD numerical code).

In this study we marked a design of carousel-like systems used
commonly by other researchers to wholebody exposure (Aitken
et al., 2005; Koyu et al., 2005; Dasdag et al., 2008). Rats are exposed
to electric fields during the growth of rats growing up. The SAR val-
ues were calculated by taking into exposed electric field values and
account the biological tissue property during the growth of rats
growing up. In dosimetric calculation, the dielectric properties
and weight of biological material and exposure to electric field is
effective. The SAR is expressed in watt per kilogram (W/kg). The
SAR given;

SARðx; y; zÞ ¼ rðx; y; zÞ � ½Ex;y;z�2rms

q
ðW=kgÞ

where r is the electrical conductivity (Sm�1) of biological tissue, an
induced electric field E in V/m and q is the mass density of the tis-
sue (kg/m3). Dielectric properties vary according to age. For this rea-
son, the study of the dielectric properties made by Peyman and
colleagues calculations taking into account (Peyman et al., 2001).

The SAR values for 900 MHz were found to be 3.00, 2.7, 2.2,
1.2 mW/kg for 10, 20, 50, 70 days, adopting r = 1.2, 1, 0.9, 0.9 S/
m, respectively. The SAR values for 1800 MHz were found to be
0.053, 0.046, 0.011, 0.011 mW/kg for 10, 20, 50, 70 days old, adopt-
ing r = 1.7, 1.41, 1.38, 1.39 S/m, respectively. According to the
FDTD methodology, the animal was modeled by means of the phys-
ical dimension (Sadiku, 2001). Dielectric permittivity and conduc-
tivity values of the rat body at certain frequencies were obtained
from the scientific reports (Peyman et al., 2001). These SAR calcu-
lations were obtained after 500 000 iterations in MATLAB codes.

2.3. Plasma testosterone

Ninety days later, blood sample was collected from the right
ventricle of the heart under ether anesthesia. The plasma was sep-
arated by centrifugation (3000 rpm for 15 min) and packed in
Eppendorf plastic containers (two per sample). The samples were
maintained in a freezer at �20 �C. The plasma testosterone concen-
tration was assayed by enzyme-immunoassay (ELISA, enzyme
linked immuno sorbent assay). All samples were read in duplicate.

2.4. Cauda epididymal sperm characteristics

After euthanasia by cervical dislocation, (one testicle was used)
the caudal epididymidis was quickly removed. The adherent fat,
blood vessels, and connective tissues were cut away. The right epi-
didymis was finely minced using anatomical scissors in 1 ml of iso-
tonic saline (0.9%, v/v, NaCl) in a petri dish. It was completely
crushed by tweezers for 2 min and then incubated at 36 �C for
5 min to provide the migration of all spermatozoa from the epidid-
ymal tissue to the fluid (Kempinas and Lamano-Carvalho 1988;
Türk et al., 2008).

The epididymal sperm motility (forward) was evaluated in the
Hank’s Balanced Salt Solution (HBSS). Under a light microscope
(�20 magnification), a random field was chosen and the sperm
classified as motile or immotile. Sperm motility was expressed as
the percentage of motile sperm per field.

The sperm concentration was determined by a haemocytometer
(using Thoma chamber, 0.0025 mm2 and 0.100 mm depth, Ger-
many) in a 1:100 dilution. The results were presented as sperm
cells/ml. To determine the sperm concentration, the diluted sam-
ples (1:100) were put into the counting chamber and the number
of sperms was counted using a haemocytometer under a light
microscope. A total of five squares were counted in both chambers
of the haemocytometer and the sum of two counts was divided by



Fig. 3. Case 25 (900 MHz). Vacuolar degeneration of seminiferous epithelium
(arrows) and mild desquamation (arrow heads). Bar: 30 lm.

Fig. 2. Case 18 (1800 MHz). Severe vacuolar degeneration of seminiferous epithe-
lium (arrows) and severe necrosis and desquamation (arrow heads). Bar: 30 lm.
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an appropriate factor to get the sperm concentration in millions/ml
(Türk et al., 2008).

To determine the percentage of morphologically abnormal sper-
matozoa, slides stained with Eosine Y (3%, v:v) were prepared. The
slides were then viewed under a light microscope at 1000� total
magnification. A total of 200 sperm cells were examined on each
slide and the head, neck, mid-piece, tail, and total abnormality
rates of spermatozoa were expressed as a percentage (Türk et al.,
2008; Fernandez et al., 2007).

2.5. Histopathological evaluation of the testis

The other testicle was used for histopathological examination.
Seminiferous epithelium and interstitium were evaluated using 5-
lm-thick sections stained with haematoxylin and eosin and coun-
ter-stained with periodic acid Schiff under light microscopy (Nikon
FXA light microscope; Nikon). The diameters of 100 randomly se-
lected essentially round seminiferous tubules from each animal
were estimated and classified into one of eight different grades
(Veeramachaneni et al., 2006); grade 0, normal intact seminiferous
epithelium (Fig. 1); grade 1, seminiferous epithelium with pyknotic
cells and desquamation or focal vacuolation (Fig. 3); grade 2, sem-
iniferous epithelium intermediate between grades 1 and 3 (Fig. 2);
grade 3, seminiferous epithelium with pre-meiotic germ cells and
Sertoli cells; grade 4, Sertoli cells only; grade 5, no seminiferous epi-
thelium, leaving only the basement membrane; grade 6, seminifer-
ous tubule with sperm stasis, sperm granuloma, or mineralization;
and grade 7, fibrotic seminiferous tubule. All the histological sec-
tions were blindly evaluated by the same investigator (MOK).

2.6. Statistical analysis

The statistical analysis of data was carried out using SPSS statisti-
cal package programs. The results of plasma testosterone and caudal
epididymal sperm characteristics were expressed as mean ± SEM.
Differences between control and exposed groups were analyzed by
one-way ANOVA, followed by Tukey’s and Dunnett tests. Histopathol-
ogical changes analyzed using the Kruskal–Wallis H-test and the
differences between the groups were determined using the Mann–
Whitney U-test. P < 0.05 was considered statistically significant.

3. Results

3.1. Plasma testosterone

The mean plasma total testosterone showed similarity among
the two study groups and was significantly higher than the sham
control group (Table 1).
Fig. 1. Case 3 (Control). Intact seminiferous epithelium. Bar: 15 lm.
3.2. Cauda epididymal sperm characteristics

The effects of different doses of electromagnetic fields on epi-
didymal sperm concentration, progressive sperm motility (for-
ward), and abnormal sperm rate are presented in Table 2. The
percentage of epididymal sperm motility was significantly higher
in electromagnetic fields animals (P < 0.05) than in sham control
animals. There was no statistically significant difference in the
sperm concentration, head, and mid-piece abnormalities among
the groups. The morphologically normal spermatozoa rates were
higher in the 900 MHz group (P < 0.05) than in the 1800 MHz
group and the sham control group. Tail abnormality and total per-
centage abnormalities were significantly lower in the 900 MHz
group when compared to 1800 MHz group and the sham control
group (P < 0.05).
Table 1
The level of testosterone concentration of animal groups that were exposed to 1800
and 900 MHz, 2 h daily for 90 days and sham group.

Groups (n = 11) Testosterone levels (ng/ml) mean ± SEM

Control 5.73 ± 0.14
1800 MHz 5.99 ± 0.00*

900 MHz 6.01 ± 0.03*

* Statistical significance, (P < 0.05), Tukey test.



Table 2
Effects of electromagnetic waves exposure on cauda epididymal semen parameters in rats treated for 90 days.

Groups
(n = 11)

Spermatozoa motility
(forward) (%)

Sperm concentration
(�106/spp./ml)

Normal sperm
morphology (%)

Percentage abnormalities

Head Midpiece Tail Total percentage
abnormalities

Control 50.77 ± 4.15 63.85 ± 6.83 84.00 ± 0.74 4.23 ± 0.30 4.15 ± 0.39 7.92 ± 0.40 16.31 ± 0.75
1800 MHz 64.50 ± 2.17* 80.45 ± 6.63 85.86 ± 0.69 3.73 ± 0.27 3.14 ± 0.22 7.27 ± 0.52 14.14 ± 0.69
900 MHz 64.55 ± 2.47⁄ 75.91 ± 6.54 87.27 ± 0.86⁄ 4.09 ± 0.50 3.77 ± 0.45 4.86 ± 0.46⁄ 12.73 ± 0.86⁄

* Statistical significance, (P < 0.05), the data are expressed as mean ± SEM.

Table 3
Seminiferous epithelium and interstitium of animal groups that were exposed to
1800 and 900 MHz, 2 h daily for 90 days and sham control group.

Control
(mean ± SD)

1800 MHz
(mean ± SD)

900 MHz
(mean ± SD)

Grades 0.82 ± 0.60 2.27 ± 0.47* 1.45 ± 0.69

* Statistical significance, (P < 0.05).
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3.3. Histopathological evaluation of the testis

Seminiferous epithelium with pyknotic cells, pre-meiotic germ
cells, and sertoli cells and desquamation or focal vacuolation of
animals in the 1800 MHz group were significantly higher than both
sham control group and 900 MHz group (P < 0.05) (Table 3).
4. Discussion

The present study was carried out in rats to determine the po-
tential adverse effects of the pubertal exposure to 900 and
1800 MHz EMF on spermatogenesis and fertility of male rats. The
EMF effects on male reproduction are also being investigated.

Nagler and White (1982) reported that in male rats, spermato-
genesis begins 15 days after birth and they are fertile 45 days after
birth. In our study, the irradiation had been initiated at sexually
immature 2 days, even before spermatozoa appeared in the semi-
niferous epithelium and was sustained to 12 weeks (90 days).
There are many doubts about how long is long enough to observe
the long term effects of EMF, although, Hecht and Balzer (1997) re-
ported that the long term effects have been given from 200 h up to
20 years in the study of EMF effects.

The major functions of the testes are the production of sperma-
tozoa and the synthesis and release of testosterone. The matura-
tion of germ cells related to testosterone, which released from
Leydig cells and the contribution of LH to the maintenance and
function of Leydig cells has long been recognized. This androgenic
hormone exerts negative feedback effects on gonadotropins at the
hypothalamic and pituitary levels (Sarookhani et al., 2011).

Several fertility parameters were affected after exposure to EMF
by adult male rats. It is known that the size and function of second-
ary sex organs are highly dependent on the level of testosterone.
Dasdag et al. (2003) found that longer daily exposures to pulsed
800–915 MHz GSM microwave radiation at a whole-body average
SAR of 0.52 W/kg had no effect on testicular function or structure
in rats.

In the present study, the serum testosterone level was higher
due to the exposition to EMF of 900 and 1800 MHz for 2 h per
day for 90 days. Forgacs et al. (2006) achieved similar results in
their study and their findings indicate that repeated whole-body
1800 MHz GSM-like microwave exposure below the maximum
permissible exposure level recommended by ICNIRP is able to in-
crease the serum testosterone level in male mice within the phys-
iological range. Considering their results and the data on the effects
of microwaves on the central nervous system, the main targets of
action are probably at the higher regulation level of the hypotha-
lamic–pituitary–gonadal axis. The effect of GSM-like microwave
exposure on serum testosterone level may be associated with its
possible effect on melatonin secretion of the pineal gland. Some re-
cent human data indicate that prolonged use of GSM mobile
phones may lead to reduced melatonin production (Burch et al.,
2002; Jarupat et al., 2003). It is known that melatonin exerts an
antigonadotrophic effect mainly at the level of the hypothalamus
and pituitary (Jackson et al., 1984; Bittman et al., 1985; Vanecek,
1998) and directly decreases the testosterone secretion in Leydig
cells too (Ozguner et al., 2002; Kim et al., 2009).

It was previously reported that evaluation of testicular sperm
head counts seems to be a good indicator of spermatogenic dam-
ages and the number of testicular sperm heads corresponds to
the number of elongate spermatids in the testis (Meistrich, 1989;
Kim et al., 1999; Fejes et al., 2005). Although various sperm abnor-
malities such as small head, amorphous head, two heads/tails,
excessive hook, blunt hook, folded tail, short tail and no tail were
observed in the both exposed and sham-exposed groups, there
was no obvious difference in the incidence of head and midpiece
abnormalities between the groups. Only tail abnormality was low-
er in the 900 MHz group.

The sperm concentration in treated groups presented an in-
crease in relation to the control. Although this difference was not
statistically significant, this change and significant increase in
spermatozoa motility are noticed in this project may be indicative
of some closeness to precocious puberty in the animals of these
groups. Additionally, clinical observations of the study showed that
1800 and 900 MHz group of rats grew faster and lose more weight
(data not shown). True precocious puberty is the result of prema-
ture initiation of the function of the hypothalamic–pituitary–gona-
dal axis. As a consequences, the gonads function at an
inappropriately early age manifesting as early spermatogenesis
and other secondary sex characters (Zareen, 2009).

In the study, the abnormal cellular morphology observed in the
experimental groups could be due to the thermal effects to the
EMFs. Zareen (2009) achieved similar results in his study and their
findings indicate that histological comparison of testis of the trea-
ted group and control group animals showed in significant in-
crease, in the number of tubules with sperms in the lumen,
presence of vacuolation and giant cells in germinal epithelium
and abnormal cells in the lumen of seminiferous tubules of the
treated group.

In our study, an increase in epididymal sperm motility and nor-
mal sperm morphology were observed as well as an increase in
testosterone concentration in EMF-applied groups. It is thought
that this condition was due to a decline in melatonin concentration
and an increase in testosterone concentration. Based on these find-
ings it was concluded that EMF-applied groups reached puberty
earlier. Particularly, the group in which 900 MHz EMA was applied
revealed a distinct alteration in the caudal epididymal sperm char-
acteristics. Similarly, Ozguner et al. (2002) observed that EMF stim-
ulation resulted in leydig cell proliferation, increased testosterone
level, and testis weight.
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5. Conclusion

The present study indicated that exposure to electromagnetic
wave caused an increase in testosterone level, epididymal sperm
motility, and normal sperm morphology of male rats. Additionally,
the sperm morphology (sperm head and sperm tail) and motility
were more sensitive to EMF exposure than the sperm concentra-
tion. The results of the present study demonstrated that 1800
and 900 MHz EMF could be considered to be a cause of precocious
puberty in growing rats.

Considering the results of the study, further studies by includ-
ing before- and after-puberty periods at even longer time intervals
are necessary to clarify the mechanisms of EMF.
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