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a b s t r a c t

In the present study we used a 6-min daily exposure of dipteran flies, Drosophila melanogaster, to
GSM-900 MHz (Global System for Mobile Telecommunications) mobile phone electromagnetic radia-
tion (EMR), to compare the effects between the continuous and four different intermittent exposures
of 6 min total duration, and also to test whether intermittent exposure provides any cumulative effects
on the insect’s reproductive capacity as well as on the induction of apoptotic cell death. According to
our previous experiments, a 6-min continuous exposure per day for 5 days to GSM-900 MHz and DCS-
1800 MHz (Digital Cellular System) mobile phone radiation, brought about a large decrease in the insect’s
reproductive capacity, as defined by the number of F1 pupae. This decrease was found to be non-thermal
and correlated with an increased percentage of induced fragmented DNA in the egg chambers’ cells at
rosophila early- and mid-oogenesis. In the present experiments we show that intermittent exposure also decreases
the reproductive capacity and alters the actin-cytoskeleton network of the egg chambers, another known
aspect of cell death that was not investigated in previous experiments, and that the effect is also due to
DNA fragmentation. Intermittent exposures with 10-min intervals between exposure sessions proved to
be almost equally effective as continuous exposure of the same total duration, whereas longer intervals
between the exposures seemed to allow the organism the time required to recover and partly overcome

ects o
the above-mentioned eff

. Introduction

Mobile phones are widely used and during the past few years
e have witnessed a continuous accumulation of information

oncerning the possible health hazards from exposure to the elec-
romagnetic radiation associated with mobile telephony. Many
tudies have been performed during the last years investigating
variety of biological effects, including epidemiological/clinical

tudies in humans and experimental work on rodents, flies, or cell
ultures.

Assessing the possible link between exposure to electromag-
etic fields (EMF) and genotoxic effects, a number of studies
ave reported DNA or cell damage, such as DNA breaks, cell mal-

ormations, cell death, changes in chromatin conformation and

icronucleus formation in different cell types or organisms [1–9].

n other studies, no genotoxic effects of exposure to EMF were
bserved [10–22].

∗ Corresponding author. Tel.: +30 210 7274542; fax: +30 210 7274742.
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Mobile phone radiation has been also found able to cause
broad changes in gene and protein expression in certain cell types
[17,23–25]. According to other studies, there is evidence that
molecular damage caused by Radio Frequency (RF)-microwave
fields activates the stress response of the cells, which then acts as
a natural defense mechanism against this kind of stimuli. Such a
response may be detected through an increase in reactive oxygen
species (ROS) or as increased levels of stress proteins [26–28]. A
number of in vivo studies have also been carried out on possible
effects of EMF at the level of the whole organism [28–33]. On the
other hand, other authors reported no change in gene expression
in in vitro studies [34], no change in mutation frequencies and no
behavioural or morphological effects in in vivo studies after expo-
sure to RF fields [35,36].

With regards to the comparative biological effects between
intermittent and continuous exposure, Diem et al. [6], reported
that intermittent exposure to RF with 10-min intervals between

doses (1800 MHz, SAR = 2 W/Kg), had stronger effects than a sin-
gle, continuous exposure of the same total duration on human
diploid fibroblasts and on rat granulosa cells, producing higher
levels of DNA single and double strand breaks. In earlier experi-
ments, the same group compared the effects of an extremely low

dx.doi.org/10.1016/j.mrgentox.2010.05.008
http://www.sciencedirect.com/science/journal/13835718
http://www.elsevier.com/locate/gentox
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requency (ELF) field (50 Hz, 10 G), on human diploid fibroblasts
sing different intervals between exposures, demonstrating the
rucial role of the combination between the duration of exposure
nd its intermittence. They found that the type of intermittent
xposure producing the highest degree of DNA damage was the one
ith 5-min exposures and 10-min intermittence between them,
hile longer intervals between exposures reduced the extent of the

ffects [37]. Attempts were made to reproduce these experiments
n other laboratories with the same RF or ELF exposure conditions
nd the same cells, but the results were not confirmed [19,20]. Also,
ccording to other studies, intermittent RF exposure did not affect
utation frequencies in the lacZ gene in pregnant mice [35] or gene

xpression in human-derived cell lines [34].
Based on the current data, it appears that the duration of

he exposure, the exposure pattern, the intensity of radiation, as
ell as the type and sensitivity of the biological system used, all
lay an important role in the observed biological effects of EMF
24,25,38–42].

The insect Drosophila melanogaster has been proven to be
xtremely useful in studies of EMF effects, due to the wealth of
vailable genetic information in combination with the thoroughly
tudied developmental biology of oogenesis.

The Drosophila ovary is divided into discrete units called ovari-
les. Each ovary consists of 18–20 discrete tubular ovarioles, each
ontaining 6–7 independent, developmentally ordered follicles or
gg-chambers. Each egg chamber consists of 1 oocyte, 15 nurse
ells and approximately 1.000 follicle cells surrounding the oocyte
43]. These cell types are formed in the germarium at the anterior
nd of the ovary. Egg chambers leave the germarium as stage-1 egg
nd the entire process of oogenesis involves 14 stages [44] where
stage-14 oocyte is mature to be fertilized and oviposited. The dif-

erent stages have been fully characterized using morphological,
iochemical and molecular criteria [45,46]. Egg chambers develop
equentially within the ovarioles, and thus a single ovary contains
gg chambers of all stages of oogenesis [47].

Programmed cell death in the Drosophila ovary has been exten-
ively studied and occurs in response to both developmental and
nvironmental stimuli, following two different patterns, playing an
ntegral role in the normal development of every oocyte [48–50].
ccording to the first developmentally regulated and asynchronous
attern, physiological apoptotic cell death commences at stage 11

n the nurse cells of every normally developing follicle, with the
earrangement of the peri-nuclear actin-cytoskeleton. At stage 12,
hromatin condensation proceeds and ends with the DNA fragmen-
ation of the nurse-cell nuclei at stage 13. The cell remnants are
ngulfed by the neighbouring follicle cells that also die physiologi-
ally at stage 14 [51–53]. The second pattern, which is sporadically
bserved at stages 7–8 and in region 2 in the germarium, is induced
n response to different stress stimuli and it is marked simulta-
eously by the condensed, fragmented nurse-cell and follicle-cell
uclei and the disorganized actin network of the abnormal folli-
les. It is now clear that the stages 7–8 and the region 2 within
he germarium are the two checkpoints that provide a protective

echanism in the process of oogenesis: they remove defective egg
hambers that are unable to develop into fertile eggs, thus prevent-
ng the waste of precious nutrients [51,54].

In our previous experiments it was shown that a short daily
xposure of newly emerged adult flies of D. melanogaster to mobile
hone radiation, decreases significantly and non-thermally their
eproductive capacity, as defined by the number of F1 pupae
32,33]. We have also shown that in response to the stress from

xposure of the insects to this radiation, fragmented DNA was
etected in all the developmental stages of early- and mid-
ogenesis (i.e. from the germarium stage up to stage 10) and in
ll three different types of egg-chamber cell. The above-mentioned
heckpoints, germarium and stage 7–8, were shown to be the most
esearch 700 (2010) 51–61

sensitive developmental stages also to this kind of electromagnetic
insult [9]. The observed DNA fragmentation and the induced cell
death explain the above-mentioned decrease in the reproductive
capacity [32,33]. Other recent findings of our group have indicated
that the effect on the reproductive capacity increases almost lin-
early with increasing daily exposure duration from 1 to 21 min to
GSM-900 and 1800-MHz EMF and that the effect is non-thermal
[38].

The aim of the present study was to compare the influence of
different types of intermittent exposure with different intervals,
with the effects of continuous exposure of the same total duration
of GSM radiation on the reproductive capacity of D. melanogaster.
Consequently, the study aimed to examine whether the various
intervals of intermittent exposures would indicate the possible
existence of repair mechanisms operating in the biological sys-
tem tested. Furthermore, our aim was to test – in addition to the
confirmation of DNA fragmentation – whether GSM radiation has
any effect on the actin-cytoskeleton network, the disorganization
of which is another characteristic aspect of cell death in the egg
chambers that was not investigated in our previous experiments
[9,40]. The possible effect on the actin-cytoskeleton is examined
in the present experiments, as was done previously for cell-death
induction [9], during the developmental stages of early- and mid-
oogenesis, i.e. from germarium up to stage 10, where physiological
cell death does not occur.

2. Materials and methods

Our experiments were performed with D. melanogaster, Oregon R, wild type flies
maintained under standard methods as previously described [9,32,33].

2.1. Number of F1 pupae as a measure of reproductive capacity

According to the protocol reported previously [32,33] we placed flies that
emerged within 4 h, males and females separately, in cylindrical glass vials of 2.5-
cm diameter and 10-cm height, containing standard fly food. They were kept there
for 2 days. The third day, when both female and male insects are sexually mature,
they were transferred into a common vial with fresh food, one vial for each group,
where they were kept for another 3 days, a period in which female insects provide
the maximum of their oviposition [32].

The flies were exposed by the different patterns of 6-min total daily exposure
to the GSM field during the first 5 days of each experiment. On the sixth day there
was an additional last exposure of 6-min total duration, according to the exposure
patterns described below, and 2–3 h later the parent flies were removed from the
vials. The vials with the developing embryos were kept in the culture room for
another 6–8 days, in order to count the number of F1 pupae developed in each vial.

Removed maternal flies obtained from the above procedure were then anaes-
thetized and dissected and their egg chambers from germarium to stage 10 were
prepared for acridine-orange staining and the TUNEL assay (terminal transferase-
mediated dUTP nick-end labelling) in order to detect DNA fragmentation. Egg
chambers of stages 11–14 were excluded as before [9], since cell death takes
place physiologically anyway in the nurse and follicle cells during these stages.
Rhodamine-conjugated phalloidin staining was used to test whether GSM radiation
under these exposure conditions also affects the actin-cytoskeleton organization of
the cells. Finally, we examined whether follicles with TUNEL-positive signal in their
nurse cells also had alterations in their actin-cytoskeleton. For this purpose we used
double-staining with rhodamine-conjugated phalloidin and the TUNEL assay on the
same sample. Samples were examined and photographed with a Nikon Eclipse TE
2000-S fluorescence microscope and a Nikon EZ-C1 confocal laser-scanning micro-
scope (CLSM) (Nikon Instruments, Japan).

2.2. Exposure system

A digital mobile phone handset connected to GSM-900-MHz network was used
(SAR value for human head given by the manufacturer, 0.64 W/kg), in order to ana-
lyze the effects of real exposure conditions. This was the reason why we did not
expose the insects under a constant power density or SAR. Real GSM signals emitted
by common mobile phone handsets are never constant since there are continuous
changes in their intensity and frequency [9,32,33,38–41].
The flies were exposed always at the same place for 6 min daily to mobile phone
radiation modulated by human voice (speaking emission, with the same voice read-
ing always the same text). The device was fully charged and the antenna of the
mobile phone was in contact with the glass vials, parallel to the vial axis. The expo-
sures were done following one continuous and four different types of intermittent
pattern, as shown in Table 1. Each group was exposed separately, by the same mobile
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Table 1
Continuous and intermittent exposure protocols.

Group Type of exposure Number of
exposures

Duration of each
exposure (min)

Duration of
interval

C Continuous 1 6 No interval
I1 Intermittent 6 1 10 min
I2 Intermittent 3 2 10 min

p
p
h
p
i

(
1
3
e
o

C
b
o
t
6
6
i
e
f

m
T
M
o
t
r
v
a
p
i
c

2

c

F
s

I3 Intermittent 2 3 10 min
I4 Intermittent 2 3 6 h
SE Continuous 1 6 No interval

hone handset. The flies were not anaesthetized during the exposures. As reported
reviously [9], the 6-min total duration of daily exposure was chosen in order to
ave comparable conditions with the current exposure criteria [55]. In addition, our
revious work has shown that a few minutes of daily exposure for only a few days

s enough to produce a significant effect on insect reproduction [9,32,33].
The following types of exposure were used:
The continuous (C) type of exposure was one 6-min continuous exposure

1 × 6 min). The intermittent (I1, I2, I3) exposure types employed 6 exposures of
min each (6 × 1 min), 3 exposures of 2 min each (3 × 2 min), and 2 exposures of
min each (2 × 3 min), respectively. The interval duration between the different
xposure sessions was 10 min. Finally, the exposure type I4 comprised 2 exposures
f 3 min each (2 × 3 min) with a 6-h interval (Table 1).

In each experiment the insects were divided into six groups. The first (named
) was exposed by the C-type of exposure. The second (named I1) was exposed
y the I1 type of exposure, etc, the fifth (named I4) was exposed by the I4 type
f exposure and the sixth was the sham-exposed (SE) group. The SE groups were
reated exactly as the exposed ones but the mobile phone was turned off during the
-min “exposures”. The daily “exposures” of the SE groups were continuous during
min, since preliminary experiments had already shown that there is no statistically

mportant difference in reproductive capacity between SE groups of different sham-
xposure patterns (data not shown). Each group consisted of nine male and nine
emale newly eclosed insects, as described before [9,32,33].

The mean power density measured for the 6-min speaking emission with the
obile phone antenna being in contact with the glass wall was 0.35 ± 0.07 mW/cm2.

he above-mentioned measurements were made with the RF Radiation Survey
eter, NARDA 8718, with its probe inside a glass vial similar to the ones we used in

ur earlier studies [32]. The intensities of the ELF electric and magnetic fields, due to
he pulse-repetition frequency of 217 Hz, were 18.6 ± 2.7 V/m and 0.75 ± 0.17 mG,
espectively, using the HOLADAY HI-3604 ELF Survey Meter. The above-measured
alues are the average of eight separate measurements of each kind ± standard devi-
tion (S.D.). These values are within the current exposure criteria [55]. As explained
reviously [9,32,33,38–41], we have chosen to refer to the radiation in terms of its

ntensity, which can be objectively measured, rather than in terms of SAR, which
an never be accurately estimated, especially for small insects [38].
.3. Acridine-orange staining

Ovaries were dissected in Ringer’s solution and separated into individual folli-
les. The follicles were incubated in 1.6 �M acridine-orange (Invitrogen, USA, A3568)

ig. 2. Mean ratio of ovarian cell death in C, I1, I2, I3, I4 (exposed) and SE (sham-expose
taining (number of egg chambers with fragmented DNA or disorganized actin network v
Fig. 1. Mean numbers of F1 pupae of continuously and intermittently exposed
groups and sham-exposed groups.

in Ringer’s solution for 5 min in the dark. The follicles were then washed three times
for 5 min in Ringer’s solution in the dark and immediately mounted on vidal glass
slides in fresh Ringer’s solution. The whole process from dissection to the end of the
viewing did not last more than 20 min.

2.4. TUNEL assay

The TUNEL assay was performed as previously described [9].

2.5. Rhodamine-conjugated phalloidin staining

Ovaries were dissected in Ringer’s solution, fixed in PBS (Invitrogen, USA, 70013-
016) containing 4% formaldehyde (Polysciences, Inc., Warrington, PA, 18814) for
20 min, and permeabilized for 35 min in PBS containing 4% formaldehyde plus 0.1%
Triton X-100. The follicles were then stained for 2 h in PBS containing 1 mg/ml
rhodamine-conjugated phalloidin (Invitrogen, USA, R415) and washed three times
(5 min each) in PBS. Finally, the samples were mounted in 90% glycerol contain-
ing 1,4-diazabicyclo (2,2,2) octane (Sigma Chemical Co., Germany) to avoid fading
(anti-fading mounting medium).

2.6. Double-staining with rhodamine-conjugated phalloidin and TUNEL

Ovaries were dissected in Ringer’s solution, fixed in PBS containing 4% formalde-
hyde for 20 min, and permeabilized for 35 min in PBS containing 4% formaldehyde

plus 0.1% Triton X-100. The follicles were then stained for 2 h in PBS contain-
ing 1 mg/ml rhodamine-conjugated phalloidin (Invitrogen, USA, R415) and washed
three times (5 min each) in PBS. Follicles were then incubated with PBS containing
20 �g/ml proteinase-K for 10 min. The detection of fragmented genomic DNA was
performed with the in situ cell-death detection kit (Roche, Mannheim, Germany,
11684795910) by use of fluorescein-labeled dUTP for 3 h at 37 ◦C in the dark. After

d) groups ± S.D., after acridine-orange (AO) Staining, TUNEL assay and phalloidin
s total number of egg chambers).
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Table 2
Effect of the different GSM-900-MHz intermittent and continuous exposures on the reproductive capacity of the insect Drosophila melanogaster.

Experiment no. Groups Mean number of F1 pupae per maternal insect % Deviation from sham-exposed group

1 C (1 × 6 min) 7.49 −42.56
I1 (6 × 1 min) 7.25 −44.40
I2 (3 × 2 min) 7.43 −43.02
I3 (2 × 3 min) 7.44 −42.94
I4 (2 × 3 min) 9.12 −30.06
SE (control) 13.04

2 C (1 × 6 min) 9.54 −37.85
I1 (6 × 1 min) 9.24 −39.80
I2 (3 × 2 min) 8.42 −45.15
I3 (2 × 3 min) 9.12 −40.59
I4 (2 × 3 min) 10.29 −32.96
SE (control) 15.35

3 C (1 × 6 min) 8.55 −39.19
I1 (6 × 1 min) 8.75 −37.77
I2 (3 × 2 min) 9.13 −35.06
I3 (2 × 3 min) 8.79 −37.48
I4 (2 × 3 min) 9.85 −29.94
SE (control) 14.06

4 C (1 × 6 min) 7.43 −44.59
I1 (6 × 1 min) 7.22 −46.16
I2 (3 × 2 min) 8.14 −39.30
I3 (2 × 3 min) 7.88 −41.24
I4 (2 × 3 min) 10.00 −25.43
SE (control) 13.41

5 C (1 × 6 min) 7.47 −49.63
I1 (6 × 1 min) 8.14 −45.11
I2 (3 × 2 min) 7.36 −50.37
I3 (2 × 3 min) 8.12 −45.25
I4 (2 × 3 min) 9.45 −36.28
SE (control) 14.83

6 C (1 × 6 min) 8.54 −44.26
I1 (6 × 1 min) 7.42 −51.57
I2 (3 × 2 min) 7.33 −52.15
I3 (2 × 3 min) 7.54 −50.78
I4 (2 × 3 min) 9.28 −39.43
SE (control) 15.32

7 C (1 × 6 min) 9.51 −36.81
I1 (6 × 1 min) 9.23 −38.67
I2 (3 × 2 min) 9.43 −37.34
I3 (2 × 3 min) 9.26 −38.47
I4 (2 × 3 min) 11.03 −26.71
SE (control) 15.05

8 C (1 × 6 min) 8.63 −38.45
I1 (6 × 1 min) 8.19 −41.58
I2 (3 × 2 min) 7.94 −43.37
I3 (2 × 3 min) 8.26 −41.08
I4 (2 × 3 min) 9.67 −31.03
SE (control) 14.02

Average ± S.D. C (1 × 6 min) 8.40 ± 0.87 −41.63
I1 (6 × 1 min) 8.18 ± 0.84 −43.15
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I2 (3 × 2 min) 8.15 ± 0.81
I3 (2 × 3 min) 8.30 ± 0.69
I4 (2 × 3 min) 9.84 ± 0.62
SE (control) 14.39 ± 0.88

his procedure, the follicles were washed six times in PBS over the course of 90 min
n the dark and mounted in anti-fading mounting medium.

The temperature during the exposures was measured as described before
9,32,33,38–41]. Statistical analysis was performed by single-factor analysis of vari-
nce test.

. Results
The effects of continuous and intermittent exposure on the
eproductive capacity of the insects, as defined by the number of
1 pupae, and on the percentage of DNA fragmentation and actin
isorganization in the egg-chamber cells are shown in Tables 2–5
nd in Figs. 1–4.
−43.36
−42.32
−31.62

3.1. Effects of continuous and intermittent exposures to GSM on
the reproductive capacity

Table 2 shows the mean number of F1 pupae of the exposed
and sham-exposed insect groups from eight separate experiments.
Each exposure protocol significantly decreased the number of F1
pupae of the exposed insects compared with that of the sham-
exposed groups. The C and I1, I2, I3 types of exposure produced very

similar decreases of the mean number of F1 pupae (41.6%, 43.2%,
43.4%, 42.3%, respectively), whereas the I4 procedure, with long
intervals between the exposures, produced the smallest decrease
in the insects’ reproductive capacity (31.6%). Differences observed
between C and I1, I2, I3 exposed groups were within the standard
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Fig. 3. Confocal micrographs of acridine-orange- and TUNEL-labeled Drosophila melanogaster follicles demonstrating DNA fragmentation: (a) typical ovariole of a sham-
exposed insect with acridine-orange-negative signals in all the egg chambers from germarium to stage 8. (b) Ovariole of an exposed female insect (I4 group) with acridine-
o ) and
i hamb
a l nucl
d

d
d
a

I
t

range-positive signal in the nurse cells (NC) of the two checkpoints (germarium (G
n the nurse (NC) and follicle cells (FC) of all stages from germarium to stage-8 egg c
n exposed insect (C group) with TUNEL-positive signal in the nurse and follicle-cel
ifferent stages.

eviation, but the I1- and I2-exposure types produced slightly larger

ecreases in the reproductive capacity than did I3 and C (Table 2
nd Fig. 1).

The statistical analysis showed that the probability that the C, I1,
2, and I3 exposed groups differ in their reproductive capacity due
o random variation is very large (P > 0.92). In contrast, the proba-
stage 8 (S8)) and not in the intermediate stages. (c) Acridine-orange-positive signal
ers from an exposed insect (I1 group). (d) Characteristic view of egg chambers from
ei of stages 4–8 egg chambers and TUNEL-negative signal in other egg chambers of

bility that each one of the exposed groups differs from the SE group
−8
because of random variation is in all cases negligible (P < 10 ).

Finally, the probability that each of the I1, I2, I3 groups differs from
the I4 group because of random variation corresponds with a P-
value of < 10−3, whereas the corresponding probability between C
and I4 is P < 2 × 10−3.



56 E.D. Chavdoula et al. / Mutation Research 700 (2010) 51–61

Fig. 4. Confocal micrographs of rhodamine-conjugated phalloidin-stained follicles, demonstrating the actin-cytoskeleton distribution in normal and defective egg chambers
of different stages, as well as double-stained follicles with TUNEL (for DNA fragmentation) and rhodamine-conjugated phalloidin (for the actin-cytoskeleton organization).
(a and b) Typical pictures of the normal actin-cytoskeleton distribution in the nurse cells (NC), oocytes (OC) and follicle cells (FC), in the egg chambers of an ovariole and a
stage-10 egg chamber from a sham-exposed insect. Note the presence of the numerous ring canals (RC). (c) Characteristic picture of the actin network in a stage-7 abnormal
egg chamber with disorganized actin-rich structures (arrow) and the disappearance of the ring canals obtained from an exposed female insect (I2 group). The other two egg
chambers of stages 5 and 8 show normal organization of the actin-cytoskeleton network. (d and e) Stage-8 defective egg chamber (I2 group) with phalloidin-alone signal
e wing
s expo
a ly. (g–
D anied
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xhibiting disorganized actin network (d) and phalloidin-TUNEL double signal sho
hown is a stage-6 normal egg chamber. (f) two egg chambers of stages 3 and 4 of an
rrows) double signal for DNA fragmentation and actin disorganization, respective
NA (TUNEL-positive signal, short arrows) in the nurse-cell nuclei (g and i) accomp

.2. Ovarian cell death induced by continuous and intermittent
xposures to GSM

The results from the acridine-orange (AO) staining, TUNEL assay,

hodamine-conjugated phalloidin staining and double-staining
ith rhodamine-conjugated phalloidin and TUNEL, applied to egg

hambers of the C, I1, I2, I3, I4 and SE groups, are presented in
ables 3–5 and in Figs. 2–4. In each table the summarized data from
our separate experiments with each assay are given. All types of
DNA fragmentation (short arrow) and actin disorganization (long arrow) (e). Also
sed insect (I3 group) with TUNEL assay (short arrows) and phalloidin staining (long
i) pictures of the same stage-10 defective egg chamber (C group) with fragmented
by a completely disorganized actin network (long arrows) (h and i).

exposure were found to induce cell death at all stages of the early-
and mid-oogenesis (i.e. from germarium to stage 10), but mainly at
the two checkpoints, germarium and stages 7–8.

Table 3 shows the percentages of fragmented DNA in the egg-

chamber cells by AO-staining. The overall ratios of the number
of egg chambers with a positive signal vs the total number of
egg chambers at all stages (from germarium to stage 10) ± S.D.
in the exposed C, I1, I2, I3, and I4 groups were 0.50 ± 0.06,
0.52 ± 0.06, 0.52 ± 0.05, 0.50 ± 0.04 and 0.40 ± 0.04, respectively.
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Table 3
Influence of GSM-900-MHz intermittent and continuous exposures on DNA fragmentation visualized by acridine-orange staining.

Groups Developmental
stages

Ratio of acridine-orange-positive
to total number of egg chambers
of each stage

Sum ratio of acridine-orange-positive
to total number of egg chambers of all
stages

Percentage of
acridine-orange-positive
egg chambers (%)

Deviation from SE
groups (%)

C Germarium 78/92 623/1236 50.40 +44.59
1–6 315/714
7–8 181/286
9–10 49/144

I1 Germarium 82/93 637/1219 52.26 +46.45
1–6 320/702
7–8 190/279
9–10 45/145

I2 Germarium 80/98 624/1205 51.78 +45.97
1–6 333/722
7–8 171/265
9–10 40/120

I3 Germarium 78/91 596/1199 49.71 +43.90
1–6 303/735
7–8 161/242
9–10 54/131

I4 Germarium 70/90 480/1206 39.80 +33.99
1–6 213/692
7–8 158/295
9–10 39/129
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SE Germarium 11/92 71/1221
1–6 19/729
7–8 36/274
9–10 5/126

n the SE group the corresponding ratio was 0.06 ± 0.02. The
robabilities that the differences between each exposed group
nd the SE group are due to random variation were in all
ases P < 10−4.
TUNEL labelling (Table 4) revealed the percentage of DNA
ragmentation in the ovarian cells. In the C, I1, I2, I3, and I4 expo-
ure protocols the overall ratios of the number of egg chambers
ith DNA fragmentation vs the total number of egg cham-

ers ± S.D., were 0.51 ± 0.05, 0.52 ± 0.04, 0.53 ± 0.05, 0.52 ± 0.05

able 4
nfluence of GSM-900-MHz intermittent and continuous exposures on DNA fragmentatio

Groups Developmental
stages

Ratio of TUNEL-positive
to total number of egg
chambers of each stage

Sum ratio of TUNE
total number of eg
of all stages

C Germarium 79/90 643/1251
1–6 329/718
7–8 181/302
9–10 54/141

I1 Germarium 80/94 647/1234
1–6 330/724
7–8 188/282
9–10 49/134

I2 Germarium 85/98 637/1212
1–6 322/695
7–8 183/275
9–10 47/144

I3 Germarium 79/97 655/1267
1–6 345/722
7–8 178/295
9–10 53/153

I4 Germarium 68/91 492/1213
1–6 221/696
7–8 162/288
9–10 41/138

SE Germarium 12/94 73/1243
1–6 16/723
7–8 37/285
9–10 8/141
5.81

and 0.41 ± 0.05, respectively, whereas in the SE group the corre-
sponding percentage was 0.06 ± 0.02. The probabilities that the
differences between each exposed group and the SE group are due
to random variations were found again in all cases P < 10−4.
The percentage of the egg chambers with a disorganized actin
network was determined with rhodamine-conjugated phalloidin
staining and is shown in Table 5. For the C, I1, I2, I3, and I4 groups the
overall ratios were 0.48 ± 0.05, 0.49 ± 0.05, 0.48 ± 0.06, 0.47 ± 0.06
and 0.37 ± 0.05, respectively, while for the SE group the corre-

n, determined by use of the TUNEL assay.

L-positive to
g chambers

Percentage of
TUNEL-positive egg
chambers (%)

Deviation from SE groups
(%)

51.40 +45.53

52.43 +46.56

52.56 +46.69

51.70 +45.83

40.56 +34.69

5.87
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Table 5
Influence of GSM-900-MHz intermittent and continuous exposures on actin-cytoskeleton disorganization after rhodamine-conjugated phalloidin staining.

Groups Developmental stages Ratio of egg chambers with
disorganized actin network
to total number of egg
chambers of each stage

Sum ratio of egg chambers
with disorganized actin
network to total number of
egg chambers of all stages

Percentage of egg
chambers with
disorganized actin
network (%)

Deviation from SE
groups (%)

C 1–6 321/743 565/1186 47.64 +42.71

7–8 193/288

9–10 51/155

I1 1–6 328/739 572/1157 49.44 +44.51

7–8 189/274

9–10 55/144

I2 1–6 312/756 569/1175 48.43 +43.50

7–8 194/294

9–10 63/125

I3 1–6 316/759 574/1208 47.52 +42.59

7–8 199/291

9–10 59/158

I4 1–6 233/729 436/1178 37.01 +32.08

7–8 154/307

9–10 49/142

SE 1–6 17/734 58/1177 4.93

s
(
i
r
s
(
b
v

g
g
w
n

w
p
c
f
p

t
s
p
(

i
a
T
r

7–8 32/292

9–10 9/151

ponding ratio was 0.05 ± 0.02. In the case of phalloidin staining
Table 5) there are no percentages given for the germarium, since
t is not possible to detect the actin network within. This is the
eason why the percentages of actin disorganization (Table 5) are
maller than the corresponding percentages of DNA fragmentation
Tables 3 and 4 and Fig. 2). The probabilities that the differences
etween each exposed group and the SE group are due to random
ariation are in all cases again P < 10−4.

A typical image of an ovariole of a sham-exposed insect (SE
roup) with an AO-negative signal in all the egg chambers from
ermarium to stage 8, is shown in Fig. 3a. Corresponding images
ith TUNEL-negative signal showed similar characteristics (data
ot shown).

Fig. 3b shows an ovariole of an exposed insect from the I4 group
ith and AO-positive signal in the nurse cells of the two check-
oints, region 2a/2b of the germarium and stage 8. This was a
ommon picture for the majority of the ovarioles of female insects
rom all the exposed groups. Corresponding images with TUNEL-
ositive signal had similar characteristics (data not shown) [9].

Fig. 3c shows an ovariole of an exposed insect (I1 group) con-
aining egg chambers from germarium to stage 8, with AO-positive
ignals in the nurse and follicle cells of all stages. Corresponding
ictures obtained with the TUNEL assay had similar characteristics
data not shown).
Fig. 3d shows six egg chambers of stages 4–8 from exposed
nsects (C group) with TUNEL-positive signals in their nurse-cell
nd follicle-cell nuclei among a number of egg chambers with
UNEL-negative signals. This is a representative picture for the
atio of the number of egg chambers with induced cell death vs the
total number of egg chambers of the female insects of the exposed
groups.

Fig. 4a–c shows confocal micrographs taken after rhodamine-
conjugated phalloidin staining of the follicles, which show normal
and defective ovarioles and egg chambers of stages 3–10. Fig. 4a
and b shows a representative ovariole and a stage-10 egg chamber
from sham-exposed insects, with a normal distribution of the actin-
cytoskeleton network in the nurse cells, oocytes and follicle cells,
as well as the presence of the numerous ring canals (SE group).

Fig. 4c shows egg chambers of exposed insects (I2 group). Two
normal egg chambers of stages 5 and 8 are visible, and one defec-
tive egg chamber of stage 7, in which the disorganized actin-rich
structures are accompanied by the disappearance of the ring canals.

Further analysis of the characteristics of the egg chambers of the
exposed groups, by double-staining with TUNEL and rhodamine-
conjugated phalloidin revealed that DNA fragmentation and
actin-cytoskeleton disorganization coincide in the defective egg
chambers, as shown in Fig. 4d–i. Confocal micrographs in Fig. 4d
and e show the same two egg chambers, one normal (stage 6)
and one abnormal (stage 8), with a completely disorganized actin
pattern (disorganized actin-rich structures, absence of ring canals
– Fig. 4d and e) – associated with fragmented nurse-cell nuclei
(TUNEL-positive signal – Fig. 4e). Similar results can be seen in the
confocal micrographs in Fig. 4f–i. In Fig. 4f two egg chambers are

seen of stages 3 and 4 with TUNEL- and phalloidin-positive sig-
nals. In Fig. 4g–i the same is observed: a stage-10 egg chamber
with TUNEL-only positive signal (Fig. 4g), phalloidin-alone sig-
nal for actin disorganization (Fig. 4h), and both signals combined
(Fig. 4i).
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No temperature increases were detected during the expo-
ures, as expected according to our previous experiments
9,32,33,38–41].

. Discussion

The results of this study correlate with our previous findings that
cute exposure to GSM signals brings about DNA fragmentation in
he ovarian cells and consequently a large reduction in the repro-
uctive capacity of the insects [9,32,33,38–41]. Except for the effect
f mobile phone radiation on DNA, our results show that this type
f radiation also affects the actin-cytoskeleton of the egg chambers,
he disorganization of which is another characteristic aspect of cell
eath. The induced DNA fragmentation and the induced alterations

n the actin-cytoskeleton seemed to coincide in the affected folli-
les. The effects were again non-thermal, in agreement with our
revious results [9,32,33,38–41].

In addition to our recent results [38] that the biological activ-
ty of mobile phone radiation depends on the exposure duration,
he findings of the present study indicate that the influence of a
ertain daily dose of GSM radiation on Drosophila’s reproductive
ystem depends on the exposure protocol, the intervals between
he exposures, and on the corresponding time given for recovery.
he exposure protocols used in this study show that C and I1, I2,

3 exposures were almost equally active (Tables 2–5), since they
roduced similar levels of fragmented DNA and disorganized actin
etworks in the egg-chamber cells of the early- and mid-oogenesis,
s well as a consequent decrease in the number of F1 pupae. This
esult possibly suggests that the effects depend on the total amount
f daily dose regardless of the intervals. I4 exposure was found
o be less bioactive than the other exposure protocols, due to its
onger intervals between the exposure sessions (Tables 2–5 and
igs. 1 and 2), suggesting that recovery mechanisms are possibly
nitiated between exposures, similar to the situation where liv-
ng organisms are exposed to fractionated, small doses of ionizing
adiation [56,57].

In the case of ionizing radiation, it is well known that the longer
he intervals between doses, the more successful the DNA repair
56,57]. With regard to non-ionizing radiation, Nikolova et al. [42]
eported that the observed effects of EMF (changes in the transcript
evel) on neural progenitor cells were mitigated through activation
f compensatory mechanisms.

In the present experiments, the effects were possibly miti-
ated in the I4 groups by a putative compensatory mechanism
hat replaces the defective egg chambers by new ones. This may
e the reason why the decrease in reproductive capacity (Table 2)

s slightly smaller than the corresponding effect of the induced cell
eath (Tables 3–5). Ovaries from the C, I1, I2, and I3 groups were
issected 2–3 h after the last exposure of 6-min total duration. Dur-

ng this period the largest numbers of defective egg chambers can
e detected, whereas a few hours later the damaged egg cham-
ers have been phagocytosed by neighbouring follicle cells and
ew non-defective egg chambers have been produced. In the I4
roup the ovaries were dissected 2–3 h after the last (3-min) expo-
ure. This means that a number of defective egg chambers from
he first (3-min) exposure of the same day, which took place 6 h
efore the last one, could not be detected. This is possibly the reason
hy the percentage of egg chambers showing induced cell death

n this group is smaller than the corresponding values for the other
xposed groups (Tables 3–5).
Apart from its effect on oogenesis, exposure to GSM also
ecreases the reproductive capacity of the male insects [32]. We
an therefore hypothesize that the observed effects depend on the
fficacy of possible compensatory mechanism in the male insects
s well.
esearch 700 (2010) 51–61 59

As expected, in all cases with all types of exposure, the germar-
ium and the stages 7–8 proved to be the most sensitive stages in
their response to the GSM exposure [9,40,51,54,58].

Furthermore, there is some evidence that the I1 and I2 inter-
mittent exposures were possibly slightly more effective than I3
and C, as shown by the slightly stronger effect on the reproduc-
tive capacity and on the induced cell death (Tables 2–5), although
the differences were within the standard deviation. This possibly
indicates that an increased number of repetitive exposures were
probably more stressful for the organisms than the I3 intermittent
and the C continuous exposure patterns of the same total duration.
It is also possible that in this case the increased number of repet-
itive stresses (more complicated exposure pattern) did not allow
the organisms to initiate adaptive responses.

Based on previous similar findings with the same biological
system, our laboratory has proposed a biophysical mechanism to
explain the influence of EMFs on cells. According to this theory,
the ELF components of GSM fields are able to alter cell function
through their interaction with cell membranes. More specifically,
the ELF components of the GSM fields are able to affect the regu-
lar gating of the membrane ion channels, and consequently bring
about broad changes in many aspects of the cell function as well as
in the process of oogenesis and reproductive capacity of the insects
[59–61].

The results of the present study are in agreement with findings of
several other research groups, demonstrating EMF effects related to
DNA damage, alterations of the actin network, or induced apoptotic
cell death in various biological systems [6,24,28,62]. Our results
are also in agreement with findings of other studies that tested the
comparative effects between intermittent and continuous RF or ELF
exposure [6,37]. However, as already mentioned, other research
groups did not report effects of these exposures [19–22].

The results of the present work demonstrate the induction of
two cell-death features, DNA fragmentation and actin-cytoskeleton
disorganization in the egg-chamber cells of the early- and mid-
oogenesis, and subsequently a decrease in the number of F1 pupae
due to continuous or intermittent exposure to GSM-900 MHz radi-
ation. It is worth mentioning that both features were found to
coincide in the defective follicles. The disorganization of the actin
network is considered to be a characteristic feature of apoptotic
cell death in a large variety of cell types, as reported by others
[63,64] and by our lab [51], but the possibility of necrosis cannot
be excluded.

In order to confirm the interference of exposure to EMF with
apoptosis, more aspects of apoptotic cell death in ovarian cells, such
as caspase activation and chromatin condensation, need to be stud-
ied. Except for the induction of apoptosis, the possible link of EMF
exposure with necrosis is still under investigation.

Conflict of interest

None.

Acknowledgements

We are thankful to all our colleagues in Professor Margaritis’
laboratory and especially to Dr. A. Velentza and Ph.D. candidate P.

Velentza for their assistance. E. Chavdoula is a scholarship recipient
of the Hellenic State Scholarship Foundation (I.K.Y.) (Ph.D. fellow-
ship). This work has been supported by the Special Account of
Research Grants from the National and Kapodistrian University of
Athens to Professor L.H. Margaritis.



6 tion R

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

0 E.D. Chavdoula et al. / Muta

eferences

[1] H. Lai, N.P. Singh, Acute low-intensity microwave exposure increases DNA
single-strand breaks in rat brain cells, Bioelectromagnetics 16 (1995) 207–210.

[2] H. Lai, N.P. Singh, Single- and double-strand DNA breaks in rat brain cells after
acute exposure to radiofrequency electromagnetic radiation, Int. J. Radiat. Biol.
69 (1996) 513–521.

[3] B.Z. Vijayalaxmi, M. Leal, T.J. Szilagyi, M.L. Prihoda, Meltz, Primary DNA damage
in human blood lymphocytes exposed in vitro to 2450 MHz radiofrequency
radiation, Radiat. Res. 153 (4) (2000) 479–486.

[4] L.G. Salford, A.E. Brun, J.L. Eberhardt, L. Marmgren, B.R. Persson, Nerve cell
damage in mammalian brain after exposure to microwaves from GSM mobile
phones, Environ. Health Perspect. 111 (2003) 881–883.

[5] M. Caraglia, M. Marra, F. Mancinelli, G. D’Ambrosio, R. Massa, A. Giordano, A.
Budillon, A. Abbruzzese, E. Bismuto, Electromagnetic fields at mobile phone
frequency induce apoptosis and inactivation of the multi-chaperone complex
in human epidermoid cancer cells, J. Cell. Physiol. 204 (2005) 539–548.

[6] E. Diem, C. Schwarz, F. Adlkofer, O. Jahn, H. Rudiger, Non-thermal DNA breakage
by mobile-phone radiation (1800 MHz) in human fibroblasts and in trans-
formed GFSH-R17 rat granulosa cells in vitro, Mutat. Res. 583 (2005) 178–183.

[7] I.Y. Belyaev, L. Hillert, M. Protopopova, C. Tamm, L.O. Malmgren, B.R. Persson, G.
Selivanova, M. Harms-Ringdahl, 915 MHz microwaves and 50 Hz magnetic field
affect chromatin conformation and 53BP1 foci in human lymphocytes from
hypersensitive and healthy persons, Bioelectromagnetics 26 (2005) 173–184.

[8] S. Lixia, K. Yao, W. Kaijun, L. Deqiang, H. Huajun, G. Xiangwei, W. Baohong, Z.
Wei, L. Jianling, W. Wei, Effects of 1.8 GHz radiofrequency field on DNA damage
and expression of heat shock protein 70 in human lens epithelial cells, Mutat.
Res. 602 (2006) 135–142.

[9] D.J. Panagopoulos, E.D. Chavdoula, I.P. Nezis, L.H. Margaritis, Cell death induced
by GSM 900 MHz and DCS 1800 MHz mobile telephony radiation, Mutat. Res.
626 (2007) 69–78.

10] R.S. Malyapa, E.W. Ahern, W.L. Straube, E.G. Moros, W.F. Pickard, J.L. Roti Roti,
Measurement of DNA damage after exposure to 2450 MHz electromagnetic
radiation, Radiat. Res. 148 (1997) 608–617.

11] R.S. Malyapa, E.W. Ahern, W.L. Straube, E.G. Moros, W.F. Pickard, J.L. Roti Roti,
Measurement of DNA damage after exposure to electromagnetic radiation in
the cellular phone communication frequency band (835.62 and 847.74 MHz),
Radiat. Res. 148 (1997) 618–627.

12] R.S. Malyapa, E.W. Ahern, C. Bi, W.L. Straube, M. LaRegina, W.F. Pickard, J.L.
Roti Roti, DNA damage in rat brain cells after in vivo exposure to 2450 MHz
electromagnetic radiation and various methods of euthanasia, Radiat. Res. 149
(1998) 637–645.

13] M. Capri, E. Scarcella, E. Bianchi, C. Fumelli, P. Mesirca, C. Agostini, D. Remon-
dini, J. Schuderer, N. Kuster, C. Franceschi, F. Bersani, 1800 MHz radiofrequency
(mobile phones, different Global System for Mobile communication modula-
tions) does not affect apoptosis and heat shock protein 70 level in peripheral
blood mononuclear cells from young and old donors, Int. J. Radiat. Biol. 80
(2004) 389–397.

14] M. Capri, E. Scarcella, C. Fumelli, E. Bianchi, S. Salvioli, P. Mesirca, C. Agostini, A.
Antolini, A. Schiavoni, G. Castellani, F. Bersani, C. Franceschi, In vitro exposure
of human lymphocytes to 900 MHz CW and GSM modulated radiofrequency:
studies of proliferation, apoptosis and mitochondrial membrane potential,
Radiat. Res. 162 (2004) 211–218.

15] G.J. Hook, P. Zhang, I. Lagroye, L. Li, R. Higashikubo, E.G. Moros, W.L. Straube,
W.F. Pickard, J.D. Baty, J.L. Roti Roti, Measurement of DNA damage and apoptosis
in molt-4 cells after in vitro exposure to radiofrequency radiation, Radiat. Res.
161 (2004) 193–200.

16] O. Zeni, M. Romano, A. Perrotta, M.B. Lioi, R. Barbieri, G. d’Ambrosio, R. Massa,
M.R. Scarfi, Evaluation of genotoxic effects in human peripheral blood leuko-
cytes following an acute in vitro exposure to 900 MHz radiofrequency fields,
Bioelectromagnetics 26 (2005) 258–265.

17] I.Y. Belyaev, C.B. Koch, O. Terenius, K. Roxstrom-Lindquist, L.O. Malmgren, H.
Sommer, L.G. Salford, B.R. Persson, Exposure of rat brain to 915 MHz GSM
microwaves induces changes in gene expression but not double stranded DNA
breaks or effects on chromatin conformation, Bioelectromagnetics 27 (2006)
295–306.

18] L. Verschaeve, Genetic effects of radiofrequency radiation (RFR), Toxicol. Appl.
Pharmacol. 207 (2005) 336–341, Review.

19] G. Speit, P. Schütz, H. Hoffmann, Genotoxic effects of exposure to radiofre-
quency electromagnetic fields (RF-EMF) in cultured mammalian cells are not
independently reproducible, Mutat. Res. 626 (2007) 42–47.

20] M.R. Scarfi, A. Sannino, A. Perrotta, M. Sarti, P. Mesirca, F. Bersani, Evaluation of
genotoxic effects in human fibroblasts after intermittent exposure to 50 Hz
electromagnetic fields: a confirmatory study, Radiat. Res. 164 (2005) 270–
276.

21] V. Joubert, P. Leveque, M. Cueille, S. Bourthoumieu, C. Yardin, No apoptosis is
induced in rat cortical neurons exposed to GSM phone fields, Bioelectromag-
netics 28 (2007) 115–121.

22] C. Ziemann, H. Brockmeyer, S.B. Reddy, T.J. Vijayalaxmi, N. Prihoda, T. Kuster, C.
Tillmann, Dasenbrock, Absence of genotoxic potential of 902 MHz (GSM) and

1747 MHz (DCS) wireless communication signals: in vivo two-year bioassay in
B6C3F1 mice, Int. J. Radiat. Biol. 85 (2009) 454–464.

23] S. Pacini, M. Ruggiero, I. Sardi, S. Aterini, F. Gulisano, M. Gulisano, Exposure
to global system for mobile communication (GSM) cellular phone radiofre-
quency alters gene expression, proliferation, and morphology of human skin
fibroblasts, Oncol. Res. 13 (2002) 19–24.

[

[

esearch 700 (2010) 51–61

24] R. Nylund, D. Leszczynski, Proteomics analysis of human endothelial cell
line EA.hy926 after exposure to GSM 900 radiation, Proteomics 4 (2004)
1359–1365.

25] R. Nylund, D. Leszczynski, Mobile phone radiation causes changes in gene and
protein expression in human endothelial cell lines and the response seems to
be genome- and proteome-dependent, Proteomics 6 (2006) 4769–4780.

26] S. Kwee, P. Raskmark, S. Velizarov, Changes in cellular proteins due to environ-
mental non-ionizing radiation. I. Heat-shock proteins, Electro. Magnetobiol. 20
(2001) 141–152.

27] J.M. Shallom, A.L. DiCarlo, D. Ko, L.M. Penafiel, A. Nakai, Microwave exposure
induces hsp70 and confers protection against hypoxia in chick embryos, J. Cell.
Biochem. 86 (2002) 490–496.

28] K.S. Lee, J.S. Choi, S.Y. Hong, T.H. Son, K. Yu, Mobile phone electromagnetic
radiation activates MAPK signaling and regulates viability in Drosophila, Bio-
electromagnetics 29 (2008) 371–379.

29] IuG. Grigor’ev, Biological effects of mobile phone electromagnetic field on chick
embryo (risk assessment using the mortality rate), Radiats. Biol. Radioecol. 43
(2003) 541–543.

30] I.N. Magras, T.D. Xenos, RF radiation-induced changes in the prenatal develop-
ment of mice, Bioelectromagnetics 18 (1997) 455–461.

31] D. Weisbrot, H. Lin, L. Ye, M. Blank, R. Goodman, Effects of mobile phone radi-
ation on reproduction and development in Drosophila melanogaster, J. Cell.
Biochem. 89 (2003) 48–55.

32] D.J. Panagopoulos, A. Karabarbounis, L.H. Margaritis, Effect of GSM 900-
MHz mobile phone radiation on the reproductive capacity of Drosophila
melanogaster, Electromagn. Biol. Med. 23 (2004) 29–43.

33] D.J. Panagopoulos, E.D. Chavdoula, A. Karabarbounis, L.H. Margaritis, Compari-
son of bioactivity between GSM 900 MHz and DCS 1800 MHz mobile telephony
radiation, Electromagn. Biol. Med. 26 (2007) 33–44.

34] V. Chauhan, S.S. Qutob, S. Lui, A. Mariampillai, P.V. Bellier, C.L. Yauk, G.R.
Douglas, A. Williams, J.P. McNamee, Analysis of gene expression in two human-
derived cell lines exposed in vitro to a 1.9 GHz pulse modulated radiofrequency
field, Proteomics 7 (2007) 3896–3905.

35] T. Ono, Y. Saito, J. Komura, H. Ikehata, Y. Yarusawa, T. Nojima, K. Goukon, Y.
Ohba, J. Wang, O. Fujiwara, R. Sato, Absence of mutagenic effects of 2.45 GHz
radiofrequency exposure in spleen, liver, brain and testis of lacZ-transgenic
mouse exposed in utero, Tohoku J. Exp. Med. 202 (2004) 93–103.

36] T. Kumlin, H. Iivonen, P. Miettinen, A. Juvonen, T. Van Groen, L. Puranen, R.
Pitkäaho, J. Juutilainen, H. Tanila, Mobile phone radiation and the developing
brain: behavioral and morphological effects in juvenile rats, Radiat. Res. 168
(2007) 471–479.

37] S. Ivancsits, E. Diem, A. Pilger, H.W. Rudiger, O. Jahn, Induction of DNA strand
breaks by intermittent exposure to extremely-low-frequency electromagnetic
fields in human diploid fibroblasts, Mutat. Res. 519 (2002) 1–13.

38] D.J. Panagopoulos, L.H. Margaritis, The effect of exposure duration on the bio-
logical activity of mobile telephony radiation, Mut. Res. 699 (2010) 17–22.

39] D.J. Panagopoulos, L.H. Margaritis, Mobile telephony radiation effects on liv-
ing organisms, in: A.C. Harper, R.V. Burees (Eds.), Mobile Telephones, Network
Applications and Performance, Nova Science Publishers Inc., 2008, pp. 107–149,
Review.

40] D.J. Panagopoulos, E.D. Chavdoula, L.H. Margaritis, Bioeffects of mobile tele-
phony radiation in relation to its intensity or distance from the antenna, Int. J.
Radiat. Biol. 86 (5) (2010) 345–357.

41] D.J. Panagopoulos, L.H. Margaritis, The identification of an intensity “Window”
on the bioeffects of mobile telephony radiation, Int. J. Radiat. Biol. 86 (5) (2010)
358–366.

42] T. Nikolova, J. Czyz, A. Rolletschek, P. Blyszczuk, J. Fuchs, G. Jovtchev, J. Schud-
erer, N. Kuster, A.M. Wobus, Electromagnetic fields affect transcript levels of
apoptosis-related genes in embryonic stem cell-derived neural progenitor cells,
ASEB J. 19 (2005) 1686–1688.

43] R.C. King, Origin and development of the egg chamber within the adult ovar-
ioles, in: R.C. King (Ed.), Ovarian Development in Drosophila melanogaster,
Academic Press, New York London, 1970, pp. 38–54.

44] L.H. Margaritis, Structure and physiology of the eggshell, in: L.I. Gilbert, G.A.
Kerkut (Eds.), Comprehensive Insect Biochemistry, Physiology and Pharmacol-
ogy, vol. 1, Pergammon, Oxford New York, 1985, pp. 151–230.

45] L.H. Margaritis, The eggshell of Drosophila melanogaster. New staging charac-
teristics and fine structural analysis of choriogenesis, Can. J. Zool. 64 (1986)
2152–2175.

46] A.C. Spradling, Developmental genetics of oogenesis, in: M. Bate, A. Martinez-
Arias (Eds.), The Development of Drosophila melanogaster, vol. I, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY, 1993, pp. 1–70.

47] D.N. Robinson, K. Kant, L. Cooley, Morphogenesis of Drosophila ovarian ring
canals, Development 120 (1994) 2015–2025.

48] V. Cavaliere, C. Taddei, G. Gargiulo, Apoptosis of nurse cells at the late stages of
oogenesis of Drosophila melanogaster, Dev. Genes Evol. 208 (1998) 106–112.

49] K. Foley, L. Cooley, Apoptosis in late stage Drosophila nurse cells does not require
genes within the H99 deficiency, Development 125 (1998) 1075–1082.

50] K. McCall, H. Steller, Requirement for DCP-1 caspase during Drosophila oogen-
esis, Science 279 (1998) 230–234.
51] I.P. Nezis, D.J. Stravopodis, I. Papassideri, M. Robert-Nicoud, L.H. Margaritis,
Stage-specific apoptotic patterns during Drosophila oogenesis, Eur. J. Cell. Biol.
79 (2000) 610–620.

52] I.P. Nezis, D.J. Stravopodis, I. Papassideri, L.H. Margaritis, Actin cytoskeleton
reorganization of the apoptotic nurse cells during the late developmental stages
of oogenesis in Dacus oleae, Cell. Motil. Cytoskeleton 48 (2001) 224–233.



tion R

[

[

[

[
[

[

[

[

[

[

way in cortical neurons, Radiat. Res. 169 (2008) 38–45.
[63] J.F.R. Kerr, A.H. Wyllie, A.R. Currie, Apoptosis: a basic biological phenomenon
E.D. Chavdoula et al. / Muta

53] I.P. Nezis, D.J. Stravopodis, I. Papassideri, M. Robert-Nicoud, L.H. Margaritis,
The dynamics of apoptosis in the ovarian follicle cells during the late stages of
Drosophila oogenesis, Cell Tissue Res. 307 (2002) 401–409.

54] K. McCall, Eggs over easy: cell death in the Drosophila ovary, Dev. Biol. 274
(2004) 3–14.

55] ICNIRP, Guide lines for limiting exposure to time-varying electric, magnetic
and electromagnetic fields (up to 300 GHz), Health Phys. 74 (1998) 494–522.

56] A.H.W. Nias, An Introduction to Radiobiology, 2nd ed., J. Wiley & sons, 1998.
57] E.J. Hall, A.J. Giaccia, Radiobiology for the Radiologist, Lippincott Williams &

Wilkins, Philadelphia, 2006.

58] D. Drummond-Barbosa, A.C. Spradling, Stem cells and their progeny respond

to nutritional changes during Drosophila oogenesis, Dev. Biol. 23 (2001) 265–
278.

59] D.J. Panagopoulos, N. Messini, A. Karabarbounis, A.L. Filippetis, L.H. Margaritis,
A mechanism for action of oscillating electric fields on cells, Biochem. Biophys.
Res. Commun. 272 (2000) 634–640.

[

esearch 700 (2010) 51–61 61

60] D.J. Panagopoulos, A. Karabarbounis, L.H. Margaritis, Mechanism for action of
electromagnetic fields on cells, Biochem. Biophys. Res. Commun. 298 (2002)
95–102.

61] D.J. Panagopoulos, L.H. Margaritis, Theoretical considerations for the biological
effects of electromagnetic fields, in: P. Stavroulakis (Ed.), Biological Effects of
Electromagnetic Fields, Springer, 2003, pp. 5–33.

62] V. Joubert, S. Bourthoumieu, P. Leveque, C. Yardin, Apoptosis is induced by
radiofrequency fields through the caspase-independent mitochondrial path-
with wide-ranging implications in tissue kinetics, Br. J. Cancer 26 (1972)
239–257.

64] J.C. Mills, N.L. Stone, R.N. Pittman, Extranuclear apoptosis. The role of the cyto-
plasm in the execution phase, J. Cell. Biol. 146 (1999) 703–708.


	Comparison of biological effects between continuous and intermittent exposure to GSM-900-MHz mobile phone radiation: Detec...
	Introduction
	Materials and methods
	Number of F1 pupae as a measure of reproductive capacity
	Exposure system
	Acridine-orange staining
	TUNEL assay
	Rhodamine-conjugated phalloidin staining
	Double-staining with rhodamine-conjugated phalloidin and TUNEL

	Results
	Effects of continuous and intermittent exposures to GSM on the reproductive capacity
	Ovarian cell death induced by continuous and intermittent exposures to GSM

	Discussion
	Conflict of interest
	Acknowledgements
	References


