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bstract

This study focuses on foetal development following mild daily exposure of pregnant mice to near field electromagnetic radiation emitted by
mobile phone. The investigation was motivated by the fact that the potentially hazardous electromagnetic radiation emitted by mobile phones

s currently of tremendous public interest. Physically comparable pregnant mice were exposed to radiofrequency radiation GSM 900 MHz
mitted by a mobile phone. Within 5 h after birth most cubs were fixed followed by double staining in toto, and conventional paraffin histology.
ther cubs remained with their mothers until teeth eruption. Structural development was assessed by examining newborns for the presence
f anomalies and/or variations in soft tissues and skeletal anatomy. Electromagnetic radiofrequency exposed newborns, externally examined,
isplayed a normal phenotype. Histochemical and histological studies, however, revealed variations in the exposed foetuses with respect to
ontrol ones concerning the ossification of cranial bones and thoracic cage ribs, as well as displacement of Meckelian cartilage. Littermates

xamined after teeth eruption displayed normal phenotypes. It is concluded that mild exposure to mobile phone radiation may affect, although
ransiently, mouse foetal development at the ossification level. The developmental variations observed could be explained by considering the
ifferent embryonic origin and mode of ossification of the affected skeletal elements.

2009 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

Over three billions of people in more than 200 coun-
ries are daily exposed consciously to electromagnetic fields
EMFs). Thousands of them and many others are also exposed
o EMFs (e.g., base stations, wireless phones, and wi-fi)
f varying strength unintentionally and sometimes uncon-
ciously. Early data [1–3] indicated that EMFs may cause
everal disturbances in the physiology of many animal and
lant species. The last decade has witnessed a dramatic
ncrease in the extent and magnitude of the ambient EMFs.
hese fields are currently created mostly by mobile phone
ommunication units and transmitting towers and are of
ajor concern for the society because of their close prox-
Please cite this article in press as: A.F. Fragopoulou, et al., Cranial and po
phone radiation, Pathophysiology (2009), doi:10.1016/j.pathophys.2009

mity to human populations and sensitive somatic organs
e.g., accousticovestibular apparatus, brain, eyes, and testes).
his concern is reflected into the huge literature (more than
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0,000 scientific articles and books published) devoted to the
iological effects of relevant radiofrequencies (RFs). Numer-
us reports support the notion that the biological risk from
Fs [4–7] and from ELFs (extremely low frequencies) [8]

or people is negligible. However, most of the studies car-
ied out thus far implicate EMFs with a wide spectrum of
isturbances at the anatomical, physiological, cellular and
olecular level both in humans and animal models [4,9–12,

nd references therein]. Since such controversies are not yet
ettled and remain still vivid, further evaluation of the impact
f new technologies on the human body is essential in order to
lucidate this issue and to impose, if needed, new regulations
o further limit health risks.

Research performed worldwide seeks to evaluate any
otential link between adverse health effects and the mobile
hone radiation along with the associated mast stations
stcranial skeletal variations induced in mouse embryos by mobile
.10.002

12,13]. Most studies focus on the effects of microwave radia-
ion on near-source, high significance human organs [14–19].
here is no doubt that a great deal of the biological effects

eported thus far are mainly caused by the part of the intrinsic

dx.doi.org/10.1016/j.pathophys.2009.10.002
mailto:skoussou@biol.uoa.gr
dx.doi.org/10.1016/j.pathophys.2009.10.002
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nergy carried out by the RF microwaves and ELFs which
s absorbed by and affects various tissues [20]. The extent
nd the magnitude of those biological effects depend largely
apart from the absorbed energy) on several physical parame-
ers and biological variables, too (e.g., mass and geometry of
he body, tissue type, subject grounding, local organ temper-
ture, resonant frequency, and wave direction), which, due to
heir variability and unpredictability may lead frequently to
ontroversial results [9,21–23].

For plausible reasons, most relevant experimental studies
ave been carried out on animal models. Admittedly, results
f animal studies cannot be directly translated to human
eings; however, the inevitable extrapolation of information
athered from animal studies to humans is well justified due
o the plethora of anatomical similarities and the conservative
ature of developmental and physiological processes [24].
hereas the impact of EMFs on the exposed animals per se

s extensively studied, little attention has so far been paid to
he effects of EMF RFs on pregnancy [5,8,25–28], therefore
oncern has been expressed about the possible adverse effects
f exposure to power–frequency EMFs on the development
f the embryo and foetus. In a pioneer work, Leeka Kheifets’
roup has attributed behavioural defects on children born by
others using mobile phones (MPs) during pregnancy [29].
owever, since the results of both experimental and epidemi-
logical studies are still inconclusive, further laboratory or
echanistic studies have been recommended.
The aim of the present investigation was to analyze the

mbryonic development of mice whose dams were exposed
o mild RF EMFs emitted by a commercially available mobile
hone in close contact with each animal. We have examined
ouble-stained and cleared cranial and postcranial skeletal
lements as well as paraffin histological sections of newborn
ice after daily exposure of their pregnant mothers during

he whole gestation. Results indicate a transient disturbance
n the ossification process of various bones, which, however,
ecover postnataly.

. Materials and methods

.1. Animals and their housing

Healthy, young (two months old), nulliparus female mice
Balb/c Mus musculus, from Hellenic Pasteur Institute) from
ifferent litters and of the same age and size were quar-
ntined in our laboratory for two weeks to assess their
ealth and to allow them to acclimatize in a thermostati-
ally maintained room (22 ± 1 ◦C) and artificial illumination
12:12 h light/dark photoperiod, lights on at 07:00 a.m.)
ith standard food, tap water ad libitum and frequent air

hanges. The animals were housed individually in small
Please cite this article in press as: A.F. Fragopoulou, et al., Cranial and po
phone radiation, Pathophysiology (2009), doi:10.1016/j.pathophys.2009

ages (9 cm × 19 cm × 12 cm). A conventional radio was
laying in the animal room during acclimatization to imi-
ate human voice required for the exposure session in order
o stimulate mobile phone emission. All animal handling
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nd experimentation were carried out according to the ethics
ecommendation of the European Communities Council
irective.

.2. Exposure of pregnant mice to electromagnetic field

One week before the exposure session, cages were trans-
erred to the exposure room having identical conditions
s the animal room. Five days before programmed mat-
ng all selected females were individually exposed (within
heir maintenance cages) to commercially available mobile
hone whole body irradiation for 0 (control group: “exposed”
o a battery-less mobile phone), 6 and 30 (experimental
roups) min/day on successive days (time of day when
he exposure occurred, between 12.00 and 14.00). The 5-
ay pre-pregnancy exposure was suggested to allow for
likely activation of intrinsic defense mechanisms (e.g.,

eat shock proteins, regional blood dynamic shifts) which
ave evolved by natural selection over millions of years
f exposure to natural electromagnetic radiation. Addition-
lly, since it is well documented that mouse immobilization
s a stress-inducing factor, which influences the studied
arameters [30] mice were allowed to live and move freely
n their cages (internal dimensions, 9 cm × 19 cm × 12 cm),
ompletely devoid of stress-inducing and maternotoxic fac-
ors.

After successful mating (vaginal smear, each female fer-
ilized by a different male) pregnant mice were similarly
xposed from the beginning of the pregnancy until term
total exposure time: 5 mice for zero, 7 for 126 and 7 for
30 min) to GSM 900 MHz. Foetuses in uterus grow in a
ilieu where complex factors, such as external noises or

emperature fluctuations, possibly caused by the experimen-
al procedures are not expected to influence intrauterine
evelopment. We preferred individual exposure in order to
void electromagnetic shading. The exposure times were
elected as representing a modest daily unintentional expo-
ure to EMF RFs. The RF field for each mouse was emitted
y a commercially available mobile phone with pulsed
SM (Global System for Mobile communications) at a fre-
uency of 900 MHz microwaves during a normal call. The
obile phone was positioned at the middle of the cage

ase under a sheet of dielectric material which supports the
lectrostatic field while dissipating minimal energy in the
orm of heat. The EMF dosimetry produced by the mobile
hone was constantly monitored by the Smart Fieldme-
er, EMC Test Design, LLC, Newton, MA, USA and the
ecorded electrical field strength values within the cage,
n the area where the mouse is moving, was 30 ± 5 V/m
volts/meter) depending on the sound level (speaking emis-
ion [31]).

The calculated specific absorption rate (SAR) was in the
stcranial skeletal variations induced in mouse embryos by mobile
.10.002

ange of 0.6–0.94 W/kg, therefore thermal effects on dams
nd foetuses are not expected [note: the maximum SAR
alue for members of the public exposed to RF radiation
t 900 MHz is set to 1.8 W/kg] [32]. The specific absorption

dx.doi.org/10.1016/j.pathophys.2009.10.002
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Table 1
Summary of experimental design and observed incidence of variations in
newborn mice whose mothers were exposed to cell phone electromagnetic
fields.

(a) (b) (c) (d) (e) (f) (g) (h)

5 (0 min) [5] 7 [5] 0 [0] 0 [0] 0 [0] 0 [0] 9 [5]
7 (6 min) [7] 20 [7] 12 [7] 20 [7] 0 [0] 0 [0] 9 [7]
7 (30 min) [7] 20 [7] 20 [7] 20 [7] 18 [7] 6 [4] 9 [7]

(a) Pregnant mice exposed to cell phone EMFs. (b) Litters. (c) Newborns
randomly taken and double-stained. (d) Newborns with cranial bone
variation. (e) Newborns with “white” rib part. (f) Newborns with displaced
Meckelian cartilage. (g) Newborns with 8th rib attached to sternum. (h)
Newborns left with their mothers.
- Historical control range for malformations or variations from
various sources (e.g., MARTA and http://phenome.jax.org/pub-
cgi/phenome/mpdcgi?rtn = docs/home) do not include data matching
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xactly with ours.
All experimental data are significantly different from the control group
sing Fisher,s exact test.

ate was calculated according to the formula:

AR = σE2

ρ
(1)

here E is the electrical field, σ is the mean electrical con-
uctivity and ρ is the mass density of the irradiated tissues.
he parameters used for our mice were calculated according

o [33] for adult mice, using Eq. (1) by applying the measured
lectrical field density 30 V/m, adopting σ = 0.8 S/m (average
issue value) and mass density ρ = 1040 kg/m3. Although the
lectromagnetic near field is practically inhomogeneous dur-
ng the exposure period, all mice are considered as receiving
he same average exposure level. Sham-exposed mice were
ept strictly under the same conditions as irradiated mice, (a
attery-less mobile phone and a playing radio included), but
ithout any radiation present, as measured by field meters.

.3. Experimental design

In order to evaluate the influence of the emitted EMF RF
icrowaves on the exposed pregnant mice, they were regu-

arly weighted, and examined daily throughout the gestation
eriod for general appearance and locomotor activity by cage-
ide observation. Their stereotyped behaviour was tested and
heir fixed motor patterns (complex rhythmic motor activities,
.g., tail and leg coordination during movements, walking,
urning, rearing) were monitored. At birth, 27 newborns from
9 dams (9 from 0 min exposure, 9 from 6 min, 9 from 30 min)
emained with their mothers until eruption of all their teeth.
orty-seven specimens of offspring (7 from 0 min, 20 from
min and 20 from 30 min) were fixed in 95% alcohol and
rocessed (e.g., skin removal, and evisceration) for dou-
le, histochemical staining (Alcian blue—Sigma/Aldrich,
teinheim, Germany, for mucopolysaccharides, alizarin red
Please cite this article in press as: A.F. Fragopoulou, et al., Cranial and po
phone radiation, Pathophysiology (2009), doi:10.1016/j.pathophys.2009

—Ferak, Berlin, Germany, for osseous tissue) [34] and
learing (in glycerine—AppliChem, Darmstadt, Germany) in
rder to reveal skeletal elements (Table 1). Sixteen newborns
4 from 0 min, 6 from 6 min, 6 from 30 min) were fixed in 5%
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queous formaldehyde solution—Merck, Darmstadt, Ger-
any, embedded in paraplast, sectioned at 5 �m and stained

y Domagk,s method [35]. Briefly, this is a three-step staining
rocedure including nuclear red—Serva, Heidelberg, Ger-
any, aniline blue—Merck, Darmstadt, Germany and orange
—Merck, Darmstadt, Germany. Before processing all fixed
ewborns were weighed, measured and outwardly inspected
y binocular stereoscopy.

.4. Statistical analysis

All analyses were two-tailed for a significance level of
%. One-way analysis of variance (ANOVA) was applied for
ontinuous maternal and foetal variables. The number of lit-
ers with developmental variations was analyzed by Fisher’s
xact test.

. Results

.1. Inspection of exposed pregnant mice

Inspection of the exposed and non-exposed pregnant mice
as performed on a daily basis and no obvious differences
ere observed. The body mass increase was similar, the

tereotyped behaviour and fixed motor patterns (complex
hythmic motor activities, e.g., tail and leg coordination dur-
ng movements, walking, turning, and rearing) remained
nchanged. In addition, the lack of any stress condition
as estimated by the lack of any stretch attend or flatback

pproach.

.2. Binocular inspection of newborns before and after
n toto double staining

Inspection included overall body structure (limbs, digits,
ail, ears, nostrils, whiskers, body weight and length). Under
ur chosen conditions, no externally displayed phenotypic
ifferences were detected between experimental (n = 70) and
ontrol (n = 20) newborns. Alcohol-fixed newborns macer-
ted in KOH and cleared in glycerine after whole body double
taining for mucopolysaccharides and osseous tissue were
arefully inspected under the dissecting microscope. Most
f the skeletal elements (e.g., vertebrae and appendages)
ppeared normal (i.e., we do not count as “supernumerary” a
ery small spike on the vertebrae). Only a few cranial bones
nd thoracic cage ribs displayed some developmental vari-
tions. Table 1 summarizes experimental design and main
esults.

.2.1. Cranial bones
The embryonic skull base (basicranium), a part of the car-
stcranial skeletal variations induced in mouse embryos by mobile
.10.002

ilaginous neurocranium of neural crest origin, consists of
series of cartilages (e.g., basioccipital, basisphenoid, pre-

phenoid, and ethmoid) separated by their synchondroses.
asicrania from control and experimental animals displayed

dx.doi.org/10.1016/j.pathophys.2009.10.002
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Fig. 1. Alizarin red S staining indicates that, 30 min daily exposure of mouse embryos for 21 days seems to “favour” intramembraneous ossification, as indicated
by the phenotype of parietals (p), interparietal (i), exoccipital (e) and hyoid (h) bones. 0 = 0 min exposure, 30 = 30 min/day × 21 days exposure. [Recall, that in
the mouse, the interface between the frontal and parietal bones – the coronal suture – is a boundary between neural crest and mesoderm]. Note that Meckelian
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artilage (single arrow, the blue line under the condyloid process) of control
n experimentals (30) is substantially displaced (single arrow) with respect
variations in background color are due to picture editing to maximize contr
s referred to the web version of the article.)

xactly the same normal phenotype (therefore, data not
hown), a fact which might imply that the cumulative rates
f the absorbed energy do not affect relevant neural crest cell
igration and homing, pattern formation and differentiation

s well as basicranium formation and brain morphogene-
is.

All skull roof bones derive by intramembraneous ossifi-
ation, that is, mesenchyme in the deeper layer of the dermis
ifferentiates directly to bone. The neural crest derived bones
frontal, squamosal, alisphenoid, and orbitoshenoid) of the
xperimental groups do not differ with respect to controls. In
ontrast, parietals, which derive from head mesoderm seem to
espond to the irradiation schedule by increasing their min-
ralized parts, as revealed by the mere intense alizarin red
staining with respect to control animals, where the blue

tain prevails. Similarly, the central part of the interparietal
one, although of neural crest origin, seems “more” ossified
n experimental than in control animals (Fig. 1). Recall, that
he central part of the interparietal, in contrast to the other
clerotomal occipital region bones, is of intramembraneous
rigin.

In the cartilaginous viscerocranium all skeletal elements
palatoquadrate, Meckelian cartilage, stapes, maleus, incus,
nd hyoid) are of neural crest origin (from posterior midbrain
nd rhombomeres 1 and 2) through the pharyngeal arches.
he Meckelian cartilage runs forward immediately below and
ontacting the condyloid process (Fig. 1). At its proximal end
he malleus and incus, two of the bones of the middle ear, are
eveloped. In contrast, in the group of 30 min exposure a
isplacement in the direction of the Meckelian cartilage is
bvious, as it runs in the middle between condyloid process
nd angle.
Please cite this article in press as: A.F. Fragopoulou, et al., Cranial and po
phone radiation, Pathophysiology (2009), doi:10.1016/j.pathophys.2009

.2.2. Thoracic ribs
In 40 examined experimental animals of the 6- and 30-min

roup, an unstained area was observed between red stained
i
p

als runs closely apposed to the condyloid process (double arrow), whereas,
ondyloid process (double arrow). Otic capsule looks normal in both cases
or interpretation of the references to colour in this figure legend, the reader

roximal rib part and the blue stained distal rib part. Six out
f twenty 30-min-exposed animals displayed the 8th left tho-
acic rib attached to the 6th sternebra, whereas, on the right
emithoracic cage the anatomy was normal (seven ribs artic-
lating to the sternum) (Fig. 2). The ribs shown in Fig. 2
0 were de-glycerinated, de-hydrated, embedded in paraf-
n and sectioned at 5 �m (Fig. 3). The blue and red stained
reas (A and C, respectively) retain their staining, whereas,
he middle, unstained part remains unstained (B), indicating
erhaps lack of mucopolysaccharides, glucosaminoglycanes
nd calcified tissues. However, continuation of the histolog-
cal procedure (removal of paraffin, hydration, Domagk’s
taining, Bs) reveals that even the rib part unable to react
ith alcian blue or alizarin red S during double staining in

oto, now gives intense staining with aniline blue, indicating
resence of collagen and reticular fibers.

.3. Histological observations

Conventional paraffin histology (Domagk’s staining) per-
ormed on several control and experimental newborns (both
imply preserved in formaldehyde and already double-
tained) at places where double staining reveals variations
e.g., parietal bones) does not indicate any difference. In
ontrast, the unstained rib part, present only in cell-phone
xposed animals, displays a highly vacuolated structure
Fig. 3Bs).

. Discussion

.1. General
stcranial skeletal variations induced in mouse embryos by mobile
.10.002

The experimental and the epidemiological studies deal-
ng with the effects of EMFs on biological systems and
erformed thus far worldwide are quite numerous, but their

dx.doi.org/10.1016/j.pathophys.2009.10.002
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Fig. 2. Thoracic cages from newborns whose mothers were exposed to whole body cell phone radiofrequency for 0 min (0), 6 min (6) and 30 min (30, 30m)
daily for 5 + 21 days. Control specimens (0) indicate normal ribs (0 left) and a normal sternum (0 right) with six sternebrae and seven pairs of sternal ribs
(costal cartilages) attached to them. The osseous part (red) is followed uninterrupted by the cartilaginous (blue) one. (6): 6 min exposure: flat mount of a rib
cage shows that between ossified (red) and cartilaginous (blue) zones of all ribs, a zone stained with neither alizarin red S nor alcian blue intervenes, indicating
a disturbance in the ossification process in experimental animals. Although the right half of the thoracic cage (left to the reader) displays the physiological
c e displa
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ase (7 ribs articulating with the sternum), the left part of the thoracic cag
ntervening between bone and cartilage is more prominent. (30m): magnific
f the references to colour in this figure legend, the reader is referred to the

esults are not unanimous, ranging from reserved to enthusi-
stic and “reveal” deleterious, harmless as well as beneficial
ffects [36]. An inherent difficulty in the assessment of the
mpact of electromagnetic radiation on the living matter
riginates from the fact that these studies are minimally
omparable since they were performed on a plethora of
Please cite this article in press as: A.F. Fragopoulou, et al., Cranial and po
phone radiation, Pathophysiology (2009), doi:10.1016/j.pathophys.2009

ifferent live animals, cultured cells, artificial models,
aterials and organs, using different sources, frequencies,
odulation and strengths of the EMFs, whereas, the methods

f assessment are frequently quite different. For example, our

i
o
a
n

ig. 3. Transverse microtome sections (5 �m) at distal (blue, A), medial (“unstaine
ere paraffinized, cut and photographed without any further treatment. Bs is a sectio

taining). B and Bs figures indicate that cell phone radiation affects the front of ri
aximize contrast]. (For interpretation of the references to colour in this figure leg
ys 8 articulating ribs. (30): After 30 min exposure the unossified rib part
f (30): A periosteal band (arrow) is formed throughout. (For interpretation
rsion of the article.)

esults concerning disturbances only in some bones (cranial
nd ribs) coincide with several reports [27,37,38] but they do
ot agree with others [7], who found that their experimental
esign did not produce any biologically significant effect
n either dams or foetuses. Despite the existing numerous
ontestations and doubts, there is a lot of data and evidence
stcranial skeletal variations induced in mouse embryos by mobile
.10.002

n favour of continuing similar studies. The main purpose
f the present experimental work was simply to show that
ctually even modest exposure to EMFs may interfere with
ormal mammalian embryonic development.

d”, B), and proximal (rot, C) part of the ribs shown in Fig. 2.30. Those ribs
n of B after conventional histological treatment (deparaffinizing, Domagk,s
b ossification [variations in background color are due to picture editing to
end, the reader is referred to the web version of the article.)

dx.doi.org/10.1016/j.pathophys.2009.10.002
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.2. Exposure to electromagnetic fields

The rapid global increase in the use of wireless technology
as been followed by a multiple increase in public concern
egarding health and safety aspects. Many countries have
lready established safety guidelines and have set limits for
he electric and magnetic field strengths for protecting their
itizens from radio-frequency exposure. The basic exposure
imits are frequently defined in terms of specific absorp-
ion rate (SAR), a surrogate measure used to quantify the
ody-core temperature rise induced by the absorption of the
lectromagnetic energy. Practically, SAR cannot be directly
easured for any individual and is not accessible for rou-

ine evaluation of real-life exposure therefore SAR values
re assessed by extrapolating data obtained primarily from
xpensive simulations in hominoid models imitating human
tructure and tissue composition and, tissue measurements in
aboratories. However, proof is constantly accumulating that
MFs are very dangerous far below levels of heating (non-

hermal effects) rendering thus SAR inadequate for imposing
afety guidelines. Since such approximations are frequently
versimplified and SAR validity is being questioned by the
atest calculation results [39–41], RF safety is most often
etermined and expressed in terms of power flux density
W/m2). Besides, electrohypersensitivity, just emerging as
possibility to denote differential sensitivity of humans (so

ar) to EMFs is a fact. The only real-life quantities that can
e measured somewhat easily are the free-field electric and
agnetic field strengths. In addition, whole-body and spe-

ific tissue SAR values cannot be accurately calculated for
he developing embryos in the present study because the
ensity and the electrical conductivity of most embryonic
nd foetal structures (soft tissues, cartilage, bone) is con-
tantly changing throughout development [23]. Apart from
hat, the progressive increase of the size of the develop-
ng organism, the alterations in foetal orientation relative to
he electric and magnetic field vectors and in the direction
f wave propagation make SAR calculations by numeri-
al dosimetry extremely difficult and practically unreliable
42,43].

The ultimate aim of the present investigation was to
rovide some data which might be used profitably for the
xtrapolation of information derived from the laboratory ani-
al studies to human health hazard and risk assessment.
here is strong scientific rationale for using data from ani-
al studies due to the conservative nature of developmental

rocesses. Several approaches are being used in order to
eveal the possible health effects from non-ionizing radiation:
nimal experiments, cell culture experiments, theoretical
pproaches and clinical as well as epidemiological stud-
es of humans exposed to this type of radiation through

obile phone, wireless DECT, mast antennas, etc. Results
Please cite this article in press as: A.F. Fragopoulou, et al., Cranial and po
phone radiation, Pathophysiology (2009), doi:10.1016/j.pathophys.2009

n the effects of non-ionizing electromagnetic radiation on
any aspects of animal physiology have been conflicting,

ome reports showing detrimental outcomes while others fail
o document any harmful consequence [4,6,9,11,12]. How-
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ver, since it is beyond doubt that magnetic fields as low
s 1 �T can induce biological effects, exposure of a per-
on to a conventional mobile phone that peaks at several
ens of microtesla may induce harmful effects [44]. The
on” mode of most cell phones exhibits extremely low fre-
uencies emission at 50–100 nT and, 5 nT in “stand-by”
ode. The background environmental level is estimated to
value of 2 nT. Moreover, GSM mobile phones emit both

ulsed radio waves (from the antenna) and ELF (from the
attery circuits) that are especially dangerous for biologi-
al tissues. The vast majority of the relative investigations
ocus on near-source organs such as brain, eye and ear, and
ook for disturbances mainly in brain functions and anatomy
learning, memory, blood–brain barrier, neuron death, etc.
3,14,45]) of the exposed adults, paying little attention to
mbryonic development [27,28,38,46]. However, it is rec-
gnized that additional investigations are needed to acquire
atisfactory knowledge for a rigorous and comprehensive
isk assessment. Our present study aims to provide infor-
ation concerning prenatal development and shows that

ven modest exposure levels of pregnant mice to electro-
agnetic fields emitted by commercially available mobile

hone affects the normal developmental procedures, as
ndicated by the observed morphological variations. Under
ur “mild” experimental conditions these effects are not
ermanent, since the animals seem to recover postna-
aly.

.3. Binocular inspection of newborns and 35-day-old
ubs

External examination under the dissecting microscope and
easurements revealed lack of any difference between exper-

mental and control animals. [We consider as quantitative
different” a value far from the mean of the control group
y 2 standard deviations.] In this respect, our findings are
n full agreement with those reported by other laboratories
27,37,38].

.4. Whole newborn double staining

We have focused our attention mainly on calcifying struc-
ures because they are well defined and variations are readily
iscernible. In addition, since their electrical conductivity (in
/m) is much lower than in other tissues (e.g., 0.20–0.82 for
ones, 0.52–1.79 for cartilage and 0.07–0.04 for teeth) and
heir density (in kg/m3) is much higher (1950, 1100, 2160,
espectively), by applying SAR equation (SAR = σE2/ρ),
hermal effects can be excluded [23,32].

Newborns cleared in glycerine after whole body double
taining for mucopolysaccharides/cartilage and osseous tis-
ue were carefully inspected under the dissecting microscope.
stcranial skeletal variations induced in mouse embryos by mobile
.10.002

ur results clearly show that even modest exposure (e.g.,
nly 6 min daily for 21 days, see Table 1) is sufficient to
nterfere with the normal mouse developmental process caus-
ng several variations affecting mainly osteogenesis. In this

dx.doi.org/10.1016/j.pathophys.2009.10.002
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espect, our main result, that only a few cranial bones and
horacic cage ribs displayed some developmental variations
re in full agreement with those of [24]. These effects are
robably quantitative, as deduced by the increased serious-
ess at 30 min exposure window. However, these effects are
ot permanent, as indicated by the normal osteogenic pattern
isplayed by 35-day-old mice; it is since long known that off-
pring with mild ossification delays are likely to recover [47].
everal studies have examined the potential role of maternal

oxicity or stress on the development of skeletal variations in
heir offspring. Some investigators maintain that many skele-
al variations are the secondary results of maternal toxicity
48,49]. This is not our case since all animals, both control
nd experimental were selected in the same manner and left
reely moving in their cages, without handling or any restric-
ion, the latter to obviate any stress-related exposure module
onfinement effects.

Most of the 41 mouse cranial bones derive from cranial
eural crest cells [50]; the rest are of paraxial mesoderm
rigin. Some of them (basicranium) display endochondral,
hereas the others (cranial vault and facial bones) exhibit

ntramembranous mode of ossification [51]. Cranial bone
evelopment and growth is influenced by brain growth, mean-
ng that their final shape and size follow that of the brain.
hese skeletal elements play key roles in integrated craniofa-
ial morphogenesis. Due to the highly complicated nature of
ead development, craniofacial dysplasias alone account for
umerous dysmorphic features. Therefore, any deviation or
elay in the development of embryonic cranial skeletal ele-
ents constitutes a type of skeletal abnormality or variation
et frequently in studies of environmental risks assessment

nd might unveil interference of an external cause.
We consider that the changes we have observed are due

o the irradiation effect and it is unlikely to reflect normal
ariation range, since making a MARTA (Middle Atlantic
eproduction and Technology Association) survey did not

eveal any such information.
Mice normally possess 13 pairs of thoracic cage ribs. The

pper seven pairs are connected to the sternum by seven pairs
f costal cartilages (six intervening sternebrae). The rest six
airs are free. Each mammalian thoracic cage rib consists
f three constituents, the proximal part, the vertebral part
nd the sternal part (possibly, all three of sclerotome origin).
t ED (embryonic day) 12, the entire mouse rib consists of

artilage, but at ED 14 the rib cartilage template becomes
nvaded by blood vessels, osteoclasts and osteoblasts and a
rowth plate is established dorsally and ossification begins,
roceeding ventrally towards the sternum.

When ossification centres are established in the normal
ib bone development, the chondrocytes hypertrophy, glyco-
en accumulates within them, and their cytoplasm becomes
ighly vacuolated. As the chondrocytes hypertrophy, there is
Please cite this article in press as: A.F. Fragopoulou, et al., Cranial and po
phone radiation, Pathophysiology (2009), doi:10.1016/j.pathophys.2009

n enlargement of their lacunae at the expense of the inter-
ening cartilage matrix, which is gradually reduced to thin
enestrated septa and irregularly shaped spicules. The remain-
ng hyaline matrix in the region of hypertrophic cartilage

b
a
m
i
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ells becomes calcifiable, and small granular aggregations
nd nests of crystals of calcium phosphate are deposited
ithin it. The portions stained with neither alcian blue nor

lizarin red S in the ossification centres of normal foetuses
ay correspond to the vacuolated cytoplasm of chondrocytes

r their enlarged lacunae. Cell-phone-treated foetuses had
arge and irregular unstained portions compared to normal
oetuses. It is suggested that EMF RF inhibits bone deposi-
ion, when the primary ossification centres are being formed.
t must be stressed that inhibition of bone deposition is
lso described during rat embryonic development after expo-
ure to carbon tetrachloride, 1,1-dichloroethane and methyl
thyl ketone [52]. Understanding the etiology and degree of
elayed ossification or growth retardation may be important
n making decisions about the importance of the results for
uman development.

Under this scope it is important to mention Leeka
heifets’ recent report on behavioural abnormalities
bserved in children born by mothers using mobile phone
uring pregnancy [29].

The key question is: do living organisms react upon their
xposure to electromagnetic fields at radiofrequencies and
bove? The major issue is that unlike other forms of exposure,
he use of the mobile phone takes place near the user’s head
nd therefore the elucidation of the cellular, molecular and
ehavioural effects are of utmost importance, especially since
he majority of future users are the current teenagers.

. Conclusion

The worldwide use of cell phones has brought focus on the
otential for radio frequency (microwave) electromagnetic
adiation to elicit biological stress responses, in association
ith detrimental effects of this to human health. However,

he so far existing data is contradictory enough, a fact which
ampers an undisputable evaluation of the harmful effects of
he microwaves at the level of the cell, the organ, the individ-
al and the population. Many of the related studies are flawed
y inconsistencies in exposure models, cell types used and
he independent reproducibility of the findings. Further, the
aucity of evidence from in vivo experimentation is largely
onflicting.

In the present study we have used a statistically sufficient
umber of experimental animals, subjected to an exposure
hose duration and strength might represent a minimal
uman exposure level to MP radiation. It was clearly indi-
ated that even such weak exposure conditions may affect,
lthough transiently, mammalian embryonic development.
pecifically, embryonic development taking place in the pres-
nce of mild electromagnetic field throughout the gestation
eriod for just 6 min daily, affects fetuses reversibly on their
stcranial skeletal variations induced in mouse embryos by mobile
.10.002

one formation. This is caused possibly through the inter-
ction of the microwaves and/or the ELF components of
obile phone radiation with crucial molecules and ions being

nvolved in embryogenesis.

dx.doi.org/10.1016/j.pathophys.2009.10.002
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