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Abstract: Humens are continuously exposed to harmful environmental factors, ncluding Electromagnetic Fields
(EMF) produced by home appliances, diagnostic tools and industrial instruments. The present study
investigates morphologically the effects of EMF on ovarian follicles. Female Wistar rats were exposed to 3 mili
Tesla EMF for 4 h day™ for 4 months, the ovaries from both experimental and control groups were processed
for Transmission Electron Microscopy (TEM) and TUNEL reaction technique. TEM revealed that i the oocytes
from experimental group the nuclei were shrunken and zona pellucida appeared narrower than those in the
control group. The number of microvilli were decreased significantly and in their cytoplasm there were several
lipid droplets and organels were dispersed. Signs of apoptosis such as condensed muclei, chromatin
margmation and nuclear membrane dilatation were common in granulosa and corona radiata cells from the EMF-
exposed rats than those from the control group. Primary morphological changes in the granulosa cells from this
group were retraction of granulosa cells, loss of microvilli and condensation or loss of mitochondrial cristae.
The morphological changes i1 cocytes seem to indicate the cytotoxic effect of EMF and the changes occurred
in granulosa cells coincide with imtiation of apoptosis 1n granulosa cells. Present results suggest that EMF
exposwre may interfere with normal process of folliculogenesis.
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INTRODUCTION

Tt is known that Electromagnetic Field (EMF), as an
environmental factor, can produce functional and
structural disorders. Progressive dependency of modern
life to electrical devices has increased public concern
about the potential effects of EMF on health. Humans
are, indeed, continuously exposed to such harmful
environmental factors produced by home appliances,
diagnostic tools and industrial instruments with widely
varying frequencies (Torregrossa, 2005; Genuis, 2007;
Zymslony, 2007). It has been suggested that electric and
magnetic fields at environmental levels may extend the
lifetime of free radicals and result in DNA damage
(Michael et al., 1999; Lai and Singh, 2004). EMFs could
have a harmful effect on cellular metabolism by affecting
biochemical reactions, behavior of charged molecules and
ion channels, synthesis of macromolecules (Levin, 2003;
Lai and Singh, 2004).

Some  authors have reviewed risks of
EMFs/Radiofrequency (RF) radiation on reproduction

(Cherontf et al., 1992; Ahnied et al., 2002). Exposure to

magnetic fields 1s reported to cause some adverse effects
on female fertility (Huuskonen et al., 1993). These studies
reviewed the potential effect of EMFs on infertility;
unplantation rate, number of living fetuses, sex ratio;
miscarriages, premature births; Intrauterine Growth
Retardation (TUGR), low birth weight, congenital
malformations or genetic diseases, permatal deaths and
long-term effect like childhood cancer (Chiang et al., 1995;
Feychting et al., 2005; Lahiyjam et al., 2007).

During the development of ovarian follicle in human,
recruitment of a cohort of follicles occur, with only one
destined to ovulate. The remainder of the cohort
undergoes atresia by uncertain stimuli and mechanisms.
Tt appears that growth factors and related peptides may
are involved in this process (Gougeon, 1996; Wei and
Giudice, 1997, Fogh et al, 1997). It 15 suggested that
follicular atresia in the ovary results from apoptosis
(Williams and Smith, 1993), in which cells die through
activation of  specific  endogenous  nucleases,
resulting in certain morphological  changes and
DNA fragmentation (Billg et af., 1993). Morphological
changes could be revealed by use of electron microscopy
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and the DNA breaks coddd be detected by applyins
terminal deoxyuridine nuclectide endlabelins  assay
(TUWEL). The role of apoptosis in follicuar atresia has
beenn extensively inwvestigated @ wro and in wifro by
molecular approaches in the rat (Chun ef o, 1996, pg
(Tilly ef al., 19920, hamster (Bair of 2f, 1996), chicken
(Tilly ef o, 19917, rabbit (Kaswra, 1995 and cow
(Joly ef &, 1994). The aitns of the present stady are) to
study EMF-induced alterations in ovarian follicles at
celllar lewvel and to fined out whether exposxe to ERF
could increase the incidence of apoptosi s infollicular cells
atud oocyte.

MATERIALS AND METHOD S

Thirty achult female Wistar rats weighing 150-200 g
were used in the present study, The andmals were housed
in plastic cages and kept in an air-cotditicted room
(temperature 24°C, humidity 453% and mairtained ona
12 hlight and 12 h dark cyele as previously reported
(Flaws ef al, 1994; Kao o ai, 1999, The rats fed by
laboratory chow and water ad Blifen . Experiments were
carried ot in ardmal care it and Dnag Applied Research
Certer of Tabtriz Urdversity of Medica Sciences, Iran

The rats were divided into control and ex perimertal
grovgps. The rats in the expetimertal group are exposedto
3 milli Tesla EWF for 4 mornths, 4 hday™ . The EIF was
produoced by a device using 50 Hz aternative current
After the experimertal period, for electron microscopie
studies the tissue pieces of the ovaties dissected out and
fixedin 2% gdutaraldelrrde in a 0.1 M phosphate tooffer
atid post fixed in 1% 020, The specimens wete then
debirdrated through graded concentrati one of ethanol and
embedded in resin One-micron semi-thin sections were
stainied with tolhudine hlue. Ulira thin-sections from
selected blocks were stained with watey] acetate and lead
citrate and ohzerved in a LED 906 transmission electron
thicroscope.

Morphometric studies wete carried ot on electron
micrographs using comim on teanwement tools.

For determination of DNA fragments in apoptotic
cellz the specimens were fixed in 10% neutral nffered
formalin and DM & davage was detected by use of anin
situ cell death detection kit (FOD, Roche laboratories,
Germatnf) and TUNEL staining was cattied out according
to  marmfacharer’s instructions. For  assesamert  of
apoptotic cells the stained specit et were viewed wnder
bright field microscope and TUNEL postive cells were
detected on the basis of their brownish color. Statical
atilysis was carried out uvasing studert t-test with the
SPEE package to determine the significance of any
differenices seen in the parameters shadied

RESULTS

Control group : Healthy cocytes, in developing follicles,
shored simila ultrastractural morphol ogy regardless of
the stage of dewvelopment. Oocytes in follicdes that
developed to or beyord the primary stage acguired a zona
pellucida, which encompassed and was tightly apposed
to both the oocte and the surounding layer of
gavdosa cells (Fig. 10, The average width of zona
pellucida in control group was 1495 42 pun. In healthy
follicles, the inmer layer of grarmlosa cells, so called
cot ot radiata, was composed of columnar cells and was
inn contact with the zona pellucida, Microvilli from the
oocyte and gramidosa cells were penetrated the zona
pellucida (Fig 17, The zona pellucida contained 9540 56
tmicrovilli sections per cm®. The cytoplasm of oocyte was
sparsely popdated with loosely clustered organelles.
litochondria in oocytes appeared round or oval, rather
dark and had a small member of identifishle shelf like
crista. Mumerous ribosome, pootly developed rough
enidoplasmic reticulum  and  some  derbis-contairing
vesicles, with morphological featwes of secondary
Iysosomes, were aso obhserved. A amall groups of shiort,
roughly parallel, linear stractures, previously called
lamiellae, o cytoplasmic rays, were dispersed throughoat
the cytoplasm. Figure 2 shows the macleus of an oocyte
from cordrol group. It demonstrates a regular and round
enchr crratic muacleus with surrounding maclear ervrel ope.
The rmcleus cottain & well developed macleomdus. In the

Fig 1: Transmission eectron micrograph of a dewel oping
follicle from the cortrol rat owary demonstrating
the Gramdosa Cells (GC) and the Zona Pellucida
(ZF surrounding the Oocyte (OO0, Penetrated
mictorrilli from ooeyte atd coronal cellzinthe zona
pellucida are obrrious. In the cytoplasm of oocyte
Lamella(L), afew 3 econdary Lysosomes (5L and
fairtly stained mitochondra are seen Junction
betrreen coronal cellsis shownwith arrow. 23000
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Fig 2: Transmission electron micrograph of the mideus
of a deweloping oocyte from the control rat owvaty,
Mote ahom ogenoas aclear chromatin and a well
dewveloped nucleclus. 210000

Fig 3: Transmission electton micrograph of developing
follicle from the control rat ovary showing
Gratmdoga Cells (GO, theca interna atid Theca
extertia (TC), basem etd temmbrate (arrow) 20 3000

dewelopinyz follicles the gratndosa layer commposed of
severd cell layers and were enclosed by theca inderna and
externa (Fig. 30 The gramidosa cells had euchromatic
rmacled, several eytoplasmic organelles e were rest on a
distitiet  basement membrane. There were  some
electrolucent spaces hetween gramlosa cellzs The theca
ittertia was rich it cells and bl ood weasels, while the theca
externa wastich in collagen fibers (Fig. 30

EMF-exposed group: In the EMF-exposed rats
ultrastructural alterations in oocytes wete apparent. That
ig, zonapellucida appearedmore condensed and nary oarer
that the control group. The width of the zona pellucida

Fig. 4: Transmission electron micrograph from an ENE-
exposed devel oping follicle from a rat ovary. Mote
codetised gramdosa cells (G0 which are lost
cortact with zona pellucida and adjacent cells. The
Zora Pellucida (ZF) is narrow and devoid of
tnicrovilli froon oocyte (00 and corora radiata cells,
Z 3000

was 1085125 pm which was significartly decreased
(p=0.0017 if compari son to the cottrol group. Gramd osa
cells (corona celld) were wery condensed and  lost
cotitact with oocytes o neighboring cells. In compard son
to control group, the microvilli of the oocytes were
fewrer ity rnynber and micr ovilli of the gratnilosa cells has
logt o tetracted from the zona pellucida. Therefore, the
fioty nderovilli sections in the zona pellucida were
413123 o™, wer e s grificantly (0 0017 Lower than the
cotitrol walue. In the oooyte the organelles wete thore
gpatzely  distribited throughout the coftoplasm and
latriellae were increased. The rough endoplasmic reticudum
wete either lost of indistingishable and mitochondiia
wete amdler (Fig 4§, Additionaly, coplastn cottaited
sevveral lpdd droplets (Fig 4, 5. Gratndosza cells (corotial
celld) were wery coudersed and lost cortact with cocytes
ot 16l ghboting cells (Fig 4. The racle of the oocytesin
the EMFE-exposed group appeared irregalar in shape atd
the tmaclecli wete tiot as developed asin cortrols (Fig 5.
The basem ent membrane of grarnd osa cells wasirremilar
atd, in some follicles disrupted Some grarmlosa cells
showed typica featwes of apoptosis such as mmclear
ootdenzationy, fortmation of crescent like heterochrom atit
changes it toclear  morphology,  appearance  of
atophagic vacuoles and apoptotic bodies and separati on
of cells from the teighboring cells. Vesiculation of
cytoplasm  and  disnpted mitochondsia  were  alao
chzerved in the gratndosa cells close to the basal lamina.
The steroid secreting cells in the theca  interna
poszessed condensed maclel, dilated maclear membrane,
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Fig. 5 Transmission electron micrograph of maclens of an
EMF-exposed developing oocyte from a rat ovary,
Mote irregularly outlined muclens and a less
dewveloped nucleclus. 210000

Fig 6:Tratsmission electron micrographs of an ELE-
expozed developing follicle from a rat owvaty
Apoptotic gratmlosa cells (A apoptotic body in
the cytoplasm of grarmdosa cell (AR, intracellular
ahd ittercellilar spaces ity the theca, basement
membrate (arow). Z 3000

relatively large intracellular and intercellulsr spaces and
geveral lipid droplets in the eytoplasm (Fig &) [n this
group, mactophages containing phagoeytic wacuoles and
apoptotic bodies were also frecuently locasted near the
wal of the blood vessels atd among the stromal cells.
Histochemical studies for detection of apoptosis
petformed in sectiots from paraffin embedded specimens
usinng TUMEL techricue. Brownish cells represerting
TUNEL positive cells wete rare in the cortrol group and
detected in almost 10% of follicles. Howewer, in ELE-
exposed group tmerous TUNEL positive cells were

presert and codd be detected in more than T0% of
follicles. The cells were tmainly located in the gramd osa
layer near the basal lamina and near the antnam. The
TUNEL positive cells were also found in the gramidosa
layrers of cystic follicles. Cystic follicles observedin both
goups, butwere frequent in EWF- exposed group.

DISCUSSION

The present study shows that ELMF-exposwe
increases degenerative changes within the follicles
Present TEM has revealed that in ERMF exposed group
when comparedwith control growp: The facled of cocytes
were shourken and had lost their regular shape. The
oocytes had fewer microvilli and their cortoplasm
cottained a large amount of condensed lamellae The
zotwa pellucida, appeated natrower. The gramidosa cells
showed chromatin condensation and had  several
gpoptotic bodies and  apophagic  vacsoles,
corresponding to fat droplets in the control group. The
alterations of cocytes and the presence of grarmlosa cells
with condensed noucled and  their  separation  from
neighboring cells constibutes the classical landmark of
follicular atresia and is also characteristics of apoptosis
(Tillyefal, 1992, Huwitz and Adashi, 19917, It is known
that the microvilli of cocyte and gramlosa cells are in
cotitact by gap junctions and are involved in oocyte
toatriti ory (D esrinue ef f, 20060, The alterations procuced
by EMFEF coudd eather be the tesdt of indtiation of
gpoptosisin the oocyte and folliodar cells or would result
ity apoptosis it them.

EMF-induced alterations in the oocyte itself] could
be considered az a pre apoptotic statis of oooyte.
Irregilar morphology of macleus could be an indication of
chatyges in tmclear skeleton. Changes in cytoskeleta
proteing and degradation of nuclear lamin is cotsidered
as a trigger of apoptosis cascade CAndrewr of o], 1992).
Probahly o finding aboat morphological changes it the
oocyte is very wugue, in that, it correlate with apoptotic
featiwes. Inthis cotdext, it is likely that, it rat owary, EDF-
exposute result in folli ol ar atresia by inducing apoptosis
i ooeyte atd grarnlosa cells.

Although  the mechamisms widetlying follicodar
atresia are not well bhown o this time, DHNA damage,
which catybe initiated b oxidative free radicals, has been
proposed as a possible mechariam thet leads to the
activation of the apoptotic cascade in atretic follicles
(MIcl auchlan, 19200, In support of this hypothesis; it i3
showty that EME has a pro-oeidant effect (Regoli of 4l
2003y and it iz proposed that the effect of ERF iz mediated
by production of free radicals (Bredt and Brneder, 19940,
Aecording to Pelugo ef &l (1977, granloza cellzin atretic
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follicles undergo nuclear condensation and cytoplasmic
blebbing. Based on our sequential ultrastructural
observations, these type of changes occurred in EMF-
exposed granulosa cells and followed by appearance of
apoptotic bodies, a characteristic of late apoptosis.
Present findings well agrees with pro-oxidant effect of
EMF (Regoli et al., 2005) and that, oxidants are well
known apoptosis-inducing factors (Chandra et «l., 2000;
Tang et al., 2002, 2005). The findings of the present
study indicate that apoptosis of oocyte and granulosa
cells are in part, responsible for initiation of follicular
atresia. Tt also suggest that EMF, as an environmental
factor, could disturb folliculogenesis by inducing
apoptosis. Regarding the universal mcrease of infertility
rate (Boivin et af., 2007), further studies are needed to
clarify the relation between EMF exposure and infertility
in human.

In the present study numerous autophagic and
phagocytic vacuoles are also observed: The autophagic
vacuoles are associated with the granulosa cells close to
the basal lamina. As these vacuoles contain acid
phosphatase activity, they are lysosomal in origin (Elfont,
1977) and in part responsible for the deterioration of the
granulosa cell layer. The phagocytic vacuoles are
observed in the thecal layers and interstitial tissue,
assoclated particularly with the thecal cells and mterstitial
cells near the blood vessels. The deterioration of both
gramulosa and thecal cell layers 1s also enhanced by
mvasion of macrophages which occurs after many of the
gramulosa cells have undergone apoptosis. It has been
proposed that apoptotic cells
macrophages, possibly by releasing a chemotactic factor
(Gaytan et al, 1998). In accordance with the
aforementioned  assumption, macrophages
frequently seen in EMF exposed group, it is known that
macrophages have the capacity to produce oxidative
products such as nitric oxide (Sugine et al, 1996),

induce 1nvasien of

WEIe

superoxide radicals and hydrogen peroxide (Byskov,
1974). It 18 also believed that macrophage-derived
cytokines such as transforming growth factor, mduces
apoptosis in ovarian cells (Elfont et al., 1977).

It 18 proposed that macrophages scavenge
degenerated cells in the ovary (Kerr et al., 1972; Leonard
and Skeel, 1980). Thus, the apoptotic granulosa cells and
thecal cells would be destroved, leaving only fibroblasts
and other connective tissue elements to represent the
follicular wall, thereby transforming the follicle into a
cystic follicle, a phenomenon which was frequently seen
in EMF exposed group. These are in line with previous
finding that the number of cystic follicles increases in
ovaries from EMF-exposed rats (Soleimam Rad et af,

2003) and the result of the present study which shows the
macrophages were frequent in the ovaries from EMF-
exposed rats.

CONCLUSIONS

we have shown that EMF-exposure causes oocyte
degeneration in the rat ovary by the mechamsms of
apoptosis and cytotoxicity. This is evident in the EMF-
exposed group with a large number of altered oocytes,
apoptotic granulosa cells containing autophagic vacuoles
and ruptured mitochondria, an increased number of
macrophages and several lipid droplets in thecal cells.
These findings well were correlated with the presence of
TUNEL positive cells m the granulosa layer. Based on our
TEM and histochemical studies, we have proposed an
apoptosis inducing and cytotoxic effect for EMF in rat
ovaries.
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