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1. Introduction

The functional activity of the reproductive system is a
result of the dynamic interplay of excitation and inhibition
within and between the hypothalamus—hypophysis—gonad
axis. Environmental injuries can act on that axis affecting
the normal reproductive physiology, particularly in females
where the interaction between the ovary and exogenous
factors is important in determining the mechanism(s)
through which ovulation and pregnancy are regulated.

Recently there has been an increase in reports of experi-
mental data obtained with rodents [1] and other animals [2]
that have shown some physiological responses to electric
and electromagnetic fields whose effects could vary ac-
cording to the intensity and time of exposure.

Some results obtained from studies of rodents [3] have
shown no significant differences between experimental and
control mice at the level of histological structures and no
statistically significant effects on litter size, birth weight or
fetal development [4]. In contrast, Lazetic and Pekaric-Nadj
[5] have demonstrated an increased body weight and a
smaller litter size in experimental rats. The results of the
effects of electric and magnetic fields on adult rats also
show discrepancies; some authors have reported that long
exposures did not affect the fertility, nurturing and survival
of rat offspring females [6—8], whereas others have shown
some effects at the endocrine level [9].

The lack of agreement in the results could be the
consequence of large differences in experimental design.
In order to determine the effects of continuous extremely
low frequency (ELF) magnetic fields on the reproductive
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performance of adult female OF1 mice we used an im-
proved and standardized experimental design developed at
the Bioelectromagnetic Institute ‘“Alonso de Santa Cruz”’
(BIASC), Madrid, Spain.

2. Material and methods

This study was carried out using the second generation
of mice exposed to a chronic experimental electromagnetic
field. The animals selected were OF1 mice, purchased
from a regular supplier (IFFA CREDO) who provided the
animal health report regarding both microbiological and
serological controls. This mouse strain is characterized by
the absence of spontaneous tumor development before the
age of 6 months.

Control and experimental animals were housed sepa-
rately in the same room, with a daily mean temperature of
about 22 + 2°C, and were exposed to natural daylight
cycles. The Macrolon standard cages in which the control
mice were housed were those currently used by scientific
laboratories. For the experimental animals, some standard
metal-free cages were adapted to allow free access to
pellet food and tap water, and were covered with the same
Macrolon material. Food and bedding (purchased from
Panlab) were renewed three times per week.

In the experimental design, two flat circular coils of
radius 0.375 m located in parallel with a common axis and
separated by 0.375 m in the vertical plane formed a system
of Helmholtz coils. Each coil consisted of 220 turns of
0.12 cm diameter thin copper wire. The coils were series
wound and were connected to a supply system of 50 Hz
sinusoidal wave designed at BIASC [10]. The magnetic
field in the laboratory was controlled with an EMDEX-II
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magnetometer and a Combinova MFM-10 magnetometer.
Throughout the experiment the coil axis was oriented in
the east—west direction in order to ensure that the field
created was perpendicular to the earth’s magnetic field
(Fig. 1). A magnetic field of 15 uT (rms) and a 50 Hz
sinusoidal wave were applied. The local geomagnetic field
in the room was approximately 43 uT.

Animals were supplied to the laboratory at the age of 4
weeks. After isolation for = 2 weeks, 12 males and 24
females were randomly allotted to two groups, control and
experimental; each group comprised six males and 12
females. When the animals reached 6 weeks of age expo-
sure to the Helmholtz coils was initiated and was main-
tained up to adulthood. After 14 weeks of exposure,
mating was induced under the same experimental condi-
tions by introducing two females per male into a cage to
favour pregnancy, birth, lactation and weaning of the
second mouse generation. When the female offspring
reached sexual maturity (14 weeks old), always under the
same experimental conditions (Fig. 2), they were sacrificed
by ether overdoses. The same protocol was applied to the
control group, which were only exposed to the geomag-
netic field of 43 uT in the room. The genital tracts of a
total of 30 control and 30 experimental females were
analyzed by means of histological techniques.

The ovaries were cleaned of fat tissue, weighed, pho-
tographed, immersed in Bouin’s solution and embedded in
paraffin. The oviducts and the uteri were processed in the
same way, and cross-sections were used to determine their
responses to ovaries along the estrous cycle. Measurements
of histological sections were made with an ocular eyepiece

calibrated in micrometers. Histological sections were
stained using haematoxylin—eosin, PAS—haematoxylin and
Masson—Goldner trichromic methods in order to study the
morphological organization.

The following parameters were measured: in the ovary,
the diameters of the antral follicles, the oocytes and the
corpora lutea, and the thickness of the tunica albuginea; in
the oviduct, the height of the epithelium; the diameter of
the uterus and the thicknesses of the myometrium, the
mucosa and the epithelium.

Vaginal smears were taken when animals were sacri-
ficed to define the reproductive condition of each control
and experimental female. The results obtained for the
gonadosomatic index, the stage of the estrous cycle and the
morphology of the ovaries and the genital tract were
compared by means of Student’s ¢ test and the non-para-
metric Mann—Whitney U-test at the 95% confidence inter-
val.

3. Results

3.1. Ovarian cycle

Examination of vaginal smears allowed determination
of the estrous cycle. Whereas the estrous cycle lasted for
about 5-6 days in control animals, it lasted for about 4-5
days in animals chronically exposed to ELF electromag-
netic fields of 50 Hz. Females from the control group were
less synchronized than the experimental animals. In the

axis of Helmholtz's coils

EARTHLY MAGNETIC FIELD = B, = SN

APPLIED MAGNETIC FIELD = B, = B cOSw!

TOTAL MAGNETIC FIELD = |B%+B?
EXTREMAL VALUES OF MAGNETIC FIELD:
5Q = 49 uT
SP =49 uT

Fig. 1. Orientation of the Helmholtz coils with respect to the earth’s magnetic field.



M.L. Picazo et al. / Bioelectrochemistry and Bioenergetics 38 (1995) 173—-177 175

CONTROL GROUP

a y
AGE: 6 woske EMF - 43,7 %% > —» AER
BIRTH WEANING
ONSET BREEDNG (@3 <>
PREGNANCY | LACTATION DEVELOPMENT UP TO ADULTHOOD
0 week 14 17 v

Fi:0 4 14

EXPERIMENTAL GROUP

ONSET

v v

W . .
. 157 -50H
AGE: 8 weeks EMLg e ‘ﬂz_ /@‘»

BREEDING

EXPOSITION OF PARENTS

PREQNANCY

LACTATION DEVELOPMENT UP TO ADULTHOOD

0 week 14

17 v

F1:0 4 14

Fig. 2. Design of the experiment.

latter group all individuals in the same cage generally
displayed the same phase of the estrous cycle on a given
day.

The sizes and weights of fresh ovaries were greater in
exposed mice than in controls, although significant statisti-
cal differences were not found (Fig. 3). When changes in
relative ovary weight were expressed as a gonadosomatic
index, a small but not sufficiently significant difference
was observed. The gonadosomatic index undergoes changes
throughout the ovarian cycle, with higher values during the
proestrous and diestrous 1, and lower values (by about
23%) during the diestrous 2 for exposed and control
animals (Fig. 4).

No gross histological modifications between exposed
and control animals were observed in the ovaries. How-
ever, a significant increase in the size (approximately 22%)
was found in the corpora lutea of exposed diestrous 2
animals compared with controls (Table 1). None of the
other ovarian parameters studied (diameters of the antral
follicles and oocytes, and thickness of the tunica albug-
inea) showed any marked change.

Fig. 3. Photomicrographs showing mouse ovaries which have been
exposed to the ELF magnetic fields and controls: (a) control, diestrous 1;
(b) control, diestrous 2; (c) control, proestrous; (d) experimental, di-
estrous 1; (e) experimental, diestrous 2; (f) experimental, proestrous.
Original magnification 4.5 X.
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Fig. 4. Variation in the gonadosomatic index along the ovarian cycle.

3.2. Genital tract

Data obtained from the oviducts did not show any
differences when they were analyzed at both macroscopic
and microscopic levels. Although an increase in volume
and transparency was noted in some exposed animals, the
thickness of the oviduct epithelium was not modified.

Measurements in the uterus did not show any clear
differences between the control and experimental groups.
No changes were observed in the uterine diameter, the
thickness of the myometrium or the thickness of the
uterine epithelium. A clear and statistically significant
reduction in the thickness of the endometrium was ob-
served only at the diestrous stage of the ovarian cycle.

4. Discussion

Several studies have shown that ELF magnetic fields
can affect systems in hens and in chicken embryos. Some
authors have reported that continuous exposure of chicken
embryos to 60 Hz can produce abnormalities [11], but
other authors have not observed adverse effects on devel-
opment during incubation [12,13].

Experiments performed on mice under ELF magnetic
fields have not induced maternal toxicity and have had no
statistical effects on litter size, birth weight or fetal devel-
opment [14]. However, prenatal exposure of mice to 20
mT magnetic fields at 50 Hz [15] resulted in slightly
longer and heavier fetuses at term, but the incidence of

Table 1
Reproductive parameters of female mice exposed to an ELF magnetic field throughout their estrous cycle compared with data for controls

Control Experimental

Proestrous Diestrous 1 Diestrous 2 Proestrous Diestrous 1 Diestrous 2
Corpus luteum diameter / wm 581.6 + 38.9 584.0 + 34.6 5168+ 773 * 584.0+233 606.4 +29.6 629.6 +£359 °
Antral follicle diameter / um 376.0 £ 29.9 3940+ 229 3424+ 87 3424 +35.0 38404 17.0 405.6 +11.8
Oocyte diameter /um 67.0+ 2.0 66.0+ 28 696+ 2.3 689+ 1.9 613+ 23 684+ 2.1
Tunica albuginea thickness /um 143+ 0.5 144+ 0S5 146+ 0.8 160+ 1.2 16.0 + 0.9 144+ 15
Uterus diameter /um 1675 +34 1688 + 209 1627 +46 1666 + 21 1670 + 88 1651 +31
Uterine muscle thickness / um 268.8 + 17.5 252.8+ 383 3216 + 11.8 291.2 + 48.8 233.6 +26.0 362.6 +36.0
Uterine mucosa thickness / um 5648+ 9.2 " 4864+ 348" 4080+ 80 " 4016+ 11.6* 432.0+424 % 3632+ 146 °
Uterine epithelium thickness /pm 208+ 0.8 181+ 1.0 194+ 23 225+ 25 166+ 1.7 196+ 14
Oviductal epithelium thickness / um 185+ 0.6 128+ 1.5 126 + 09 128+ 1.1 102+ 0.5 120+ 1.2

Asterisks indicate significant differences ( p < 0.05) between experimental animals and controls.
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postnatal death or external and visceral abnormalities did
not increase.

According to our results, ELF magnetic fields are not
biologically inert. Some of the parameters evaluated in the
present study were affected by exposure. The most signifi-
cant result is a tendency toward heavier and larger ovaries
in exposed animals as a consequence of thicker corpora
lutea. However, the shorter estrous cycles in exposed
animals can be attributed to the shorter mean life-span of
the corpora lutea. These differences in ovarian activity
may be related to a less developed endometrium which
could increase the risk of a lower body weight in neonatal
mice and an increased mortality rate among offspring.
Indeed, reduced body size and weight and increased mor-
tality have been observed [16] in two successive genera-
tions of exposed mice.

Other reproductive organs such as the oviducts and the
uterus do not show consistent differences between the
exposed and control groups. The morphometrical study
performed here showed that the groups were not distin-
guishable at the level of histological analysis, but subtle
changes at the level of the hypothalamic—hypophysis—
gonad axis, with consequences in descendants of the F3
generation, cannot be excluded. Since ELF magnetic fields
are suspected of affecting the endocrine system, and hence
may influence hormone regulation of reproductive organs,
further studies of serum gonadotropic hormones in ex-
posed mice might reveal some functional effects of these
fields on ovaries. In addition, studies of steroid receptors
in the reproductive target organs could account for the way
they are affected.
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