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INTRODUCTION

The effect of magnetic fields on growth, which was first observed in plants by
Ssawastin (1930), has been investigated during the last two decades mainly in
mammals, with inconsistent results. In some cases, magnetic fields seem to accelerate
growth or the index of mitosis (Mericle et al. 1964; Novitskii, 1966), but more often
a delay in growth has been reported (Barnothy, 1963; Neurath, 1968) as well as
metabolic inhibition (Cook, Fardon & Nuttini, 1969; Malinin, Gregory, Morelli &
Ebert, 1979; Shternberg, 1966).
The hope that magnetic fields could induce regression or total inhibition of

tumoral cells (Barnothy, 1964; D'Souza, Reno, Nuttini & Cook, 1969; Kim, 1976)
has remained controversial and unsubstantiated by other investigators (Biggs, 1979;
Hall, Belford & Leash, 1964; Halpern & Green, 1964; Mulay & Mulay, 1961). In
these studies, the magnetic fields used were generally static and of intensities 40 to
106 higher than the earth's field. In early chick embryos treated with magnetostatic
fields of 31 Gauss, pathological effects were observed in 15 % of the cases (Veneziano,
1965) and much higher intensities (up to 1000 Oe) were needed to influence develop-
ment in the frog (Neurath, 1969). Differential effects have been described for
enzymic reactions, and a field of 3200 Oe may modify the enzyme-substrate activity
of DNAase without influencing the RNAase. According to several reports, inter-
mittent electromagnetic fields are more effective than static fields (Adey, 1979;
Bawin & Adey, 1976; Cook et al. 1969; Tabrah, Guernsey, Chou & Batkin, 1978).
The interest in possible biological effects of extremely low frequency magnetic

fields (ELMF) (1-1000 Hz) has increased in recent years due to the growing problem
of technological contamination of the environment and the social awareness of the
need to preserve our ecology. As mentioned by Kim (1976), we live in an environ-
ment which has geomagnetic fields of about 0 5 Oe and magnetic pollution from
countless sources. The use of electrical energy lines could cause detrimental biological
effects, but available data indicate that lines of up to 800 kV do not constitute a
danger for man (Cabanes, 1980). In a recent colloquium on risks due to electricity,
it was concluded that "overhead lines conducting up to 1 5 million volts will not
cause any noticeable effects" (Schaefer, 1980). The establishment of land based,
50-100 km long transmitting antenna by the United States military for extreme low
frequency communication with atomic submarines represented a biological risk and
was one of the first military projects evaluated by a public scientific forum, as repor-
ted by Grissett (1980).
According to available information, ELMF do not influence fertility, genetic

development or growth, while their possible mitotic modifications in a slime mould
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are controversial. Circadian rhythms and insect behaviour have also been considered
to be unaffected by ELMF. Some behavioural, neurophysiological and neuro-
chemical effects have been reported in mammals, but they require high intensities
and present evidence indicates that no potential hazard exists at exposure levels of
0-02 mili-Tesla and 0 07 V/m (Grissett, 1980). Rhesus and squirrel monkeys have
shown no behavioural effects when exposed to ELMF with frequencies from 7 to
75 Hz and intensities of 3-10 Gauss or electrical fields from 1 to 29 V/m (rms)
(de Lorge, 1972, 1973 a, b).
Within the central nervous system, electrical transmission is performed through

the specific gap junctions, but field interactions may exist in a neural pool and
ephaptic transmission of impulses is possible without synapsis between axons
artificially placed in contact (Arvanitaki, 1942). In the brain, field effects may be
important, depending on the orientation and electrical characteristics of the neurons
involved, as well as on the properties of the surrounding tissues. In this way, excita-
tion or inhibition of postsynaptic targets would be possible (Korn & Faber, 1980).
One model used for the study of neuronal field effects is the paired Mauthner cell of
the teleost medulla, which mediates the fast escape reaction of many fish (Furukawa
& Furshpan, 1963).
To investigate the many parameters and mechanisms which may intervene in

biological effects of ELMF, a reliable model was needed, if possible with multi-
plicity of systems able to react at low levels of energy which would yield results in a
short period, facilitating performance of many experiments. As reported in the
present paper, the model of fertilized chicken eggs in the first stages of development
(48 hours) seems to be a sensitive and suitable preparation.

MATERIALS AND METHODS

Fertilized eggs from white Leghorn hens were placed in a Memmert incubator at
38°C and 55 % humidity for 48 hours. A total of 68 eggs was used. In each experi-
ment, two eggs were placed inside a coil 55 mm in diameter and 110 mm long,
made of 0-1 mm enamelled copper wire forming an electromagnetic exposure
chamber. A third egg was placed as a control in the same incubator 20 cm from the
coil. Electromagnetic fields were created in the coil by currents provided by a
Grass S88 stimulator, using rectangular waves of 05 msec pulse duration, with the
intensities and frequencies indicated in Table 2. Magnetic field values in the centre
of the coil were calculated as: Bo = i x 8. 10-3 Teslas = i x 80 Gauss, where i
represented the intensity of electrical current applied to the coil. Thus, an intensity
of 0 015 mA provided by the Grass stimulator corresponded to 0-12 micro Teslas
(,uT) and therefore 0 15 mA = 1-2 ,uT, and 1 5 mA = 12 ,uT.
Two similar experiments (a total of six eggs) were conducted simultaneously,

activating two coils with the same Grass stimulator coupled by a series capacitor
for the zero mean field. Current parameters were continuously monitored by a
Tektronix 5113 oscilloscope.

After 48 hours of incubation, the embryos were expected to have reached stages
11-12 of the Hamburger & Hamilton (1951) scale and the eggs were opened for
examination, immersing the yolk in Tyrode solution and removing the chick embryo.
For morphological studies, all embryos were fixed with Carnoy's solution (abso-

lute ethanol 60 %, chloroform 30 %, glacial acetic acid 10 %) and were observed at
x 30 magnification through a Nikon binocular stereomicroscope. Pictures were
taken with a photographic attachment.
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Table 1. Malformations in controls and in chick embryos
exposed to magnetic fields (ELMF)

Controls (n = 26) Exposed to ELMF (n = 42)
r A 5~~ ~ ~ ~ ~~~rA

Malformed Malformed
Organ embryos % S.E. embryos % S.E.

Cephalic nervous system 3 11-5 6-4 33 78*5 6*3
Truncal nervous system 2 7-7 5-3 26 61-9 7-5
Heart 2 7-7 5-3 23 54.8 7-7
Vessels 3 115 6-4 28 66-7 7-3
Somites 3 11-5 6-4 24 57-1 7*6

n = total number of samples; S.E. = standard error.

For histological studies after fixation, the embryos were dehydrated through an
alcohol series and embedded in paraffin. Sections transverse to the main axis of the
embryo were cut serially in slices 7 ,um thick with a rotary Leitz microtome, mounted
and stained with alcian blue pH 3 (Gabe, 1968) and PAS (Luna, 1968) and then
contrasted with haematoxylin. The slides were later examined microscopically. The
total number of control embryos was 26 and there were 42 experimental embryos
exposed to ELMF.

RESULTS

(I). Morphological classification of embryos
After examination of the embryo for gross form, a microscopic study was per-

formed of the prepared slides in order to analyze the development and organization
of (a) the cephalic nervous system; (b) the truncal nervous system; (c) the heart;
(d) vascularization; (e) somites.
According to these data, each embryo was classified as normal (N) or as abnormal

(A) in each of the five morphological characteristics. Tabulated results are presented
in Tables 1 and 2. Criteria for normality required embryological development to
stages 11-12 of the Hamburger & Hamilton series, and normality of the following
gross morphological features: the cephalic nervous system showing the three primary
vesicles with the anterior neuropore closed; the optic vesicles constricted at the base;
and the auditory pits wide open. The truncal nervous system was already closed. In
the opaque area, blood island and vessels were well developed; the heart was large,
bent to the right and S-shaped. The number of somites was between 13 and 16.
Criteria for abnormality required retarded embryological development without
reaching stage 9, plus evident deviations in any of the five above mentioned morpho-
logical characteristics (a to e).

(II). Gross morphologicalfeatures of the embryos
(A) Controls
As shown in Tables 1 and 2A, 22 of the 26 controls displayed normal development

(84 6 %). Abnormalities in the other four controls were: One untreated embryo in
the ELMF series exposed to 10 Hz/1 2 ,uT was abnormal in all its morphological
features. A second control embryo from the series of 1000 Hz/0 12 ,uT had deficits
in its cephalic nervous system and number of somites. A third control, also from the
1000 Hz/0 12 ,tT series, was abnormal only in vascularization and number of
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Table 2A. Gross morphological evaluation of control chick embryos

Frequency (Hz) ... 10 100 1000

Int. (iuT) ... 0*12 1'2 12 0*12 1*2 12 0*12 1*2 12

Cephalic nervous system N A N N N A N N

Truncal nervous system

Heart

Vessels

Somites

Totals:

N
N
N

N A N
N
N
N

N A N
N
N
N

N A N
N
N
N

N A N
N
N
N

6 embryos

N N
N N

N
N
N
N

N N
N N
N N

N
N
N
N

N N
N N
N N

N
N
N
N

N N
N N
N N

N
N
N
N

N N
N N
N N

N
N
N
N

10 embryos

N
N
N

N
N
N
N

N
N
N
N

N
N
A
N

A
N
A
N

N
N
N
A

N N
N
N
N
A

N N
N
N
N
A

N N
N
N
N
A

N N
N
N
N
A

10 embryos
These embryos were not exposed to MF but corresponded to the exposed series as indicated in Table

2B. N = Normal. A = Abnormal. In each organ, each N and A = one embryo. Int. = Intensity in
micro Teslas (jET).

somites. The fourth abnormal control belonged to the series of 1000 Hz/12 ,uT and
had deficits in all its morphological features. It should be emphasized that all con-
trols were normal in the 100 Hz series and only one was abnormal in the 10 Hz
series.

(B) Embryos exposed to magnetic fields
As shown in Tables 1 and 2B, 33 of the 42 embryos exposed to ELMF of different

frequencies and intensities had detectable abnormalities in their development,
representing 78*5 % of the total sample. Compared with controls, these results were
statistically significant (P < 0 001).

Table 1 also indicates that the cephalic nervous system was the most affected by
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Table 2B. Gross morphological evaluation of chick embryos exposed to
ELMF of the indicatedfrequencies and intensities

Frequency (Hz) ... 10 100 1000

int.(l) ... 012 12 12 0412 1P2 12 0-12 1P2 12

Cephalic nervous system

Truncal nervous system

Heart

Vessels

Somites

Totals:

N A A
N A N
A N N

A N
A

N A N
N N N
A N N

N N
A

N A N
N N N
N N N

N N
N

N A A
N N N
N N N

N N
A

N N N
N N N
N N N

N N
N

12 embryos

A A A
A A A
N A A
N A A

A A
A A

A
A
A

A A A
A A N
N A A
N A A

A N
A N

A
A
A

N A A
A A N
N A A
N A A

A N
A N

A
A
A

A A A
A A N
A A A
A A A

A N
A N

A
N
A

A A A
A A N
N A A
N A A

A N
A N

A
A
A

19 embryos

A A A
N A A
A A A

A A

A A A
A A A
A A N

A -N

A A A
N A A
A A N

A A

A A A
N A A
A A A

A A

A A A
A A A
A A N

A A

11 embryos

Abbreviations: as in Table 2A.
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Fig. 1. (A) Unexposed chick embryo (control) after 48 hours incubation. x 25. (B) Embryo after
48 hours incubation and exposure to a magnetic field (ELMF) of 100 Hz/1 2 itT. x 35.

ELMF (785 %), while development of the heart was least disturbed (54-8 %),
although both malformations were highly significant. The truncal nervous system
was less affected (61 9 %) than its cephalic part. These general results were further
analyzed with respect to different frequencies and intensities.

(1) Exposure to 10 Hz. Exposure of the incubating eggs to the lowest frequency
(1O Hz) and lowest intensity (0 12,T) did not produce any abnormality in the
development of the heart, vascular system or somites, and malformations of cephalic
and truncal systems were found in only one embryo (Table 2B). Although the sample
was too small (n = 3) to draw conclusions, the trend toward normality was evident,
especially when comparing results of different series.

In this frequency range of 10 Hz, somites were not affected even by the highest
intensity used (12,T). The heart was abnormal in only one embryo exposed to
1 2 ,aT and was normal in all cases of exposure to 12 ,uT. Both cephalic and truncal
nervous systems presented cases of abnormality with the three tested intensities.
The differences in nervous system malformations were not proportional to the 100-
fold difference (from 0 12 to 12 ,uT) in the total amount of energy received by the
eggs.

(2) Exposure to 100 Hz. The most marked and uniform effects on embryological
development were obtained with 100 Hz/1 2 ,uT (Table 2B). All embryos (n = 6)
so treated had malformations in all organs studied. Macroscopic examination
revealed that development was considerably delayed. No embryo advanced beyond
stage 6 of the Hamburger & Hamilton scale; the cephalic nervous system was
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Table 3. Percentage ofabnormalities in each of the five organs studied in embryos not
exposed (controls) and exposed to ELMF, summarizing the data of all intensities

10 Hz 100 Hz 1000 Hz

Control Exposed Control Exposed Control Exposed
(n=6) (n= 12) (n= 10) (n= 19) (n= 10) (n= 11)

Cephalic nervous system 166± 16-6 50+15 0 89+7-4 20+ 13.3 90+9-5
Truncal nervous system 16-6±16-6 25±13.1 0 73+10-4 10+10 81±12.4
Heart 166+±16X6 8±8.2 0 68+11 10+10 81+12*4
Vessels 16-6±16-6 25±13-1 0 78±9-8 20+13*3 90±9-5
Somites 16-6+±166 0 0 73+10*4 20+13-3 90±9-5

Abbreviations as in Table 1.

Table 4. Percentage ofabnormalities in each of the five organs studied in embryos not
exposed (controls) and exposed to ELMF, summarizing the data of allfrequencies

0 12 #uT 1.2 /zT 12 sT

Control Exposed Control Exposed Control Exposed
(n = 5) (n = 10) (n = 5) (n = 14) (n = 16) (n = 18)

Cephalic nervous system 20±20 50±16.6 20+20 92+7.5 6.2+6.2 83+9*1
Truncal nervous system 0 60±16-3 20+20 78+11V5 6-2+6-2 50+12-1
Heart 0 30±15 3 20+20 78+11V5 6.2+6.2 50+12-1
Vessels 20+20 60±16.3 20+20 78+115 12*5+8*5 61+11*8
Somites 40+25 50±16.6 20+20 71+12.6 12*5+8-5 44+±12*0

Abbreviations as in Table 1.

reduced to a thickening of the asymmetric ectodermal tissue and the truncal nervous
system was represented by only a thin plate (see Figs. 1 B, 3A, B, C).

All embryos (n = 9) tested at 12 ,T also had malformed cephalic nervous systems
but the effects were less constant in other organs, and several embryos appeared
normal in some respects (Table 2B). At lower intensities (0 12 ,uT), the teratogenic
effect of the ELMF also lacked uniformity and some organs seemed normal in
several cases. The vascular system, however, was abnormal in all four embryos
incubated at 0-12 ,uT.

(3) Exposure to 1000 Hz. All organs in all the exposed embryos were malformed
when 1-2 ,uT intensity was employed, whereas with lower (0 12 ,uT) or higher (12 ,uT)
intensities, results were variable and some embryos appeared normal (Table 4).

(III) Histological analysis
A more detailed study of ELMF effects was made by microscopical examination

of sectioned embryos.

(A) Controls
Normal chick embryos of 48 hours had clearly differentiated optic vesicles as well

as a subdivision of the prosencephalon into telencephalon and diencephalon, with
persistence of the mesencephalon and the initial subdivision of the rhombencephalon
into metencephalon and myelencephalon. The auditory pits were visible. A trans-
verse section at the level of the heart revealed a well developed neural tube (see
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A B
Fig. 2. (A) Control embryo: transverse section at the level of the heart. x 200. (B) Control
embryo: transverse section through the 3rd-4th somite. x 500. N neural tube; A, aorta;
F, foregut; H, heart; S, somite; N, notochord.

Fig. 2A, N) with an elliptical cavity limited by thickened lateral walls. Below and at
both sides of the neural tube, the aortic arches (A) were evident, and below and +
medial to them, the primitive gut had acquired a floor and its subcephalic fold had
progressed to constitute the foregut (F). The heart bulged, forming a still undivided
loop occupying a large space in the preparation (H). A section at the level of the
3rd-4th somite in a normal 14 somite embryo showed (Fig. 2B) that the neural tube
was closed and well organized; the somite (S) was clearly limited in its upper part,
while its ventromedial face had lost its originally well defined boundary, merging t
with the central core of the sclerotome cells, extending toward the notochord. -

(B) Embryos exposed to magnetic fields
Since morphological studies showed that the greatest embryological effects were

produced with 100 Hz/1 -2 A%T, histological results from embryos exposed to this j
treatment will be presented first, followed by findings in others exposed to the greater
intensity of 12 itT, the greater frequency of 1000 Hz, and the lowest frequency of
10Hz.

(I) Effects of 100 Hz/1*2 ,T. The embryos exposed to ELMF of 100 Hz/1 2 ,uT
showed drastic changes in their histological structure corresponding to the altera-
tions in their gross form. They showed a lack of morphogenesis where only the three j
primitive layers and some thickening of neuroectoderm were apparent. There was
little cellular differentiation, and a lack of organization of cells, without mutual
cohesion, resulted in a fragile tissue which broke easily during microscopic prepara- #
tions.
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Fig. 3. Embryo exposed to ELMF 100 Hz/1 2 ,uT. (A) Transverse section through the cephalic
region. x 500. Histological development has been confined to three levels without the formation
of organs. (B) Transverse section through the truncal region. x 500. There is a very primitive
development without formation of organs, and abnormal acellular spaces are indicated by

k arrows. (C) Neural ectoderm from the same specimen at higher magnification showing dense
nucleoli, acellular spaces and abnormal appearance of the cells. x 2500. N, neural tube;
m, mesenchyme; e, endoderm; Np, neural plate.
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Fig. 4. (A) Embryo exposed to 100 Hz/12 ,uT. Transverse section at the level of the heart. x 200.
This Figure may be compared with the control in Fig. 2(A). (B) Transverse section through the
truncal region. x 500. This Figure may be compared with the control in Fig. 2(B).

The neuroectoderm had not developed into a nervous system. The folds of the
cephalic region rose but did not join each other to form a neural tube (see Fig. 3A).
The brain vesicles were therefore absent. The auditory pit did not exist. Some spaces
in the mesenchyme (marked by arrows in Fig. 4A) were empty and devoid of extra-
cellular matrix material.

Sections, cut at the level where the first somites should have been, revealed a
neural plaque with only elemental characteristics, and abnormal spaces lacking cells
(marked with arrows in Fig. 3 B). There was no evidence of the beginning of a heart.
The regional thickening of the splanchnic mesoderm, which normally starts after
about 25 hours of development, was absent. There was no fusion of the mid-region
of the endocardial primordia to form a single tube and blood vessels did not exist.
The primitive gut, which normally starts to acquire a cellular floor in its cephalic

region and then progresses caudally, could not be detected in these embryos.
Alcian blue (pH 3) staining of the preparations revealed the absence of glyco-

saminoglycans which are essential for cell development.
Observation of the neural ectoderm at higher magnifications (Fig. 3 C) revealed

cells with nucleoli of high density, suggesting a low metabolic cellular activity. The
preparations also showed dispersed areas of local necrosis, demonstrating the lethal
power of the applied ELMF.

(2) Effects of 100 Hz/12 fiT. Experimental results showed that gross form was
less affected, and microscopic examinations confirmed that the disturbances,
although evident, were less pronounced than those caused by 1 2 fiT.

In the four treated embryos, the nervous system, heart, vessels and somites could
be identified but their development was considerably delayed, and a variety of
abnormalities were evident (Fig. 4A). The formation of a neural tube (N) had begun,
but it had not closed and was of abnormal form, with underdeveloped organization
and with its lumen invaded dorsally by disorganized neuroectodermic cells. In only
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Fig. 5. (A) Embryo exposed to 1000 Hz/12 ,nT. Transverse section through the foregut. C, neural
crest. x 500. (B) Embryo exposed to 1000 Hz/12 MT. High magnification of the cephalic
mesenchyme. x 1250. Arrows indicate disorganized glycosaminoglycans. There are cells of
abnormal shape and acellular spaces. (C) Control embryo. Similar region and magnification as
in (B), demonstrating the normal appearance of cells and glycosaminoglycans.
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Fig. 6. (A) Embryo exposed to 10 Hz/12,uT. Transverse section through the cephalic region.
x 500. Arrows indicate dividing cells. (B) Embryo exposed to 10 Hz/12 #tsT. Transverse section
through the heart. x 500.

one embryo was the anterior neuropore (which normally closes by the 34th-35th
hour) already closed, but it presented asymmetries and dislocated neural walls. The
primitive pharynx tissue also showed signs of disorganization. The foregut was 4
asymmetrical and had abnormal walls. In the vascular system, there was no aortic
differentiation and the heart was only an empty chamber with thin and primitive
walls.
Other results of the typical delay in development were disorganization, empty

spaces, necrotic areas and a few mesenchymal cells which tended to group together
(Fig. 4A). Sections cut at lower somitic levels showed a relatively well developed %
(although not closed) neural tube. The notochord was present although less organ-
ized and developed than normal and lacking its outer sheath. There was no somitic
differentiation and only a mesoblastic segmentation could be identified (Fig. 4B).

In the whole embryo a lack of cohesion was evident among the cells and different
organs. This fact may be related, in part, to the absence of basal membranes in the
tissues, and also to the lack of glycosaminoglycans in the acellular spaces.

(3) Effects of 1000 Hz/12,uT. These embryos presented widespread delays in
development. Malformations were especially evident in organs of mesodermal
origin, where cells multiplied very little, did not migrate, and, when they did organize,
produced malformations. The embryos contained a nervous system, notochord,

A
vascular system and somites.
At the anterior foregut level, a relatively well established neural tube with a

normal histological appearance was present (Fig. 5A), although its inner part and
limiting walls were poorly organized. In most cases in this series, the neural tube was
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still open along its entire length. Mucopolysaccharides were present within the
lumen and basal membrane although they were rather depolymerized. The neural
crest was of nearly normal appearance but occupied too medial a position.
The notochord was rather primitive, being represented by a group of cells lacking

the sheath which normally contains them. The pharynx had poorly organized walls.
The mesenchyme, as shown in Figure 5A, was represented by a few cells grouped
mainly in the cephalic and pharyngeal zones. Observations at higher magnifications
(Fig. 5B) revealed scanty mesenchymal cells with few mitoses and dense nucleoli,
indicating slow metabolic activity. The arrows in the Figure mark patches of glycos-
aminoglycans which had a depolymerized appearance, possibly related to the lack
of migration of neural crest cells.

In a similar region in a control embryo (Fig. 5C) the glycosaminoglycans had a
typical polymerized appearance, with more abundant strands. The cells were also
more numerous with frequent mitosis, clear boundaries, star-like shape and nitid
prolongations.

In two of the four treated embryos, there was no detectable heart and there were
only undeveloped vessels, limited to an incipient dorsal aorta. The foregut consisted
of only thin, discontinuous walls. Somites were very primitive, lacking their lax basal
membrane.

(4) Effects of 10 Hz/12 #sT. In this series, most embryos appeared normal except
for two which had disturbed nervous systems in which the cephalic vesicles were
evident but the thickness of their walls, including the telencephalic wall, was variable
and presented empty spaces. In the germinal layer, the metaphasic plaques of the
mitotic cells were oriented obliquely or parallel to the dorsoventral axis of the neural
tube, and the density of their chromatin seemed higher than normal. Many of these
mitotic cells underwent a metaphase within the tissue, even in zones far from the
optic and otic vesicles. The notochord was greatly reduced in size (Fig. 6A). The
neural tube was closed and appeared normal in four of the five treated embryos. The
foregut, aorta and heart appeared to be normal (Fig. 6B). In three of the five
embryos, blood was present and the vessels had well organized walls corresponding
to stage 11 of development. Vessels in the cephalic region, however, seemed abnor-
mally fragile. The somites were normal in number and development.

DISCUSSION

Literature on the biological effects of magnetic fields is abundant and contro-
versial, as indicated in the Introduction. The lack of uniformity in experimental
results may be due to the wide range of parameters used, the variety of animal
species tested, and perhaps also to the use of high intensities. Very little information
is available concerning the possible effects of pulsating fields of extremely low
frequencies and very low intensities which were the focus of the present research.
The present findings demonstrate that fields of 100 Hz/1 '2 ,uT have a powerful

effect on chicken embryogenesis, delaying or arresting it at a very early stage and
limiting development to the formation of the three primitive layers, without signs of
neural tube, brain vesicles, auditory pit, foregut, heart, vessels, or somites. This
remarkable uniformity of results occurred only in the 100 Hz/1 '2 ,uT series. Expo-
sure to magnetic fields does not produce a sudden effect because all embryos showed
some development, reaching at least a three layer stage, with the ectoderm rising up
and cells multiplying. The appearance of variable necrotic points suggests the
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existence of secondary effects. The mechanism of action of ELMF seems to be slow
and cumulative.
The present experiments thus demonstrate a 'window effect', the intermediate

parameters of 100 Hz/1 -2 ,uT being more effective than any other values used in our
studies. Table 4, which summarizes all frequencies used, clearly shows that in all
organs, exposure to 1 2 /aT was more effective than 12 itT. Table 3, a summary of
results with different intensities, indicates that 1000 Hz frequency evoked the highest
percentage of changes in different organs.
According to Table 2B, the intensity of 1 2 ,uT produced equivalent results in

gross form with 100 and 1000 Hz, but histological examination showed conclusively
that 100 Hz had greater teratogenic effects than 1000 Hz.
The window effects of electromagnetic fields have already been reported in the

literature and according to Bawin & Adey (1976), in the chicken brain under
magnetic fields there is a major decrease in the efflux of calcium at frequencies of
6-16 Hz (fields of 10 and 56 V/m) but only a small decrease with fields of 5 V/m
and 100 V/m. These windows were also evident in studies with radio frequency
signals producing tissue fields of 10-310-2 V/cm which are comparable to the
50 mV/cm EEG signal. Using radio frequency signals with amplitude modulation
at low biological frequencies, an increase in efflux of calcium may be produced as a
function of frequency modulation, as well as a sharp increase in calcium efflux using
6-20 Hz, which disappears at 35 Hz (Bawin, Kaczmarek & Adey, 1975). There is a
power window in addition to the frequency window, because the calcium efflux only
increases at incident power densities of 01-1 mW/cm2. Below and above these
amounts, the efflux is negative or shows only an insignificant increase (Bawin,
Shappard & Adey, 1978). These findings have been confirmed by Blackman et al.
(1977). For a discussion of the possible mechanisms of these window effects, see
Adey (1979).
The embryonic organs reacted with different sensitivity according to the ELMF

parameters used, indicating the existence of different window effects on specific
organs. As shown in Table 1, which summarizes the effects obtained with all frequen-
cies and intensities used, the cephalic nervous system exhibited the highest sensitivity
(78 5 %) while the heart had the lowest (54 8 %). As seen in Table 2A, with relatively
high levels of ELMF (1OO Hz/1*2,aT and also 1000 Hz/1 2,uT and 12/,uT), all
embryos had abnormal cephalic nervous systems, while the other organs remained
normal in several embryos. Although the cephalic nervous system had the greatest
ELMF sensitivity when exposed to 100 Hz/1 -2 ,uT, it was the only system which
developed a primitive organization, while indications of all other organs were absent.
At the lower frequencies of 10 Hz and the three intensities used (0 12, 1 2, 12 ,uT),

the somites were normal in all embryos, while in several cases the cephalic nervous
system was abnormal. The greatest histological effect on vessel development was
obtained with 1000 Hz/12 ,uT, which completely blocked the formation of blood and
vessels although traces of other organs were present.
As shown in Table 2A, four of the controls presented embryological abnormali-

ties. Statistical analysis demonstrated the high significance of our results, and the
normality of eggs exposed to the lowest ELMF (10 Hz/0 12,uT) increased the
significance of these findings. The control egg of the series incubated under 10 Hz/
1 2 ,T showed a mild, uniform abnormality in all organs and could have been
spontaneously defective. With respect to the abnormal control in the 1000 Hz/12 ,uT
series, the possible effects of very weak ELMF cannot be dismissed because the egg
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was only 20 cm from the coil. However, since the other controls were normal, this
possibility is considered remote.
Our results are difficult to compare with other available reports because of

methodological differences. Veneziano (1965) has described disturbances in chick
embryos exposed to ELMF, but he used static fields, found alterations in only 15 %
of the exposed embryos, and used much higher intensities (31 Gauss) than ours
(1,T = 0-001 Gauss). Kim (1976) has reviewed the literature on the effects of
static magnetic fields on growth rates of bacteria, drosophila, frog embryos, rabbits,
cats and other animals. Intensities used were up to 120000 Oe and results were
variable and not comparable to our findings except for the study by Kiyushkin et al.
(1966) who described retarded development in the pigeon embryo using intensities
of 4-7 Oe.
The main characteristics of the present experiments were the effectiveness of very

low intensities and the use of pulsatile instead of static magnetic fields. Thermal
effects were therefore minimal and may be disregarded. The use of pulses permitted
analysis of frequency effects. Teratogenic results did not seem to be related to the
amount of applied energy because levels were very low and also because equivalent
total amounts of energy such as 10 Hz/12 ,uT and 100 Hz/1 -2 ,uT produced very
different effects. A parametric biological sensitivity and not an unspecific energetic
disturbance therefore seemed to be involved.
Our results were homogeneous when parameters of 100 Hz/1 2,uT and also

1000 Hz/1 2 ,uT were used (see Table 2B), but even in these series, histological
abnormalities varied, indicating that some embryos were more sensitive to ELMF
than others. Heterogeneity of results was greater when other parameters were used:
for example, in the 100 Hz/12 ,uT series, three embryos were normal whereas six
were abnormal in their truncal nervous system, heart, vessels and somites, and five
had abnormal vessels. This finding indicates a varied sensitivity of the embryos to
ELMF, possibly related to their lack of genetic homogeneity. Evidence indicates
that there may be two types of embryological sensitivity to ELMF: (a) Individual,
meaning that the whole embryo may or may not be affected by exposure to ELMF;
and (b) organ, related to differential sensitivities within the same embryo; for
example, the greater reaction of the cephalic nervous system in comparison with
that of the embryonic heart.

Explanations of the ELMF mechanisms of action on embryogenesis are rather
difficult to formulate. The possible cooperativity at membrane surfaces in the sensing
of weak fields is an attractive theory. In the model proposed by Grodsky (1976) and
evaluated by Adey (1979), the membranes could have lines of electric strain coming
from the lipid bilayer, with glycoproteins playing an essential role and with dipoles
arranged basically in an antiferromagnetic state. Energy added in a coherent fashion
could cause the dipoles scattered about on the surface glycoproteins to change their
orientation from the antistate to the flop phase.
The sheet arrangement of the membrane may be interrupted by protruding strands

of glycoproteins or of glycosaminoglycans. The latter have characteristics as poly-
anions with acidic sulphate and/or carboxyl groups, possessing a polyelectrolyte
nature and forming proteoglycans in which several chains are covalently linked to
polysaccharide units (Lindahl & Hook, 1978). The electrostatic properties of these
polysaccharides are essential for their interactions and form the basis of their many
functions, including ionic distributions, osmotic pressure and electrical fields in
cellular membranes, and cooperative electrostatic binding to a varied number of
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macromolecules, for example collagen and lipoproteins. Exposure to ELMF could
change the electrostatic properties of glycosaminoglycans, altering their embryo-
genetic role. Their histological staining properties could also be modified. Especially
interesting is the accumulation of hyaluronate in the tissues at a stage characterized
by extensive cell migration and the subsequent enzymatic removal of hyaluronate.
The role of glycosaminoglycans seems well established in organogenesis (Bernfield,
Cohn & Banerjee, 1973; Fisher & Solursh, 1977; Kosher & Lash, 1975; Strudel,
1973). Glycosaminoglycans are components of the extracellular matrix and are
associated with cellular membranes in embryonic and also in adult tissues (Toole,
1976). In chick embryos, hyaluronic acid is present in the cellular matrix of the
migrating sclerotome of neural crest and developing heart and limbs (see biblio-
graphy in Fisher & Solursh, 1977). It is a constituent of the extracellular matrix of
the chick primary mesenchyme and is necessary for maintenance of the extensive
intercellular spaces which are characteristic of the mesenchyme in the head region
of the embryo, and for cellular migration.

It is also known that glycosaminoglycans promote certain types of morpho-
genesis and cell differentiation (Hay & Meier, 1974, 1976) and that, in the absence
of glycosaminoglycans, there is no embryonic development (Trillo, Cuevas & Leal,
in preparation).
The mechanism of delays and malformations of embryogenesis could be related

to the disruption or absence of glycosaminoglycans in embryos treated with 100 Hz/
1 2 ,uT, as revealed by alcian blue stain. Granular and poorly organized patches of
glycosaminoglycans are very clear in Figure SB and contrast with the neat fibrillar
organization in the normal embryo shown in Figure SC. In the most affected
embryos (exposed to 100 Hz/1 2,uT), glycosaminoglycans were absent; in less
affected embryos (exposed to 10 Hz at different intensities) where morphogenesis
occurred (although with some delay) they were present (although modified) in the
acellular spaces. Embryos exposed to 100 Hz/12,uT had traces of glycosamino-
glycans in their cellular surfaces and contained indications of incipient development
of nervous system and other organs. Because this growth requires some synthesis
and excretion of glycosaminoglycans, cellular metabolism was evidently less dis-
turbed with 12,T than with 1 2,T.

In the series exposed to 1000 Hz/12 ,uT, glycosaminoglycans were more abundant
than in embryos exposed to 100 Hz, but their appearance was abnormally granular.
The fact that, in these embryos, the neural crest cells were grouped together, sticking
to the neural tube (Fig. SA), indicates an intrinsic lack of mobility possibly related
to alterations of glycosaminoglycans (Pratt, Larsen & Johnston, 1975).
The teratogenic effects of 12 Hz/12 ,uT were milder, and malformations were

limited to the cephalic nervous system and notochord. The abnormal thickening of
the cephalic nervous system was probably due to an increase of mitotic cells and the
disorderly disposition of metaphasic plaques. These disturbances may also be
associated with alterations of glycosaminoglycans, modifying their role in cell
proliferation (Ohnishi, Oshima & Ohtsuka, 1975).
The greater ELMF sensitivity of the cephalic nervous system could not be attri-

buted to neuronal electrical activity because, at these early stages of development,
the neuroblasts have not yet acquired the polarizing and depolarizing capability
necessary for neural transmission existing in the more mature neural tissue.

Organogenesis of each tissue is closely related to the local environment and arrest
in development may be caused by ELMF influences on the functional properties of
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the environment or, alternatively, on effects upon inductors and programmed
mechanisms. For example, delays in heart formation may be due to alterations in
the floor of the primitive pharynx which is the inductor of cardiac development.
Exposure to ELMF seems to be an excellent method for investigation of these
embryogenetic mechanisms.
As shown by Jaffe & Stern (1979), in the early stages of chick development, the

primitive streak has a steady current, with exit density of approximately 100 ,uA/
cm2, which pours out of the whole streak and returns through the epiblast. The epi-
centre of these currents lies near Hensen's node and some of them may react in ways
that affect embryonic development (Robinson & Cone, 1980). Application ofexternal
magnetic fields to embryos probably influences the steady currents of the primitive
streak, and this could be a mechanism for its disturbing effect in embryogenesis
shown in this paper. This working hypothesis is at present being tested experi-
mentally.

SUMMARY

Fertilized chicken eggs were incubated for 48 hours while exposed to extremely
low frequency magnetic fields (ELMF) of 10 Hz, 100 Hz and 1000 Hz with intensi-
ties of 0' 12, 1 2 and 12 ,T.
Gross morphological and histological analysis of the exposed embryos revealed

the following effects:
(1) ELMF of 100 Hz/1 -2 #sT had the most consistent and powerful inhibitory

effect on embryogenesis. Development of embryos was reduced to the formation of
the three primitive layers. Brain vesicles, auditory pit, neural tube, foregut, heart,
vessels, and somites were not developed. Glycosaminoglycans were almost absent.

(2) The above results demonstrate a window effect because embryos exposed to
1OO Hz/1 2,uT were less developed than embryos exposed at lower and higher
intensities and frequencies.

(3) Developing organs reacted with different sensitivity to ELMF of specific
frequencies and intensities. The cephalic nervous system was the most and the heart
the least sensitive. Somites were not disturbed by exposure to 10 Hz with any of the
intensities used. Formation of blood vessels was completely blocked by ELMF of
1000 Hz/12,T while traces of other organs were present.

(4) The drastic embryological disturbances described were obtained with much
lower intensities (1 /AT = 0 01 Gauss) than those used in studies by other investiga-
tors.

(5) Embryological alterations induced by ELMF may depend on disturbances in
the presence and structure of glycosaminoglycans which are essential elements in
cellular activities, including cell migration.

(6) The use of ELMF of low intensity may be a powerful method to investigate
embryogenetic mechanisms and may also be a useful technique for investigation of
other biological systems.

The authors wish to thank Rafael Lopez Portoles, Eduardo Ramirez Gonzales
and Maria Angeles Trillo for their excellent technical assistance and Caroline S.
Delgado for her editorial help.

ADDENDUM

After preparation of this paper we had the opportunity to contact Professor C.
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Andrew L. Bassett and his group at Columbia University, New York City, and
reference must be made to this excellent work. See, for example: Pulsing electro-
magnetic fields: A new approach to surgical problems (C. A. L. Bassett). In Meta-
bolic Surgery (ed. H. Buchwald & R. L. Varco), pp. 255-305. New York: Grune &
Stratton. 1978.
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