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The effect of electromagnetic fields (50 Hz, 100 mT mag-
etic flux density) on Drosophila embryogenesis was
ested under conditions of mild thermal stress (temper-
tures between 34 and 37°C). When exposed to these
tressor(s) for 30 min during early embryogenesis those
mbryos which were subjected to both electromagnetic
elds and elevated temperature (costress) showed pat-
ern anomalies more frequently than embryos subjected
o thermal stress alone. Furthermore, under costress
onditions development was considerably delayed in
hree different strains tested. The use of transgenic
trains with a lacZ reporter being expressed in segmen-
al patterns facilitated the identification and quantifica-
ion of the pattern anomalies. © 1999 Academic Press

Key Words: electromagnetic fields; pattern forma-
ion; rate of development; heat shock; environmental
tress.

The biological effects of extremely low frequency
lectromagnetic fields (ELF-EMF) have been studied
n recent years in view of potential health hazards.
espite intensive research a widely accepted concept

oncerning the biological effects of ELF-EMF has not
merged (reviewed in 1–4). Any promising molecular
pproach has to be based on clear and reproducible
iological effects of ELF-EMF. This precondition was,
s a rule, not met and this may, in part, explain the
low progress in the field. In this unsatisfactory situa-
ion it is surprising that established animal model
ystems like C. elegans and Drosophila have not been
ully exploited to study the cellular effects of ELF-
MF, the possible primary molecular targets, and the

elevant signal transduction mechanisms.
We reasoned that it might be easier to disturb devel-

pment by ELF-EMF when the embryos are at the
ame time subjected to a moderate stress thus making
hem more susceptible to the applied weak electromag-
etic fields. The observation of Goodman and co-

1 To whom correspondence should be addressed. Fax: 49-351-463-
093. E-mail: gutzeit@rcs.urz.TU-dresden.de.
73
orkers (5) that ELF-EMF induces the expression of
he heat shock protein 70 (hsp70) prompted us to use
levated temperatures as a second stressor (costress)
n addition to ELF-EMF. The hsp 70 protein is thought
o act as a sensor to stress (6) and responds to stress by
ncreasing the fitness of the animal. This can be shown
xperimentally by the improved tolerance of Drosoph-
la larvae to stress which carry extra copies of the
sp70 gene and express higher levels of the hsp70
rotein (7). In a previous series of experiments using
ransgenic strains of C. elegans we were able to show
hat under suitable costress conditions the induction of

lacZ reporter gene under the control of hsp70 or
sp16 control sequence can be strongly enhanced by
LF-EMF (8).
Encouraged by the success of the costress strategy
e asked a more ambitious question: could costress

onditions be defined which resulted in clear and re-
roducible developmental effects? As an animal model
e chose the fruit fly Drosophila melanogaster because

f the extensive genetic work which will greatly facili-
ate a biochemical and genetic analysis at a later stage.
lso, transgenic strains with a patterned expression of

he lacZ reporter genes are available which greatly
acilitate scoring of developmental defects. The phase
f embryogenesis was chosen for our analysis since the
omplex molecular signalling during early embryogen-
sis is likely to be most susceptible to stressors.
In this communication we show that ELF-EMF at

levated temperatures may interfere with develop-
ent in this species in two ways: ELF-EMF exposure

t early development increases the fraction of abnor-
ally developing embryos and, in addition, delays de-

elopment.

ATERIALS AND METHODS

Fly stocks. Several transgenic stocks of Drosophila were used in
hich the expression of a lacZ reporter gene is controlled by the

elevant sequences of the segmentation genes engrailed (en), fushi
arazu (ftz) or sloppy paired (slp) The stocks will be referred to as
n-lacZ (9), ftz-lacZ (10), and slp-lacZ (11). For details of the stocks
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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tocks were kindly supplied by Prof. W. Gehring, Basel.

Handling of embryos and exposure to ELF-EMF and heat. Flies of
he respective stocks were placed on fresh agar plates supplemented
ith a drop of Baker9s yeast. Egg deposition was allowed for 1 h

ollowed by three egg deposition periods of 30 min each and only
hese three egg collections were used for the described experiments.
he laid eggs were collected with a brush, washed with PBS and
echorionated using sodium hypochloride. The eggs were washed
ith PBS again and left to develop at 25°C for 2 h 30 min, 3 h, and
h 30 min. Taking the egg deposition period of 30 min into account

he samples could be divided into the following age groups: 2 h 30
in–3 h (cellularization), 3 h–3 h 30 min (early gastrulation), and 3
30 min–4 h (midgut invagination to early germ band extension).

he embryos of each age group were split into 3 samples; one served
s control (25°C), the second was subjected to elevated temperatures
see Results) and the third group was kept at the stress temperature
nd, in addition, subjected to ELF-EMF. The stress was limited to 30
in. Afterwards the three groups of embryos were left to develop for

6 h at 18°C. The embryos were fixed in 200 ml of 3.7% formaldehyde
n PBS and 200 ml heptane for 25 min. After washing the embryos in
BS twice, b-galactosidase activity was visualized by staining using
-gal as a substrate. The embryos were stained for several hours at
7°C. For each experimental condition 5 to 7 independent experi-
ents were carried out with a total number of 400 to 500 embryos in

ypical experiments. Of these embryos 60 to 70% showed lacZ stain-
ng and were used to score developmental defects as described under
esults.

Control of stress parameters. Defined ELF-EMF were generated
y a set of Merritt coils (12, 13). The technical details to produce
LF-EMF were described previously (8). With the experimental
et-up we were able to generate a magnetic flux density of 100 mT
ith a precision of 62%. Other magnetic flux densities were not

ested. The harmonic distortion, the terrestrial magnetic field as well
s stray field sources in the laboratory were measured and did not
nfluence the results significantly. The temperature (costressor) was
ontrolled with an accuracy of 0.1°C in specially constructed PVC
hambers (for details see 8).

ESULTS

. Induced Pattern Anomalies

A transgenic Drosophila strain with the characteris-
ic engrailed expression of the lacZ reporter genes was
sed in this series of experiments so that any develop-
ental defect resulting in segmental pattern anoma-

ies could easily be recognised. Typical defects which
ere scored as embryonic pattern anomaly were, for
xample, incompletely formed segments, lack of seg-
ents, fused segments and, in extreme cases, patchy

acZ-expressing cells with grossly disturbed segmental
xpression pattern. Since the spectrum of anomalies
id not differ significantly under the different experi-
ental conditions (including the controls) we sub-

umed all defects in one class and just compared the
requency of anomalies scored under different experi-
ental conditions.
Our experimental strategy was to test the effect of
LF-EMF under conditions of mild thermal stress. In
reliminary experiments suitable conditions for ther-
al costress were defined and a temperature between

4 and 37°C met our expectations. Several experi-
74
ents carried out in this temperature range were
ooled and subdivided into two groups (34–35°C, 36–
7°C). Controls were kept at 25°C (see Materials and
ethods). Even at this stress-free temperature embry-

nic defects are regularly observed. The measured fre-
uency of anomalies at 25°C was defined as 100% and
he data of the experimental samples calculated with
eference to the controls. Another variable which was
xplored was the age of the embryos at the beginning of
he stress treatment. We concentrated on early embry-
genesis starting from cellularisation up to early germ
and formation.
Under all conditions tested (Fig. 1) the samples at

levated temperatures alone or in combination with
LF-EMF (B and C, respectively) clearly showed more
attern anomalies as the controls. Furthermore, under
ostress conditions more anomalies were observed
han at temperature stress conditions alone (compare

to B). Of the variables tested (temperature and age)
here was a clear tendency for anomalies to increase
ith increasing temperatures and to decrease with age
hen the three tested embryonic stages are were com-
ared. Data obtained for temperatures below 34°C (not
hown) confirmed this tendency. Hence the clearest
ffects were observed in 2 h 30 min to 3 h old embryos
xposed to 36–37°C. When compared to the controls
he anomalies in temperature-stressed embryos was
ore than 4 times as frequent and in embryos exposed

dditionally to 100 mT ELF-EMF about 10 times as
requent. When tested statistically by non-parametric
NOVA sample C was significantly different from A in

wo cases (Fig. 1, age groups 2 h 30 min–3 h, both
emperature ranges) while B compared to A was not.

From these results the clear picture emerges that at
he time when the zygotic pattern forming genes like
n become activated and specify the segmentation pat-
ern of the embryo the processes can be disturbed by
hermal stress. This effect can be strongly enhanced by
LF-EMF.

. Induced Developmental Delay

When the experiments described above were carried
ut we noticed that embryos subjected to EMF treat-
ent developed somewhat slower than control em-

ryos kept at the same temperature. To quantify the
ffect of ELF-EMF we used embryos of three different
enotypes. As before, embryos of the desired stages
ere collected and subjected to thermal stress (36°C)

or 30 min with or without ELF-EMF (100 mT). After
ncubation of the embryos for 16 h at 18°C the embry-
nic stages were determined and classified into 3 cat-
gories (larva, extended germ band and short germ
and). Depending on the stress conditions the number
f undeveloped or grossly abnormal embryos whose
tage could not be determined was high and these
ases were scored as “not classifiable”. The results
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hich are summarized in Fig. 2 illustrate the following
oints:

(i) in all tested genotypes the fraction of control em-
ryos (25°C) and temperature-stressed embryos (36°C)
re predominantly in the short germ band stage while
he embryos which were in addition to the temperature
tress also subjected to ELF-EMF were predominantly
n the long germ band stage.

(ii) The age difference between temperature-stressed
nd ELF-EMF costressed embryos increased when the
tress was applied late (2 h 30 min–3 h , 3 h–3 h 30
in , 3 h 30 min–4 h).
(iii) The sensitivity to the stress conditions varied

etween the different genotypes. Highest sensitivity
ppeared to have the ftz-lacZ strain in which a high
ercentage of (co)stressed embryos did not develop
roperly (category “not classifiable”). In fact, in the
oungest age group no ftz-lacZ embryo at all reached
he germ band stage under costress conditions. In ac-

FIG. 1. Effect of heat and ELF-EMF on the formation of embryo
25°C) was used as reference and set as 100%. The incidence of anom
ontrols. The standard deviation is indicated. In all costress experim
75
ordance with the observations reported in the previ-
us section the sensitivity to stress was generally high-
st in the 2.30 min–3 h age group and declined in older
mbryos (Fig. 2).

The stressor(s) were present in these experiments for
nly 30 min and yet a developmental delay was ob-
erved which clearly exceeded this time-span since the
hase of germ band contraction alone takes 1 h 30 min
t 22°C (14).

ISCUSSION

Embryonic development of invertebrate and verte-
rate species can be disturbed by a variety of chemical
nd environmental stressors and it is, therefore, not
urprising that the possible influence on ELF-EMF on
mbryogenesis was subject of several studies (e.g. 15–
7). In our experiments with Drosophila embryos ELF-
MF alone at control temperature (25°C) or tempera-

pattern anomalies. The number of anomalies scored in the controls
es under stress conditions was calculated in % with reference to the
ts (black columns) the magnetic flux density was 100 mT.
nic
ali
en
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ures below 34°C had only a small (if any) effect on
attern formation and rate of development. Our results
nder these conditions were variable and inconclusive.
imilar observations were made by Ma and Chu (18)
ho studied the effect of ELF-EMF on Drosophila em-
ryogenesis at 26°C.
Recently we showed that ELF-EMF (same exposure

onditions as in the experiments reported here) increases

FIG. 2. The effect of heat and ELF-EMF on rate of embryogen
enotypes (a–c) using the same three age groups of embryos as in Fi
tress conditions followed by 16 h development at 18°C is shown. The
hort germ band, respectively) or scored as “not classifiable” (not d
ontrol temperature, stress temperature, and stress temperature plu
hown (adding up to 100%). In all experiments involving ELF-EMF
76
he hsp response to elevated temperatures in transgenic
ematodes (8). Interestingly, a similar observation was
ade by Tsurita and co-workers (19) who found that
LF-EMF potentiates the effect of thermal stress in nor-
al and malignant human cell lines. Hence any effect

hat may be caused by elevated temperatures alone could
e expected to be potentiated by ELF-EMF. In this com-
unication we provide direct evidence for this notion.

. The effect of heat and ELF-EMF was studied in three different

. The developmental stage of the embryos after 30 min exposure to
bryos were grouped into three developmental stages (larva, long and
loped or grossly abnormal). For each experimental condition, i.e.,
LF-EMF, the percentage of embryos in each of the four categories is
magnetic flux density was 100 mT.
esis
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Before considering the combined effects of both stres-
ors it is useful to be aware of the effects of heat
reatment alone on development. The stress response
o heat and the signal transduction pathways that lead
o the expression of hsp has been analyzed in great
etail. Apart from heat a number of different physical
nd chemical stressors are known to induce hsp and,
oncomitant with transcriptional control, also transla-
ional control is exerted. For this reason it is not sur-
rising that heat (or other stressors that induce the
sp response) may interfere with critical developmen-
al processes. At sublethal temperatures phenocopies

FIG. 2—Continued
77
f, for example, dominant mutations in the fushi
arazu gene can be produced (Welte et al., 1995). The
ellularisation stage when the segmentation is speci-
ed is the most sensitive stage for phenocopy induction

n keeping with the interpretation that the heat stress
nterferes with the signalling in the relevant develop-

ental processes. Maas (21) found that at the blasto-
erm stage pattern anomalies in the abdomen and the
etathorax of the Drosophila imago can be induced by

eat (35°C for 4 h). Some of the observed morphological
efects of the metathorax may be regarded as pheno-
opies of the mutations bithorax or bithoraxoid.

The observed stage differences concerning the sensi-
ivity to the stressors is in keeping with observations
ade by Bergh and Arking (22) who subjected Dro-

ophila embryos to mild heat stress (40 min at 37°C)
nd observed that preblastoderm embryos were ex-
remely sensitive to this stress and development was
rrested or embryogenesis was abnormal while em-
ryos at the stage of gastrulation survived the heat
tress well and almost reached control levels.
The same authors noticed in their experiments that

he heat stress of 40 min at 37°C results in a develop-
ental delay which is considerably longer than the

uration of the heat shock itself. This agrees well with
ur observations reported here. We showed in our ex-
eriments that this heat-induced delay is further in-
reased by ELF-EMF to a surprising extent consider-
ng the fact that ELF-EMF alone is a very weak
tressor under a variety of experimental conditions.
he molecular basis for this effect is unknown but an

nfluence of the stressors on the regulation of the cell
ycle is indicated. Soon after the onset of gastrulation a
umber of mitotic domains form in the Drosophila
mbryo at more than 50 distinct mitotic trigger sites
23). The observation that the delay of development
as more pronounced in embryos past the gastrulation

tage (between 3 h and 4 h) than at the cellularisation
tage (2 h 30 min–3 h) provides indirect evidence for an
ffect of ELF-EMF on cell cycling.
The experimental strategy to study the biological

ffect of a stressor in the presence of a second stressor
s not only applicable to detect small and alone insig-
ificant effects. The approach may also aid in the study
f the relevant signal transduction pathways which
pparently interact to produce the combined effect.
urthermore, the biological effects in a costress situa-
ion of physical and/or chemical stressors may lead to a
ore realistic appreciation of potential health hazards.
case in point is the finding of Löscher and Mevissen

24) that the incidence of DMBA induced mammary
umors of rats increases strongly when the experimen-
al animals are, in addition to the chemical agent, also
xposed to 50 Hz pulsed magnetic fields with a flux
ensity of, for example, 50 or 100 mT.
In our previous experiments with C. elegans (8) we

oticed that the temperature which acted as efficient
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ostressor to ELF-EMF had to be defined with an
ccuracy of 1°C. In the experiment reported here the
emperature range between 34 and 37°C produced
he desired effect with the most efficient costress
emperature being 37°C. Since in contrast to Dro-
ophila the nematodes are hermaphrodites it is con-
eivable that there is less genetic variation in C.
legans than in Drosophila laboratory populations.
hile a number of observations support this suspi-

ion (e.g. the “background” of developmental defects
ven in unstressed wildtype Drosophila embryos or
he variability of protein patterns analysed by two
imensional gels, unpublished observation) quanti-
ative data are lacking.

The genotoxic potential of ELF-EMF has been stud-
ed intensively but clear evidence for such effect has
ot been presented. However, circumstantial evidence
uggests that the genotoxic potential of ELF-EMF in
he presence of a second stressor needs to be addressed
n further studies (reviewed in 25).

Since the experimental conditions have now been
efined under which ELF-EMF has a strong effect on
ene expression and development in two model organ-
sms, a molecular analysis of ELF-EMF-induced gene
xpression is called for. This approach is likely to en-
ance our knowledge on the interaction of the com-
ined stressors and may well change our views on the
isk assessment of “weak” stressors.
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