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PREFACE

The compendium that follows is a collection of topical resource papers
compiled by a number of scientists contributing their expertise to a study
conducted by the American Institute of Biological Sciences for the Naval
Electronics Systems Command. The study was an evaluation and analysis of the
extant professional 1literature published since January 1977 about the
biological and human health effects of extremely 1low frequency (ELF)
nonionizing electromagnetic radiation of consequence to the Department of the
Navy's ELF Communications Program. The papers represent the opinion of the
authors of the content of the literature they reviewed and their conclusions
as to the meaning of that content. .

These resource papers were reviewed and the author's conclusions evaluated
by an AIBS appointed committee of experts, the Committee on Biological and
Human Health Effects of Extremely Low Frequency Electromagnetic Fields. In
addition, the Committee reviewed and evaluated books, research reports,
project reports, articles and papers from peer-reviewed journals that
discussed or described biological and human effects of nonionizing
electromagnetic radiation in the frequency range of 1 to 300 Hz to produce its
report. The report, "Biological and Human Health Effects of Extremely Low
Frequency Electromagnetic Fields," was submitted to the Department of the Navy
in March 1985,

The ELF study is another in a long history of AIBS programs bringing
together the advisory resources of the bioscience community and Federal agency
projects. The Institute expresses its thanks to the topical resource paper
authors for their important contribution to the study and to the ELF Committee
and advisors, and also recognizes the diligence of Molly Frantz, the AIBS
Project Coordinator. We also express our appreciation to H. B. Graves,
General Chairman of the report Committee, the study, and organizer of the
resource paper effort. Thanks are extended to Cindy DeWeese whose assistance
was invaluable to the completion of the project.

%

na . Beem, Ph.D.
AIBS - ELF Project Director
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EFFECTS OF ELF FIELDS ON NEURAL DEVELOPMENT
AND NERVE REGENERATION

Ernest N. Albert, Ph.D.
Gary Cohen, M. S.

The George Washington University Medical Center

NTRODUCTION

An extensive literature has accumulated on possible biological effects of
xtremely low frequency (ELF) electric fields, especially in the areas of
nimal behavior and physiology. In contrast, very little is known about ELF
ields effects on developing nervous systems, although theoretical arguments
xist for possible effects. Initial reports, including those with some
dverse effects, need much further verification in order to determine how, if
t all, neural development may be vulnerable to an environment increasingly
ull of ELF fields.

White physical descriptions of these and other frequencies 1in the
‘Tectromagnetic radiation spectrum have existed for over a century, biological
nvestigations of ELF field effects are quite recent in origin. ELF fields
lay be the most heterogeneous of all forms of nonionizing radiation. Simple
alculations show that their fields have wavelengths measuring 1in the
housands of kilometers, and therefore, their wavelengths differ by this
lagnitude. Low frequencies also produce varying wave forms at any one
requency of interest. Consequently, the problem of standardizing research at

limited number of field parameters is likely to plague biological work for
uite some time. Making generalizations about biological effects of ELF
ields is dangerous, at best.

Although possible mechanisms of biological interactions are only a matter
f speculation at this time, cellular activities which might be affected by
LF fields are known to be critical in neural development. Although ELF
ields have too little energy to break the covalent and hydrogen bonds s0
rominent in living organisms, they may well change the three-dimensional
tructure of ions and molecules existing as either temporary or permanent

ipoles {(Adey 19&1). Molecular conformation is of the utmost importance in




ELECTROMAGNETIC FIELDS AND CALCIUM EFFLUX

Ernest N. Albert, Ph.D.
Frank S. Slaby, Ph.D,

The George Washington University Medical Center

The purpose of this manuscript is to analyze the body of experimental
studies investigating the effects of electromagnetic radiation on the release
of calcium ions from nervous tissue. These studies have drawn conciderable
atteation and concern because of their implication that radio frequency and/or
microwave radiation may measurably alter calcium efflux from nervous tissue;
therefore, the electromagnetic radiation may also be altering basic cellular
processes of neurons and/or neuroglia. Demonstration of positive effects
holds both a promise and a threat: the promise of having a non-pharmacological
tool in the clinical setting for health care and the threat that under certain
conditions common electrical devices can be harmful to human and animal health,

In order to clarify the significance of the studies that will be reviewed
and discussed, we should like to categorize--at the beginning--what these
studies do not show. The reason for this is simple. As the experimental
findings were presented, the focus was on the issues of experimental design,
nature of data being gathered, and statistical methods employed to analyze
data. By contrast, the implications of the findings were not addressed. In
this highly specialized area of scientific investigation, an area requiring
expertise in both physics and cell biology, much confusion exists between hard
laboratory data and soft discursive conclusions drawn from the data.
Therefore, the digressive material is dealt with at the outset.

1. None of the studies on electromagnetic field effects on calcium provide
any evidence concerning the sizes and/or exchange half-lives of intracellular
calcium pools. All intracellular calcium pools of eucaryotic cells (including
those of nervous tissue) can be maximally labelled with 4SCa after 1- to 2-h
radiolabelling., Measurement of the sizes and exchange half-lives of these
pools requires first, maximally 1labelling the cells; second, quickly and
consistently washing the cells free of radiolabelling medium; and third,

15
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When these and other experimental difficulties are resolved, we may feel
more confident about research in this important area, and either recognize
significant ELF effects or allay any fears about adverse effects some
investigators have reported.
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Thus, as has been true in other studies of potential neural developmental
effects of ELF fields, researchers 1in the area of periphera’ nerve
regeneration have reached quite different conclusions. Species differences,
as well as differences in frequencies and wave form, may explain these
discrerancies, as may the details of experimental techniques. However, it may
be true that more needs to be learned about standardizing the actual field
strengths of ELF fields experienced by the animals or tissues of interests.
While microwave research has been significantly improved by the calculation of
the thermal specific absorption rate, no such technique exists in ELF fields
research., Nerve regeneration studies, as well as the other topics of this
discussion, will continue to be the victim of experimental discrepancies until
some form of standardization can be found.

SUMMARY AND CONCLUSIONS
The extensive proliferation of ELF fields in the 1lives of countless

millions of humans and animals is, by itself, reason enough for investigations
of biological effects of these fields. A more critical area of biological
effects can hardly be found than the development of nervous systems. Further,
theoretical reasons exist for believing there may be a morphological basis for
the behavioral and physiological effects already reported to occur. Changes
in neurcon number, or changes in ability of neurons to reach their proper
targets, are likely to yield such morphological alterations. While some quite
dramatic alterations have been reported, their inability to be replicated, in
some instances, points to the special difficulties in exposure to ELF in
standardized regimens using standardized animal or tissue preparation and
standardized handling of these preparations. Solutions to some, but not all,
of these difficulties might be found in the use of in vitro tissue culture
systems with the use of similar electrical coils and/or plates. Our
laboratory, as have others, is investigating rat dorsal root ganglia grown in
Petri dishes which can be placed between simple electrical plates or within
coils. If whole animal studies do continue, it may be useful to consider
factors which are important in how animals respond to ELF fields, one of which
is the ability to recover from any induced damage. Recovery periods need to
be at least standardized, if not greatly reduced.




of each cross-section did not appear to be complete. Muscle testing was prone
to errors in exact positioning of hind legs; and measured strengths may depend
on factors other than the extent of nerve regeneration, such as animal size,
age and pre-experimental activities. Cutting both sciatic nerves in each
animal gives the investigators more data for each animal, but prevents one
from having a contro! muscle or nerve in the same animal, which could be
useful in both functional testing and neuronal histological evaluations. It
might be more revealing to cut only one nerve and, instead, use the uncut
nerve and muscle as a control rather than another animal.

A similar study by Orgel, 0'Brien, and Murray (1984) failed to find any
enhancement of peripheral nerve regeneration by ELF fields. This study does
note, however, species differences, and important differences in ELF
frequencies and wave forms. In this experiment, rats were divided into four
groups: (1) nontreatment control group; (2) control group placed in an
uncharged apparatus; (3) group given electrical exposure of one type; and (4)
group given quite a different ELF field exposure. The former exposure group
was subjected to 15-Hz pulses, with 380 us positive-going and 24 us negative-
going. The latter exposure group was subjected to 72-Hz pulses, 200 us
positive-going and 6 ms negative-going. Field strengths were not given.
Orgel et al. (1984) also exposed cats for a total of 12 weeks, placing them in
harnesses for 10 h/day, 6 days/week, for either no exposure or exposure to ELF
fields. The first control group was never placed in the harness. Animals
were allowed free mobility the rest of the time. No gap was left between the
two segments of the cut left common peroneal nerve. To measure the extent of
regeneration in the single nerve cut in each animal, Orgel did histological
analysis of the nerve as well as the ability of the nerve to conduct the
retrograde transport of horseradish peroxidase (HRP), a substance whose
reaction product can be visualized with light and electron microscopes. Also,
electrophysiological recordings were made of the reinnervated muscles,
comparing them with preoperative recordings.

In contrast to Ito and Bassett (1983), Orgel (1984) found no significant
differences in nerve regeneration induced by ELF fields. No differences were
found amorig the two control and two experimental groups in either axon
diameters or densities, HRP transport to the spinal cord, or muscle compound

action potentials.
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without a gap. In this study the investigators cut the nerve in 73 of 77
rats. The animals were placed in body casts, and placed either inside
magnetic cofls (exposed animals) or at least three meters away (contro)
animals) 1in the same room. The immobilized experimental animals were
completely inside a pair of coils charged with single-pulses, 380 us in
duration and positive-going, at 72 Hz. Amplitude of the coil voltage was
determined to be 15 mV, but the actual field strengths experienced by the rats
were not given. Exposure, for as long as 14 weeks, was for either 12 or 24
h/day.

Ito and Bassett (1983) studied both the histology of the nerve and
performance of reinnervated muscles (gastrocnemius and soleus) for the success
of regeneration. Some, presumably representative, areas of nerve
cross-sections were examined for axon density. Distance travelled past the
cut stump was also recorded by viable axons. (Qualitatively intracellular
content was evaluated., The mean load lifted by both hind legs was also
determined by fixing the hindlegs into a standard position and placing a load
cell on the feet.

Ito and Bassett (1983) found that, in comparison to control rats, animals
exposed for either 12 or 24 h/day had superior nerve regeneration.
Experimental nerves had a greater migration of fibers past the distal stump;
strangely, the actual distance was greater in rats given 12-h daily exposures
than in those given continuous exposures. While distances travelled in the
exposed animals' nerves were significantly greater in both experimental group
than in control, there was no significant difference in the two experimental
groups. Axon numbers and diameters were larger in experimental rats, but the
actual figures were not given. Similarly, interaxonal collagen was simply
stated as having '"appeared greater" in exposed animals. Functional tests
showed no differences in mean loads until 12 weeks of exposure, when exposed
rats' hindlimbs had more than double the mean loads of controls. The four
rats who were not operated upon but were placed in casts had less ability to
1ift loads than untreated rats, but the differences were not significant.

While these results seem clear-cut, certain aspects of Ito and Bassett's
techniques are prone to error. However, this criticism may be directed at all
attempts to study nerve regeneration in an in situ system. Specific details
and raw data on axon counting are not given, and the histological examination

10




laboratory has made the strongest claims so far for ELF field effects on
development.

Inevitably Delgado's findings (Delgado et al. 1982; Ubeda et al. 1983)
will be called into question as other investigators try to replicate his
findings. Such an attempt has already been started by Martucci, Gailey, and
Tell (1984) who have found no abnormalities in their exposure of chick eggs
while using experimental parameters similar to Delgado's. While it can be
argued that minimal differences in wave forms, egg handling, or even strain
differences in the chicks may be responsible for this discrepancy, it would
suggest a much larger problem in exact reproduction of Delgado's techniques.
No other major publications exist for purposes of comparison, although an
abstract by Bootz et al. (1978) found only minimal effects on chicks exposed
to 50-Hz fields at 30 kV/m. Chicks exposed for 43 weeks showed only reduced
weights in comparison to controls, and no abnormalities were found in
hatchlings.

ELF FIELDS AND PERIPHERAL NERVE REGENERATION
Great interest has developed recently in the possibility of enhancing

peripheral nerve regeneration by exogenous electric fields, including ELF
fields. While nerve regeneration has at least some differences with the
original development of the peripheral nervous system, regeneration is thought
to be dependent on some of the same processes, including directed axonal
migration, Schwann cell direction, and interaction with muscle fiber membrane
proteins (Seil 1983). During the last two decades investigators have cut a
motor nerve, sutured it in place, and attempted to monitor regeneration by
histological analysis of the nerve or the performance of the reinnervated
muscle, While some of the investigators, using various electromagnetic
parameters, have had varying successes, their explanation of experimental
conditions has been so ambiguous as to defy analysis. Two recent
reports--with quite different results--have more clearly specified
experimental conditions, including the frequencies and wave forms of ELF
fields used.

Ito and Bassett (1983) cut both sciatic nerves in female Sprague-Dawley
rats and sutured them after leaving a one millimeter gap, thus avoiding the
nearly impossible attempt of early investigators to realign nerve fibers




to be involved in normal cellular migration and development and could, by
their absence, be a sole cause of the stunted development found by Delgado and
coworkers (Delgado et al. 1982; Ubeda et al. 1983).

Finally, at all frequencies and magnetic field strengths, various
abnormalities were found in the truncal nervous system, cardiovascular system,
and somites, but these defects were always far less than those found in the
cephalic nervous system.

In discussing their findings, Delgado et al. (1982) emphasized the
particular potency of ELF fields at 100 Hz and 1.2 u.T, comparing it to the
"window effect" of a limited range of frequencies having specific effects, as
proposed by Adey (1981). Consequently, greater emphasis on this frequency was
made in the Ubeda et al. paper (1983). A much larger sample size (659 eggs)
was used. No description of the wave form was given in the first paper: no
drawings or rise time were provided for four wave forms. Now the claim was of
only reduced glycosaminoglycans, not a total absence. Perhaps this reveals
the laboratory's understanding that Alcian blue stains are very pH-sensitive,
and at any one pH only some, and not all, glycosaminoglycans will be stained.
A1l work used 100-Hz fields, with a pulse duration time of 500 us, with
magnetic field intensities ranging from 0.4 to 104 u.T and rise time of 100,
42, or 2 us. Also, to test effects from merely placing eggs inside the coil,
a control group was placed inside an uncharged coil and compared with a group
outside: no significant differences were found between the two groups.

The results of this second investigation showed a more narrow “window
effect,”" with the most severe abnormalities, especially in the cephalic
nervous system, at intensities of 1.0 and 13.% u7. The term "window effect"”
seems t¢ be appropriate here, since the wave forms and not thermal
sensitivities appear to be responsible at these low intensities. One of the
100-Hz pulses with a rise time of 42 us was the most potent in causing
abnormalities in all systems studied, especially when the magnetic strengths
was 1.0 uT. As with the first experiment, all systems were affected, but the
most vulnerable was the cephalic nervous system. And again, alternations of
glycosaminogliycans were considered a possible cause of these severe
inhibitions of chick embryogenesis in which minimal neuronal differentiation
was sometimes found. Having observed extensive areas of abnormal development,
necrosis, and poor cellular adhesion throughout the embryos, Delgado's




standardizing exposure conditions and periods of recovery. The issue of
recovery is critical. Subtle cerebellar deficits were found by Sikov et al.
(1984) to be recoverable within a week, for example, and slight morphological
changes may be associated with such physiological deficits as decreased
righting reflexes and geotropism. In our study we also did not observe the
gross reductions in animal weights or motor control found by Hansson (1981);
this may again be due to differences in exposure conditions or recovery
periods, or may be a species difference.

ELF FIELDS AND CHICK EMBRYOGENESIS

Perhaps the most startling findings in the field of ELF field effects on
neural development are those from the laboratory of Delgado. Two pubiications
have reported severe impairment of chick embryogenesis from the exposure of
very weak ELF fields (Delgado et al. 1982; Ubeda et al. 1983).

The first paper reported that a total of 68 fertilized chick eggs, from
white Leghorn hens, were incubated at 38° C and 55% humidity for 48 h. Two
experimental eggs during each experiment were placed inside a copper coil,
while one control egg was placed inside the same incubator but outside this
coil. Three frequencies were used: 10, 100, and 1,000 Hz, with current
adjusted to provide magnet strengths of 0.12, 1.2, and 12 uT at each
frequency. These magnetic strengths were all well below the earth's own
magnetic field strength. The 26 control and 49 exposed embryos were then
fixed and scored for development by the Hamberger and Hamilton criteria for
chick embryos.

While 22 of the control eggs (84.67 ) were graded normal after 48 h, 33 of
the exposed eggs (78.5° ) were graded abnormal. By far, the greatest
abnormalities were from exposure at 100 Hz, and at all frequencies the
ceptialic nervous system was most commonly affected. Specifically, at 100 Hz
the eggs exposed to the intermediate magnetic strength (1.2 uT) were the most
affected: all six eggs were grossly underdeveloped, and the central nervous
systems were no more than a thickened plate of ectoderm. At 48 h, a fully
closed neural tube should be present in chick embryos, with division of the
brain into its three primary vesicles. Staining with Alcian blue (pH 3)
revealed the complete absence of glycosaminoglycans in the inteccellular
matrix in eggs exposed to 100-Hz, 1.z-,7 fields. These molecules are thought




After a one-week recovery period, pups were ear-coded by Battelle and sent to
our laboratory for electron microscopic analysis. For further details of the
exposure procedure see Kaune (1979).

Electron microscopic analysis was done single-blindly on male and female
rats identified only by code. Included in the electron microscopic studies
were ultrastructure of the cerebellar Purkinje cells and the. hippocampal
pyramidal cells. Also, quantification of synapse density in the molecular
layer of the cerebellar cortex was done (Albert et al. 1984).

Results showed no significant differences in synaptic density between
control and exposed rats, although exposed females showed a nonsignificant
increase of 9.3% over control females. Sampling size, however, was too small
to make final conclusions on synaptic counts, since only a total of 16 rats
was evaluated.

Albert et al. (1984) found that Purkinje cells in two of the exposed rats
showed moderate alterations in ultrastructure. These alterations consisted of
short, dilated smooth membrane cisterns occurring in stacks of two to five.
Some Furkinje cells had only very few of these structures, however. Although
these structures have a greater resemblance to sublemmal cisterns, we have
chosen to associate them with the lamellar bodies found by Hansson (1981). It
must be pointed out that the size as well as the number of these lamellar
structures were insignificant as compared to those reported by Hansson.
Further studies of Purkinje cells in animals sacrificed and preserved without
delay after exposure may resolve the discrepancy between the results obtained
in these two laboratories.

Our investigation of the pyramidal cells of the hippocampus similarly
revealed only minimal alterations. Pancake-like membranous structures, very
few in number, were seen in only two of the 16 experimental animals. In all
other respects, pyramidal cells of all control and experimental rats appeared
identical. The pancake-like structures were clearly associated with the rough
endoplasmic reticulum. We conclude that somehow the rough endoplasmic
reticulum could have lost its ribosomes to form these structures, although we
do not propose how this might have occurred. Again, the very small numbers of
structures found make physiological deficits unlikely.

Further studies of the brains of animals exposed to ELF fields may not
resolve the discrepancies between our Jlaboratory and Hansson's without




any electric field, did not keep their coats clean, and "appeared slow in
movement." This motor deficit led to histological analysis of the rabbits'
cerebellum. This analysis revealed cerebellar ultrastructural changes of
startling magnitude in the exposed rabbits: reduced arborization of
dendrites, reduced number and size of Nissl bodies (rough endoplasmic
reticulum), reduced numbers of microtubules and mitochondria, and increased
microfilaments. No actual numbers or percentages for these changes were
given. However, the most dramatic effect was the existence in Purkinje cells
of 500 to 1,200 lamellar bodies which were never found, in any number, in
control animals. These lamellar bodies appeared to be stacks of tubular
profiles of smooth endoplasmic¢ reticulum. In contrast, only a few profiles of
normally plentiful rough endoplasmic reticulum, as noted above, could be found.

Hansson suggested malnutrition could be the ultimate problem. This
explanation is plausible in light of the severe weight reduction noted in
experimental animals, but food intake records were not available for
substantiation. The outdoor exposure of these rabbits also raises serious
questions regarding effects of uncontrolled temperature, humidity, etc. There
is almost no quantification of results or, indeed, of the total number of
animals or electron micrographs examined. The claim of "marked neuronal
alterations were observed in several [other] parts of the brain and retina" is
made without presentation of any evidence.

Hansson's work (1981) does represent a beginning in the study of the
ultrastructure of developing nervous systems, in spite of its methodological
difficulties. The cerebellar cortex, including its Purkinje cells, represents
an excellient model for studying possible neural developmental effects, since
the basic outline of its development is well researched (Altman 1972). A
study of rat brains, including the cerebellar cortex, in animals exposed to a
60-Hz field has been recently completed in our laboratory with quite different
results from those reported by Hansson.

Aibert et al. (1984) were provided exposed female Sprague-Dawley rats by
the Battelle Pacific Northwest Laboratories. Unperturbed 60-Hz fields were
used at 100 kV/m; but it was estimated that the animals experienced only
65 kV/m due to perturbation by lexan cages. Female rats were then mated with
unexposed males and exposure was continued throughout gestation. After birth,
mothers and pups, in litters culled to 8 pups, were exposed until day 21.
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stress that caused the increased death rates but did not offer any details on
behavioral, physiological, or pathological observations on the exposed animals.

The findings of Marino and others (1976, 1980) have not been repeated by
investigators looking at rodents developing in the presence of 60-Hz fields.
For example, Fam (1980) exposed mice to 240-kV/m, 60-Hz fields for three
months and found no developmental effects of any kind in the offspring.

Perhaps the most thorough study was undertaken by Sikov et al. (1984).
They exposed Sprague-Dawley rats to 60-Hz fields, at 100 kV/m, 20 h/day on a
12:12 h light:dark cycle, throughout mating, pregnancy and up to day 25 after
birth in one experiment. Using specially designed cages for studies of ELF
effects on rats, possible effects from a corona discharge and ozone production
were eliminated by cage dimension and arrangement. Only the first generation
of offspring were evaluated for a host of possible developmental abnormalities
including infant mortality and body weight. Reproductive capabilities of the
pregnant mothers were also evaluated.

In contrast to Marino et al. (1980), Sikov et al. (1984) found no lasting
differences in exposed animals in any aspect of reproduction and development,
including body weights, fetal abnormalities, brain pathology, postnatal
mortality, or a variety of behavioral and neurological tests. However,
significant transient differences were found in motile behaviors and the
righting reflex in l4-day-old rats; at 21 days of age the differences were no
longer significant, raising the possibility of neurological repair of
potential ELF field-induced damage.

ELF FIELDS AND NEURAL DEVELOPMENT

Hansson {1961) could justifiably say in his report that "No morphological
study has been published on possible structural effects on the nervous system
[by electric fieldsl." In an outdoor setting, Hansson exposed female albino
rabbits to 14-kV/m lines, at 50 Hz. A second group was placed next to an open
disconnecting switch (presumably for corona effects), a third group was
surrounded by a Faraday's cage, ana a fourth group of rabbits was placed
outside a measurable electric field.

Exposure of females began sometime (unspecified) after mating, and
offspring were subsequently exposed for the tirst 7-1/2 weeks after birth.
Exposed rabbits reached just over half the weights of animals kept away from




immiscible liquids: dextran and polyethylene glycol. Cells were withdrawn
from the upper phase, i.e., the dextran, and measured for concentration.
Exposed cells were then _.~mpared with control cells. This allowed analysis
via cell concentrations, and was independent of cell numbers. Exposed cells
showed a significant change in their partitioning behavior between the two
liquids. Presumably, this change in partitioning can result from either a
change in membrane molecular composition or molecular charge. Such an in
vitro system, which had previously detected mitotic delays and reduced
oxidation in amoebae exposed to 60-Hz fields (Marron, Goodman, and Greenebaum
1978), allows numerous advantages of experimental design which may be applied
to work on ELF field effects on neural development.

ELF FIELDS AND GENERAL DEVELOPMENT

Until the 1980s, only the most general aspects of animal development were
studied in regard to possible ELF effects. Marino et al. (1980) exposed three
consecutive generations of mice to 60-Hz fields. The mice were exposed
continuously, 24 h/day, with a 12:12 h light:dark cycle, from mating through
the 119th day of 1life of the third generation. The animals were in four
different groups: a 15-kV/m vertical-field test group, a vertical-field
control group (via grounding of plates), a 10-kV/m horizontal-field test
group, and a horizontal-field control group (also via grounding). In
comparison to their respective controls, mice exposed to vertical fields
exhibited increased infant mortality rates in all three generations, while
mice exposed to horizontal fields showed increased infant mortality only in

the first generation. Body weights were also measured, but no consistent
effects were found; in fact, females of the third generation exposed to
vertical fields were significantly heavier than the control females.

In a previous experiment with similar parameters, this same laboratory had
measured decreased body weights in all three generations and had also measured
increased infant mortality in all three generations {(Marino, Becker, and
Ullrich 1976). The authors felt that the earlier experiment was victimized by
various sources of experimental error, such as field changes resulting from
mechanical vibration. Vibration was limited by separating the cages from
aluminum plates by the placement of foam rubber sheets. In conclusion, Marino
suggested a "nonspecific action of the electric field" producing a fatal




biological membranes, in which the fluid-mosaic model of Singer and Nicholson
(1972) stresses the importance of noncovalent interactions. Further, neurons
maintain at their membranes a 70 to 90 mV potential difference which--across a
membrane only 75 A° thick--represents field strengths of about 107 v/m.
Such a potential difference, whose maintenance requires a significant portion
of cellular energy, could be altered by exogenous electric fields. Also,
magnetic fields created by ELF fields may affect cellular activities involving
diamagnetic ions, most importantly Fe+2. Animal tissues have a permittivity
to magnetic fields not much different from that of air.

The field of neural development 1is one of the most active areas in
contemporary biological research. 1t is a difficult field because of the
unique complexity of the final products, especially in mammals. However, a
number of basic mechanisms of neural development have been proposed. Some of
these mechanisms may be vulnerable to ELF fields (Jacobson 1678).

Neuronal proliferation, migration, and selective death are critical in
neural development, and may be regulated by receptor-mediated factors taken up
at cell membranes (Liju 1961). Steroids, including sex hormones, a2lso play a
role in neural development by acting via noncovalent interactions with
cytoplasmic receptors, which are "then translocated to the nucleus (McEwen
1663). Long Jjourneys of neurons and their processes may involve poorly
understood interactions with extracellular gquiding proteins, such as
fibronectin and laminin (Liu 1981). Formation of the correct synaptic
connections seems to depend on the disposition of membrane macromolecules
which were inserted via Golgi-derived coated vesicles, and then were left to
find their appropriate location in the post-synaptic cell membranes (Altman
1671).

Therefore, various activities in neural development are dependent upon
conformation of molecules and their noncovalent interactions with each
other--any or all of which may be affected by ELF fields. Experimental
support for the effects of ELF fields on membrane associations in nonneuronal
cells has come from a long series of work on fungi by Marron, Greenebaum and
others (Marron et al. 19¢3). Marron exposed Physarum polycephalum amoebae to

sinusoidal ¢0-Hz fields, at 1 V/m, applied via stainless steel electrodes
placed directly in the growth media. Perpendicular magnetic fields were

0.1 mT. Centrifuged cells were placed into solutions containing two




measuring the kinetics of radiolabel efflux for at least an hour at preferably
1- to 2-min intervals (in fact, 15- to 30-s intervals are advised during the
first 5-min chase incubation). Plots of the percentage of cellular
radioactivity retained after each interval as a logarithmic function of time
always yield curved lines which, when analyzed, are generally found to be
accounted for by the presence of at least two major, intracellular calcium
pools with different exchange half-lives (Borle 1572; Eilam and Szydel 1981;
Kondo and Schulz 1976; Lazarewicz et al. 1977, Lopez-Rivas and Rozengurt 1983).

It is important to bear in mind that the only definitive information
contained within the kinetic data is that at least two pools of exchangeable,
intracellular calcium exist (if there was only one pool, the plot would be a
straight 1line). Accordingly, when investigators report that thei~ data
indicate the presence of two or more pools, they mean, in fact, that the
kinetic data is best accounted for by the assumption of a particular number of
pools with different exchange half-lives. The two kinetic pools generally
indicated by the kinetic data are commonly interpreted as representing the
free, cytoplasmic calcium and the calcium sequestered within the endoplasmic
reticulum and mitochondria, with the former pool having the briefest exchange
half-life and the latter pool having the longest exchange half-life.

None of the investigators in the field of radiation-induced effects have
yet employed or developed experimental equipment which can collect multiple
aliquots of medium during chase incubation of radiolabelled cells or tissue
slices. Thus, no data is available on the effect of electromagnetic radiation
on the number, sizes, and exchange half-lives of intracellular calcium pcols.
The absence of such data is significant; it means we have no knowledge of
whether electromagnetic radiation affects, even transiently, the cytoplasmic
level of free calcium. It is changes in the size of this pool which are known
to be associated with calcium-dependent cellular processes (Hems and Whitton
1980).

2. None of the studies with positive results provide any evidence
demonstrating that field-induced changes in calcium efflux are even temporally
associated with changes in calcium-dependent <cellular processes (in
particular, neurotransmitter release). Thus, no evidence exists to support or
even speculate tha. electromagnetic radiation can alter cellular events
through modulation of calcium metabolism.
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3. None of the studies provide any evidence concerning the size and
approximate average exchange half-life of extracellularly-bound calcium.
Under the best of circumstances (that is, in studies where investigators are
not plagued with the problem of exposing cellular material to radiation in as
consistent and rapid a fashion as possible prior to measuring calcium efflux)
it is difficult to even approximate the size and exchange half-life of all
extracellularly-bound calcium because of the extreme brevity of the half-life
(i.e., 5 to 15 s) (Kondo and Schulz 1976). In a radio frequency-radiation
experiment where an investigator is working with just two cellular samples,
one a control and the other an experimental, it requires a minimum of 2 to
3 min to wash both labelled samples free of radiolabelling medium, properly
position the samples in the exposure and sham-radiation chambers, close all
doors to the radiation and incubation chambers, and finally begin exposure to
electromagnetic radiation. The time constraints of this protocol insure that
all the radiolabelled calcium bound to extracellular sites at the end of the
radiolabelling period will be exchanged by mostly non-radioactive calcium
during the washing steps. Furthermore, even before the exposure period is
aboct to begin, at least some of the intracellular, radiolabelled calcium has
already exited the cells. The released radiolabelled calcium 1is rapidly
distributed between extracellular sites for calcium and the free pool of
calcium ions in the medium. When the amount of radiocactivity in both the
bathing medium and the cells (or “issue) is measured after an exposure
interval of 20 to 30 min, the measurements represent, in effect, the
non-equilibrium distribution of the radiolabelled calcium between the cellular
and medium compartments at the end of the exposure period.

A1l published studies of radiation-induced effects on calcium efflux from
intact, cellular material are fundamentally reports of data on the
non-equilibrium distribution of radioactive calcium between the cellular and
medium compartments. Just as the data cannot resolve the effects of radiation
on the distribution in intracellular calcium, it cannot resolve unequivocally
the effects on the size and average exchange half-life of extracellularly
bound calcium.

As a result of primarily physical limitations of the available equipment,
investigators cannot make rapid and multiple measurements of calcium efflux
from cells or tissues exposed to non-ionizing radiation. Consequently, no
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data exist on radiation-induced effects on the size, number, and exchange
half-lives of intra- and extracellular calcium pools. Instead, almost all of
the available data pertain only to radiation-induced effects on the
non-equilibrium distribution of radioactive calcium between the cellular and
medium compartments.

The most major studies of radiation-induced effects began with the report
by Bawin, Kaczmarek, and Adey (1975) that amplitude-modulated, 147-MHz
radiation increases calcium efflux from chick forebrains. Brain tissue was
incubated throughout each experiment in a physiological salt solution
containing glucose. Each forebrain was divided along the longitudinal fissure
immediately upon excision. The paired hemispheres were weighed, radiolabelled
for 30 min with radiocactive calcium, repeatedly washed, and concurrently
incubated for 20 min with one hemisphere in the presence of and the other in
the absence of field radiation. Efflux from each hemisphere was determined as
radioactivity released/gm brain tissue and the ratio of the irradiated/sham
irradiated determinations (for each matching pair of hemispheres) were
calculated. Bawin and his coworkers reported in this initial study that when
the amplitude modulation frequency is 11 and 16 Hz, calcium efflux is 15% and
18% , respectively, greater than that of control efflux (p <.01).

Bawin and Adey (1977) extended their initial findings by showing that with
the same experimental protocol, calcium efflux was enhanced by 9 to 107% when
the chick forebrain was exposed to a 450-MHz field, amplitude modulated at
16 Hz and with a field intensity of 0.5 and 1.0 mw/cmz. Further experiments
(Bawin, Adey, and Sabbot 1978a) showed that lanthanum ions, which displace
extraceilularly-bound calcium ions and block voltage-reqgulated calcium-ion
channels in the cell membranes, inhibit the enhanced calcium efflux induced by
the 147-MHz field. Finally, these investigators concluded their studies of
chick forebrain hemispheres with reports (Bawin, Sheppard, and Adey 1978b;
Sheppard, Bawin, and Adey 1979) that the 147-MHz field-induced effects are a
function of not only the amplitude modulation frequency, but also the field
intensity (being statistically significant at field intensities of 0.1 and
1.0 mN/cmZ, but not at field intensities of 0.05, 2.0, and 5.0 mw/cmz).

The results of the studies by Bawin, Adey, and their coworkers were
replicated and expanded in extensive studies conducted by Blackman and his
colleagues (1879, 1980a, 1980b). Their experimental protocol with chick
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forebrains followed as closely as possible that of Adey's group, with one
notable exception in experimental design being introduced in the last two
studies. This exception is worthy of elaboration at this point. For every
set of exposure conditions, Blackman's group conducted--in essence--two
separate sets of experiments. In one set of experiments, a forebrain
hemisphere was exposed to radiation and the matching hemisphere served as a
control by being co-incubated outside the exposure chamber. In the other set
of experiments, a forebrain hemisphere was sham exposed in the exposure
chamber and the matching hemisphere served again as a control by being
co-incubated outside the exposure chamber. Calcium efflux was measured for
each hemisphere as radioactivity-released/gm of brain tissue. Following
calculation of all exposed/control and all sham exposed/control ratic values,
parametric statistical analysis was applied to the two sets of ratio values.

Blackman and his coworkers' first report confirmed increased calcium
efflux (in the 10 to 15% range) by a 147-MHz field, amplitude modulated at
16 Hz and applied at a field intensity of 0.75 mw/cmz; by contrast, no
field-induced effect was observed with a field intensity of 2.0 mH/cmz.
Their second vreport stated that with a 147-MHz field sinusoidally
amplitude-modulated at 16 Hz, increased efflux is observed with a power
density of 0.83 mH/cmz, but not with power densities of 0.11, 0.56, 1.11,
and 1.38 mw/cmz. Their third report showed that with a 50-MHz field
sinusoidally amplitude-modulated at 16 Hz, increased efflux is observed in two
power density ranges, one spanning 1.44 to 1,67 mN/cmz and the other
fncluding 3,65 mw/cmz. Comparison of data from the last two studies showed
that field-enhanced efflux occurs when the rate of energy absorption is 1.3 to
1.4 mN/kg.

A1l of the experiments with paired hemispheres of chick forebrain have the
design advantage of comparing calcium efflux from anatomically identical,
tontralateral brain tissue samples. This singular design advantage is,
however, significantly offset by the fact that each forebrain hemisphere
weighs roughly 1.0 gram and has dimensions of approximately 1 cm. It has been
recognized for some time that if animal-tissue slices with dimensions greater
than 1 o 2 mn are incubated in physiological medium, such dimensions do not
pereit adequate diffusion of nutrients and oxygen to the cells in the center
of the tissye slice nor adequate diffusion of catabolic waste products out of
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the tissue slice. Consequently, it is commonly appreciated that in vitro
incubation should be conducted with tissue slices having l-mm dimensions (and,
in instances where it is feasible, to work with partially or completely
dispersed cell preparations) bathed in a large excess of nutrient-rich
medium. All of the pioneering studies by these two groups of investigators
were performed on l-gm masses of brain tissue bathed in an equivalent volume
of medium (i.e., 1.0 ml).

As has already been discussed, each data point gathered in these studies
merely measures a non-equilibrium distribution of radioactive calcium between
the forebrain hemisphere and the bathing medium. Nonetheless, the extent to
which the distribution can serve, even indirectly, as a monitor of
field-induced effects on 1living nervous tissue depends upon optimal
maintenance of cellular metabolism throughout the duration of in vitro

incubation. This fundamental criterion is simply not satisfied with the use
of chick forebrain hemispheres.

If the argument 1is advanced that the field-induced effects are due
exclusively to field perturbation of calcium binding to extracellular sites,
then it follows that similar effects may possibly be observed with
aldehyde-fixed samples. Such preparation eliminates the experimental
variability in the data rising from the variable necrosis of neurons and
neuroglia in the forebrain hemispheres during the 20-min exposure period
(however, fixation would alter the number and exchange half-Tives of
intracellular sites).

The studies conducted by Adey and Blackman and their colleaques are also
flawed in the presentation and analysis of data. Measurements of CPM or DPM
are not oresented in any of these publications. The absence of these data
precludes any attempt by other investigators to critically evaluate the
findings. This is because the data in all these early studies are reduced to
ratio or percentage values; and it is these values which are subjected to
parametric statistical analysis involving a t or F distributions. Myers and
Ross (1981) have criticized such an analytical approach on the basis that such
a conversion of data points into ratio or percentage values may artificially
create an asymptote or ceiling of variance.

In support of the argument advanced by Myers and Ross, consider the data
presented in Table 1. These data were obtained from 20 separate experimental
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runs conducted with paired chick forebrain hemispheres in our laboratory
(Albert et al. 1980) A1l procedures were reproduced as closely as we could
manage tuv those employed by Adey's group for measuring field-induced effects
on calcium efflux; exposure was to a 16-Hz sinusoidally amplitude-modulated,
147-MHz field with a field intensity of 0.75 mw/cmz. Calcium efflux 1is
expressed in Table 1 as cpm radioactive calcium released/gm tissue under
exposed and control conditions. The calcium efflux data for exposed and
control conditions given in each row of Table 1 pertain to a matching pair of
forebrain hemispheres.

TABLE 1
cpm 45ca cpm 45ca

Released/gm Released/gm Exposed/

Experiment Tissue in Tissue in Control
Number Exposed Chamber Control Chamber Ratio
1 5,827 6,592 0.88

2 7,541 6,958 0.76

3 6,854 7,609 0.90

4 7,295 7,109 1.03

5 5,481 8,563 0.64

6 6,217 5,804 1.07

7 4,935 8,217 0.60

] 4,792 7,120 0.67

9 6,192 11,500 0.54

10 7,760 10, 522 0.74
11 6,981 8,615 0.81
1¢ 5,288 4,423 1.20
13 8,517 7,400 1.15
14 8,940 8,962 1.00
15 4,769 7,120 0.67
16 10,017 8,034 1.25
17 5,774 8,200 0.70
18 7,271 5,442 1.34
16 8,117 5,617 1.37
20 7,065 6,929 1.02

Albert et al. 1981.
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Application of a two-tailed Student's t-test to the raw data in Table 1
(that 1s, analysis of the difference between the cpm released/gm tissue data
for the exposed condition with that for the control condition) shows that no
significant difference exists between the two columns of data. Wnen, for each
row in Table 1, the radiocactive calcium released/gm tissue in the exposed
condition is divided by the corresponding value representative of the control
condition, we find the average * standard deviation value of this ratio from
the 20 separate measurements to be 0.92 * 0.26. Analysis of these 20 ratio
values by a Student's t-test also indicates that no significant difference
exists between calcium efflux under exposed or control conditions. However,
application of the Student's t-test to the the inverted (i.e., reciprocal)
ratio values yields a t-statistic of 2.37, a magnitude which suggests tnat the
field-induced 8% inhibition of calcium efflux is statistically significant at
the 98% confidence level.

It is possible to challenge that this failure to replicate the findings of
Adey and Blackman and their colleagues is a failure on our part either to
adequately reproduce all experimental conditions or to conduct the experiments
with appropriate expertise. However, it is not possible to challenge the fact
that whereas parametric statistical analysis of raw data shows no
field-induced effects, similar analysis of ratio values yields one conclusion
if the exposed/control ration values are analyzed and an opposite conclusion
if the control/exposed ratio values are analyzed. In sum, parametric
statistical analysis of ratio values yields suspect conclusions.

The exceptional design features of the 1960 reports by Blackman are also
questionable, especiaily since the positive sets of findings appear to be
dependent on the use of such design features. Blackman et al. argue in these
two studies that the findings demonstrate narrow power-density ranges in which
50- and 147-MHz carrier signals, amplitude modulated at 16 Hz, stimulate
calcium efflux. However, as discussed at length by Myers and Ross (1981), the
mean exposed/control and sham exposed/control ratio values vary with the
power-density levels selected in the two studies.

In those instances where a statistically significant, positive effect is
indicated, it is not because peaks of mean exposed/control ratio values exist
but nadirs of mean sham exposed/control ratio values. Blackman et al. do not
clarify the theoretical necessity of distinguishing between a sham-exposed
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condition and a control condition. If it 1is suggested that these two
conditions are not experimentally equivalent, then this implies that the
physical factors influencing calcium efflux inside field-free exposure
chambers are different from those influencing calcium efflux outside such
chambers. In other words, at least one experimental variable exists whose
identity and site of influence (i.e., either inside or outside the exposure
chamber) is unknown and, therefore, whose control by individual investigators
is not possible. If this is indeed the case, then it also follows that no
justification exists for comparing a particular set of exposed/control ratio
values with the companion set of sham-exposed/control ratio values that an
investigator determines during the same time interval in a 1lab. This is
because there is no way of knowing whether the unidentified environmental
factor or factors remain constant during the several-week period required to
generate all the exposed/control and sham exposed/control data for a specified
exposure condition. In sum, acceptance of a distinction between a control and
a sham-exposed condition is tacit admittance that adequately controlled
experiments cannot be conducted.

Adey and his coworkers have recently extended their initial studies with
chick forebrain tissue with studies of calcium efflux from awake cat cerebral
cortex (Adey, Bawin, and Lawrence 1982) and rat synaptosomes (Lin-Liu and Adey
1962). They report enhanced calcium efflux during exposure to 450-MHz fields,
sinusoidally amplitude modulated at 16 Hz. The effective power density for
the cerebral cortex study is 3.0 mw/cmz, and that for the synaptosome study
0.5 mw/cmz. Let us consider first the cerebral cortex study. The
experimental protocol consists of radiolabelling cortex tissue by bathing it
in a well for S0 min and then completely exchanging the medium in the well
every 10 min during a 210-min chase-incubation period. The data gathered in
control experiments are used to determine, by linear regression analysis, an
equation with exponential terms that best describes the kinetics of calcium
efflux. Such analysis suggests, as discussed in the beginning of this
critique, that the kinetics are most simply accounted for by the assumption of
at least three calcium pools with different exchange half-lives. In
experiments where field-induced effects are monitored, the duration of field
exposure is 1 h beginning after a 90-min chase incubation. Field-induced
effects are assessed by the extent to which the exposure kinetics deviate from
the control kinetics predicted by linear regression analysis.
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The fact that the cerebral cortex is not repeatedly washed free of
radiolabelling medium at the beginning of the chase-incubation period means
that there is an incremental, as opposed to an abrupt, transition from the
radiolabelling period to the chase incubation period. The initiation of field
exposure 90 min into the chase-incubation period signifies that field exposure
occurs essentially during the terminal phase of calcium efflux. The
investigators do not provide any cpm or dpm data nor any data concerning the
percentage of radiolabelled calcium released after a 90-min incubation.
However, by their own account in the beginning of the Results Section, they do
indicate that the efflux kinetics may be accounted for by the assumption of
three pools, and that after a 90-min chase incubation, efflux represents
essentially an exchange from the pool with the longest exchange half-live. As
explained in the beginning of this article, such a pool most likely represents
an intracellular pool. The experimental design is thus testing the effect of
microwave radiation on the calcium pool with the longest exchange half-life,

The results of the study do not show, contrary to statements in the
abstract, increased calcium efflux during and after field exposure. By
contrast, what the results do show, and what the authors confirm in the text
on pages 301 and 302 (Adey et al. 1982), is that field exposure increases
(with a confidence level of 0.586) the mean relative variance of individual
readings taken during and after field exposure. The authors do not directly
contend that statistical analysis confirms an increase in calcium efflux
during and after field exposure, but rather an increase in the deviation of
data points from predicted values. In sum, it is not evident from the
findings presented if the field exposure genuinely enhances calcium efflux
from the cerebral cortex or merely enhances the extent of fluctuations in the
rate of efflux.

We may now consider the synaptosome study by Lin-Liu and Adey (1982).
This study could be regarded as being outside the purview of this
presentation, as it is not a study of calcium efflux from intact nervous
tissue cells and at a microwave frequency. Nevertheless, it offers important
information. Synaptosomes are the vesiculated, membrane-bound remains of
synaptic terminals, and as such, may be regarded as anatomically and
functionally intact cellular material. The investigators characterize calcium
efflux from rat synaptosomes exposed to 450-MHz microwaves applied with a
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field intensity of 0.5 mw/cmz. The 450-MHz radiation 1is applied in
continuous wave form, sinusoidally amplitude wmodulated at 16 Hz, and
sinusoidally amplitude modulated at 60 Hz. In calcium efflux experiments, the
synaptosomes are radiolabelled with 45Ca for 15 min, applied to a Millipore
filter, washed once, mounted on a perfusion apparatus, and finally perfused
with calcium-free medium at a rate of 1.0 ml/min for 45 min with the perfusate
collected at one-min intervals. Field exposure is applied for 10 min
beginning at 16 min after the onset of perfusion.

Lin-Liu and Adey (1982) report that calcium efflux from the synaptosomes
is biphasic. Statistical analysis of the data is thus predicated on the
(reasonable) assumption of two pools of released calcium wunder all
experimental conditions. Field-exposure effects are determined by comparing
the rate constants for the two pools under control versus field-exposure
conditions. Their results show that under control conditions the rapidly
released pool has a half-life of 2.7 min and the slowly released pool has a
16-min half-life. Exposure to continuous wave or 60-Hz, modulated 450-MHz
microwaves does not significantly alter either half-life. However, exposure
to 16-Hz modulated microwaves increases the half-life of the slowly released
pool to approximately 25 min.

It is to be expected from their experimental protocol that field exposure
does not affect the half-life of the rapidly released pool, since almost all
of that pool is released by the time field exposure begins 16 min after the
onset of perfusion. However, roughly one-half of the slowly released pool has
also been replaced by the time field exposure begins. Since their data
analysis is conducted by non-linear curve fitting to a two-phase exponential
function for all 1.0-min data points (excluding the first three points), it is
likely that the investigators have underestimated the field-induced increase
in the half-1ife of the slowly released pool. This is because the
field-induced increase is occurring only for a 10-min period within the 42-min
period of analysis while the computer analysis works on the assumption of a
constant half-life for the pool throughout the perfusion period.

The results of this study raise some questions. The investigators note at
the beginning of the Results Section that, although the synaptosomes are not
washed completely free of radiolabelling medium just before perfusion, this
practice does not lead to variable half-lives of the calcium pools. This is a
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dubious contention. If the synaptosomes are not consistently washed
completely free of radiolabelling medium just before perfusion, they will
continue to be radiolabelled to minor (and variable) extents during the first
few minutes of perfusion. Consequently, the less complete the washing of the
radiolabelling medium just before perfusion, the greater should be the
half-lives of both calcium pools. In this regard, it is interesting to note
from Table 1 in their article that, for the synaptosome preparations used to
test the control condition and the two experimental conditions in which field
exposure has no effect, the greater the mean half-life of the rapidly released
pool, the greater also is the mean half-life of the slowly released pool. The
data which show that 16-Hz amplitude modulation of the 450-MHz field
stimulates the mean half-life of the slow pool also show that the synaptosome
preparations used has the greatest mean half-life for the rapid pool. Thus,
some question exists as to how much the statistically insignificant, greater
mean half-1ife for the rapid pool in these synaptosome preparations
contributed to the statistically significant increase in the mean half-life
for the slow pool.

Finally, it should be noted that greater experimental reproducibility
would be expected by maintaining the calcium concentration at 0.2 nM during
both the radiolabelling and perfusion periods. Data presented in Table 3 of
the article show that a 0.2 nM concentration does not enhance calcium efflux.
Use of calcium-free medium during the perfusion period alters the steady-state
calcium fluxes established during the radiolabelling period. Since the
completeness of the washing of the synaptosomes by the calcium-free medium is
variable, this variability will affect the measurements of calcium efflux.

A third group of investigators studying calcium efflux from nervous tissue
has conducted two studies (Merritt, Shelton, and Chamness 19872; Shelton and
Merritt 1680) on the effects of pulse amplitude modulated microwave fields
applied at various energy densities and specific absorption rates. They have
conducted experiments in which rat-brain tissue is labelled with radiocactive
calcium, either under in vitro conditions or by intraventricular injection and
then exposed to field radiation under in vitro conditions. They have also
conducted experiments in which both the radiolabelling (by intraventricular
injection) and field exposure occur under in vivo conditions. They do not
find any vradiation-induced effects on calcium efflux, as determined by
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statistical analysis of reported raw data. These studies by Merritt and his
coworkers employ carrier signals and amplitude-modulation parameters different
from those employed by Adey, Blackman and their coworkers and, thus, do not
directly address the significance of the positive findings by Adey and
Blackman. The in vitro studies by Merritt and his colleagues suffer from the
same experimental limitation of those by Adey and Blackman with

chick-forebrain hemispheres: the brain tissue slices incubated under in vitro
conditions are far too large to sustain adequate metabolism of the cell
populations within each tissue slice. The experiments in which radiolabelling
and field exposure occur under in vivo conditions, however, do not suffer from
this limitation. They yielded negative findings.

A recent publication in this field is by Dutta et al. (1984) on the
effects of the 915-MHz radiation, amplitude modulated at 16 Hz, on calcium
efflux from cultured human neuroblastoma cells. Monolayer cultures are
near-maximally radiolabelled by incubation in supplemented Minimum Essential
Medium with 45
radiolabelling period, and the radioactivity initially present in the

Ca for 1 h. tach culture is washed three times following the

chase-incubation medium is determined. The cells are exposed to the field for
30 min at specific absorption rates ranging from 0.00 to 5 mW/g. Medium
collected from exposed and control cultures after a 30-min chase incubation is
centrifuged at 500 x g to remove cells or large debris and then counted for
radioactivity. The results demonstrate that exposure to the microwave field
at a SAR of 0.05 mW/g increases calcium efflux during the 30-min exposure
period by roughly 50 percent.

In the Dutta et al. study (1684), selection of neuroblastoma cell cultures
as the cellular material offers the advantages of (1) establishing large
numbers of replicate samples for experimentation, (2) working with nervous
tissue cells that can be maintained under optimum physiological conditions
throughout the experiments, and (3) working with cells that can be
consistently and effectively washed free of radiolabelling medium, The
investigators provide cpm data and use these raw data for all statistical
analysis (two-tailed Student's t-test). They conduct control experiments
demonstrating no difference in calcium efflux from cells kept in an incubator
from those kept inside the exposure chamber and sham exposed. They find that
three SAR magnitudes are associated with a statistically significant increase
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n calcium efflux; the SAR of 0.05 mW/g elicits the greatest increase. In all
hree instances where a positive effect is demonstrated, the mean cpm data for
.he exposed cultures is greater than that for all exposure conditions in which
:here is no increase. Moreover, in all three of these instances, there is no
1adir in mean cpm data for the companion control cultures.

In sum, we believe only two studies adequately demonstrate that exposure
>f nervous tissue cellular material to amplitude-modulated microwave radiation
increases calcium efflux. The study by Lin-Liu and Adey (1982) indicates that
field exposure of synaptosomes increases the rate of efflux of a slowly
released pool. The study by Dutta et al. (1984) is the best controlled of all
in vitro studies. This latter study is the only study to report an increase
in calcium efflux sufficient in magnitude to warrant further experimentation
in order to characterize the mechanism responsible for the enhanced calcium
efflux. Notice should be taken of the observation by ODutta et al. that the
magnitude of the SAR may be the most important determinant of field exposure
effects. Finally, it is probably not coincidental that the only two studies
to :-how positive radiation effects use cellular material that can be

radiolabeiled, washed, and chase incubated more consistently than the material
used in the earliest studies (i.e., forebrain hemispheres and brain-tissue
slices). Although brain-tissue slices of any magnitude offer the advantage of
working with histologically intact tissue, this advantage 1is severely
handicapped by the inability to appropriately handle such slices throughout
the course of the experiment.

It is now time for the investigators in the field of radiation biology to
re-examine the worth of those reports arguing 10 to 20 increases in calcium
efflux based upon data gathered from experiments with unusually large N values
and suspect methods of statistical analysis. Such practices are not
acceptable in other areas of cell-biology research, and they should not be
acceptable in this area either. It is time for us to accept as valid,
positive findings only those reports showing relatively large,
radiation-induced effects from experiments with reasonable N values and
statistical analyses conducited with raw laboratory data. It is time to
initiate studies which show how variation in the parameters of field exposure
vary the magnitude, as opposed to an on-versus-off nature, of the
radiation-induced effects. And, it is time to begin investigations of whether
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adiation-induced effects are associated with changes in cellular processes
nat either regulate calcium metabolism and/or are regulated by calcium
etabolism. For example, there is exciting new evidence that phosphoinositide
etabolism regulates the transient increase in free, cytoplasmic calcium that
ccurs in cell populations when stimulated with agents that use calcium as a
econdary messenger (Berridge 1984). It is, thus, appropriate to ask if field
xposure conditions which alter <calcium efflux alter phosphoinositide
etabolism similarly. It is only through the application of such standards
nd expectations that the work in this field will begin to contribute to the
ainstream of modern cell-biology research, and begin to estabiish the extent
o which we should be concerned with the health effects of exposure to radio

requency and microwave radiation.
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ie mean value reported for the exposed group and the mean of the value for
le sham exposed or control group. Finding a universal measure of the "normal
inge" for such a diverse collection of endpoints as reflected in the Tables
» not quite as straightforward. The best choice appears to be the standard
wwiation. Actually, when wused with Tlaboratory animals, tne standard
viation is a very conservative estimate of the "“normal" range for a
trticular biological quantity. Good experimental technique deliberately
nimizes variability in order to increase the sensitivity of the tests. It
; quite possible that completely healthy, free-ranging animals would show
irger variations than caged, genetically uniform animals maintained on
1iform diets. However, the standard deviation serves our purpose if these
1alifications are factored into any decisions that might be basea on the
1lues given in the Tables. The “"Magnitude" column in Tables Il and IlI gives
fraction in which the numerator is proportional to the difference between
ne means of exposed and control populations and the denominator is
roportional to the standard deviation of the values observed.

For example, consider the entries in Table II under Rogers at 12 kV/m.
«posure of hives to this field causes a reduction in hive weight (i.e., honey
roduction) which is ten times the normal variations in this quantity from one
ontrol hive to the next. This is clearly a large effect and one which would
ave serious implications for beekeepers who chose to place their apiaries
nder EHY traismission lines. In contrast, consider the last entry in Table
1. Hamer (1G66E) reported that exposure of human subjects caused an increase
f 2 ms in reaction time. However, the normal variability in reaction times
or individual subjects from one test to the next was greater than 40 ms.
>gative results in studies by Bayer et al. (1977), de Lorge and Marr (1974),
> Lorge and Grissett (1S77), Johansson, Lundquist, and Scuba (1973), Rupilius
1676}, and Schuy and Waibel (19759) cast serious doubt on the validity on
mer's study. But if we assume that the effect is real, it would be small

1d would have Tittle "biclogical significance." As important as information
out magnitude 14, a surprisingly large number of reports do not include this
Wormation.

[t should be cmphasized that almost all of the studies summarized in
ibles 1 and 11 have been subjected to statistical tests. It is customary

1at investigaturs report effects only when they believe on the basis of

NN
(o8]




axperimental conditions. The last column in Tables Il and III, Tlabelled
"Independent Confirmation," indicate the status of the studies with regard to
sonfirmation by independent investigators.

The electric field studies in Table Il are listed in order of decreasing
unperturbed air field strength which would be required to produce the reported
effect. In this way, Table 1I facilitates decisions regarding the relevance
of individual studies to the ELF antenna fields. In many of the studies, the
reported electric fields were measured in aqueous media. For electric fields
specified in the soil (e.g., near the antenna ground), the first column under
"Minimum Field for Effect" applies directly. However, it is necessary to use
field theory to determine the air field strength which would be necessary to
induce the required field in the medium. Because the internal field strength
in a conducting medium is very much smaller than the corresponding air field
strength, gross errors could be made in interpreting studies relative to
transmission line exposure if this fact is ignored.

In evaluating the health significance of a potential biological effect, it
is important to have a measure of the magnitude of the effect. To give an
example, after your last physical examination, your physician might have
said, "Your red cell count is a little lower tkan the average, but it is well
within the normal range. It probably doesn't cause you any problems and I
wouldn't recommend any medication for the condition." Your physician can
measure your hematocrit with very high accuracy--within a few per cent. S/he
also knows the average value of the hematocrit for the population in general
with very high accuracy since it has been measured and reported for millions
of patients., But s/he also knows that there is a wide variation in hematocrit
among people, none of whom have related clinical symptoms of illness. Hence,
s/he can say accurately that your count is lTower than the average but that you
are still "normal." Therefore, in evaluating the significance of a reported
effect one should certainly consider the qualitative nature of the effect, but
4150 une should take 1into account how large the effect would be under
regaliatic conditions of exposure,

The next to last column in Tables Il and III have been added to help
¢valuate the magritude of the effects which have been reported by the
investigqators after exposing subjects to electric and/or magnetic fields. The

abvious measure of the magnitude of an effect is simply the difference between
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laboratory studies which claim effects of extremely low frequency electric
fields are summarized in Table Il. Table IIl provides a comparable analysis
of the claims of bioeffects from ELF magnetic fields. Many of these studies
are subject to scientific criticism because of the experimental design or the
analysis of the results. However, no attempt has been made to select or
reject reports on the basis of scientific validity. The Tables include
publications ranging from papers in vreferred scientific Jjournals to
preliminary laboratory reports. The Tables provide basic objective data from
each of the papers. Beyond this, the reader will have to provide his or her
own subjective values as to the qualitative nature of the claimed effects.
But with the help of the tabular data, the evaluation of each of the studies
should be greatly facilitated.

At this point, it would be very helpful if someone could tell us which of
these claimed effects are real, which are simply chance events, and which are
the result of poor experimental design or investigator bias. Certainly,
appearance 1in a peer-reviewed journal is not a guarantee of validity. Most
scientific journals would rather err on the side of publishing faulty research
than to be responsible for suppressing ideas--particularly controversial
ideas. Scientists are trained to look critically at any report. But there is
no foolproof method for the evaluation of the validity of a particular
scientific publication. If the experimental design is good, if the effects
are ldrge by compdrison to the sample-to-sample variation and from one
replicate of the experiment to another, and if there is a well-defined
relationship between the magnitude of the field and the magnitude of the
effect, a single report may be convincing. When any or all of these criteria
are absent, a study must be received with reservation. For subtle effects,
probably the best measure of validity will come from the confirmation of the
findings by an independent Tlaboratory. In practice, identical replicate
experiments from one investigator are rarely attempted by other, independent
taboratories. At best, we can only hope for closely related studies. From
the scientific point of view, this is completely adequate. Our goal is to
learn about biclogical effects in some generality. If replicate or similar
experiments fail to confirm previously reported effects, it does not mean that
the original investigator was wrong, but it does imply that the originally

reported results, at best, must have been very subtly related to the
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the negative" in any general sense. It is possible to rule out specific
phenomena for certain conditions if they are understood mechanistically. But
it would be philosophically as well as practically impossible to anticipate
and test for all phenomena under all possible combinations of conditions.

Screening studies with negative results have relatively little scientific
value. If the experiments are not guided by rational postulates and the
results are negative, it may simply mean that the investigator was looking for
the wrong endpoint under the wrong exposure conditions or perhaps that his or
her methods were not sensitive enough to detect subtle effects which actually
were present. For this reason, this report has made no attempt to catalogue
negative studies. Many are listed in the References, especially if their
results have bearing on the validity of studies which claim effects. Still,
there is reassurance in the fact that the random searching, carried out by
many investigators with many different species of experimental subjects and
under conditions which in many cases exceeded exposures typical of the Navy's
antenna, revealed no marked deleterious effects. This situation should be
considered in light of the fact that for obvious reasons it is relatively
difficult to publish negative screening studies in reputable journals. It is
quite possible that many preliminary or small-scale investigations have never
been revealed.

Finally, we should recognize that most investigators have a built-in,
subtle bias toward finding results. It is neither personally nor
scientifically rewarding to produce negative results over an extended period
of time. A special tribute is due to those investigators who have taken the
care to revlicate their experiments before publication and who have exercised
care and inconuity in isolating artifacts which could have led to erroneous

results.

PUSTTIVE CLAIMS

0f course, there are biological effects of electric fields. There are, in
fact, biological effects which result from exposure to extra high voltage
(LHV) transmission line fields under certain circumstances. However, there
have been so many diverse claims of effects that scientists, regulatory
agencies and the public have not only become interested but also concerned and

confused.  To assist in the evaluation of this large body of literature, the
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subject. A large subset of the subjects consisted of utility employees who
had worked in large electric and magnetic fields for periods up to two
decades. A vast array of physiological, biochemical and psychophysical tests
was performed on these subjects. Many of the endpoints studied were chosen
because of claimed effects by other investigators. The program has been in
progress for approximately one decade. Even though the exposure levels have
been much Tlarger than those associated with the Navy's proposed antenna,
Professor Hauf and his colleagues have found no effects in their subjects
which can be attributed to field exposure.

In a sense, the Battelle studies have been even more thorough. There ar~
obvious limits to the exposure time and to the tests which can be performed on
human subjects. However, the mice and rats in the Battelle program could be
exposed for very long periods of time (up to four generations of mice) and
could be sacrificed to study organ systems of interest. Far greater numbers
of experimental animals were used than would have been possible with human
experimentation with concomitantly greater statistical power in the results.
Unperturbed 60-Hz electric fields of 100 kV/m were used in many of the tests.
Large batteries of tests of behavior; hematology and serum chemistry;
immunology; cardiovascular function; bone growth, structure, and healing;
pathology; endocrinology; neurophysiology; neurochemistry; reproduction,
growth, and development; and mutagengsis and teratology have been carried
out. The most intensive part of the screening studies extended over the
period from 1979 through 1682. Suggestions of a few possible effects which
deserve further investigation have come from the Battelle program (see Table
I1). However, the program, taken as a whole, has been overwhelmingly negative.

Studies with human subjects are particularly valuable because, even if the
results are negative, they are immediately applicable to the species in which
we all have the greatest interest. Since the Hauf studies found no effects in
blood chemistry, it is reasonably safe to conclude that there will be no blood
chemistry effects on other human subjects exposed to 50-Hz, 20-kV/m electric
fields. Note the words "reasonably safe to conclude" instead of "certain."
It can always be argued that sick individuals, old persons, or children will
respond differently than the subjects investigated. It is also reasonable to
assume that there will be no effects on blood chemistry at 40 or 75 Hz as well

as at lower field strengths. But it must be emphasized that we cannot "prove
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challenge. Success depends not only on the concepts of experimental design
but also on meticulous attention to detail during its execution.

The classic study by Tucker and Schmitt (1978) on the perception of
magnetic fields by human subjects is a fascinating example of the problems and
challenges of this work. These investigators set out to determine the ability
of their subjects to detect the presence of 60-Hz magnetic fields in the range
of 7 to 15 G. In the early stages of their work, they found a subgroup of
subjects who consistently were able to determine when the field was on.
Concerned that either tactile or auditory clues rather than the magnetic field
might be responsible for the successes, the investigators began a heroic
series of improvements in their experimental equipment to isolate the subjects
from the coils which were the source of the magnetic field. In the end, not
one of 200 subjects was able to detect the field. Less persistent and less
skillful experimenters would have concluded that certain human beings had a
special ability to perceive these fields, In reviewing the data in the
Tables, it should be remembered that very few of these studies were given the
careful design and multiple checks which characterized the Tucker and Schmitt
investigation.

NEGATIVE STUDIES

The buik of the screening experiments have been negative, i.e., the
investigations failed to show effects which could be attributed to exposure to
power-frequency fields. Of course, this is to be expected in screening
studies. Many different endpoints are studied, not because effects are
anticipated but, “just to be sure.” The most thorough programs have been the
most negative. There have been many extensive screening studies in
laboratories throughout the world but two are outstanding for the breadth and
depth of their undertakings: (1) the studies with small laboratory animals
(principally mice and rats) at the Battelle Pacific Northwest Laboratory in
Richland, Washington under the direction of Dr. Richard Phillips and (2) the
studies with human subjects at the Forschungsstelle fur Elektropathologie in
Freiburg, West Germany under the direction of Professor Rudolf Hauf.

In Professor Hauf's program, healthy subjects were exposed to 50-Hz
electric fields up to 20 kV/m or magnetic fields up to 0.3 mT (3 G) for
periods of 3 and 5 h, with control periods and replicate exposures on each




effects associated with ELF electric or magnetic fields. The basic role which
epidemiology can play in the study of the fundamental question of possible
biological effects of ELF electric and magnetic fields has been carried out.
If we are to discover subtle effects, more sensitive experimental procedures
will be required.

LABORATORY STUDIES

The second category of studies involves experiments performed under
controlled conditions in the laboratory. In such studies, biological subjects
who are exposed to carefully defined fields for known periods of time are
compared to similar subjects which are treated--to the best of the
investigator's ability--in exactly the same manner except for exposure to the
field. When large numbers of subjects are used and appropriate statistical
analyses are applied, it 1is possible--in principle--to detect differences
between the exposed and the "control" or “sham exposed" populations that are
even smaller than the normal variations occurring spontaneously in all living
species. Thus, with skillful experimental design, laboratory studies are able
to reveal subtle effects which would be missed in epidemiological studies or
by casual observation.

Everything depends upon the quality of the experimental design. The most
sophisticated statistical techniques can tell only what the odds are that two
groups of subjects differ. Whether that difference results from field
exposure or some oiner factor depends upon the skill and ingenuity of the
experimental design. There are very few general principles to guide
scientists. Experiments which require subjective evaluation of the biological
endpoints (e.g., scoring "normal" and "“abnormal" cells in a microscopic
preparation) are particularly susceptible to unintentional investigator bias.
To combat this tendency, biologists have devised a technique called "blind
scoring." In this case, samples are coded before evaluation and, at the time
of scoring, the investigator performing the evaluation does not know whether
the samples have been exposed or not. To counter possible bias during the
treatment phase of the studies, some experiments are performed "double blind,"
i.e., neither the investigators conducting the treatments nor the
investigators scoring the endpoints knows the identity of the samples. Beyond
a few such principles of experimental design, each experiment is its own
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EPIDEMIOLOGY

The epidemiological studies take advantage of the fact that certain
subjects are exposed to fields in the normal course of their daily
activities. The epidemiologist compares the health of these subjects with
others who have not been exposed. Since there is no direct control by the
experimenter over the length or magnitude of the exposure or of other
environmental influences to which these subjects have been exposed, this kind
of survey is expected to reveal only large scale or unusual effects. The
quality of an epidemiological study depends to a very large degree upon the
skill and originality of the investigator(s) in selecting groups of subjects
for comparison, and, arter determining that there are statistically
significant differences between groups, in devising methods to ascertain which
of many possible environmental influences are responsible for those
differences. Epidemiology has provided valuable clues in the search for the
causes of disease. However, it is a difficult science and subject to many
pitfalls. It is important to remember this particularly when the differences
in the incidence of disease between groups in an epidemiological study are
small.

An alphabetical 1listing of relevant epidemiological investigations is
given in Table I. The experiences of the subjects in these surveys range from
short exposures to extremely strong fields, such as by linemen carrying out
maintenance procedures barehanded, to chronic exposures to comparatively weak
fields in the home. Many of these study results were completely negative,
i.e., the health of the exposed subjects was found to be normal. In others,
there are suggestions of subjective complaints that are difficult to
quantify. In fact, it was some of these claims reported in the early Soviet
epidemiological surveys that sparked interest in the possible biological
effects of transmission line fields. However, attempts in Canada, Sweden,
Norway, West Germany, and the United States to confirm these findings have
been unsuccessful. Although no single study has been thorough enough to be
conclusive by itself, taken collectively, the body of epidemiological studies
constitutes a very extensive, organized search for possible effects from
exposure to ELF fields. If we recognize that this kind of investigation can
only be expected to reveal large scale or unusual effects, it is apparent that
the epidemiological approach has failed to detect any clearly defined health
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that air electric fields as small as those of the proposed antenna will
produce observable biological effects. Two of the characteristics which
Langmuir found to be common to his examples of pathological science were: (1)
the magnitude of the effect is substantially independent of the intensity of
the cause, and (2) the effect is of a magnitude that remains close to the
Timit of detectability. As is evident from the survey which follows, these
are uncomfortably accurate descriptors of most of the studies which report
biological effects of small ELF electric and magnetic fields. This should put
us on guard and stimulate our skepticism. We have had many years of
optimistic searching for effects. Now it is time to ask ourselves what we
know with reasonable certainty.

Finally, I would like to make an observation about the process by which
important public policy decisions are made on subjects involving specialized
technical knowledge. In a democratic society, final decisions are made by
agencies or boards representing the people as a whole. For a highly
specialized subject, these agencies must rely--at least 1in part--on the
scientists who are active in the field of interest. It is important to
realize that this consultative process has its problems. The scientists upon
whom we must rely spend almost all of their professional careers seeking new
knowledge. To be successful in this pursuit they must be original, innovative
and speculative. After prolonged searching, the investigator may begin to
believe in the existence of an effect--more as a matter of faith than from
solid evidence or through an understanding of the mechanisms involved. This
is understandable and, from the standpocint of basic science, even may be
desirable. But when decisions of importance to society's progress must be
made, we need reasonably solid facts. At this point we must ask the
scientists to take a completely different approach to the subject and to
separate what is really known from that which is speculative. Sometimes the
borderline is fuzzy and we get equivocation or even speculation presented as
fact.

In response to the Navy's request, 1 have prepared an objective,
analytical summary of the world literature on biological effects of ELF
electric and magnetic fields. The format of the summary should make it easier
to determine the validity and relevance of the reports. From the standpoint
of scientific evidence, these studies fall into two general categories:
epidemiological studies and laboratory studies.
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after prolonged exposure. In the absence of predicted effects, the bulk of
this work has consisted of screening surveys which have been patterned after
commonly performed toxicological studies. Subjects in these studies were
exposed to large fields and tested for as many different physiological and
psychological indicators of health as permitted within budgetary constraints.
The choice of field strengths has been arbitrary. In many cases, the largest
practical fields were used in the rationale that extreme exposures would
increase the probability of revealing effects. In many cases, the biological
endpoints studied simply reflected the individual investigators' biological or
clinical interests. However, since many different investigators have
contributed to the subject, many different endpoints have been observed.
Screening investigations were essential in the early phase of the concern for
possible effects of ELF fields. Some of this work continues today. However,
the essential need for screening studies has been fulfilled. Few
toxicological investigations have been so thorough and so negative.

Third, a surprisingly large portion of the relevant papers report only a
single experiment. A single screening experiment provides guidance for the
design of subsequent experiments but means little by itself. The pressure for
publication 1is understandable, particularly if 1long periods of time are
required to complete a single experiment. However, there should be no
qualitative differences in the criteria for evaluating long- and short-term
studies. Before placing reliance on any paper in this review, it is desirable
to ask whether the reported effects have been seen repeatedly by the
investigators.

We are all aware that chance and artifact can lead to observations that
give the appearance of a real phenomenon. This 1is particularly likely to
occur when studies are not guided by quantitative models and scientific
postulates or where the desire for discovery supplants healthy, scientific
skepticism. In the past, observations of this kind have led to fads in
science. In a colloquium at the General Electric Research Laboratory about 30
years ago, Irving Langmuir (1953) described these digressions from reality as
"pathological science." His examples included N-rays, mitogenic rays and
extrasensory perception. In contrast with these examples, electric fields do
exist and can be measured with precision. Without doubt, electric fields of
sufficient magnitude do produce biological effects. However, it is not clear
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STUDIES OF PLANTS AND ANIMALS
EXPOSED TO ELF ELECTRIC AND MAGNETIC FIELDS

Edwin L. Carstensen, Ph.D.
The University of Rochester

INTRODUCTION

Over many years, numerous investigators have looked for the effects of a
wiu. range of extremely low frequency (ELF) electric and magnetic fields on a
variety of specimens. Much of this work has been carried out over the 1last
decade and was motivated by a concern for possible effects from transmission
line fields and the Navy's Seafarer antenna. The investigations have included
very extensive surveys of almost every aspect of the health and functicns of a
wide variety of plants and animals, including human subjects, which were
exposed in various ways to ELF fields. The goal of this review is to put this
massive body of observations into a form which the reader can use in
evaluating the potential for biological effects of ELF fields.

A few general introductory remarks about the subject matter and its
information base are in order:

First, it 1is important to recognize that we are not considering the
introduction of a new drug or food additive. There is nothing new or unusual
about electric or magnetic fields. Life has evolved over the eons in the
presence of these fields. In fact, our bodies are a maze of ELF electric
fields that, in many cases, are larger than the fields which would be induced
within our bodies by exposure to ambient air fields.

Second, only a small fraction of the work summarized here fits the pattern
of classic, hypothesis-testing scientific research. This is because nothing
in the firmly established knowledge of the interactions of tissues with
electric or magnetic fields predicts biological effects from internal fields
as small as those which result from exposure to the air fields of the proposed
antenna. Although there are no obvious hazards associated with such
exposures, many agencies have expended substantial resources to be sure that
we have not overlooked some subtle effect or an effect which might appear only
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statistical tests that the odds are less than one in 20 that the results
occurred purely by chance. The columns labeled "Magnitude" are intended to
help evaluate the importance of an effect if it is assumed to be real and are
not intended to provide a statistical test of validity. However, if one scans
those studies conducted at fields 1less than 100 kV/m, an interesting
generalization emerges. With very few exceptions, the magnitude ratio is less
than unity. An electrical engineer might say that these effects were below
the noise level.

As indicated above, the best test for validity of a subtle effect is
independent confirmation in other laboratories. As time passes, more and more
of these subtle effects have been so tested. Again and again, they fail to be
observed in independent tests. Occasionally repeat experiments in the
original 1laboratory are unsuccessful. H. B. Graves (Graves, Long, and
Poznaniak 1975) has aptly characterized this as the "Cheshire Cat
Phenomenon." Remember that we are dealing, by and large, with screening
studies, not hypothesis-testing scientific experiments. Thus, there is no a
priori guide indicating what results should be expected on a rational basis.
Are these effects, which are pulled out of the biological noise by statistical
techniques, real or are they fantasy? At the present time it is impossible to
say for individual ex, .riments. However, it is apparent when the summary of
the entire field is considered that we must approach those unconfirmed studies
reporting subtlie effects with reservation--neither ignoring them or their
possible health implications nor accepting them as fact and making major
technological decisions hased on the findings.

When evaluating the possible effects of the air fields of the ELF antenna,
it is important to note that there are no confirmed biological effects of
electric fields in air less than 1 kV/m. When soil fields near the grounded
end of the antenna are in the range 0.1 to 10 V/m, the situation is not as
straightforward. This case must be evaluated more carefully for each
potentially exposable biosystem.

There are no independently confirmed etffects for ELF magnetic fields at
field strengths less than about 10 mT (100 G). In the range 10 to 50 mT the
confirmed effects (magnetophosphenes) appear to be the result of the
magnetically induced electric fields in the subjects rather than a direct

action of the magnetic field.

44




SUMMARY AND RECOMMENDATIONS

First, in the role of advisor to the Navy, it is important to give the
best possible assessment of knowledge as it is available today. An analytical
summary of the bioeffects literature fails to reveal any clear evidence for
biological effects from exposure to air fields comparable in magnitude to
those of the proposed antenna. In its 1977 review of this subject, the
National Academy of Sciences' Committee on Biosphere Effects of
Extremely-Low-Frequency Radiation noted the possibility of a shock from “"step
potentials" (i.e., contacts made between two points on the surface of the
ground near the terminations of the antenna). A complete analysis of the
question should consider, on a case by case basis, possible effects on soil
and water organisms which are in the electric fields of the grdund
terminations of the antenna.

Second, as scientists interested in the interactions of living things with
ELF electric and magnetic fields, what guidance can we find in the work which
has been accomplished up to the present time? The rich collection of
observations at our disposal today is, in part, the product of massive
screening investigations carried out in many independent Taboratories
throughout the world. This phase of the work is compiete. It has been
essential but extremely inefficient. We are in a position now to proceed with
this work with far greater efficiency. Two kinds of work are needed:
confirmation studies and hypothesis-testing research.

The screening studies have bequeathed a large collection of unconfirmed
"effects." The Tables contain a very long shopping 1ist of experiments which
should be repeated. In contrast to random searching which frequently entails
a great deal of wasted effort, replication of these studies cannot fail to be
useful if the work is performed skillfully. If the results are positive, we
have a new basis for investigation of biocelectric phenomena; if the results
are negative, it will help to clean up some of the debris which has
accumulated from careless screening investigations and which, if allowed to
stand unchallenged, may cause unnecessary concern,

Of course, hypothesis-testing has become the classic form of scientific
research largely because of its inherent efficiency. Not only do the
experiments elucidate the concepts under test, but entirely unexpected effects
are more likely to be discovered when contrasted with the predictions of
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carefully formulated postulates than are likely to be discovered through
random searching or through studies where there 1is no preconceived
quantitative prediction of what to expect.
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ELECTROMAGNETIC INFLUENCES ON BIRDS

Sidney A. Gauthreaux, :r., Ph.,D.
Clemson University

INTRONPUCTION

In 1977 the National Academy of Sciences (NAS) reviewed the evidence for
biological effects of extremely 1low frequency (ELF) non-ionizing
electromagnetic radiation (i.e., 1 to 300 Hz) on the behavior of migrating
birds. The NAS Committee on Biosphere Effects of ELF Radiation recommended
"further research on the basic biology of bird navigation and orientation
designed to verify recent highly suggestive experiments." Since that review,
the major conclusions of the NAS report still hold: electromagnetic
sensitivity is well-established in birds. The review that follows examines
critically several research papers on electromagnetic influences on avian
migratory orientation and homing published primarily since the 1977 NAS
Report. The primary emphasis is on the effects of magnetic fields although
the effects of 60-Hz electric fields will also be examined. Additional
information on the influences of geomagnetism on bird orientation and homing
can be found in several recent reviews (Able 1980; Gould 1982, 1984; Keeton
1979a, 1979b; Lednor 1982; Moore 1980; and Walcott 1982). Wallraff (1983) has
provided a particularly critical and useful review of geomagnetic effects on
pigeon homing.

ELF STUDIES

During the early and middle 1570s, research on the biological effects of
ELF fields at the U.S. Navy's Wisconsin Test Facility (Projects Sanguine and
Seafarer) demonstrated that the electromagnetic fields generated by such large
scale transmitting systems disrupt the orientation of birds. When Ring-billed
Gull (Larus delawarensis) chicks were tested in a circular arena on clear days

in a normal geomagnetic field they showed headings significantly clustered
about a predicted bearing corresponding to the direction of migration
(Southern 1975). When a large antenna buried one meter below the surface of
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the ground was energized, the headings of the gull chicks showed no clustering
and were distributed randomly. Southern concluded that magnetic fields
associated with such conditions may be sufficient to confuse orienting birds.
In a related study, radar tracking of individual migrating birds flying over
the same large alternating current (AC) antenna showed that the birds turned
and changed altitude more frequently when the transmitting antenna system was
operating than when it was not (Larkin and Sutherland 1977). These findings
suggest that during nocturnal migratory flight, birds can sense low-intensity
AC electromagnetic fields and that the sensitivity tc an AC field may be much
greater than the sensitivity required to detect the earth's direct current
(DC) magnetic field. Williams and Williams (1978), using a small marine
surveillance radar to detect migrating birds, also found that the operacion of
the Wisconsin Test Facility affected the direction taken by birds during their
migratory flights, thus supporting the finding that migratory birds can sense
the AC electromagnetic field produced by the transmitter.

The potential impact of ELF fields on migrating birds has been reviewed by
Grissett (1980), and he concludes that the impact is minimal. However,
Grissett relies heavily on the report of Williams and Williams (1978), and it
should be pointed out that the small, low-power marine radar {3 kw, X-band)
that the Williams' used in their study could not detect the majority of
migrants flying over the antenna system because they were probably above the
radar's maximum range of 300 meters. Furthermore, the marine radar they used
could not distinguish minor changes in azimuth from altitudinal changes
(Larkin 1984},

The recent work of Beaver, Asher, and Hill (1984) and Larkin (1984) is
designed to assess the influence of electromagnetic fields associated with the
U.S. Navy's ELF Communicaticns System in the Upper Peninsula of Michigan on
breeding and migrating birds. Beaver and coworkers (1984) are examining the
ELF field effects on the parental and nesting behavior, fecundity, growth, and
maturation of Tree Swallows (Tachycineta bicolor). As of 1983, only baseline

data had been gathered with no data gathered in the presence of ELF
radiation. In the larkin (1964) study, migrating birds are being monitored
with a trailer-mounted tracking radar located about 500 meters from a segment
of the ELF antenna right-of-way. As of the fall of 1983, over 700 tracks of
migrating birds had been recorded. These data are being gathered to document
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the normal migration patterns over the Upper Peninsula of Michigan prior to
ELF antenna construction and operation.

MAGNETIC INFLUENCES

Since the initial ELF field studies at the Wisconsin Test Facility, a
growing body of behavioral evidence has been accumulated supporting the
contention that birds are influenced strongly by magnetic field perturbation.
Two lines of evidence have developed: field observations of flight behavior
during magnetic storms, and studies of the orientation of migrants caged in
altered magnetic fields.

Flight Behavior During Magnetic Storms

Magnetic “storms" are fluctuations in the earth's magnetic field that
follow solar flares and other disturbances associated with sun spots. Such
storms may range in intensity up to 3,000 gamma although most are less than
300 gamma (the total field strength is normally 0.5 G or 50,000 gamma); the
storms obliterate the usual circadian pattern of 10 to 100 gamma fluctuations
in field strength. The intensity of the storms is measured by a K index of

magnetic activity. K values range from zero for magnetic disturbances of 0 to
4 gamma to S K for disturbances of 500 gamma and abcve. Keeton, Larkin, and
Windsor (1974) found a correlation between normal fi: :tuations of the earth's
magnetic field and the day-to-day variation in initial bearings chosen by
homing pigeons {Columba livia) released repeatedly at a single test site under

sunny skies. Because the magnetic fluctuations were less than 70 gamma
(K <5), the authors conclude that the sensitivity of pigeons to magnetic
stimuli is of the same magnitude as that demonstrated for honeybees. A later
study by Larkin and Keeton (1976) showed that bar magnets mask the effect of
the K fluctuations suggesting that the magnetic events themselves influence
the orientation of normal homing pigeons. Moreover, the bar magnets, like
natural magnetic disturbances, deflect a bird's bearing to the left. Magnetic
storms not only affect the initial orientation of pigeons at release sites,
the speed of homing appears to be influenced as well. Schreiber and Rossi
(1976, 1978) found that speed of homing was negatively correlated with solar
activity and hence magnetic storms. Similar results have been published by
Carr, Switzer, and Hollander (1982).
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Most of the studies of free-flying migrants report l1ittle or no influence
of magnetic storms on flight directions (Able 1974; Richardson 1974, 1976) or
flight speed (Larkin and Thompson 1980), but Moore (1977) found that K values
were positively correlated with 1increased angular deviation of flight
directions and that the mean flight direction tended to shift to the left on
nights with magnetic storm activity.

Primacy of Magnetic Compass
Several recent studies have shown that the earth's magnetic field is used

as a reference for the development of a migratory direction in birds (Alerstam
and Hogstedt 1983; Beck and Wiltschko 1982; Wiltschko 1882; Wiltschko and
Gwinner 1974; and Wiltschko, Gwinner, and Wiltschko 1980). Young Carden
Warblers (Sylvia borin) hand-raised without ever seeing the sky were able to

rind their normal migratory direction when tested in the local geomagnetic
field without visual cues (Wiltschko and Gwinner 1974). In later experiments
it was shown that the non-visual orientation system can mature completely
without seeing the sun and the stars (Wiltschko, Gwinner, and Wiltschko
1680). Similar tests with hand-raised Pied Flycatchers (Ficedula hypoleuca)

and Savannah Sparrows (Passerculus sandwichensis) clearly indicate that the

magnetic compass develops without input from celestial cues and that migratory
direction is genetically encoded relative to the magnetic field (Beck and
Wiltschko 1962; Bingman 1981). In a recent study, Alerstam and Hogstedt
(1983) shifted the geomagnetic field at Pied Flycatcher nest boxes during the
incubation and nestling periods. The field was shifted by Helmholtz coils
mounted at the nest boxes. When the birds showed migratory restlessness two
months later, a corresponding shift in the migratory orientation was
observed. This study lends additional support to the magnetic calibration
hypothesis and suggests that imprinting-like learning of celestial cues used
in migratory orientation takes place at an early age. Unlike the findings of
Wiltschko and Wiltschko (1975, 1976) that migratory birds frequently
recalibrate their celestial compass against the magnetic compass, the results
of Alerstam and Hogstedt (1982) show a 1long-lasting effect of magnetic
calibration.

Wiltschko, Nohr, and Wiltschko (1981) showed that homing pigeons that had
never seen the sun before noon could not use the sun compass in the morning
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hours, however they were able to orient homeward. When these birds carried
magnets they were disoriented, indicating perhaps they were using a type of
magnetic compass. The results of this study suggest that homing pigeons can
use a magnetic compass whether or not the sun compass has been established.
The data also support the notion that the magnetic compass is the first source
of compass information.

In an attempt to test whether the sun compass of homing pigeons is
calibrated by the magnetic field, young pigeons were raised in an altered
magnetic field in which magnetic north was turned clockwise about 65° in the
1974 and 1975 experiments and about 120° in 1980 experiment (Wiltschko et al.
1983). The pigeons could see the sun only in an abnormal relation to the
magnetic field, and they were exercised only when the sky was totally
overcast. On first flights 1in sunshine, homeward bearings of these
experimental birds deviated clockwise from the mean of the bearings of control
birds, but the deviation was only about half of what was expected. On
subsequent flights in sunshine, the differences in orientation between
experimental and control birds disappeared. These findings suggest a magnetic
influence on learning the sun compass, but as Wiltschko et al. (1983) comment,
the relationship between the two systems is more complex than that proposed by
the calibration hypothesis.

Artificial Magnetic Fields

Artificial magnetic fields can influence the homing behavior of pigeons
released from unfamiliar sites even under sunny skies. Visalberghi and Alleva
(1979) performed tests by securing cylindrical magnets (in sunny conditions)
and Helmholtz coils (under both sunny and overcast conditions) to the pigeons'
heads. The latter units had either north (Nup) or south (Sup) poles up.
Under overcast conditions, a distinct disorientation of Nups was recorded, and
in sunny conditions, Nup and Sup birds showed greater scattering in vanishing
bearings compared with control birds.

In a study designed to examine the roles of olfaction and magnetism in
pigeon homing, Wallraff and Foa (1982) attached magnets to the head, neck, and
wings of the anosmic and intact experimental birds and brass bars to the
anosmic and intact controls. Although they found that olfaction is an
integral part of the pigeons' navigational mechanism, the geomagnetic field
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also plays a role. They suggest that magnetic information may explain the
rudimentary homeward orientation in anosmic pigeons.

A similar study by Papi, Maffei, and loale (1983), just using magnets and
brasses showed no differences in orientation or homing performance in four
test releases performed from the four cardinal directions 20 to 27 km from the
loft. In the same paper, Papi and his coworkers report on a second experiment
that attempted to replicate the earlier studies of Walcott and Green (1974)
and Visalberghi and Alleva (1979). Birds were equipped with Helmholtz coils
connected to a battery. The polarity and intensity (20.4 G) of the induced
field oscillated in a roughly sinusoidal way with a frequency of 0.15 Hz.
Controls wore identical coils without current and dummies of the other
equipment. When released from 40 to 50 km North, South, and East of the loft,
vanishing bearings of experimentals were more scattered than those of
controls. In addition, controls homed faster. In most cases, however,
differences between experimentals and controls were not significant.

The homing behavior of pigeons following 0.75 to 4 h exposure to an
alternating magnetic field has been examined by Papi, Meschini, and Baldaccini
(1983). They found that in most cases initial orientation under the sun was
disturbed (decrease 1in homeward directedness) and, in two experiments,
disturbance also occurred under overcast skies. The disturbance lagged behind
treatment for some hours, and the degree of disturbance was in part related to
the length of treatment. Despite the disturbance, homing performance was not
affected.

Magnetic Anomalies

It i< perhaps not surprising that naturally occurring magnetic anomalies
in the earth's crust influence the homing behavior of pigeons. Experiments by
Walcott (1678, 1980, 1982) show that homing pigeons are disoriented when
released at magnetic anomalies and the disorientation is positively correlated
with the strength of the anomaly. Similar findings have been reported from
Switzerland by Frei (1982) and from southwestern Germany by Kiepenheuer
(1982). Frei suggests that within the anomaly, the pigeons systematically
respond to local directions of magnetic gradients, but Kiepenheuer doubts that
flying birds would be able to do so in such a situation.
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Magnetic Receptor

Although considerable evidence supports the influence of the magnetic
field on direction finding in birds, the reception mechanism has not been
explained. Several studies have documented the presence of magnetite crystals
in birds. Walcott, Gould, and Kirschvink (1979) found localized
concentrations of magnetite crystals in the heads of pigeons. The deposits
were located in bone cavities near the midline of the skull, roughly between
the olfactory buib and the optic chiasma. Another study (Presti and Pettigrew
1980) has reported magnetite located in the neck muscles of pigeons and
+igratory White-crowned Sparrows (Zonotrichia leucophrys). However, Walcott
and Walcott (1982) attempted to replicate these studies, and after examining

over 80 pigeons, were unable to find the inducible remanence previously
reported even though exactly the same techniques and equipment were used as in
the earlier studies.

The Bobolink (Dolichonyx oryzivorous), a long distance transequitorial

migrant, has recently been shown to respond to changes in the earth's magnetic
field (Beason and Nichols 1984). In an attempt to locate the magnetic
receptor, these authors discovered deposits of iron oxide (probably magneti‘*e)
in sheaths of tissues around the olfactory nerve and bulb, between the eyes,
and also in bristles which project into the nasal cavity (Kirschvink and Gould
1981; Yorke 1979, 19€1), but evidence coupling the magnetite to the magnetic
sensitivity is lacking. Thus, the mechanism of perception of the magnetic
field by birds is unknown.

Although much of this review has concentrated on magnetism and the
orientation and homing of birds, the underlying mechanisms remain unknown.
Moreover, 1in much of this work there is a serious problem with consistent
replication (Thomson 1583) and at least one qualified skeptic wonders if
"...it is possible that birds have no useful sensitivity to the earth's
magnetic field" (Griffin 1982).

ELECTRIC FIELD EFFECTS

The biological effects of extremely low frequency electromagnetic fields
has been summarized in an edited volume by Phillips et al. (1979), and the
biological effects of high voltage AC transmission lines has been reviewed by
Sheppard (1963). In both of these works there is a paucity of referenced
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studies that deal with electric field effects on birds. Few documented
biological effects have been attributed to transmission line electric fields,
magnetic fields, or both (Lee, Bracken, and Rogers 1979). The authors
speculate that if a bird approaches near an energized conductor, the field
strength could be strong enough to cause mechanical vibration of feathers.
However, to date no study has examined the behavioral responses of free-flying
birds to high intensity 60-Hz electric fields.

Very few laboratory studies of the detection and behavioral responses of
birds to 60-Hz electric fields have been conducted (Cooper et al. 1981; Graves
1981; Graves, Long, and Poznaniak 1979). In these studies, a conditioned
suppression paradigm was used to determine whether pigeons could detect 60-Hz
electric fields of 25 kV/m or 50 kV/m. Pigeons apparently can detect the
field calculated to be greater than 10.5 kV/m but less than 21 kV/m at head
Tevel,

Even though pigeons are able to detect AC electric fields under laboratory
conditions, noise parameters or exposure grid vibrations are potential
artifacts associated with ELF field generation systems. Graves (1981)
addressed this problem and studied electric field detection by pigeons which
were either shielded by a Faraday cage or unshielded. Pigeons shielded from
the ELF field did not show conditioned suppression while those unshielded
did. Thus, pigeons are actually detecting the electric field and not the
noise or vibration associated with the exposure system. Although definitive
data are lacking, Graves and his coworkers suspect "that ELF effects can be
explained by stimulation of peripheral receptor system and increased general
arousal."

SUMMARY AND CONCLUSIONS

This review has attempted to cover the most important literature on the
subject of electromagnetic field effects on birds. Two points have been
emphasized: (a) the detection of magnetic fields and (b) the detection of
electrical fields. Most of the work on magnetic fields reiates to DC fields,
and much more work is needed on AC field effects. There can be little doubt
that many birds perceive DC magnetic fields, but the wutility of this
information to the bird is in doubt according to one authority. Geomagnetism
may be used in direction finding, but the geomagnetic effect is 1like the
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Cheshire Cat encountered by Alice in Wonderland: 1t has “the disconcerting
habit of appearing without warning and then vanishing, in part or in whole,
only to reappear at some later time" (Graves, Long, and Poznaniak 1979). At
present, there is--more or less--agreement that geomagnetism probably
functions as a compass, but there is serious disagreement as to whether
geomagnetism functions as a map for navigation. Additional work will
undoubtedly clarify the role of geomagnetism in the orientation and homing of
birds and other animals.

Clearly more work needs to be done on the detection of and responses to AC
electric fields by birds. Although laboratory work has started, field studies
near transmission 1lines would be very valuable. If birds prove to be
generally sensitive to electrical and magnetic fields, then this knowledge
would be of greater benefit in assessing the ecological impact of systems that
generate and transmit ELF radiation.
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cases where exposure to weak ELF-EMF fail to induce a bioeffect. In these
cases, it is appropriate to question whether applying a somewhat different
wave form or frequency might not have induced an effect.

Based on current evidence. one can conclude that weak fields can affect
and alter various cell function(s). A1l effects are subtle except those
observed at field strengths that would physically damage the cells. By subtle
we mean that the cell's normal functions are not halted or, as far as can be
seen, irreversibly disrupted; removal of the field generally allows an
altered parameter to return to “"normal." It is unclear from these experiments
what effect such changes at the cellular level would have on a multi-celled
organism with self-regulating capabilities or even on the long-term survival
of a single celled organism. Therefore, whether these alterations represent a

hazard or not cannot be ascertained on the data currently available.
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intensity (Miller et al. 1980). The investigators calculate that a 60-Hz,
450-Y/m electric field will alter the membrane potential by 3 to 8 mv., It is
noteworthy that membrane potential changes on the same magnitude have been
obtained by other investigators studying thc¢ bio-effects of ELF-EMF exposure
(Teissie and Tsong 1961).

SUMMARY

Despite the fact that the literature contzins numerous, often disparate
reports on the effects o7 woak electromagnetic fields (ELF-EMF), certain types
of biceftects appear to bhe emerging. In particular, there 1is increasing
experimental evidence that cZation fluxes are sensitive to ELF-EMF
perturbation. In view of the secondary messenger role of Ca++, as wcll as
the homeostatic function of botn Quéﬁv and Na+, any perturbaticns in these
functions couid portena important physiclogical implicaticns. At this time,
the available data will not permit one to extrapolate whether a cell would
show altered cation fiuxes at the tield intensities actually encountered in
the vicinity ¢1 a power line or & ccmmunicat:on's antennda. It does suggest,
however, that additicnal experiments--preferabiy with ¢greater sensitivity than
those wperformec nervetcfore -be performea at low fieid intensities to address
this questicn,

Associated witth the ovidence Tor altered caticrn flux, ore also finds
increasing evidence  that tihe Liasiha wemprane may be one of the primary
interactior <1 tes  sotween o woak  LLF-EMIS ane the cell. If this can be
substantiates 1o ' titure, thern 10 Wil be possiple  to move  toward
developing 4 el to ey taie tre cecharaar of interaction between weak fields
and el by deve pment ot o o working medel will o o atso aliow one  to
extrapoclate from tre lan o oo Ui Lotentiasl o hazards of these fields with a
yreater degree of untidence,

PLE RN e te g wanne U e oo to oroduce similar biceffects.
T o1 un Trar e e ata anad lanoe b gate, whother cagnetic effects occur
through tre gt o e tren T wedk o caectrie field in the cell or
through anctrer mech anasm s0rit to be aefinea. 1t s alse unclear whether
there 15 3 ayreran Letween the twe tepen of fields. An dimportant aspect
that has eacragead fron oo pooe oot I tergture Y0 thy presence of wave form

gependence an trs L Wit R N R R R ]y important in




Chiabrera, Grattarola, and Viviani (1984) have published a theoretical
treatise that proposes a possible interaction mechanism between an applied
electric field, ligands, and surface effectors. They propose that the E-field
induces a microelectrophoretic effect that influences the distance between
charged ligands and receptors and, in effect, decreases the mean lifetime of
ligand-receptor complexes. Thus cells stimulated to divide by addition of a
lectin would show a decreased response in the presence of an electric field.

Nuccitelli and Erickson (1983) and Erickson and Nuccitelli (1984) report
that quail fibroblasts display '"galvanotrophism" at field strengths of
1-10 mV/mm; field strengths greater than 400 mV will induce cells to elongate.
Collectively their data suggest that weak E-fields could influence embryonic
cell development. These results are particularly relevant in view of the
reports by Delgado et al. 1982 and Ubeda et al. 1983 showing very weak, low
frequency pulsed magnetic fields (10, 100, 1000 Hz and 0.12 and 1.2 uT)
induced teratogenic effects in developing chick embryos. Further, these data
suggest that pulse shape may be a critical parameter in the teratogenic
effects observed.

Persinger and Coderre (1978) report that perinatal exposure of rats
(2.5 days before and 2.5 days after birth) to a rotating 0.5-Hz magnetic field
between 10'3 T to 10'6 T increased the number of thymic mast cells. The
difference in mast cell number was still evident after 200 days; exposure of
adult rats to the same field did not affect the number of thymic mast cells,
In another experiment, rats were perinatally exposed to the same field
intensities (described above) and examined for alterations in either thyroid
function or morphology; no significant effects were observed (Lafreniere and
Persinger 1978).

In a pulsed magnetic field study, Goodman, Bassett, and Henderson (1983)
showed that exposing dipteran polytene chromosomes to a single pulse (380-us,
rep rate 72-Hz) magnetic field for 15 min, increased the specific activity of
m-RNA., Alternatively, application of a pulse train (200-us burst, rep rate
15 Hz) increased the specific activity of m-RNA after 45 min of exposure.
These data again demonstrate the critical nature of the applied wave form in
affecting cellular responses.

Continuous exposure (7 days) of Pisum sativum roots to 60-Hz E-fields
(150 v/m to 430 V/m) resulted in a decreased growth rate at the higher field
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8.5 G with an induced E-field between 1.9 x 1072 V/m to 3.8 x 10°% v/m) to

PC-12 phaeochromocytoma cells and measured the release of 3H-noradrena]in.
Their data showed that field exposure elevates noradrenalin release about 27%;
the effect was inhibited by adding exogenous Mg+*. The effect of MgH was
ascribed to interference with CaH binding sites on the cell membrane.

Batkin and Tabrah (1977) exposed transplanted neuroblastomas to a
sinusoidal 60-Hz, 12-G magnetic field for 12 days; exposure to ELF-EMF was
initiated 3 days following transplantation. Their data showed that tumor
growth was initially slowed and that more free red blood cells were in the
tumor area, leading them to conclude that the magnetic field exposure was
affecting the blood vessels by increasing their fragility. By the 19th
post-transplantation day, however, the ELF-EMF exposed tumors reached normal
size.

When frog retinas were continuously exposed to 20 mT magnetic fields at
20 Hz, the response of cells to magnetic fields occurred in less than 5 ms,
whereas cells responding to light required about 85 ms (Lovsund, Nilsson, and
Gberg 1981). Lovsund et al. {1980) suggest that these field intensities are
involved in the generation of magnetophosphenes. Based on the data generated
from both these studies and exposures to E-fields only (Granit 1950), Lovsund
and colleagues conclude that a common structure is being stimulated in the
retina. They further suggest that the magnetic field effects might occur
through the induction of eddy currents. However, as noted above, Liboff and
colleagues (1984) present arguments against the suggestion that eddy currents
can explain magnetic field effects.

Recently, Lin-Liu and Adey (1984) reported on the effects of pulsed
E-fields on the distribution of Concanavalin A (Con A) receptors. In these
experiments, frog myoblasts were subjected to square DC electric pulses and
compared to controls subjected to a constant DC field. Their data show that
Con A receptors redistribute when subjected to monopolar, pulsed E-fields.
Thus, the uniform, pre-field distribution of receptors became asymmetrical and
polarized toward the cathodic pole after field exposure. The extent of the
asymmetric distribution depended on the pulse width, duration of exposure,
frequency, and intensity. Con A asymmetry could be induced in 5 min at a
field pulse intensity cf 1.5 V/cm whereas at 0.3 V/cm, 150 min were required

before receptor asymmetry couid be detected.
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from the proiiferative layer of embryonic chick epiphysis. The E-field effect

could be completely blocked by inhibitors of CaH or Na+ transport. Based
on these data, the authors suggest that the fields generate cation fluxes that
stimulate DNA synthesis. Exposing skin fibroblasts from chick embryos and
bone cells from rat embryos to similar field strengths also stimulated the
uptake of 3HTdR whereas rat spleen lymphocytes were unaffected by the
fields. One problem in interpreting these results is that the intense E-field
may be inducing a localized breakdown in the membrane. Stated in another way,
is the observed bio-effect a result of the dielectric breakdown of the
membrane or of a more subtle macromolecular rearrangement in the membrane?

Neonatal islet cells from pancreas, subcultured and exposed to low
intensity DC magnetic fields (1 to 10 G), appeared to attach to the substrate
and migrate to a greater extent than their respective non-exposed controls
(Hayek et al. 1984). Of more interest, exposure to a homogeneous magnetic
field stimulated insulin release at 1low concentrations of glucose and
inhibited insulin release at high concentrations of glucose. Since one would
normally expect diminished insulin release at low glucose concentration and
elevated release at the higher concentration, it appears that magnetic fields
can facilitate insulin release in the absence of the normal physiological
stimulation. It is not clear, however, why the field inhibited insulin
release in the presence of stimulating concentrations of glucose Jolley et
al. (1983) reported that rabbit islets subjected to an 18-h pulsed magnetic
field (4-kHz pulse bursts, repeated at 15-Hz intervals) showed altered Ca++
fluxes and diminished insulin release when the glucose concentration was
elevated. Data in the literature indicate that elevated glucose levels in
islet cells depolarizes and repolarizes the cells as a result of CaH
movement into intracellular spaces (Hedeskov 1980). Both ELF-EMF research
groups suggest that the fields are interacting with the membrane and may be
modulating the movement of Ca**.

Zurgil and Zisapel (1983) exposed fetal rat brain neurons to a pulsed
field (10-Hz, 75-V, 0.6-ms pulse duration for 90 s) and noted a ca'’
dependent increase in the phosphorylation of a 43,000 d protein and a decrease
in a 55,000 d protein. Unfortunately, there is no way that current density
can be determined from the paper,

Cixey and Rein (1982) applied a pulsed magnetic field (500 Hz, 1.6 G to
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subjected to amplitude modulated sinusoidal fields (6 to 100 Hz) using a radio
frequency carrier., Bawin, Adey, and Sabbott (1978); Bawin, Gavalas-Medici,
and Adey (1973); Bawin, Kaczmarek, and Adey (1975); and Blackman et al. (1978)
reported that exposing embryonic chick brain to a 147- and 450-MHz carrier
wave modulated at 9, 11, and 16 Hz resulted in a small but statistically
significant increase in Ca++ efflux at 16 Hz. In contrast, exposing
cerebral tissue from the cat and chick to 1-, 16-, 32-, and 75-Hz sinusoidal
E-fields at 5, 10, 56, and 100 V/m suppressed Ca++ efflux at 6 and 16 Hz
with thresholds around 10 V/m for chick and 56 V/m for cat cortex (Bawin and
Adey 197€). Thus, a tissue exposed to a mcdulated RF wave showed enhanced
ca’’ efflux whereas the opposite effect was found with ELF exposure.
Blackman et al. (1982) attempted to replicate the sinusoidal studies reported
by Bawin and her colleagues; they observed an enhancement of CaH efflux at
16 Hz, rather than a decrease, but reproduced Bawin's observation of no effect
at 1 and 30 Hz. In essence, the experiment was replicated but with the two
groups reporting opposite results. Nevertheless, on the basis of these data
it has been proposed that both a frequency window and a power density window
exist. In a related study, Lin-Liu and Adey (1982) exposed isolated
synaptosomes to 450-MHz carrier wave modulated at 16 Hz and observed a
38% increase in the rate of Ca ' efflux; exposure to unmodulated carrier
waves had no effect.

In a review of these experiments, Myers and Ross (1981) suggest that
procedural and statistical non-conformities render the conclusion of the two
groups unsettled and open to further experimentation.

CELL CULTURE EXPERIMENTS

The exposure of human fibroblasts to sinusoidal fields (15 Hz to 15 kHz)
at magnetic field intensities of 2.3 «x 10 7 to 5.6 x 1070 7 resulted in
enhanced DNA synthesis as assessed by the uptake of 3HTdR (Liboff et al.
1984). A dose-response relationship was not reported even though the field
intensity differed by several orders of magnitude. Liboff and his co-workers
suggest that the magnetic field interaction is, therefore, independent of the
time derivative (dB/dt) of the magnetic field. Enhanced incorporation of
3HTdR into DNA was reported by Rodan, Bourret, and Norton (1978) using a

high intensity oscillating 5-Hz E-Field at 1166 V/cm on chondrocytes isolated
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Although the biological significance of these reports 1is difficult to
assess, the fact that part of the immune system responds to amplitude
modulated fields, albeit in a transient manner, dictates that additional data
be obtained to clarify a potential problem.

CATION TRANSPORT

Batkin et al. (1978) exposed mice to a sinusoidal 60-Hz, 55- to 60-G
magnetic fiela for 11 days. The mice were killed, and their kidney cortex and
diaphragm tissuc were isolated. A significant decrease in the Na+ transport

activities was observed in these tissues. In a related experiment they looked
at liver and neuroblastoma Na* transport at 11 and 17 days. Their data
indicate that both tissues showed depressed Na* transport at day 11;
however, by day 17 the 1liver returned to control levels while the
neuroblastoma remained in a depressed state. The kidney and diaphragm Na+
transport was not determined following the longer field exposure. Teissie and
Tsong (1681) reported that erythrocytes exposed to a 1-kHz AC fields at a
field intensity of 10 V/cm induced membrane channels (including the
Na-K-ATPase) to open. These field strengths will hyperpolarize the membrane
by about 6 mV. The authors reported a ¢0% increase in the Na-K pump without a
concomitant increase in the consumption of ATP. Further, the time a channel
was open apparently decreased with increasing field strength reaching a
plateau at 24 V/cm. In other words, at 10 V/cm the channels close with a half
time of 10 s diminishing until a plateau of 2 s is reached at 24 V/ecm. In
addition, externally applied E-fields appeared to drive K+ against its
concentration gradient. Recently, Serpersu and Tsong (1983) applied a 1-kHz
AC field at 16 V/cm to erythrocytes and examined the uptake of Rb+. Their
data show that an external AC field can stimulate the uptake of Rb+; at low
temperature (3° C) Rb‘ uptake was still observed whereas the Na-K pump was
virtually inactive. Rb* uptake also displayed a frequency dependence
peaking at 1 kHz and diminishing at 1 MHz. The effective range of uptake
ranged between 100 hz and 0.1 MHz. This observation is important because the
uptake of Rb+ cannot be simply explained by Joule heating. Thermal effects
would not show a frequency dependence unless SAR'S show a frequency dependence
due to characteristics of either the sample or the field application apparatus.

Several studies report effects on CaH efflux when tissues are
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dedifferentiated. The addition of Ca+* ttinsport inhibitors such as LaCl3
inhibited dedifferentiation, whereas Ca ionophoreses _timulated the
process. The investigators suggested that the dedifferentiating effect of the
applied field is either occurring in the boundary layer of cell Ca++ or is
mediated by the cell membrane. In any event, the net effect was to facilitate
the influx of calcium. In a contrasting report, Chiabrera et al. (1979)
induced erythrocytes to dedifferentiate by increasing the exogenous CaH
concentre ion. When a pulsed field was applied, dedifferentiation was
inhibited. However, if the pulse rate was changed, dedifferentiation could be
enhanced. These apparently conflicting reports are typical of the bioeffects
literature on ELF-EMF effects. They reinforce the apparent fact that subtle
changes in parameters associated with the applied field (wave form, frequency,
etc.) can produce markedly different bio-effects.

In related experiments, lymphocytes were exposed to RF carrier waves (147
to 450 MHz) that had been amplitude modulated between 6 and 100 Hz (Byus et
al. 1984; Lyle et al. 1983; Sultan, Cain, and Tompkins 1683). Based on the
data available to date, the unmodulated carrier wave does not appear to affect
the cells. When a murine cytotoxic T-lymphocyte line was exposed to a
450 MHz, sinusoidally amplitude modulated at 60 Hz, their cytotoxic function
was inhibited (Lyle et al. 1983). The cytotoxic effect was frequency
dependent; it was reduced at both higher and lower frequencies. It was also

reversible, disappearing 12.5 h after field exposure. Byus et al. (1984)
examined the effect of amplitude modulated fields on C-AMP dependent and
non-dependent protein kinases and found that the former were not affected by
field exposure. In contrast, the non-C-AMP-dependent kinases showed a
substantial (50%) loss of activity following 15- and 30-min exposures to 16-Hz
fields and a smaller reduction (207) with 60-Hz modulation. In both cases,
activity returned to control levels with 60 min of exposure. Sultan, Cain,
and Tompkins (1983) failed to detect any effect on the capping of B
lymphocytes exposed to a 147-MHz RF carrier modulated at 9, 16, and 60 Hz.

In an attempt to evaluate the effects of in vivo exposure on the humoral
response, mice were exposed to 60-Hz E-fields, at .15 to .25 kV/m for 20 h/day
for 30 to 50 days. No significant differences were found in either the
primary antibody response or in the mitogen stimulated response of spleen
cells (Morris and Phillips 1982).
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the post-exposure period before adding PDS diminished the effect of the drug
on survival,

Tabrah et al. (1978) exposed heat synchronized Tetrahymena to 60-Hz, 60-G
H-fields and noted a 3-h delay in the onset of division in addition to various
cytomorphological changes. Similar results were also obtained with
populations exposed for 49 h. Both synchronized and non-synchronized cells
exhibited an increase in 02 consumption when exposed to more intense
magnetic fields of 100 G, at 60 Hz.

Continuous exposure of the slime moid, Physarum polycephalum, to ELF-EMF
(45 to 75 Hz, 0.4 to 2.0 G, and 0.14 to 1.0 V/m) lengthened the mitotic cell
cycle and depressed the rate of respiration (Goodman, Greenebaum, and Marron

1976, 1979). An altered cell cycle was also observed in cells exposed to
60-Hz, 1.0-G (H-only) ELF-EMF fields (Greenebaum, Goodman, and Marron 1982).
Simultaneously applied E- and H-fields produced somewhat larger changes though
the changes observed were not as large as the arithmetic sum of the effects of
the individual fields. Intermittent exposure (16 h/day, 5 days/week) to
76-Hz, 1.0-G, 1.0-V/m ELF-EMFs also lengthened the mitotic cell cycle;
however, the respiration rate increased rather than decreased, as observed
with continuous exposure (Goodman et al. 1984). 1In a review of the mitosis
experiments reported by Goodman, Greenebaum, and Marron (1976) the National
Academy of Sciences (1677) criticized the data because mitosis was not scored
in a blind manner. Subsequently, two other papers on mitosis have been
published (H-fields only and intermittent E + H) in which blind scoring was
applied and delayed mitosis was observed (Greenebaum, Goodman, and Marron
1982; Goodman et al. 1964). However, there have been no independent
experiments to replicate this work. In a related set of experiments, Marron
et al. (1983) reported that exposing Physarum amoebae to 60-Hz, 1.0-G, 1.0-V/m
fields alters the cell's surface properties as determined by their partition
coefficients in a two-phase aqueous polymer system. The two-phase polymer
system has been used extensively to separate cells based on differences in

their surface properties (Walter 1977).
LYMPHOCYTES, ERYTHROCYTES AND THE IMMUNE SYSTEM

Smith, Thomas, and Frasch (1979) exposed frog erythrocytes to pulsed DC
fields of 50 mV/cm (10-ms on-off duty cycle) and observed that the cells
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Hulsheger, Potel, and Niemann (1983) exposed a variety of microorganisms
to high intensity bursts of pulsed E-fields (2 to 30 pulses/burst) at 20 kV/cm
(pulse time delay 35 us) and a repetition rate of 0.5 Hz. In general, they
found that gram positive bacteria and yeast (S. aureus, L. monocytogenes, and
Candida albicans) were less sensitive to E-fields than gram negative cells (K.
pneumoniae, E. coli, and Pseudomonas aeruginosa). Cells in the log phase of
growth were more susceptible to E-fields than stationary phase cells; exposure
to 30 pulses at 20 kV/cm resulted in survival of 1%. Cells killed by the
30 pulse regimen leaked nucleotides and cofactors (AMP, ADP, NADH, etc.) but
no intracellular enzymes were found. Examination of the field-perturbed cells

indicated that the damage was most evident on the inner membranes.
The "mirror image" experiment was performed by Moore (1579) who exposed
various microorganisms (C. albicans, Bacillus subtilis, Staphylococcus

eridermidis, P. aeruginosa, and Halobacterium halobium) to O0- and 0.3-Hz

square, triangular, and sine wave forms at field strength of 50 to 900 G. His
data indicate that growth was generally stimulated at 150 G and inhibited at
300 G; the gram negative bacteria (P. aeruginosa and H. halobium) showed a
somewhat greater stimulatory growth response to H-field exposure. Growth
stimulation was correlated with the higher frequency (0.3 Hz) while static
fields (DC) tended to be inhibitory. In these experiments changing the shape
of the applied wave form shape (triangular, square, or sinusoidal) had no
effect on growth,

The experiments performed on bacteria and yeast suggest that sensitivity
to ELF-EMF may be a function of both the microorganism and its physiological
state at the time the field is applied. If the "intensity windows" shown in
some experiments prove to be real, it may explain why some investigators find
ELF-EMF effects while others do not.

Protozoa and Slime Molds

Ripamonti, Ettienne, and Frankel (1981) exposed the ciliated protozoan,
Spirostomum ambigium, to high intensity DC magnetic fields of 12.5T7

(125,000 G). A 2-h expcosure produced no discernible effects although the
ability to survive in the presence of the drug 2,2'-dipyidyldisulfide (PDS, a
sulfhydryl oxidizing agent) was diminished. This interaction was observed
whether the drug was added during or following H-field exposure. Increasing
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nutrient was added during the growth assessment period. Since all of the
cultures were apparently kept in a non-growing state, it is not clear exactly
how the investigators assessed growth.

In a related experiment, Aarholt, Flinn, and Smith (1981) exposed E. coli
to square wave magnetic fields between 0.48 mT to about 20 mT at 16.66 Hz and
50 Hz. Fields of various intensities applied at 50 Hz had no effect until a
reported threshold of 4.8 mT, whereupon the mean generation time (MGT) was
reported to decrease. As the magnetic field intensity was further increased,
MGT increased but continued to remain below control levels. Changing the
applied frequency to 16.66 Hz (the 3rd sub-harmonic of 50 Hz) and
incrementally increasing the field intensity resulted in a decrease in the MGT
that began in the region of 0.5 mT and eventually plateaued at about 12 mT.
The periodicity claimed by the investigators 1is difficult to discern;
although, the data suggest that a frequency dependence or "window" may exist.
We are somewhat confused by these data since ELF-EMF application stimulated
the MGT of cells relative to the controls at a few intensities and
frequencies, while at most of the field intensities the MGT is depressed. It
appears that the real issue is the degree of inhibition induced by field
exposure since, with a few exceptions, the MGT of ELF-EMF exposed cells
remains below that of the controls. Thus, the suggested periodicity appears
to be more a function of how much a given exposure regimen depresses growth
relative to the controls rather than the absolute increase or decrease in the
MGT.

In another experiment, Aarholt, Flinn, and Smith (1982) examined the
effect of 50-Hz (square wave) magnetic field between 0 and 0.7 mT on the
synthetic rate of the inducible enzyme B galactosidase. These data show that
the synthesis of the enzyme relative to non-exposed controls was dependent on
the applied field strength, in addition to showing the periodic responses
discussed above. Of particular interest in this paper is the relationship
between the effect of the H field and culture density. The field effect
appeared to be at its maximum level at a density of 3.6 x 107 to 5.0 x 107
cells/ml (cells at this growth density are about 30 um apart on the average);
at a density above 108 cells/ml, when the cells average 20 um apart, no
effect was observed. In addition to an apparent cell density relationship,
the authors suggest that the fields may be interacting at the genomic level of
DNA/RNA/repressor protein.




the ambient ELF-EMF fields encountered by control cells. In the absence of
such data, we have assumed that adequate shielding and/or appropriate
precautions have been undertaken.

With few exceptions, most investigators of ELF-EMF effects have applied
either a magnetic field alone (H only) or an electric field alone (E only).
In attempting to assess the "potential hazard of ELF-EMF exposure” it is
important to remember that both field components (E + H), as well as the
earth's steady field, will be present. Further, depending on the source of
the ELF-EMFs the intensity of the individual £ and H fields will vary. In
other words, in hazard assessment, caution is required when extrapolating
potential environmental effects of electromagnetic fields based on data
obtained from E-only experiments or H-only experiments.

As in most research into potential biological effects of electromagnetic
fields, dosimetry is often a problem in the reports reviewed here. Many
investigators have obviously made careful attempts to describe their exposure
conditions, but either have provided rather sketchy descriptions or have
omitted information that was not thought to be relevant at the time of the
studies. For instance, reports of exposures to square waves and pulses often
omit measurements of the rise times and decay times. These are related to the
relative strength of the higher harmonics of the fundamental frequency. Work
in the past few years with pulsed fields, such as those used therapeutically
in promoting fracture healing, indicates that risetime figures may be

important.

GROWTH EFFECTS OF WEAK FIELDS
Bacteria and Other Microorganisms

Ramon, Ayaz, and Streeter (1981) exposed the bacterium Escherichia coli
to sinusoidal fields (60 and 600 Hz) at magnetic field intensities 3 x
10'3 T (30 G). They report that about 60 h of exposure to 60-Hz fields

decreased growth 43°, a 54. decrease was observed when cells were exposed to

600 Hz. Electron micrographs of the exposed cells indicated the loss of
flagella and a rupture of the cell wall. One problem in assessing this
experiment is the fact that the cells were kept at 0° C during both the
exposure period as well as during all subsequent manipulations. Further, the
cells were starved and washed to remove all nutrients prior to exposure; no
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A REVIEW OF CELL EFFECTS INDUCED BY EXPOSURE OF
EXTREMELY LOW FREGUENCY ELECTROMAGNETIC FIELDS

Eugene M. Goodman, Ph.D.
Ben Greenebaum, Ph.D.

University of Wisconsin - Parkside

INTRODUCT ION

The intent of this review is to assess the published data on the effects
of extremely low frequency electromagnetic fields (ELF-EMF) on individual
cells. In selecting papers for discussion, we restricted ourselves to reports
that had been subjected to the peer review process; as a result, meeting
abstracts and program reports have not been include- Our search centered
primarily on ELF-EMF effects on single cell systems; ¢ though, where relevant,
we digressed and included tissue effects. The selection of fields was
restricted to frequencies less than 100 Hz except in those experiments where
radio frequency (RF)} waves were used as carriers of the lower frequency
signals. All wave form shapes are included; where not otherwise noted,
sinusoidal signals should be assumed. Electric (E) and magnetic (H) field
intensities were not restricted unless they were totally irrelevant to the
general purpose of this review,

To date, research on ELF-EMF cell interactions have primarily focused on
questions of growth effects and/or related phenomenon such as cation
transport. In attempting to explain how weak ELF-EMFs might alter the
physiological state of the cell, many of these results have been used to
extrapolate and implicate the cell membrane as a primary site of interaction.
We intend to present and assess the data that suggest ELF-EMF exposure can
affect the cell as well as those experiments that show no cell effects. We
also intend to examine the hypothesis that the cell surface is a primary site
of ELF-EMF cell interaction.

Experiments to ascertain whether weak fields can affect growth have been
performed on numerous cell systems with a variety of field exposure regimens.
One factor common to most of these experiments is the lack of information on
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THE EFFECTS OF ELF ELECTRIC AND
MAGNETIC FIELDS ON ARTIFICIAL CARDIAC PACEMAKERS

Jerry C. Griffin, M.D.
University of California at San Francisco

INTRODUCTION

The artificial cardiac pacemaker presents a unique opportunity for
interaction between and electric and magnetic fields and man. The basis for
this is the fact that artificial cardiac pacemakers have 2 basic functions:
(1) to provide periodic electrical stimulation to initiate a heart beat, and
(2) to detect the occurrence of intrinsic heart beats so as to prevent
competition between the heart and the artificial pacemaker for control of the
heart rhythm. The purpose of this paper is to review the present knowledge
concerning the potential for extremely 1low frequency (ELF) electric and
magnetic fields to mimic intrinsic cardiac activity and thus affect pacemaker
function.

ARTIFICIAL PACEMAKER APPLICATION AND DESIGN

Abnormalities of the cardiac rhythm may be divided into two major
categories, those of impulse conduction (or heart block) and those of impulse
initiation (asystole). Normally the heart is “paced" by the sinoatrial node,
a group of cells located in the upper right atrium which are capable of
spontaneous rhythmic depolarization. The firing rate of these cells s
controlled 1largely by the autonomic nervous system, allowing significant
variations in heart rate in response to the body's changing need for cardiac
output. Impulses are conducted from the right atrium to the ventricles via
the A-V node and His-Purkinje system. These structures form a specialized
conducting system within the heart, and are the only pathway in the normal
individual from the sinus node to the ventricles, the principle pumping
chambers. Since the late 19th century it has been recognized that acute loss
of consciousness and death may result from either a permanent or intermittent
failure of these conducting structures (A-V block). In the first half of this
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century a number of investigators explored the use of electrical pulses as a
method of induction of ventricular depolarization during A-V block. The first
method to be applied clinically was the passage of current between electrodes
applied to the chest wall. Within a decade battery powered, fully implantable
pacemakers were in clinical use, attached directly to the heart by an
insulated wire placed through the venous system to the interior of the right
ventricle. In the late 1960s and early 1970s disorders of impulse initiation
were added to the 1ist of clinical applications for artificial cardiac
pacemakers. These disorders generally take the form of the
Bradycardia-Tachycardia or Sick Sinus Syndrome. Like patients with
intermittent A-V block, those with Sick Sinus Syndrome may suffer transient
loss of consciousness or feelings of dizziness and light headiness. Though in
general, patients with Bradycardia-Tachycardia Syndrome are less dependent on
their pacemakers than patients with complete atrioventricular block. At the
present time, slightly over half of all patients receiving implanted cardiac
pacemakers do so ior one of the various forms of the Bradycardia-Tachycardia
Syndrome. Over the past two decades this has led to larger numbers of
pacemakers implanted but a smaller fraction of pacemaker patients who are
completely dependent on their pacemaker for the initiation of a heart beat.
At present there are approximately 60,000 new pacemaker implants and 40,000
pacemakers replacements annually. The total pool of pacemaker patients in the
United States is estimated to be approximately 350,000 to 500,000 individuals
of whom perhaps one fourth may be considered pacemaker dependent.

An implantable pacemaker or pulse-generator consists of +two Dbasic
functiona modules. The first is the output circuit, designed to draw current
from a battery and deliver that current to the heart, via the electrode, in an
appropriate amount, for an appropriate period of time, and at appropriate
intervals. In newer devices, the timing functions of the output circuit are
controlled by a microprocessor. The second module 1is for the sensing or
detection of intrinsic cardiac activity. Sensing circuits were developed out
of a desire to provide noncompetitive pacing. Such a pacemaker functions in
the "demand" mode--that is, it only suppplies pulses if the heart fails to do
so in a preset period of time. When the pacemaker is not stimulating the
heart, it is constantly monitoring the electrode for evidence of electrical
activity. A typical sensing system consists of (1) an amplifier to increase
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the small biological voltages of cardiac depolarization to those that can be
processed by electrical circuits, (2) filters to attenuate elements of the
amplified signal that are 1ikely to be unrelated to 1intrinsic cardiac
activity, (3) a level detector to determine whether the filtered signal meets
preselected amplitude criteria, and (4) a noise sensing circuit which attempts
to eliminate environmental electromagnetic interference by means other than
selective filtering.

Filtering is done in a band-pass fashion with the center frequency between
approximately 20 to 50 Hz depending on the pacemaker model and manufacturer.
This corresponds to the intrinsic frequency content of local myocardial
depolarization as recorded on a stendard pacing electrode. Thus since many
ELF signals are within these frequencies, pacemaker filtering is relatively
inefficient in eliminating them.

During the cardiac cyle the pacemaker also monitors the electrode for what
it considers to be noise. In general, noise, as defined by pacemaker
circuits, is characterized by repetitiveness. Intrinsic cardiac signals are
periodic (1 to 3 Hz), lasting only for 30 to 100 ms and generally consisting
of a single biphasic wave form. Most electromagnetic interference is composed
of continuous, rather than periodic, wave forms and thus may be discriminated
from intrinsic cardiac activity by this characteristic. The frequency of
occurrence above which the pacemaker will classify a signal as noise is quite
low, usually on the order of 4 to 15 Hz, well below the power frequency
spectrum., 1f noise is detected, the pacemaker responds by disabling the
sensing system and thereby reverting to an asynchronous mode. The pacemaker
will ccntinue to pace asynchronously until noise is no longer detected. In
this way the pacemaker is able to avoid false inhibition; though competition
with normal heart beats may result if an intrinsic cardiac rhythm is present.
This asynchronous mode is also frequently termed the reversion or noise mode.
Therefore the cardiac pacemaker depends primarily on 1its noise reversion
system rather than band-pass filtering for protection against false inhibition
by most ELF signals.

There are two basic designs of cardiac pacing systems. These are usually
referred to as bipolar and unipolar though both obviously employ two poles.
The clinical term, bipolar, refers to a pacemaker with two wires which attach
to the heart (both the anode and cathode) so that current is passed for only a
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short distance through the cardiac tissue from one pole to the other. A
unipolar pacing system, on the other hand, has only a single wire attached to
the heart, the cathode. The case of the pulse-generator serves as the anode.
Current is passed from the electrode in the heart through the myocardium and
tissues of the chest to the pulse-generator case which may be located either
in the upper chest just beneath the left or right clavicle or in the left
upper quadrant of the abdomen. The infraclavicular location is presently used
in over 90% of patients.

The unipolar pacemaker differs significantly from the bipolar with respect
to the potential for electromagnetic interference. With a unipolar pacemaker
there are large differences in electrode size and a large dipole which, in
most cases, has both horizontal and vertical components. This geometry
provides a large "antenna loop" effect for coupling to magnetic fields and for
little common mode rejection of electrical fields. Bipolar systems, in
contrast, have very small dipoles, usually less then 3 cm, and only minor
differences in electrode size. In addition, the dipole is typically oriented
in the horizontal plane, with little vertical component.

THE CLINICAL SIGNIFICANCE OF ELECTROMAGNETIC INTERFERENCE

Over the past two decades a variety of exogenous and endogenous sources of
electromagnetic interference have been identified. The hazards presented by
many of these environmental sources--including microwave ovens, automobile
engines, field and leakage currents from electrical appliances, electrical
transmission facilities, anti-theft devices, escalators, airport
weapon-detectors, radar, radio transmitters, X-ray machines, diathermy,
electroshock therapy, and a variety of other hospital and dental
equipment--have recently been reviewed (Sowton 1982). Despite the enormous
1list of potential sources of interference (only a few representative ones are
listed above), reports of clinical events resulting from exogenous
electromagnetic interference are rare. Sowton (1982) suggests, "that it is
impractical to advise patients to avoid all of them (sources of interfeience)
even if it were poscible to identify them in advance. The patients should be
told in general terms about the possibility of interference but assured the
risks are extraordinarily 1low." The most common source of clinically
significant interference is the endogenous generation of skeletal muscle
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myopotentials in proximity to the pulse-generator case of a unipolar pacing
system. These are reported to be clinically significant in 14% of patients
and to occur in nearly half of all patients who are carefully tested (Secemsky
et al. 1982).

SUMMARY OF STUDIES OF POWER FREQUENCY INTERFERENCE

Bridges and Frazier (1975) conducted a comprehensive series of in vivo and
in vitro experiments designed to determine the response of implanted cardiac
pacemakers to 60-Hz 1interference and the nature of that response. The
investigators tested 13 devices by applying a 60-Hz voltage level directly to
the terminals. Using this test system, the voltage necessary to effect the
pacemaker ranged from 0.45 to 1.2 mV but generally was in the range of 0.5 to
1.2 mV. They also characterized the nature of the effect which was, in most
cases, reversion to asynchronous pacing. However, in two of the first eight
devices tested a small ‘“window" of input voltages produced aberrant
pulse-generator responses. Findings were similar when the investigators
tested three additional units by the same manufacturer. Though the magnitude
of the window was quite small for most pacemakers, it was 0.75 mV in one.

The investigators alsc set out to determine, both by noninvasive and
invasive studies (in human subjects and primates respectively), the transfer
factors between a vertical electric field, induced body currents, and the
potential differences that these currents could produce across the poles of
both bipolar and unipolar pacemakers implanted in man. Using data derived
largely from primates with pacemakers implanted, the investigators made
predictions about the magnitude of a vertical field necessary to induce
reversion in a pacemaker implanted in an average sized man standing upright in
the field. The estimates for a spectrum of pacemaker sensitivities and lead
configurations are shown in Table I.

The authors further demonstrated that body position had significant
effects on the developed voltage. For example, if the arms were raised above
the head, the electrical field required to produce a given interference
voltage fell by 40 to 50 ". Thus, body movement within a vertical electrical
field continuously modulates the voltage developed at the pacemaker input.

The 1ssue of windows of aberrant behavior was further raised in a report
of Jenkins and Woody (1978). They found that 38 of 57 units tested in their
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laboratory demonstrated some aberrant behavior when exposed to ELF
interference. The mean input voltage for reversion to the asynchronous mode
was 1.25 mv, the level for aberrant behavior was 0.56 mV. Devices were also
subjected to magnetic fields. Thirteen of 26 units reverted at a mean field
intensity of 1.5 G while seven exhibited aberrant behavior. The remaining six
units were unaffected by fields up to 20 G.

TABLE 1
CALCULATED ELECTRIC FIELDS

NECESSARY FOR REVERSION*
(in kV/m)

LEAD CONFIGURATION

UNTPOLAR
PACEMAKER Vertical Separation
SENSITIVITY BIPOLAR 8 cm 12 cm
LOW 600 171.0 91.0
MEDIUM 50 14.3 7.6
HIGH 23 6.4 3.4

*From Bridges and Frazier (1979)

These two studies strongly suggested that exposure to vertical ELF
electric fields or other contact with ELF signals such as leakage currents
from household or occupational electrical devices could result 1in body
currents sufficient to produce pacemaker vreversion. In addition, some
pacemakers might exhibit windows of aberrant activity at subreversion levels.
Because no information was given in either study with respect to the dates of
design or production of the devices tested, their manufacturers, or the
distribution of units among models or manufacturers, it was not possible to
assess the impact of the findings on the pacemaker implant population.
Certainly one must remember that all of the units in both were probably
manufactured prior to 1977 since results f-m both studies were available in
1978.
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The predictions of Bridges and Frazier (1979) and Woody and Jenkins (1978)
were tested by exposing patients with implanted pacemaker systems to high

intensity, vertical, 50-Hz electric fields. In a preliminary study in Great
Britain, Butrous et al. (1982) tested 10 patients with a single model of
unipolar pulse-generator. None of these patients exhibited aberrant function,
in fact, despite the use of unperturbed 50-Hz fields of up to 20 kV/m and
induced body currents of up to 300 uA, these devices did not even revert to
the asynchronous or noise mode.

More recently, these same investigators published results from 35 patients
having 16 different pacemaker models from six manufacturers (Butrous et al.
1983b). Again, applied fields up to 20 kV/m were applied, inducing total body
currents from 10 to 337 uA. The body currents necessary for reversion to the
asynchronous or noise mode differed among the various models and within a
group of patients having the same model. The latter may have resulted from
differences 1in body size and the vertical separation of the unipolar
electrodes. Overall the field strength necessary for any effect was 5 kV/m or
greater in all but two patients. The reversion currents varied from 26 to
200 pA. Reversion current also varied with the programmed sensitivity of the
pacemaker.

Butrous et al. (1983b) confirmed the earlier findings of Bridges d
Frazier (16759) that certain orientations of the body could alter the effect on
the pacemaker even though the total body current remained constant. 1f the
ipsilateral arm (in an infraclavicular implant) was raised, reversion occurred
at lower total body currents than if the contralateral arm was raised.

Most importantly, the investigators replicated previous findings of
aberrant pacemaker activity (Table 1II) (Butrous et al. 1983b). In two
patients, pacemaker behavior exactly duplicated a "window effect" with a
period of aberrant behavior which changed to reversion mode as the field
strengths were increased. The observed windows were from 55 to 113 4A in one
patient and from 104 to 121 LA in a second patient. In five additional
patients the devises exhibited inhibition or irregular and abnormally slow
pacing during electric field exposures above a given level. This type of
aberrant behavior was found to occur at field strengths of 5 to 20 kV/m with

induced boay currents of 5& to 213 LA,
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TABLE 11

EFFECTS OBSERVED DURING PATIENT EXPOSURE *

PACEMAKER RESPONSE

REVERSION
MANUFACTURER NONE ONLY WINDOW*  ABNORMAL*
MEDTRONIC 10
TELETRONICS 11 1
CORDIS 4
CP1 1 1
VITATRON 1 2
PACESETTER | 3 1

+ From Butrous et al. (1983b)
* See text for explanation.

A similar study has been performed in the United States by Moss and
Carstensen. Although this study has not yet been published, preliminary
reports suggest that the findings are similar to those of Butrous et al.
(1983b) (E. L. Carstensen, pers. com. 1984),

Butrous and colleagues also reported what they felt to be pacemaker
interference in two substation workers (Butrous et al. 19&3a). The first was
a 2¢-year old man, implanted with a Teletronics pacemaker, who developed
palpitations (i.e., irregular heart beats) upon returning to his occupation as
an electrical engineer in a 275 kV substation. ECG monitoring during exposure
to a vertical electric test field revealed reversion to the asynchronous mode
with competitive pacing. A second substaticn worker, who had received a
Cordis pacemaker, was tested before returning to work and found to have
aberrant pacemaker activity at field strengths above 12 kV/m. Both
individuals were outfitted with a protective garment which effectively
shielded them from the electric fields and allowed them to resume their

occupations.
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SUMMARY

From the above data, we must concluae that the potential exists for
interaction between ELF electric fields and implanted pacemakers. Initial in
vitro and in vivo laboratory findings have been confirmed by actual patient
exposure. ELF interference may have no effect on certain pacemakers, while
others may undergo reversion to the asynchronous or noise mode and still
others may exhibit aberrant activity. The levels of exposure necessary to
effect a susceptible pacemaker system are quite variable ( i.e., induced body
currents of 26 to >200 mA). The response appears to vary largely according to
manufacturer; with some manufacturers dealing with ELF interference much mare

effectively than other.

CONCLUSIONS

We must place pacemaker interference problems in general, and ELF electric
and magnetic field interference 1in particular, in perspective. Clinically
documented interference problems are extremely rare with the exception of the
body's own endogenous myoelectric interference. First the potential for
interference from ELF electric and magnetic fields must be compared to that
resulting from exposure to sources of higher freguency interference such as
microwave ovens; television sets; radio and television transmitters; ana a
host of business, medical, and occupational devices.

Even if the pacemaker is affected, the patient still may not be placed at
risk. Reversion to the asynchronous mode 1is a design feature of modern
pacemakers anc presents Tlittle risk when 1t cccurs for brief periods. In
fact, patients are routinely placed in the asynchronous modes for evaluation
¢t the nacemaker, This 1is done as often as monthly durirg telephone
transmission of the ECG with the patient unattended in the home, Brief
periods of competitive pacing are likely to be hazardous only in those
situations in which the ventricular fitr-illation threshold s markedly
decreased, such as during a heart attack or severe electrolyte imbalance.
Obviously, however, tnt potential for aberrant behavior of the pacemaker with
cessation of pacing or markedly slowed pacing does present a hazard for that
mnority ot patients who are dependent on the pacemaker for a cardiac rhythm.

Finally, cur ability to more precisely quantity the risks posed by ELF

clectric and pagnetic fislds is lTimited by tne lack of data,  Presently there
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are probably over 200 pacemaker models in use of which fewer than 50 have been
tested. Thus at present, only very rough estimates can be made regarding the
numbers of susceptible individuals. For example, of the estimated 350,000 to
500,000 pacemaker patients in the United States, approximately half (i.e.,
175,000 to 250,000) have unipolar pacemakers. Only 20% of this group would
have devices produced by manufacturers whose devises have to date exhibited
aberrant responses (i.e., 35,000 to 50,000). And of this group approximately
only 25% are probably pacemaker dependent. Thus roughly 5,000 to 15,000
individuals may be at some risk from interference. At present little is known
regarding exposure of these individuals to common sources of ELF or other
forms of interference. Only when a more precise measure of the size of the
susceptible population and their exposure is known can we fully assess the
risks involved.
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BEHAVIORAL TOXICOLOGY OF ELF ELECTRIC AND MAGNETIC FIELDS
Richard H. Lovely, Ph.D.

Neurosciences Group
Battelle Northwest Laboratories

INTRODUCTION

This review summarizes and evaluates the scientific literature (from 1977
to 1984) on the behavioral effects of exposure to electric and magnetic fields
ranging in frequency from 1 to 300 Hz (ELF). Most of this work has been
carried out at 60 Hz.

Much of what is known about the behavioral effects of exposure to ELF
fields 1is summarized by a National Academy of Sciences report (NAS 1977).
Since the time of that report, considerable research has been carried out to
assess specifically the "health effects" of exposure to ELF fields. The
impetus for this work comes from the United States Department of Energy and
the public power industry, both here and abroad, because of their interest in
identifying possible deleterious effects that might result from exposure to
power-frequency (50- and 60-Hz) electric and magnetic fields. Because of
their goals, much of the research emanating from these and other programs has
been toxicological in nature--at least more so than in past researches. In
other words, because of the implicit risk-benefit analysis that will eventuate
from these studies, the researches are often cast in toxicologic context.
Among other things this means most (but not all) of the work is well conceived
and designed, correctly analyzed, establishes dose-dependence when an effect
is obtained, attempts to replicate initial effects, attempts to generalize the
existence of significant effects to more than one species, and attempts to
evaluate established effects with regard to their being placed under the
rubrics of "effect" or "hazard". Thus, a number of the behavioral effects of
exposure to ELF fields, that have been identified since 1977, can be
considered well-established effects. These constitute the majority of
material reviewed in this paper. However, lessor effects are considered, and,
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where relevant, their implication for our understanding of the behavioral
toxicology of exposure to ELF fields are considered.

The principle behavioral effects reviewed in the following pages appear
under the following ordered headings:

+ Perception and Behavioral Detection
+ Arousal Response and Activity

+ Aversive Behaviors

* Neurobehavioral Teratology

- Behavioral Effects in Humans

Following this primarily behavioral review is a discussion of research
needs with special reference to other well-established effects of exposure on
neural systems. These include:

* Neuropathology in cerebellar Purkinje cells
« Efflux of calcium ions from brain tissue

BEHAVIORAL EFFECTS
Perception and Behavioral Detection
A number of vertebrate species are able to detect the presence of ELF

electric and magnetic fields and they do so by a variety of means.

By far and away the most sensitive of these detection abilities is that
termed "electroreception." Because this is such a large literature I will not
review it in any detail here. The major developments in this area since the
report by the National Academy of Sciences (NAS 1977) has dealt with
identifying and differentiating the various forms of electroreception that
appear in a number of fish., Bullock (1982) suggests that evolution "invented"
electroreception at least three different times.

For our purposes it will suffice to indicate that there are two broad
classes of receptors that respond, at least in part, to ELF electric fields.
The low frequency receptors, known as Ampullary organs, have a frequency
response of from 0.1 to 50 Hz. The high frequency receptors respond from 50
to 2,000 Hz, and are classed as Tuberous organs. The absolute threshold for
behavioral detection in different species can range from as high as 10 mV/cm
to as low as about 5 nV/cm. The latter sensitivity is for the Ampullae of
Lorenzimi of the Elasmobranchs such as sharks, rays, and skates (Bullock 1982;
Kalmijn 1985).

186




How such weak electric fields are transduced into classical neural firing
patterns is not yet known. It seems unlikely that the local currents directly
depolarize receptors because the fields to which these fish respond are
several orders of magnitude below the voltage required for classical neuronal
firing. Patch-clamp techniques should help wunravel the biophysics of
transduction in the near future.

Other species are also able to detect electric fields, although this
occurs at much higher field strengths. Cooper et al. (1981) trained pigeons
to respond on a variable interval 90-s reinforcement schedule. Once stable
behavioral baselines were obtained, the pigeons underwent classical
conditioning trials which used 60-Hz electric fields (25 or 50 kV/m; 10.5 or
21 kV/m at the pigeon's head) to cue an impending shock. Following sufficient
training trials, the pigeons could then be probed with the electric field.
Had they been able to detect the electric field during conditioning, then,
when probed later, the pigeons would show conditioned suppression, i.e., they
would suppress responding for food relative to their baseline behavior on the
interval schedule. Cooper's pigeons suppressed at the higher field strength,
but not at the lessor one. A second report from this lab (Graves 1981)
assessed the pigeons with and without shielding by a Faraday cage. If the
pigeons had suppressed responding because of cuing by stimuli other than the
fields (e.g., noise, vibration) then they should suppress inside or outside of
the Faraday cage. The results made it clear that the pigeons suppression was
under electric field control. This is a well-done study that recognizes and
tests for possible sources of artifact.

Stern et al. (1983) have similarly evaluated behavioral detection of 60-Hz
electric fields in male rats. Their rats were trained to make a nose-poke
operant on a parallel plate exposure system. Using a rigorous signal
detection paradigm they found that the range of values bracketing the absolute
threshold for detection of the electric field was between 3 to 8 kV/m. 1In a
second study (Stern and Laties n.d.) female rats were similarly evaluated in a
signal detection paradigm. Their thresholds were no different than that of
male rats. Sagan (pers. com. 1982) has obtained virtually identical
thresholds in male rats. Sagan also used a signal detection approach,
although there are significant procedural differences in the two studies.
Both of these detection studies using rats are well done; and the Stern et al.
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study was very thorough in evaluating the possibility that their rats might be
responding to some cue other than the electric field. Their data made it
clear that they were not.

What these studies do not tell us is how these animals detect the electric
fields to which they were exposed. Certainly, they do not have
electroreceptors. What, then, is the "site of action?" The answer is "we do
not know", although there are at least three possible sites of action. One is
that the animals are affected by and may perceive the external fields; this
would include such secondary effects as piloerection induced by the
oscillating field forces. A second possibility is that the internal fields
(i.e., fields in tissues) are somehow detectable. A third, and related,
possibility is that the current flow produced by the internal fields is
somehow detectable.

If we allow the human detection of electric fields to serve as a guide
Reilly (1678), pigeons and rats probably detect the fields because of their
effects on the surface of the body, e.g., piloerection. There are a number of
studies in progress attempting to address the site of action question.
However, for now, we can only guess that it is the external field forces that
are perceived and responded to. Internal fields, and the related current flow
that occurs, could possibly induce phosphenes. The currents demanded for this
to happen would have to be larger than those induced by the low fields
employed in these detection studies. For example, in man, the minimal current
flow for phosphene induction is about 150 uA, if it is applied near the eyes;
applied elsewhere on the head, it would take well over 200 yA to induce
phosphenes (Adrian 1977).

Arousal Response and Activity
Another index of field perception/detection is the arousal response an

animal shows to a stimulus. It is not as precise, nor is it as quantifiable,
an index of perception/detection as those indices obtained from detection
studies. But it does suggest some form of perception (i.e., an orienting
response), given one rules out direct neural stimulation by ELF fields (e.g.,
of the reticular formation).

Hackman and Graves (1981) exposed an outbred strain of mice to 25 or
50 kV/m 60-Hz electric fields and determined plasma corticosterone levels at
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various time intervals after exposure. In the first experiment these
intervals were on the order of minutes; the second experiment on the order of
hours; the third experiment was on the order of days. Positive controls were
included which measured plasma corticosterone responses to social and auditory
stressors. While the positive controls showed significant increases in plasma
steroid levels (stress), the two groups exposed to electric fields were not
different from one another nor from the sham-exposed/unhanded controls. The
field-exposed groups did show a transient rise at 5 min after field onset, but
were nearly normal by 15 min after field onset. The authors, appropriately,
interpreted these transient changes as an orienting (arousal) response and not
as indicative of stress.

A similar transient response was reported by Rosenberg, Duffy, and Sacher
(1981). They exposed mice (Peromyscus leucopus) to 100 kV/m, 60-Hz electric
fields. The animals were exposed for 1 h four times with 1-h intervals
between each exposure. Gross motor activity, and a number of metabolic
indexes were monitored throughout the 1-h exposures. These investigators

found an immediate, but transient, increase in activity and an increase in the
use/production of 02/C02. These responses were not elevated following the
second 1-h exposure. In a subsequent study, Rosenberg et al. (1983) were able
to show that the threshold for the arousal response in their mice ranged
between 35 and 50 kV/m. These values are reasonably consistent with the
values Hackman and Graves found to effect their index of arousal. Similarly,
the transient nature of the response is common to both researches.

Other investigators have reported ELF field-induced changes in activity
and where there have been transient elevations, one is inclined to interpret
them as reflections of arousal given the preceding findings. Hjeresen et al.
(1980) exposed rats to an intense 60-Hz electric field in a study of
"perception” and avoidance. At field strengths greater than 75 kV/m, rats
tested in a lucite alley took residence on the side covered with a Faraday
cage. However, rats tested at all field strengths (25 to 100 kV/m) showed
increased activity in the first hour of the 23.5-h test, but not thereafter,
when compared with sham-exposed controls.

In all of the foregoing studies, animals rapidly adapted to the novel
electric fields to which they were exposed. Such was not the finding when
Smith and Justesen (1977) exposed two strains of mice to a 60-Hz field with a
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dominant magnetic component at 1.7 mT. The exposures were recurrent 120-s
presentations of the field. Both strains (DBA/J and CD-1) showed significant
increments in activity over all test sessions (i.e., they did not habituate
from day to day over the 48 h of exposure). Of the two strains, the DBA's
showed greater reactivity to the magnetic field's presence.

A number of studies which have exposed animals for longer durations have
reported mixed findings--but these differences are probably related to
procedure. For example, some investigators have found changes in adult
activity as a result of prenatal exposure to ELF fields. Such studies are
discussed in the section on Neurobehavioral Teratology. Other studies have
exposed adult animals to ELF fields for longer durations and found minimal
effects of exposure. Lovely, Creim, and Phillips (1984b) exposed rats for 30
to 37 days and, in two different studies (one at 1.9 kV/m and another at
40 kV/m), found no remarkable effects of exposure on post-exposure
exploration, activity or its circadian distribution. The first study at
1.9 kV/m tested rats for only 1 h following a month of exposure to a 60-Hz
electric field. Half the rats were tested in the morning and half were tested
in the afternoon in a residential maze. Compared to sham-exposed controls

there appeared to be a reversal of the early morning to late afternoon
differences typically seen in this task. In the second study, at 40 kV/m,
rats were tested in the same maze for 23-h periods following 30 to 37 days of
exposure. The data showed no significant perturbation of the normal circadian
distribution of activity as had been suggested by the findings at the lower
field strength. One is inclined to dismiss the initial finding as a false
positive, unless there is an intensity "window" at 1.9 kV/m.

Aversive Behaviors
Exposure of rodents to 50- or 60-Hz, primarily electric, fields will lead

to aversive behavior if the fields are strong enough.

Bayer, Brinkmann, and Wittke (1977) observed that female rats, given the
choice of two living environments connected by a runway, would traverse the
runway to avoid exposure to a 50-Hz, 100 kV/m electric field. However, the
female rats would re-enter the field during the nocturnal portion of the
day-night cycle on which they were maintained. While this observation was
obtained on only a handful of animals, the effect was later observed by
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Hjeresen et al. (1980) for 60-Hz electric fields at, or above, field strengths
of 75 kV/m. Hjeresen et al. also observed the nocturnal reversal seen by
Bayer et al. Hjeresen et al. employed reasonable sample sizes of male
Sprague-Dawley rats and found that the aversive behavior (1) develops within
45 to 60 min, (2) is unaffected by up to 1 month of prior exposure at intense
(100 kV/m) electric fields, and (3) was able to eliminate electric shock,
corona discharge, ozone, audible noise or vibration of the exposure system as
sources of “"artifact". The statistical analyses were appropriate for the data
collected, and in a subsequent study Hjeresen et al. (1682) demonstrated
similar phenomenon in Hanford Miniature Swine that had already been on
exposure (20 h/day for up to 3,600 h) to a 30 kV/m €0-Hz electric field.
Although the statistical analyses of the data in the latter study may not be
the appropriate tests of significance, the data presented suggest that the
effect is real. The data also makes it clear that the diurnal swine show the
opposite effect of the nocturnal rat with regard to day-night dependence of
field aversions. Thus, the pigs tend to remain in the field during the
daylight hours and avoid field exposure at night.

Despite the fact that this aversive behavior appears to be robust and
generalizes across species and test parameters, it would be premature to
conclude that intense electric fields are an adverse stimulus that easily
motivate aversive behavior in the species tested. Creim, Lovely, and Phillips
(1962) empioyed the same test apparatus used by Hjeresen et al. (1580) and
found that rats which experience electric field exposure in a slowly ascending
sequence of field strengths (0, 25, 50, 75, and 100 kV/m, with each 1-h test
carried out every 15 days) fail to avoid electric fields at field strengths up
to 100 kV/m in the later tests. The study appears to be free from artifact,
is well-designed (other groups with random or descending sequences of field
strengths do show the typical field aversion), and is properly analyzed
statistically. Thus, the nature of an animal's prior experience with the
electric field may serve to completely attenuate the typically observed
aversion,

Another study by Creim et al. (1984b) paired saccharin-flavored water with
a 3-h exposure to 60-Hz electric fields at intensities up to 130 kV/m in an
attempt to obtain taste aversion (TA) learning. When novel tastes, such as
saccharin-flavored water, are paired with stimuli producing illness or malaise
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generally (Garcia and Koelling 1967) or gastrointestinal distress specifically
(Pelchat et al. 1983), the adversive agent is a sufficient condition for TA
learning to occur in rats (and most other species). In a series of three
experiments, Creim et al. failed to find evidence for TA learning as a result
of electric field exposure up to 5 h in duration. They also failed to find
any synergistic (additive) effect of combining cyclophosphamide (an agent
which does produce GI distress) and electric field exposure for 5 h after
consumption of saccharin-flavored water. They did find TA learning with
cyclophosphamide alone, thus validating their procedures and experimental
design. So, here is more evidence that allows one to narrow the possible
interpretations of "aversive" behavior induced by exposure to electric fields.
Although rats may fail to show TA Tlearning, they will avoid
saccharin-flavored food when its consumption necessitates traversing an alley
from the Faraday-shielded half of the alley to the half exposed to a 100 kV/m
60-Hz electric field (Creim et al. 1983). The effect is large, easily
replicated (in the same laboratory), and is strictly contingent on the
presence of the electric field. Indeed, the preference for saccharin is
developed prior to any electric field exposure. Nevertheless, the preference
is abandoned when consumption requires expaosure (i.e., entry) to the electric
field. This series of studies is well-designed and based on large sample
sizes (original effect based on 18 rats/group). A rather tortuous series of
subsequent experiments (Creim et al. 1984a) finally revealed that this
apparently robust effect depended on as subtle a variable as whether the
container holding the saccharin-flavored food was above, or below, the ground
plane on which the animal was exposed to the 60-Hz electric fields. Finally,
the most recent study by Creim (pers. com. 1984) has revealed that the
saccharin-flavored food aversion is largely eliminated if the rats' vibrissae
and eyebrows are shaved prior to testing. O0Of greater interest was the finding
that the field aversion typically seen in the Pacific Northwest Laboratory
studies (Hjeresen et al. 19680) was also greatly attenuated when the rats
vibrissae and eyebrows were shaved prior to testing. One is inclined to
conclude that the behavioral aversions are based on no more than stimulation
of facial hair in the rat. If this interpretation is correct, then the
extensive series of studies documenting behavioral aversions that result from
exposure to 60-Hz electric fields may be unique to the rat, and possibly other
species, that find stimulation of their facial hair a "adversive" experience.
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Neurobehavioral Teratology

Neurcbehavioral teratology refers to the early ontogenetic and adult
neural and behavioral changes that occur due to perinatal exposure to a
putative toxic agent or substance. It is one of the most sensitive
"preparations" that can be employed by the behavioral toxicologist because
subtle events happening in utero leave not-so-subtle markers on adult nervous

system function, including behavior. The primary reason for this, if
exposures are appropriately timed, is that differentiation and migration of
neural cell types are not complete until well after birth. Perturbation of
these processes will often manifest themselves as changes in the development
of neural responses or in their adult expression or in both. More often than
not, the adult changes are permanent.

It is another issue as to whether one decides to interpret adult
behavioral change due to perinatal influences as an "effect" or a "hazard".
In other words, one can not assume that all perinatal manipulations that
produce neural changes are necessarily bad. Greenough (Turner and Greenough
1983) is one of a number of researchers that manipulate the quality and
quantity of environmental stimulation that a rodent receives during rearing.
Over the years profound effects have been shown to occur at all levels of
neural organization--morphological, chemical, and behavioral.

When we turn to studies evaluating the neurobehavioral effects of
perinatal exposure to ELF fields the safest generalization we can make is that
there is an insufficient data base at this time to come to any sound
conclusions regarding the putative toxicity of ELF fields.

Frey (1982) exposed pregnant Sprague-Dawley rats to a 60-Hz electric field
at 3.5 kv/m from the first to nineteenth day of gestation. The experimental
design allowed for cross-fostering within a day after parturition to eliminate
postnatal mothering effects. The author claims a number of postnatal
alternations in behavior, including open-field activity, but the detailed
methods and statistics are reported in such minimal detail, it is difficult to
evaluate this report.

Lovely, Creim, and Philips (1984c) also exposed Sprague-Dawley rats to a
€0-Hz electric field at 60 kV/m. Exposures were for ¢0 h/day from conception
to 21 days of postnatal age. There were no attempts to eliminate mothering
effects, as this was a preliminary study. At ninety days of age male/female
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one-day-old chicks to 1.3 G at 45 Hz for 28 days depressed their growth rate
by 9 to 11% as compared with that of the unexposed birds; they observed a
similar effect in an electric field of 3,500 V/m. In another study (92), they
found that exposure of egg-laying hens to 1,600 V/m at 60 Hz for 16 weeks

caused a decrease in egg production. Magnetic fields can also induce marked
embryological changes (46).

We continuously exposed three generations of mice to a 60-Hz electric
field and found that in the first and second generation, males and females
reared in both fields were significantly smaller than the comparable control
grcup when compared at 35 days after birth. In the third generation the males
exposed to the vertical field were significantly smaller than the controls.
In addition, the exposed mice exhibited a higher rate of mortality (114). In
a follow-up study at 3,500 V/m (113), using an improved exposure system, we
again found that the field caused an increased mortality in each generation;
it also caused altered body weights in the third generation.

McElhaney and Stalnaker (104), of West Virginia University, applied
7,000 V/m, at 3 and 30 Hz, to the immobilized but intact femurs of rats. They
found that the electric field lessened the process of bone resorption that
usually occurs in an unused limb; additionally, many of the exposed rats, but
none of the controls, developed bone tumors. These results were partially
confirmed by Martin and Gutman, of West Virginia University (117); they found
that the bone loss which accompanies disuse was lowered by the electric field.

Grissett et al. (65), at the Naval Aerospace Medical Research Laboratory,
exposed 30 monkeys to 20 V/m and 2 G at 76 Hz. After one year, the
field-exposed males were significantly heavier than the control males.

We studied the effect of 60-Hz electric fields of 1,000 to 5,000 V/m on
the rate of fracture healing in rats (111), and found retarded fracture
healing in the exposed animals at 14 days postoperatively.

EMF exposure has a general debilating effect on reproduction (3, 4, 76,
133, 170, 173).

Central Nervous System

Extrenely low frequency (ELF) fields have been examined from the viewpoint
of their effect on the brain by direct means and, in other studies, by means

of the behavior modification that results from the exposure.
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(45, 72, 79, 91, 126, 127, 132, 136, 149, 162, 164, 189, 19). Weak
electrical signals have been used successfully for the treatment of drug
addiction (137a), cancer (66, 128), pain (12, 13, 38, 47, 68, 88, 147), and
for stimulation of normal healing (22). A broad range of organisms from
bacteria to vertebrates have been shown to detect, exhibit, and respond to
weak electric and magnetic fields .2, 5, 11, 25, 33, 48, 53, 61, €3, 80, 87,
94, 99, 102, 115, 116, 119, 125, 144, 148, 153, 156, 157, 167, 178, 179, 182,
183, 187, 188, 196).

Reports concerning the biclogical effects of weak electromagnetic signals
can now be found in the literature of virtually all surgical specialties,
physical medicine, dentistry, neurology, anatomy, biochemistry, clinical
ecology, and many other disciplines and specialties. A new science is being
born, and it is bright with the promise of benefitting humanity. One of the
brightest promises involves the deeper understanding of the origin of
disease. It is becoming increasingly <clear that much 1illness s
environmentally induced (150, 181, 152). This awareness brings into sharp
focus the question of the chemical and nonchemical composition of our
environment. If electromagnetic energy can produce a therapeutic result in
the hands of a clinician, if detection of electromagnetic fields is part of
the primordial dpparatus of living systems, if ultraweak electrical signals
can initiate and requlate the body's growth systems, then it is reasonable to
expect that uncontrolled appiication of electromagnetic energy to 1living
organisms would have adverse effects. Does electromagnetic pollution belong
on the list of established and accepted environmental contaminants capable of
causing disease” The direct evidence that requires an affirmative answer is

outlined in the next Section.

HEALTH RISK OF EXPOSURE TO SANGUINE/SEAFARER FIELDS
Introduction

Numerous laboratory stiudies have described biological effects following
exposure to nonthermal electromagnetic fields (EMF). Some of the studies and
an analysis of their significance are given below. A more complete

description is given elsewhere (16).

Growth and Development
Giarcla and Krueger (59), of Texas A &M University, found that exposure of
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ELECTROMAGNETIC FIELDS AND PUBLIC HEALTH

Andrew A. Marino, Ph.D., J.D.
Louisiana State University Medical Center

INTRODUCTION

The roots of bioelectricity can be traced back past Galvani and Volta into
antiquity, but biocelectricity was dormant, barely kept alive by the work of a
few such as Lund (101), Burr (34, 35) and Szent-Gyorgyi (169), until its full
flowering began in the 1950s and 1960s. Biological piezoelectricity was
discovered in bone and subsequently found in many tissues (41, 56, 105, 109,
142, 159). These observations led to interest in the sensitivity of cells to
electrical signals (6, 108, 110), and numerous studies showed that weak
electrical currents (10'13 to 10'5 A) could cause bone growth in animals
and human beings (7, 18, 24, 30, 31, 32, 54, 57, 73, 77, 84, 95, 96, 130, 137,
181, 186, 192, 193, 195). This phenomenon was patented as an effective
therapy (174), approved by the Food and Drug Administration (FDA), and is now
routinely wused <clinically for the treatment of bone nonunions and
pseudarthroses.

A second approach to the treatment of the same disorders using magnetic
fields began in the early 1970s and followed a similar course involving animal
studies (8, 39, 140, 141), clinical trials (9), FDA approval, and consequent
commercialization and clinical use (160). Electrical treatment procedures are
being studied in connection with osteomyelitis (180), ligament healing (52),
osteoporosis (10, 43, 86) joint fusion (23), acceleration of normal fracture
healing (40, 71, 118), and other applications (74, 75, 78, 81, 85, 135, 168,
176, 177).

The door has been opened to a range of studies, approaches, and potential
developments that were simply unimaginable only 20 years ago. [Llectrical
factors have been shown to be intimately involved in the process of
regeneration (15, 17, 20, 27, 28, 25, 44, 82, 83, 154, 165, 166), and we now
have a hope of being able to restore this capacity in man as has been shown by
many studies involving limb regeneration (19, 161, 163) and nerve regeneration
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