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WHY BEHAVIOR?

There are at least three major reasons for studying the behavioral effects of electromagnetic
(EM) fields: First and most importantly, behavioral studies are a sensitive and reliable measure
of the functioning of the central nervous system (CNS). Secondly, behavioral studies can
validate or invalidate theories about CNS mechanisms of interaction. (Conversely, behavioral
studies may lead to the formulation of such theories.) Thirdly, behavioral studies can provide us
with sound ideas for practical applications of EM research. Such studies can define both the
promise and the limitations of EM fields as a technique for changing or modifying human
behavior.

Concern with practical issues of changing human behavior with EM energy has caught the
attention of the press and the public in the last two de cades. The “zapping” of the United States’
Embassy in Moscow in the 1960s led to speculation that very weak pulsed EM fields might lead
to dramatic thought disorders or physical illness in the Embassy staff. This focus has detracted
from the sure, steady, and unglamorous results of behavioral studies, which have advanced our
understanding of how EM fields affect living organisms, and our understanding of the role of the
CNS in mediating these effects.

BEHAVIOR AS A SENSITIVE AND RELIABLE MEASURE
OF CENTRAL NERVOUS SYSTEM EFFECTS

The major significance of behavioral studies is that they offer a sensitive measure of CNS
function. It is possible to vary power, frequency, modulation and duration of exposure of EM
fields, and to determine precise, dose-related changes in the behavior of an experimental animal,
and thus assess effects on CNS function.

It is a common error to believe that behavioral measures of brain function are merely
phenomenological, and that they are less precise, reliable, and real than physiological measures.
This is not so. For example, electroencephalograms (EEGs) are in many ways a very gross
measure of CNS function. Spectral analyses of EEGs from electrodes implanted deep in the brain
of animals exposed to EM fields reveal great limitations in this technique. Questions of sampling
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adequacy and statistical inference are not easy to resolve. Medical imaging offers a limited
picture of brain structure and pathology but, on occasion, behavior can tell us more. For
example, the impact of low doses of drugs or EM fields may not permanently alter the brain.
Behavioral studies can reveal important, but transient, changes. Studies of biochemical changes
in vitro leave us with the problem of extrapolating the significance of any observed changes to
the living animal.

A lack of knowledge about the science of behavior appears frequently in the nonionizing
radiation area. Frequently, researchers regard all behavioral measures as equivalent. But actually
there is no more equivalence between an activity measure of behavior and an inter-response time
schedule of reinforcement than there is between measuring temperature by putting a hand on a
child’s forehead and measuring temperature with a precise gauge.

The appropriate model for behavioral studies of EM fields is that of research on low doses
of drugs. Techniques for precisely assaying effects of minimal drug doses were developed in the
United States in the 1930s. Essentially, these techniques involve training animals to perform
simple, measurable behavioral tasks (schedule-con trolled behavior, as originally described by
B.F. Skinner). Following the training, one can then measure the degree to which defined doses of
drugs—or EM fields—perturb that behavior. The perturbation of behavior, the measure of neural
function, can be precisely measured.

With such techniques, it is possible to precisely study the effect of gradually increasing the
power of the EM field, to measure effects of increasing the duration of exposures, to measure
changes due to the introduction of modulation in a constant frequency field, and so on. The work
of Thomas and his associates (1-7) is an excellent example of this approach. However, as we
shall see in the review of the literature that follows, many other studies of EM fields were done
with simple-minded and insensitive behavioral techniques.

BEHAVIOR AS A NECESSARY MEASURE OF THE VALIDITY
OF THEORIES OF CENTRAL NERVOUS SYSTEM
MECHANISMS OF INTERACTION

Behavioral studies provide the ultimate validation of hypotheses about CNS mechanisms.
For example, Adey has proposed that since weak EM fields can affect calcium efflux (in in vitro
chicken brains), present theories about CNS function must be radically changed. He argues that
one should adopt a “nonequilibrium viewpoint” in which cells “whisper” to each other so that
very low amounts of energy can affect vast arrays of neurons (8). Such theories have great
intellectual appeal and fascination, but unless experiments are done to link them directly to
changes in behavior, they remain an empty and trivial exercise. Earlier psychobiologists
recognized the problem of theories that remain “locked in the mind.” The most grandiose theory
of neural functioning is useless if it is not anchored in relevant experimentation.

There are other requirements of a robust theory. It is essential that the theory do more than
simply restate, in theoretical neurobiological terms, the empirical observations which led to its
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formulation (i.e., weak EM fields perturb behavior). Good theories should provide hypotheses
that generate practical experiments. These new hypotheses must be testable. In the case of the
nervous system and EM fields, this means testing at the behavioral level. The recent work of
Thomas, et al. (6) is an example of behavioral validation of a neural theory.

Not only are behavioral studies necessary to the validation of neural theories, but they are
also a rich source of ideas f or the generation of such theories.

PRACTICAL APPLICATIONS OF BEHAVIORAL STUDIES
OF ELECTROMAGNETIC FIELD EFFECTS

It has been said that man’s egocentric concerns at the time of Copernicus made it difficult
for him to accept the notion that the sun rather than the earth is the center of the world. Our
egocentric concerns may be drawn to rather sensational notions about the capability of EM fields
to change human behavior. These concerns detract from the significance of solid, modest,
laboratory studies. It is the implications of these laboratory studies for basic science which is
ultimately significant.

It is conceivable that “...specific frequencies might affect different kinds of learning. One
frequency might aid in memory retention; another might enhance performance in music, art, or
mathematics since these are all very specific talents which involve different brain structures and
different kinds of electrical activities” (9). However, the research to determine whether these
applications are feasible, practical, or desirable has not been done. We need intensive,
appropriate, research at the laboratory level. Epidemiological studies of EM effects reflect some
of our concerns with hazard; such studies are often criticized for their lack of precision.
However, if more laboratory studies were done, the guiding hypotheses for epidemiological
studies could be stated far more definitively and better studies could be designed at the outset.

We need to understand and measure the dose—effect parameters of EM radiation including
the effects of power, frequency, duration of exposure, and modulation. Then we may foresee
both the limitations and benefits of this research for human application.

HISTORICAL PERSPECTIVES

Despite the fact that pioneering studies in nonionizing radiation were done in the 1960s (10),
little relevant research occurred subsequently. Why?

Each new behavioral study that appeared was scrutinized, analyzed, criticized, and
challenged by scientists who had been active in earlier EM research and in hazard standard-
setting. As one of these scientists put it when he testified at the New York State Public Service
Commission Hearings in 1976, ““...whenever the claim was that no effect was observed, ...I was
not further interested in digging into the material... I didn’t see any motivation to dig very
deeply into the statistics whenever the effect was reported null. I felt more motivated to dig into
it if there was an effect reported... I think that adequately summarizes my approach to the
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evaluation ...” (11).

Some scientists believed that it was simply impossible for low-level EM fields to affect
behavior because the energy was small. Only a new awareness of neuroanatomy and the neural
sciences eventually eroded this kind of objection.

There was also a problem from groups with vested interests. The military did not want to
hear about possible hazards associated with radar installations. Microwave-oven manufacturer s
saw a threat to a new and booming business. Money for grants became very limited. At times it
seemed that grant money was only available for investigators who were willing to do monolithic
studies that used such insensitive biological measures that they were literally guaranteed to show
that neither hazard—nor effects of any kind—occurred in the presence of weak EM fields. For
example, Guy was awarded a multi-million dollar grant to do a long-term study at the University
of Washington which used a variant of the open-field test as its only measure of the nervous
system and behavior (12). This simplistic and insensitive behavioral measure would be
guaranteed to show no effect to almost any kind of weak environmental stimuli. The politics of
funding for EM research are discussed elsewhere (13).

In my opinion, another factor that slowed EM behavioral research was a lack of
understanding of the science of behavior . Perhaps this is due in part to the inter-disciplinary
nature of EM research. Behavioral studies were undertaken by physicists, engineers,
veterinarians, physicians, and only occasionally by psychologists or psychobiologists. Elegant,
sensitive, schedule-controlled tests of behavior were developed in the United States in the 1930s
and have been widely used in toxicology and pharmacology to assess the effects of low doses of
drugs. Yet much EM research has focused on insensitive, simplistic tests of behavior (open-field
tests, activity tests). Or, ironically, they have focused on replication of Soviet techniques from
conditioning studies that date back to about 1910 (e.g., foot withdrawal to shock).

In the 1970s, many EM researchers tended to equate one behavioral test with another. If
sensitive, schedule-controlled tests showed effects, it was argued that these were negated by the
lack of effects from an experiment in which an insensitive measure such as activity was used. A
major thrust of this paper is to demonstrate that behavioral results can only be evaluated in the
context of the adequacy or reliability of the specific behavioral measure which is used.

PRESENT STATUS OF ELECTROMAGNETIC BEHAVIORAL STUDIES

There are three major factors that affect experimental outcome (14): (1) the behavioral
measure used; (2) whether the field is modulated; (3) whether the field is primarily magnetic or
electric. Other variables such as the carrier frequency, intensity, and duration of exposure may
also affect the result, but the primary importance of the three listed factors has been convincingly
established.

The primary lesson to be learned from earlier reviews of the literature (15-17) holds true
today. It may be stated rather simply: Behavioral techniques may be considered on a continuum
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proceeding from almost no external stimulus control (for example, open field tests and activity
measures) to techniques in which the animal is required to respond to demanding elements of the
task itself (as in escape or avoidance tasks). At one end of the continuum the behavior is too
variable to adequately reflect the effect of a weak nonionizing field. At the other end of the
continuum the animal is too preoccupied with the demands of the task to attend to the effect of
the imposed fields. In between these two extremes are a variety of relevant schedule-controlled
techniques, especially those which are time-based, that are both reliable and sensitive (15-17).

Among schedules of reinforcement (reward), there are two major categories: ratio schedules,
in which food pellets are delivered to an animal depending on the number of responses the
animal emits; and interval schedules, in which the animal must delay his response for a certain
number of seconds before the reinforcer is available. Ratio schedules reinforce rapid responding;
interval schedules reinforce precise time-based responding. Ratio schedules are relatively
impervious to weak environmental stimuli or drugs; interval schedules are sensitive to even very
low doses of drugs. When a behavioral task involves the imposition of strong external stimuli on
an animal, the animal is likely to pay attention to those task stimuli rather than to the effect of a
weak environmental EM field. The principle has been elegantly demonstrated in a study of
pigeons working on a fixed consecutive number schedule of reinforcement. When the animals
were injected with methyl mercury their performance became variable and unstable. However, if
a light cue was added to the task, indicating when the animal should shift to the reinforcement
key, the animal's behavior became stable and appeared normal . If the light was removed, the
animal's behavior immediately deteriorated again. Depending on the precise conditions of the
task, the effects of methyl mercury were either easily discernible or completely hidden. The
study has obvious implications for EM experiments, as well as for epidemiological studies.
Workers intent upon per forming a task may show no immediate evidence of the effect of an EM
field, just as a soldier in battle may be wounded and not realize he was injured until the action
ends.

Keeton (18) demonstrated a similar point in his study of the homing of pigeons. He strapped
tiny magnets to their backs and observed their homing behavior. If it were a sunny day, the
pigeons paid attention to the sun as a guide to their behavior and ignored the magnets. If it were
cloudy, their flight was disoriented by the presence of the artificial magnetic field.

Even now, expensive studies are being funded by the United States government which use
archaic, insensitive 19th century behavioral endpoints (foot withdrawal to shock, swimming
endurance, open field tests, etc.). This is done in spite of the fact that a critical scrutiny of earlier
studies presents compelling evidence that effects of weak EM fields could be reliably
demonstrated if time-based schedules of reinforcement are used (15,16). This was especially
shown in the work of Thomas and his associates (2,3,5,7).

CATEGORIES OF BEHAVIORAL MEASURES

Behavioral studies prior to 1980 have already been reviewed (15-17). In the following
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paragraphs literature from 1980—-1985 will be considered (14). This follows the general format of
the earlier reviews. Experiments will be grouped according to the type of behavioral measure
used: activity, escape and avoidance, thermoregulatory, Soviet techniques, schedule controlled
behavior, etc.

1. Activity Studies

The Argonne laboratories (19,20) reported that 60-Hz fields showed little effect on activity
or circadian rhythms—as one would expect. D’Andrea et al. (21,22) reported a failure to
replicate a study from the Soviet Union in which exploratory behavior and catalepsy were the
behavioral endpoints in a 50-Hz modulated 40-MHz field. Variable results were seen when
locomotion was measured during long-term exposure to 915 MHz (5 mW/cm®). As has been
pointed out many times, none of these results are at all surprising since the behavioral measures
are too variable to detect subtle effects.

2. Escape and Avoidance Studies

Escape and avoidance studies continue to show only marginal or variable impact of
exposure to microwaves (23,24). Only intense fields (16 mW/g or greater) produce reliable
escape responding (24,25). Again, these results are to be expected, since escape measures of
behavior make heavy demands on the animals and are relatively insensitive to weak
environmental stimuli. It is interesting to learn that escape and avoidance measures are adequate
to detect effects of relatively high strength 60-Hz fields. Creim et al. (26) reported effects on the
avoidance behavior of rats in high intensity 60-Hz fields (75 kV/m or greater). Hjereson et al.
(27) reported corroborative results in rats exposed to 60-Hz fields of 90 kV/m or more. Swine
appear to respond similarly to weaker (30 kV/m) fields when long durations of exposure are used
(28). One study of weak magnetic fields reported no effect when passive-avoidance techniques
were used and activity was measured (29). A novel study by Beel et al. (30) indicated that post-
trial exposure to high levels of pulsed microwaves (18-22 mW/cm?) can affect active or passive
avoidance learning.

3. Thermoregulatory Studies

Thermoregulatory studies continue to be done, and continue to be largely unenlightening.
These studies demonstrate only that if microwave levels are high enough, the animals will be
heated and can learn to emit behavioral responses to lower their environmental temperature (31-
36). The authors’ interpretations of these studies often go beyond the data and suggest that the
demonstration of thermo regulatory behavior implies that there can be no direct effects of
nonionizing radiation.

4. Teratogenic Studies

Teratogenic studies of behavior generally present weak evidence of the effects of high-
strength fields (30 mW/cm?®) (37). Mitchell et al. (38) presented some evidence that endurance
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tests (swimming) may be affected by pre-natal exposure. Frey (39) found a variety of teratogenic
effects following exposure to weak 60-Hz fields (3.5 kV/m). These studies suggest that 60-Hz
fields may have more impact on teratogenic behavior than microwaves.

5. Other Measures of Behavior

Other measures of behavior that cannot be easily categorized in the present scheme have
also been used. Frey and Wesler (40,41) presented evidence that conditioned emotional
responses (CERs) and Sidman avoidance may be affected by low-intensity 60-Hz fields at
3.5 kV/m. Cooper et al. (42) indicated that conditioned suppression was affected by high level
60-Hz fields (50 kV/m) in pigeons. Clarke and Justesen (43) reported that a paradigm using
Pavlovian operant conditioning was sensitive to the effects of 60-Hz and DC magnetic fields in
chickens.

Microwave exposure affects certain dopamine and opiate related behaviors according to
Frey and Wesler (44-47). Seaman et al. (48) indicated that some sexual behavior in rats was
responsive to pulsed microwave fields.

6. Techniques Used in the Soviet Union

Techniques used in the Soviet Union for studying behavior continue to be used in the United
States. Monahan (49) reported failure to replicate a Soviet study in which exploratory behavior
and avoidance behavior were the endpoints. D’ Andrea et al. (21) looked at open-field behavior,
avoidance, and some unspecified operant behavior in a replication of Soviet studies of weak
microwave effects (500 microwatts/cm’, 2450 MHz). Swim-to-exhaustion tests are reportedly
enhanced by exposure to 15-kHz fields at 1 kV/m but not at 2 kV/m (50). Lobanova et al. (51)
reported effects on conditioned reflexes of 10 mW/cm® microwaves, and dose-related changes as
duration of exposure was increased.

7. Schedule-Controlled Studies

Schedule-controlled studies of behavior occupy a significant place among behavior
experiments. My early work on both ELF and modulated VHF fields used time-based schedules
of reinforcements with monkeys, neonatal chicks, and wild mallard ducklings (52-55). These
experiments offered considerable promise for the sensitive and reliable detection of EM effects
on behavior.

The work of Thomas and his associates (2,3,5,7) is remarkable for both its subtlety and
reliability. It is distinguished by the use of time-based schedules of reinforcement, by the
exploration of the interaction of EM fields with low doses of drugs, and by the use of pulsed,
rather than CW, EM fields (1). He found that pulsed fields did not affect the dose-effect function
of chlorpromazine or diazepam; nor did CW fields affect behavior modified by diazepam or
chlordiazepoxide. Earlier results had shown that pulsed fields, however, did affect the response
to chlordiazepoxide. These results imply (1) “...that drug class alone does not adequately predict
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outcome” and (2) that field parameters (CW or pulsed) are an important variable. In another
study, dextroamphetamine and pulsed microwaves were shown to affect time-based schedules of
reinforcements in rats (3). At 10 and 15 mW/cm®, Thomas and Banvard (4) found that pulsed
microwaves selectively lowered response rates on a time-based schedule of reinforcement, and
that CW fields did not affect the response rates. Attempts by Lovely et al. and Lundstrom et al.
(56-58) to supposedly replicate some of Thomas’ work met with failure, probably because they
were not replications due to differences in field exposure conditions (e.g., the use of different
pulse repetition frequencies).

Gage (59) reported that CW microwaves did not affect d-amphetamine/microwave
interactions when a complex mixed schedule of reinforcement was used. He did report however,
that length of exposure to 10 mW/cm® (2.0 W/kg) differentially affected a similar complex
schedule (60).

Lebovitz (61-63) found that fixed-ratio responding in rats was not affected by microwaves
more than was responding during time-out. He showed that externally-cued ratio-responding was
less sensitive to microwaves than non-cued bar-pressing. Both findings corroborate our general
understanding of schedule-controlled behavior and nonionizing radiation. Using a fixed-ratio/
time-out schedule, Lebovitz could not detect any differences between pulsed and CW
microwaves. However, some variation of a time-based schedule may have revealed such a
difference. Lebovitz and Orr (64) found that the time-out portion of the fixed-ratio/time-out
schedule was affected by CW microwaves, pulsed microwaves (3.5 mW/g), and low doses of
phenobarbitol.

Extremely low frequency (ELF) modulation (3 Hz and 16 Hz) of EM fields (450 MHz)
differentially affected fixed-time, schedule-controlled behavior of wild mallard ducklings (65).
This study draws attention, again, to the significance of low-frequency modulation, and time-
based schedules of reinforcement. It also suggests that species differences may be important and
that migratory animals may be especially sensitive to EM effects, since neonatal chicks (55) did
not show such a response.

Studies of the effect of ELF fields on schedule-controlled behavior by Feldstone et al.
(66,67) have not yielded clear results. The research design appears to be overly complex. Stern et
al. (68,69) reported that schedule-controlled behavior can be used to determine that the threshold
for detection of 60-Hz fields generally lies between 4 and 10 kV /m for rats.

Finally, the study by Thomas, Schrot, and Liboff (6) is indeed one of the most dramatic of
the 1980s. the significant variables in this study One can see that could be readily predicted from
the existing data base (time-based schedules, low frequencies). In this study, rats were exposed
to a 60-Hz field of 4 x 107 T rms, together with a static magnetic field of 2.61 x 10™ T ( half the
geomagnetic field), and showed change in time-based schedules of behavior. The study has
special interest because the 60-Hz frequency was chosen on the basis of the cyclotron resonance
frequency of lithium ions.
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PULSED OR MODULATED FIELDS vs CW FIELDS

Here one is looking not only for an effect, but for a differential effect. If the behavioral
measure is not appropriate, a difference between pulsed and CW will not be observed. At
present, the weight of evidence suggests that such a differential effect exists.

In behavioral studies of nonionizing radiation that were begun in 1966, Gavalas (Medici)
examined the effect of low-frequency fields (7-75 Hz, 1-56 V/m) (52). Inter-response time
schedules of reinforcement were performed by highly trained monkeys. These studies
demonstrated that the animals’ behavior was significantly modified (in the direction of shorter
inter-response time). It was further shown that the animals were especially sensitive to the
frequencies that were in the EEG range of the animals, that is 7 Hz, as contrasted with 45 Hz and
75 Hz. EEGs of the animals were analyzed and a change in the spectrum of the EEG was found
when the animals were exposed to the nonionizing radiation.

In view of these results, Kaczmarcek, a young English neurochemist at UCLA, was asked to
consider other ways to measure brain response to the fields. He initiated experiments with
calcium efflux measurement following exposure to ELF fields. The studies on calcium efflux
provided good concordance for the behavioral studies. Modulation was of key importance (70).
Using modulated, 450 MHz fields, evidence was found for changes in calcium efflux from the in
vitro brain of neonatal chicks. At the same time, a program of behavioral studies was begun, but
not finished, in which effects with time-based schedules of reinforcement were to be compared
using increasingly complex schedules.

Thus, there was evidence that in EM behavioral studies (1) the type of behavioral schedule
used was very important; (2) the modulation frequency (the ELF frequency) of the field was very
important; and (3) this frequency was relevant to what was going on neurophysiologically and
neurochemically in the animal.

Unfortunately, those behavioral studies were not actively pursued. One of the major
criticisms of the calcium efflux work, as it now stands, is that the observed neurochemical
changes have not been linked experimentally to the behavior of the animal. The biological
significance of the biochemical changes in the intact animal has not been adequately established.

The ELF modulation frequencies of the 450 MHz fields were selected on the basis of what
was known about the EEG pattern of the monkey. This is a prime point that was lost on later
researchers.

The importance of modulation can also be seen in the early work of Kalmijn (71) on
detection of prey by sharks, which use passive electrosensing. He noted that it was important to
simulate the ELF field produced by the breathing of the prey. The electrodes that he placed in the
bottom of the shark’s tank were not simply emitting DC fields but also contained a 4-Hz
component to mimic the breathing of the prey. Again, the frequency was important and was
particular to the organism and its ongoing activity.
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In the years that followed, investigators were mindful of the possibly greater effect of pulsed
vs CW fields. However, except for Frey and his experiments with brain-stem evoked responses
(72), and heart responses (73), they looked at pulsed frequencies associated with common high-
frequency field devices. None of the other investigators doing behavioral studies pursued the
more precise idea of linking the modulation of the field to the exact ongoing physiological
rhythms of the animal at the time of exposure.

Modulated vs CW fields in a variety of behavioral experiments will now be compared.
Again, we will categorize these experiments according to the behavioral technique that was used.

In the 1970s some investigators, including Hunt et al. (74) found evidence for changes in
activity in rats following exposure to pulsed microwaves. Servantie et al. (75) reported effects at
intensities as low as 0.7 mW/cm®. Other investigators such as Gage (76) and Roberti et al. (77)
reported no effect on activity for CW fields. However, it is impossible to draw firm conclusions
about the effect of pulsed vs CW fields in these studies because activity, as a measure, is so
variable that real differences between the two field parameters may have been lost.

Studies of schedule-controlled behavior done in the 1970s revealed a mix of results.
However, the studies of Thomas and his co-workers (2,3,5,7) are most noteworthy for their use
of sensitive and reliable time-based schedules of reinforcement. Almost all these early
experiments were done with pulsed EM fields. The pulse rate, however, was generally high
(500 pps). Effects were found at low intensities (1 mW/cm?).

In contrast, deLorge used less sensitive behavior measures, CW fields, and found largely
negative results (except at very high intensities) (78,79).

Thus, there is an interaction between the kind of behavioral schedule used and the effects of
modulation or pulsing. For example, when ratio schedules of reinforcement are used, even high
intensity, pulsed fields may not affect behavior as may be seen in the work of McAfee et al. (80).
Ratio schedules are relatively impervious to environmental change (or to low doses of drugs).

In tests of behavior which are less sensitive, and where there is a strong external stimulus
controlling the task (for example, escape studies, avoidance studies, and taste aversion studies),
the effects of pulsed vs CW fields are not clear. It is likely that the demands of the behavioral
task override the impact of whether the field is pulsed. For example, Frey et al. (81) reported
effects of pulsed microwaves on escape behavior at quite low intensities (0.2 mW/cm?). On the
other hand, Grove et al. (82) found that when relatively high intensity CW fields were tested,
escape learning occurred only if the escape was cued by a light. Hjereson and Phillips (83)
reported failure of avoidance with pulsed fields while Monahan and Henton (84) reported some
success with CW fields. In escape and avoidance studies, results are mixed and it is not clear that
modulated fields are more potent than CW fields.

Studies by Frey and his associates (85,86) have indicated that aggressive behavior produced
by tail pressure may be affected by low-intensity fields (less than 0.5 mW/cm?). In their
experiments the field was always pulsed. These studies are distinguished by the fact that the
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behavioral measures were selected to evaluate the possible role .of the dopamine system.

Lebovitz and his associates (61-64) directly addressed the question of pulsed vs CW
radiation. However, the behavioral schedule chosen was a fixed-ratio/time-out task. As indicated
earlier, a ratio schedule produces behavior which is unlikely to be perturbed by weak
environmental stimuli. As one would expect, Lebovitz found that the time-out part of his
schedule was more likely to show the effects of radiation than the fixed-ratio component
(1.3 GHz at 1.5 mW/g or 2.7 mW/g). He reported, however, that there was no differential effect
of pulsed vs CW fields on the time-out component of the schedule. Two major considerations are
(1) the time-out component may not have been sensitive enough to detect a difference between
the two conditions, and (2) the pulse repetition rate was 600 pulses per second with a pulse width
of 1 microsecond. Such a repetition rate is well above the range of any biologically relevant
frequencies for the rat. EEG patterns during such behavior would tend to have dominant
frequencies of less than 25 Hz. Nevertheless these studies represent an important effort to
examine directly the pulsed vs CW issue. It is interesting to note that Lebovitz and Orr (64)
repeated this study with d-amphetamine and phenobarbitol and found effects on the time-out
component of this schedule when phenobarbitol was used. That is, phenobarbitol affected
behavior similarly to nonionizing radiation.

During the 1980s, Thomas and his associates directly compared CW and pulsed microwaves
in two studies (1,87). In both studies, pulsed fields differentially affected the schedule-controlled
behavior. In the first case, a lowering of response rate below a pre-conditioned level was
observed at 10-15 mW/cm® for pulsed fields, but not for CW fields. Similar results were
reported in the second study: the rate of appropriately timed responses declined in the presence
of pulsed, but not CW fields. In a related study, Schrot et al. (1) reported that chlordiazepoxide
effects on fixed-interval behavior were not affected by CW fields, whereas earlier results had
indicated that pulsed fields did affect this interaction. Diazepam effects were not modified by
pulsed fields.

The results of these studies suggest that differences between pulsed and CW fields will be
consistently observed when the behavior schedule is appropriate (time-based). Thomas’ studies
used pulsed rates of 500 pps with a 2 microsecond pulse duration; it is disappointing that these
investigators did not extend their research to much lower pulse rates or modulations, where even
more dramatic results might have been observed.

D’Andrea et al. (21) reported a study in which 50-Hz modulation was used in a 40 MHz
field. However, behavioral measures, which were modeled after a Soviet study, were very crude.
Effects on exploratory behavior and catalepsy were recorded. Not surprisingly, no effects were
observed.

Seaman et al. (48) reported that low-frequency pulsing of microwave fields (10 pps,
3100 MHz) affected selected aspects of mating behavior in rats.

Other studies done in the 1980s have used pulsed fields or low-frequency fields, but the
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results appear to be variable and isolated. Feldstone et al. (66,67) did some experiments on the
effect of 60 Hz on a variety of behavioral measures in the baboon. Beel et al. (30) have done a
suggestive study on the effects of rather high levels of pulsed microwave following passive and
active avoidance training in mice. Lai et al. (88) have reported that a variety of drug-induced
effects are differentially influenced by pulsed microwaves.

In general, it may be concluded that modulation of microwave fields is more likely to affect
behavior than CW fields, and this will appear if the behavioral test used is appropriate.

Studies using ELF fields have also shown effects on behavior. Frey (39) reported that rats
exposed in utero to 3.5 kV/m, 60-Hz fields showed effects in a variety of typical teratogenic
measures such as acoustic startle, and surface righting. In a Sidman avoidance task, rats exposed
to a similar field showed a diminished avoidance to the field which “...may indicate a decrease
in timing capacity or reduced sensory response” (40).

Stern et al. (68,69) looked at behavioral detection of 60-Hz fields in rats and concluded that
the threshold for direct detection lies between 4 and 10 kV/m. Earlier, Stern expressed concern
that the detection behavior in his studies was confounded by other variables. More recently he
indicated that it was not the case. Hjereson and his colleagues (27,28) found evidence that both
rats and swine will avoid 60-Hz fields in a shuttlebox experiment. Studies from the Argonne
Laboratory (19,20) with 60-Hz fields are flawed by the use of very simplistic behavioral
measures. Cooper et al. (42) used a conditioned suppression paradigm to demonstrate detection
of 60-Hz fields (50 kV/m). Clarke and Justesen (43) found increased variability in simple
operant responding for food following Pavlovian conditioning in chickens that were exposed to
DC or AC magnetic fields. The authors pointed out that the effects of the DC field might have
been due to modulation of the field by the movement of the animals.

Finally, and most dramatically, Thomas et al. in 1984 exposed rats on a time-based schedule
of reinforcement to weak 60-Hz magnetic fields and found marked changes in their behavior (6).
Liboff, earlier, had calculated cyclotron resonances for lithium ions at 60 Hz. This experiment
brings together sensitive behavioral measures (time-based) with biologically relevant
frequencies. The hypotheses suggested by the research of the 1960s have finally been tested.

In summary, the weight of evidence suggests that the pulsing of nonionizing radiation and
the use of ELF nonionizing radiation are extremely important factors in studies of behavior.
Effects will not be found unless appropriate tests of behavior are used, such as time-based
schedules of reinforcement. It is disappointing that so few studies have followed the lead of the
research of the 1960s which indicated that even more dramatic effects would be seen if pulsing
or modulation were done at very low frequencies. None of the noted studies, except the Thomas
et al. study with 60-Hz magnetic fields (6), have considered ongoing physiological or biological
rhythms in the animal.

No studies have yet looked at the impact of gradually increasing the depth of modulation as
Czerski (personal communication) suggested in the early 1970s. More studies need to be done at
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low modulation frequencies and more studies need to be done to directly compare, as Lebovitz,
Frey, and Thomas have done, the effects of pulsed and CW fields. It may be especially
interesting to compare ELF fields and microwave fields that are modulated at ELF frequencies;
e.g., 60-Hz ELF fields and microwave fields that are modulated at 60 Hz.

ELECTRIC vs MAGNETIC FIELDS

The Thomas et al. study (6) brings us to a consideration of what must now be considered a
third major variable of significance for the study of the effects of EM fields on behavior. It seems
clear that magnetic fields may have evolutionary and biological significance, at least for some
animals. In those cases, one may expect that magnetic fields will show more influence on
behavior than will electric fields. Direct comparisons of electric and magnetic fields have not yet
been made. The dramatic experiments of Delgado have been described (89), and the interested
reader is referred to his article on magnetic fields, brain, and behavior.

CONCLUSIONS

This review of behavioral studies indicates that there is clear, soli d evidence that (1) time-
based schedules of reinforcement repeatedly reveal effects of nonionizing radiation even when
power levels are very low; (2) pulsed fields have more impact than CW fields; and (3) magnetic
fields are particularly influential in some, and per haps all, species.

Many very interesting studies remain to be done. Studies need to be done with complex
modulation of the EM fields. Studies need to be done to explore CNS mediators of the
behavioral effects that are observed. Conversely, behavioral studies need to be done to validate
the efficacy of CNS theories about mediators. Frequency-specific studies that are appropriate to a
given species and a given kind of behavior need to be done. Long-term studies need to be done
to determine if cumulative effects exist.

An exciting array of studies can be pursued with the sophisticated behavioral techniques that
are available to us. Simplistic and inappropriate behavioral studies did little to enlighten the
research of the past and offer no hope for the future.
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