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SUMMARY 

The effects of exposures to low intensity (1 mW/sq.cm or less), very high fre- 
quency (VHF) (147 MHz) electrical fields, amplitude-modulated at biological fre- 
quencies (1-25 Hz), were studied on untrained and conditioned chronically implanted 
cats. The fields were applied between two aluminum plates (identical voltages, 180 ° 
phase shift) firmly anchored to the floor of an isolation booth, especially designed 
for use of VHF fields. The animals were restrained in a hammock, the longitudinal 
axis of the body kept parallel to the field plates. EEG and EOG were recorded through 
a system of low pass filters on a Model 6 Grass electroencephalograph and an Ampex 
FR 1100 tape recorder; behavior was continuously observed through a dosed circuit 
TV. 

A series of animals was operantly trained to produce specific transient brain 
rhythms following periodic (every 30 sec) presentations of a light flash stimulus. The 
levels of performance were established (visual and spectral analysis) during condition- 
ing and extinction schedules for a series of cats submitted to VHF fields amplitude- 
modulated at the dominant frequencies of the selected transient patterns and for a 
control group, in the absence of fields. The irradiated animals differed markedly 
from the control group in the rate of pertormance, accuracy (in terms of frequency 
bandwidth) of the reinforced patterns and resistance to extinction (minimum of 50 
days v e r s u s  10 days). 

The specificity of the frequency of the modulation was tested on another group 
of untrained animals where spontaneous transient patterns were used to trigger for 
short epochs (20 sec following every burst) the VHF fields amplitude-modulated at 
various frequencies. The experimental results indicated clearly that the fields were 
acting as reinforcers (increasing the rate of occurrence of the spontaneous rhythms) 
only when modulated at frequencies close to the biologically dominant frequency of 
the selected intrinsic EEG rhythmic episodes. 
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Various possible routes of interaction between the external fields and the CNS 
are discussed, and the hypothesis is offered that the amplitude-modulated VHF fields 
could influence the excitability of neuronal membranes. 

INTRODUCTION 

The damaging effects of ionizing electromagnetic radiations on biological 
systems have been intensively studied since the turn of the century. Little attention 
has been paid to the other end of the spectrum where radiations have millimetric to 
kilometric wavelengths. A new interest in possible implications of prolonged expo- 
sure to radio-frequency radiations arose from the rapid development of high powered 
equipment that followed World War II and the consequent widening of its domain 
of application (military, medical, industrial and scientific). During the past 25 years, 
numerous investigations have been made with fields mainly in the micro-wave range 
at intensities from 1 to 100 mW/sq, cm on humans, animals and protein suspensions 
in vitro. 

A wide range of effects have been reported, including severe damage to the 
lens of the eye and to the testes, decreased amino acid incorporation in testes and 
liver, alterations in electrophoretic, immunologic and enzymatic activities of proteins, 
disintegration of myelin and denaturation of the collagen in the peripheral nervous 
system, disturbance in the vegetative nervous system, various cardiovascular changes 
and behavioral reactions such as avoidance, struggling or hypoactivity. These have 
been attributed mainly to thermal effects. Even the phenomena of pearl-chain forma- 
tion in protein cultures and orientation of micro-organism in the presense of electro- 
magnetic fields 21,51 have been subjected to criticism and re-evaluation on grounds 
that they may be attributable to heating. 

There is persistent controversy over thermal versus non-thermal effects, even 
though there is no clear evidence of biologically significant temperature changes in 
tissues exposed to low level irradiations in the radio-frequency range. Effects have 
been reported in low to moderately high levels of irradiations, where the fields did 
not obviously interact with the biological material via the thermal route for auditory 
responses 15,4°,41,52, brain stem and cortical evoked responses 16,54, changes in reaction 
time in humans and animals18,zo,z7,34, 59, escape reactions in birds 61-63, dogs and 
catsZ5, 36, hypoactivity in rats12,28,29, 33, and alterations of conditioned responses 24,~9,6°. 

Very few studies have dealt with the effects of electromagnetic fields on brain 
wave patterns. Much of the pertinent work has been done by Soviet and East Euro- 
pean investigators. Their results as presented in translation are often obscure and 
generally refer to short latency synchronization of the cortical EEGa,4,s,19,25,'a6,sL 
To the best of our knowledge, Gavalas et alA 8 were the first to report specific changes 
in brain electrical activity of monkeys subjected to low level, low frequency electrical 
fields (7 Hz sine waves, 2.8 V p-p applied between large metal plates placed parallel 
and 40 cm apart). In addition to behavioral changes (shifts toward shorter inter- 
response times), spectral analysis of EEG samples taken after 3 or 4 h of exposure 
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revealed power peaks at 6-8 Hz in some specific brain locations (hippocampus, 
amygdala and centrum medianum). These pioneer studies strongly suggest that very 
low power electric fields are able to enhance or drive specific brain rhythms. 

From the survey of the available literature it appears that the pulse repetition 
rate (or the frequency of carrier wave modulation) of high frequency radiation is a 
very important parameter among the field conditions eliciting behavioral and CNS 
effects. The results described in Gavalas' experiment were best developed after several 
hours of exposure. As a means of possibly reducing the time of exposure for a reliable, 
detectable change to occur, we decided to use weak VHF fields (147 MHz, intensity 
less than 1 mW/sq, cm) amplitude-modulated over a wide, low frequency range 
(0-30 Hz). 

The possible impact of these electric fields amplitude-modulated at various 
biological frequencies was tested on conditioned (experiment I) and spontaneous 
(experiment II) transient EEG patterns. 

MATERIAL AND METHODS 

(A) Implantation of recording electrodes 

Twelve adult female cats were chronically implanted with bipolar electrodes. 
The electrodes consisted of two parallel wires (enamelled stainless steel, 33-gauge, 
Driver Harris Co.) glued on a nichrome strut (20-gauge) and insulated with Epoxylite 
(The Epoxylite Corporation, South El Monte, Calif.) through 10 baking periods of 
20 min (170 °C). The wires were cut 3-4 mm from the end of the strut and insulation 
stripped from the tip to provide a recording surface. 

The implantation of electrodes was carried out stereotaxicaUy under pento- 
barbital anesthesia (30 mg/kg body weight, i.p.). The electrode coordinates were 
chosen from Snider and Niemer's 5n stereotaxic atlas of the cat brain. Bipolar elec- 
trodes were implanted in the caudate nucleus (CdN), amygdala (Amyg), nucleus 
ventralis anterior of the thalamus (VA), centrum medianum (CM), hippocampus 
(Hipp), midbrain reticular formation (MBRF) and presylvian gyrus (PSG). Stainless 
steel screws were inserted through the cranium to make light contact with the dura 
mater. Two enamelled wires for monitoring eye movements were tied to the orbicu- 
laris oculi muscle on each side and led subcutaneously to the connecting plug on the 
skull. The animals were sacrificed at the end of the experiment, the brains fixed in 
formalin and cut in sections 80 #m thick for identification of the electrode positions. 

(B) VHF fields exposure techniques 

An isolation booth (2.4 m x 2.4 m × 2.0 m) has been designed especially for 
use with VHF test fields. It was built with a frame of wood and covered inside and 
outside by No. 10 mesh copper screening. Lighting was provided by three 12 V, 
25 W lamps, supplied by a 12 V battery (situated outside the room); light intensity 
was adjustable from the outside. Adequate ventilation was provided by a 2400 liter/ 
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rain blower forcing air into the booth and by a 1500 liter/min blower serving as a 
suction fan. A closed circuit TV camera was mounted on the wall of  the room to 
allow behavioral observation of the animals. Power supply, transmitter and modula- 
tion function generator were located outside the shielded room. The power supply 
was designed to provide modulated high voltage to the transmitter (Viking 6 N 2, 
E. F. Johnson Company,  Waseca, Minn.). The function generator (Model 202A, 
Hewlett Packard, Palo Alto, Calif.) provided sine waves for amplitude-modulation 
of  the VHF carrier wave. 

The fields were applied between two aluminum plates (area 4100 sq. cm) 
firmly anchored to a wooden board attached to the floor in the center of the screened 
room. The flared configuration of the plates aimed at a uniform distribution of the 
applied voltages. The unbalanced coaxial transmission line from the transmitter was 
coupled to the plates by means of a 'balun'  (coaxial cable, half a wavelength long) 
connecting the feeding point of  one plate to the other, so that identical voltages were 
applied to the two plates with a 180 ° phase shift. A delta system of impedance match- 
ing minimized the standing-wave ratio on the transmission line and associated 
reflection of energy toward the transmitter. The transmitter output, at 147 MHz, 
was monitored by an inline wattmeter (Bird Electronic Corporation, Cleveland, Ohio, 
Model 43 Thruline). The output of the unmodulated VHF carrier was adjusted to 
provide adequate power on the field plates (maximum 1 mW/sq, cm) after deduction 
of the estimated losses in the room ( 4 0 ~  of the total power output). Modulation 
percentage (up to 9 0 ~ )  of  the VHF field was measured with a Tektronix type 360 
indicator, connected through a diode detector to a wire loop (2 mm diameter) mounted 
on the wall inside the screened room. All lines were brought in and out of  the booth 
through low pass filters of  the 'feed through' type (approximately 120 dB attenuation 
at 147 MHz). 

A wooden frame (a replica of a Horsley-Clarke stereotaxic apparatus) was 
mounted on a table between the field plates. The ear bars were used to restrain the 
animals. They were fitted in a cylinder cemented at the front of  the implant, thus avoid- 
ing any painful pressure in the ear canals. The animals were free to sit or lie but no 
lateral movement of the head was possible. Microdot cables (Microdot Corporation, 
Pasadena, Calif.) connected the plugs attached to the skull to a board fixed in the 
ceiling of the booth. The lines were filtered as they exited from the roof  and were 
then fed through another set of  low pass filters, first into a Model 6 Grass electro- 
encephalograph, then through R6 reverters into an Ampex FR 1100 tape-recorder. 

(C) Testing protocols 

Experiment I: effects of electric fields on conditioned brain patterns 
To minimize interferences with the VHF fields, due to behavioral responses 

and/or gross body movements, we decided to directly condition specific patterns in 
specific brain locations, and to consider the overt behavior as a correlate of  the condi- 
tioned responses7,13,14,57, 5s. The animals were trained in an operant conditioning 
procedure with a negative reinforcement (electrical stimulation) applied directly 
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in the brain (frontal eye field of the PSG) as the unconditional stimulus (US). This 
US appeared unpleasant, although behaviorally, it produced only ocular move- 
ments43,46,50, 67. The patterns to be manipulated by means of  operant reinforcement 
were selected during movement free periods, in order to place some limitation on 
behavioral  

The operant schedule was first tested on two animals to maximize the efficiency 
of  the procedure which was subsequently applied to 5 other cats. 

The training paradigm consisted of a series of 100 flashes presented at fixed 
intervals (30 sec), followed (2.5 sec later) by electrical stimulation of  the frontal eye 
field. The flashes (1/~m sec, 18 • 106 beam candle) were delivered by a Strobotac type 
1531-A (General Radio Co., Concord, Mass.) located in front and on the left (45 ° 
angle) of  the fixed animal's head. A Grass stimulator (Model $4, Grass Instrument 
Co., Quincy, Mass.) coupled to the brain tissue through an isolation transformer 
(General Radio GR 587A), was used for stimulation of the frontal eye fields. The stim- 
ulator output was manually controlled by a switch. The stimulus was applied for 
400 msec at a frequency of  400 pulses/sec. The duration of the pulses was 0.5 msec 
and the intensity of the current, measured with a 10 f~ series resistance was in the 
range of 300-500 #A 46. 

The patterns to be reinforced were selected from any one of  the brain locations 
surveyed, during two control sessions of 50 min each (days 1 and 2). This selection 
was somewhat arbitrary. However, the same general principles were applied in each 
case: (a) the rhythms were always visually detectable from the background electro- 
encephalographic activity; (b) the frequency bandwidth of the signals was narrow 
(desirably less than 4- 2 Hz from the dominant frequency); (c) assuming a mean 
duration of 0.5 sec, the probability that at least one burst would be present in any 
2.5 sec interval was never less than one-quarter. During two other sessions (days 3 
and 4), two series of 100 flashes were presented to the animals. The operant response 
was defined as the occurrence of the selected patterns during the 2.5 sec epochs 
following the presentation of  the flash (CS). The operant level was determined by 
averaging the number of operant responses from day 4 and day 2 (with a pulse as a 
flash stimulus marked on the recording). The criterion for conditioning, arbitrarily 
chosen in advance, required that the conditioned levels of performance at least 
doubled the pre-conditioning levels of  occurrence of the patterns following the flash 
presentations. 

In the first part of  this experiment (part A) the animals were trained in the ab- 
sence of  fields during 10 daily sessions of 50 min each. They were then submitted to 
an extinction schedule (where the flashes alone were presented) during which they 
were tested every other day. The operant responses were considered extinguished 
when the performances were stabilized for 3 consecutive sessions at baseline levels. 

During the second phase (part B) the animals were first reconditioned, using the 
same avoidance technique, during 4 sessions. They were then divided into two groups. 
The first series (2 cats) was overtrained for 6 days in the absence of  fields before being 
resubmitted to extinction. The other series (3 cats) was irradiated continuously within 
session, with VHF fields amplitude-modulated at the dominant frequency of the par- 
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ticular EEG response under training, during overtraining and extinction. These 
animals were tested every 2 days during the first 20 days of extinction and every 3 
days thereafter until return to operant levels. Daily performance was assessed by 
visual analysis of the EEG records. EEG epochs of 2.5 sec were selected for spectral 
analysis. These records covered 3 phases of training: at initial operant levels (specific 
rhythm pattern in epochs following the presentation of the flash); during the condi- 
tioning sessions (epochs following the US, responses and errors); and during extinc- 
tion 69. 

The data were processed at the Computing Facility of the U.C.L.A. Center for 
the Health Sciences (BMDX program IBM 360/91). The spectral resolution was set 
at 1.0 Hz over the range 0-32 Hz. The autospectra of the various structures surveyed 
were averaged in groups of 20, for each condition studied, within a particular session. 
The grouping of these separate epochs thus produced a sufficiently long data train 
to statistically validate 1.0 Hz spectral resolution for the bandwidth 0-32 Hz. The 
absolute power densities of each frequency band were normalized to the total power 
in each structure, and then displayed as 'per cent power' graphs. 

Experiment H: effects of electrical.fields on spontaneous transient EEG rhythms 
Two animals were used in this complementary study. Two different patterns 

occurring in two different brain locations were selected for each animal in prelimi- 
nary testing sessions. The selected EEG channels were filtered through two analog 
frequency-selectors (Universal active filters, Model FS61, Kinetic Technology Inc., 
Santa Clara, Calif.) externally tuned by coupled RC elements. The attenuation 
curves, regulated by external resistors, were set at the highest possible resolution 
(attenuation of 12 dB for frequencies 1.7 Hz away from the dominant rhythm). 
Triggering levels were experimentally adjusted, so that only clearly visible patterns 
were detected by the filter (peak of the attenuation curve). Both animals were then 
subjected to two baseline sessions of 50 min each, in the absence of fields. During the 
following days, the imposition of the VHF fields, amplitude-modulated at various 
frequencies, was sequentially triggered by the rectified output of each filter via an inter- 
mediate operational amplifier. The fields were applied during the whole length of each 
burst (minus the inherent filter delay) and during the first 20 sec following it. The 
occurrence of a second or third burst during the fields-on epochs recycled the chain of 
events, so that every occurrence was similarly reinforced. A final control was then 
made, during which neither filter triggered the VHF fields. The integrated filter out- 
puts (negative pulse), recorded together with the ongoing EEG, were measured (in sec) 
and summed for each session. 

RESULTS 

Experiment I 

(A) Operant conditioning of specific transient brain rhythms 
(1) Behavior. All animals followed very similar behavioral patterns during 
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Fig. 1. Performances of cat C3 (centrum medianum--14 Hz) during conditioning and extinction, 
Data normalized over the total number of CS presentations within session. 

their first conditioning and extinction. They rapidly learned to use the intertrial inter- 
vals to shift position and relax, while the onset of the flash would immediately stop 
any behavioral activity for a few seconds. The level of motor activity increased during 
the first days of extinction. Following that rebound in free behavior the animals started 
to ignore the CS and progressively shifted from their fixed 'performing' attitude 
towards complete relaxation, spindle and slow wave sleep. 

Learning and extinction curves were practically identical for all animals. Fig. 1 
illustrates the level of performance in the case of animal C3 (centrum medianum 
rhythm) during training and extinction; the data were normalized over the total 
number of CS presentations within a session. Less than 7 sessions were required for 
the animals to double their operant levels (criterion of conditioning). They were then 
overtrained 3 or 4 days, during which the performances stabilized and remained at 
70-80~ until day 10. The extinction profiles were very sharp in each case. The per- 
formances dropped rapidly to baseline levels in less than 6 days (third extinction 
session). 

(2) Transient rhythms analysis. The most clearly visible rhythms were found 
in the visual cortex (cats C1, C2 and C5), the hippocampus (cats C4, C5, and C7) 
and the centrum medianum (cats C3 and C6). 

The fully developed responses exhibited increased amplitude and sharply defined 
peak frequencies, i.e., 16, 6 and 3 Hz in the visual cortex, 4.5-3 Hz in the hippocampus 
and 13-16 Hz in the centrum medianum. 

Fig. 2 illustrates a conditioned response in the centrum medianum (cat C6) 
together with its autospectral profile (average of 20 epochs of 2.5 sec each). At the 
end of extinction, amplitudes were again similar to those during pre-conditioning 
sessions and the spectral profiles shifted from sharply defined peaks to more or less 
extended plateaux or to different frequencies. 

(B) Effects of  amplitude-modulated VHF fields on conditioned brain rhythms 
(1) Behavior. All 5 animals (as previously mentioned, C1 and C2 were excluded 
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Fig. 2. Centrum medianum patterns and their spectral profile (average of 20 epochs of 2.5 sec each) 
Cat C6. Conditioning day 10. 

from this phase of the experiment) doubled their extinction (and operant) levels in 
4 days, at a much faster rate than during the first conditioning. 

Two cats (C3 and C7) served as controls and were overtrained (sessions 5-10) 
then extinguished in the absence of fields. The 3 other animals (C4, C5 and C6) were 
irradiated with the 147 MHz fields, (amplitude-modulated at 4.5 Hz, 3 Hz and 14 Hz, 
respectively) during overtraining and extinction. 

The two control cats maintained regular levels of performance during the 
training sessions, but never exceeded their previous achievement. There were long 
periods of time where the animals would not perform at all due to sleep or inattention. 
The extinction conducted in the absence of fields was again very rapid. The perfor- 
mances dropped to 40 ~ during the first session. Thereafter, both animals alternated 
epochs of spindle, slow wave and paradoxical sleep until the end of the experiment 
(5 sessions, 10 days). 

By contrast, the irradiated cats remained quiet but fully awake during the 6 
overtraining sessions. The performances presented irregular peaks and eventually 
all levels were equal if not superior to the highest scores obtained during the first con- 
ditioning. These conditions remained unchanged during the first part of the extinction 
schedule (25 days for cat C4, 40 days for C5 and C6). Drowsiness, slow wave sleep 
and REM epochs then started to occur at the end of the testing periods until approx- 
imately day 55 when this behavior was suddenly replaced again by alertness and 
restlessness. The animals ceased performing and returned to their behavior at operant 
levels, characterized by periods of high activity, alternating with epochs of drowsiness. 
They completely ignored the flash in the last 3 sessions. Fig. 3 compares the recon- 
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Fig. 3. Comparison of performance of cats C3 (centrum medianum 14 Hz- -no  field) and C4 (hippo- 
campus 4.5 H z - - V H F  field amplitude-modulated at 4.5 Hz) during reconditioning and extinction. 
Data  normalized over the total number  of CS presentations within session. The arrow indicates the 
first day of exposure to the fields. 

ditioning and extinction curves of cats C4 (VHF field amplitude-modulated at 4.5 
Hz) and C3 (control). 

(2) Transient rhythms analysis, All patterns were well developed and very 
similar to the previous fully conditioned response on day 4 of the retraining schedule. 

The profile of the response in the two control cats remained stable during over- 
training (day 5-10) in the absence of fields. Spectral analysis merely confirmed the 
visual observations, that is, the peaks of the responses (13-14 Hz in CM, cat C3; 
4 Hz in Hipp, cat C7) were still clearly defined but the background EEG activity was 
slower and of higher amplitude than in the first training schedule. Without reinforce- 
ment, these responses extinguished readily, as in the first extinction. 

The patterns of the responses of the irradiated animals (C4, C5 and C6) con- 
trasted sharply with the low EEG background activity and the generalized high am- 
plitude seen in the two control animals. 

Spectral analysis revealed subtle but very interesting changes in the reinforced 
patterns of the cats exposed to the fields in the finding of a concentration of power 
densities around the imposed frequency of the modulation. 

Daily controls with the fields amplitude-modulated at different frequencies for 
short epochs of time and with brief field-off conditions failed to produce any changes 
or any artifactual patterns in those highly stable responses. No change was ever 
elicited in the recorded brain activities by application of fields in the absence of con- 
ditioning procedure. 

Fig. 4 is a comparison of the autospectra of the hippocampal activities of 
animal C4 in the cases of correct and incorrect responses during irradiation with 
the fields modulated at 4.5 Hz (peak frequency of the response). It can be seen that 
the peak shifted away from the imposed frequency when the animal was not perform- 
ing. The hippocampal responses shifted to 2-3 Hz as the performances returned to 
operant levels. 

The first exposure to the VHF fields, modulated at 3 Hz, produced sharp re- 
sponses with peaks at 2 Hz in the hippocampus and visual cortex of cat C5. During 
the following sessions, the hippocampal rhythms shifted towards 3 Hz but the cortical 
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Fig. 4. Comparison of the autospectra (average of 20 epochs of 2.5 sec each) of the hippocampal 
patterns (cat C4) in cases of correct and incorrect responses during exposures to VHF fields amplitude- 
modulated at 4.5 Hz. Reconditioning day 5. 

activity remained centered at 2 Hz. Fig. 5 compares the autospectra of  the visual 
cortex and hippocampus in cases of  correct and incorrect responses during the fourth 
day of irradiation. 

The reconditioned centrum medianum pattern of  cat C6 was centered around 
12 Hz. During the first exposure to the fields modulated at 14 Hz, the response 
appeared as a plateau between 13 and 15 Hz, and in subsequent sessions, this plateau 
narrowed to a sharp peak at 14 Hz. Fig. 6 compares the autospectra of the centrum 
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Fig. 5. Comparison of the autospectra (average of 20 epochs of 2.5 sec each) of cortical and hippo- 
campal patterns of cat C5 in cases of correct and incorrect responses during exposure to VHF fields 
amplitude-modulated at 3 Hz. Reconditioning day 8. 
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Fig. 6. Comparison of the autospectra (average of  20 epochs of 2.5 sec each) of the centrum medianum 
patterns of cat C6 in cases of correct and incorrect reponses during exposures to VHF fields amplitude- 
modulated at 14 Hz. 

medianum activities in cases of  responses and errors, during the tenth day of  the 
extinction schedule. 

Experiment  H 

T w o  m u t u a l l y  exc lus ive  r h y t h m s  (14  H z  in  c e n t r u m  m e d i a n u m  a n d  10 H z  in 

p r e s y l v i a n  gyrus ,  c a t  R 1 )  a n d  t w o  c o n c u r r e n t  p a t t e r n s  (13 H z  in  c a u d a t e  n u c l e u s  a n d  

4 H z  in  c e n t r u m  m e d i a n u m ,  ca t  R 2 )  w e r e  se lec ted  fo r  m a n i p u l a t i o n  in  t h e  V H F  

fields. 

E x p e r i m e n t a l  s c h e d u l e s  we re  d r a w n  u p  f o r  e a c h  a n i m a l  a n d  a re  p r e s e n t e d  

be low.  

Cat R1 

Session Experimental condition 

1 and 2 
3 and 4 
5 and 6 
7 and 8 
9 

Control - -  no field. 
14 Hz filter triggering VHF fields amplitude-modulated at 14 Hz. 
10 Hz filter triggering VHF fields amplitude-modulated at 10 Hz. 
10 Hz filter triggering VHF fields amplitude-modulated at 3 Hz. 
Control - -  no field. 

Cat R2 

Session Experimental condition 

1 and 2 Control - -  no field. 
3 and 4 4 Hz filter triggering VHF fields amplitude-modulated at 4 Hz. 
5 and 6 13 Hz filter triggering VHF fields amplitude-modulated at 13 Hz. 
7 Control - -  no field. 
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Exposures to 147 MHz VHF fields triggered by spontaneous brain rhythms 

CM 
4 Hz filter output 
VHF field amplitude 
modulated at 4 Hz 

CdN 
13 Hz filter output 

VHF field amplitude 
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Fig. 7. Selected patterns and mechanisms of reinforcement. Cat R2. Sessions 111 and V. 

Fig. 7 illustrates the two patterns selected in animal R2, together with the inte- 
grated filter outputs and the triggered fields. 

There were no significant changes in the total filter outputs and in the rates of 
occurrence of the transient bursts in either cat during the first two control sessions. 
These values were thus grouped and averaged over the two days for each animal. 

Both animals reacted similarly to the imposition of the fields, even though the 
experimental conditions were purposely made different: 

(1) Two fields-on sessions were required before substantial, reliable changes 
from the baselines occurred. 

(2) The shifts from one modulation frequency to another (session 5) induced 
temporary increases in the previously enhanced rhythms (14 Hz in cat R1, 4 Hz in 
cat R2) which disappeared during the second exposure to the new modulations. 

(3) The following increases of the total filter outputs (in sec) of the reinforced 
patterns were due to increases of the rates of occurrence of these rhythms; the mean 
durations of the bursts remained unchanged. 

(4) The mean lengths of the fields-on epochs increased steadily with the perfor- 
mances (in terms of the number of spontaneous bursts) of the animals. 

(5) During the last session, in the absence of fields, all outputs returned to the 
previous control values. 



ELECTRIC FIELDS AND BRAIN RHYTHMS 377 

VHF field as an Operant Reinforcer 
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Fig. 8. Selective reinforcement of intrinsic EEG rhythmic episodes by VHF fields. Cat R1. Experi- 
mental conditions: no field (0), VHF fields amplitude-modulated at 14 Hz, 10 Hz and 3 Hz (see text). 

The imposition of the fields modulated at a frequency (3 Hz) different from the 
triggering one (10 Hz, cat R 1, sessions 7 and 8) lead to dramatic decrease of the 10 Hz 
rhythm (presylvian gyrus) and increase of the non-reinforced patterns (14 Hz, 
centrum medianum). These results provided strong evidence that the modulation 
was indeed responsible for enhanced and decreased occurrence of rhythm seen in 
previous sessions. This experiment was not repeated with the second animal since, 
in this case, both rhythms were present at the same time in the EEG and still selectively 
reinforced by the two different modulations with performances identical to those 
seen in cat R1. 

Fig. 8 illustrates the experiment for cat R1. The total time recorded for each 
filter during each session is shown on the ordinate. The experimental conditions for 
each day are symbolized on the abscissa by the symbols: 0 (no fields), 10 Hz, 14 Hz 
and 3 Hz (frequency of the amplitude-modulation). 

DISCUSSION 

The experimental data indicate that low level VHF fields, amplitude-modulated 
at specific frequencies, produce marked effects on conditioned specific brain rhythms 
(enhanced regularity of the patterns, sharpening of the spectral peaks around the 
central frequency of the response, extremely prolonged resistance to extinction). These 
effects cannot be attributed to the conditioning procedure, since the results started to 
diverge from the two controls only after imposition of the fields. Nor can they be 
attributed to the choice of brain location (and/or task) since the two control cats were 
conditioned to produce responses similar to those of the irradiated animals. The in- 
numerable tests conducted within every session (variation of the frequencies of modula- 
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tion and field-off conditions imposed for short epochs), the sharp contrasts in the EEG 
between correct versus  incorrect responses, the finding that the specific activities were 
localized in the structures subjected to reinforcement together with the eventual return 
to baselines, strongly suggest a genuine biological transduction in the CNS, which 
could be described as an enhancement of frequency-related biological rhythms. 

The results obtained in the second experiment indicate that it is indeed possible 
to selectively enhance various brain rhythms by reinforcing their spontaneous occur- 
rence with short irradiations by the fields, amplitude-modulated at appropriate fre- 
quencies. Therefore, the hypothesis is offered that the fields were acting as effective 
contingent reinforcers in both experiments. 

The shielding wires were continued up to the animal's head, leaving only very 
short lengths of unshielded conductor between the leads and the brain. Therefore, 
they provided adequate attenuation for the fields picked up by the inner conductor. 
Also, taking into account the considerable mismatch of impedance between recording 
cables, electrodes and brain tissue, we concluded that the antenna effects on the leads 
could induce only very small potentials at the tip of the electrodes. 

Nevertheless, spectral analysis might be expected to reveal residual voltages so 
induced and rectified at the electrode-tissue contact. Such effects would be expected 
to appear uniformly at all electrodes and to be present, unchanged, during the fields 
exposure. 

In fact, no evidence of generalized or sustained artifact was seen in any animals. 
The EEG changes reported here were anatomically localized, highly specific in terms 
of frequency and associated with transient patterns. Therefore, we feel confident that 
the tissue effects are not attributable to direct injection of field voltages via electrodes. 

The possibility of thermal effects due to overall or local heating seems equally 
remote. First, the fields intensities used in all experiments were of the order of 1 mW/ 
sq. cm of field plate area, or less. The heat production resulting from exposures to 
incident power density of this order has been estimated to be less than 10~  of the 
average basal metabolic rate and therefore almost insignificant 3v. Secondly, theoretical 
calculation of the distribution of heating potentials induced by electromagnetic 
energies have shown that 'hot spots' were generated inside conducting spheres (5 cm 
radius, electrical characteristics similar to those of biological tissues) only for fre- 
quencies well above 250 MHz, the maximum effects being seen around 900 MHz 3°. 
Third, diffuse heating could hardly explain the prolonged resistance to extinction 
followed by return to baseline in the conditioned animals and the selective increase 
of the rate of occurrence of spontaneous transient EEG rhythms. 

On the other hand, it is clear that these effects may have been mediated via 
peripheral receptors. The current controversy regarding peripheral versus  central 
receptors cannot yet be resolved. It can only be stated that we do not yet know of  
transducers that could relay specific information about the frequency of the modu- 
lation of the VHF fields, only to localized brain structures involved in frequency 
related activity. Destruction of visual, olfactory, vestibular and auditory inputs, or 
hypothalamic and thalamic (posterolateral ventral nucleus) lesions and sections of 
the spinal cord at the level of C1 have been reported to be without significant influence 
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on the observed fields effects 5,16,26. Evoked responses in the cortex of the dog 54 and 
in the cat's brain stem 16 were elicited by pulsed electromagnetic exposure. In the latter 
case, the response was abolished by careful shielding of the head alone. These experi- 
mental findings seem to be in favor of  a more direct action of  the fields upon the CNS. 

Nevertheless, Schwan 49 calculated (by direct application of  Laplace's equation) 
the potential evoked across a biological membrane by microwave fields perpendicular 
to the nerve axis. He found values 105-106 times smaller than the resting potential 
and therefore concluded that 'according to all modern concepts of neurophysiology 
about excitation, this just cannot stimulate nerves'. It is not clear, however, what was 
meant exactly by stimulation or excitation of  a biological membrane. The fact that 
extracellular electrical fields influence the activity of  adjacent neurons has been 
repeatedly evidenced during the past 15 years. For  example, Terzuolo and Bullock 64 
showed that extracellular voltage gradients as low as 1 mV/mm alter firing rate in 
the stretch receptor neurons of  the crayfish and Nelson 38 reported comparable 
findings in the spinal motoneurons of the cat. In Nelson's study, the estimated external 
field strength was of the order of 5-10 mV/mm and short latency facilitation was 
observed in the single motoneurons tested during synchronous antidromic stimulation 
of  many adjacent neurons. The author suggested that neuronal geometrical organiza- 
tion, as seen in the cerebrum and the hippocampus, could be much more favorable 
for electrical interaction between cells or groups of  cells than the amorphous arrange- 
ment of spinal cord neurons. For  the whole organism, Rommel and McCleave 44 have 
reported that a DC gradient as small as 6 #V/cm is an effective conditional stimulus 
in the eel, again raising the question of  central v e r s u s  peripheral receptors. 

There is evidence in the literature that slow potentials, originating in neurons, 
may combine extracellularly to form electroencephalographic signals. Prominent ex- 
tracellular positive potentials were recorded synchronously with long latency, long 
duration, postsynaptic potentials evoked in thalamic neurons during recruiting 
responses 42. These positive waves were attributed to the summation of postsynaptic 
potentials of the involved neurons. Slow membrane fluctuations (3-5 Hz; 5-36 mV) 
synchronous with the electroencephalographic theta rhythms were observed in pyra- 
midal hippocampal neurons 17. Similar fluctuations were observed in cortical neurons 
of the cat by Elulg, 11. The spontaneous variations of  the resting potential were found 
to resemble and parallel the EEG recorded in the same area (sensorimotor cortex). 
The amplitude distribution of the EEG was found to follow a normal curve while 
the neuronal distribution was definitively non-Gaussian. This seems to indicate that 
the neuronal generators involved in the formation of the local EEG are independent 
or at least non-linearly related. On the other hand, brief periods of  EEG synchroniza- 
tion during spindle sleep and mental task performances 2,1° were characterized by 
skewed amplitude distributions and similar statistical analyses have been conducted 
on the human alpha rhythm by Saunders 45 to lead to comparable results. In addition 
to the work of  Fujita and Sato 17 on the hippocampal electroencephalographic and 
intracellular activities, oscillatory neuronal rhythms have been recorded and compared 
with the electroencephalographic patterns in cortical and pyramidal tract neuronsr, 2a, 
and it seems reasonable to acknowledge the existence of brief transient epochs 
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where the EEG and neuronal activity could be strongly correlated. If the EEG signals 
picked up by a macroelectrode reflect the slow undulations of  the membrane potential 
of a surrounding population of neurons, rhythmic electroencephalographic patterns 
could result, for example, from transient increase (in a limited frequency bandwidth) 
of one activity shared by this population or from an increase in the number of neuronal 
generators involved in frequency-related activities. 

Our data do not provide any specific information about the mechanism under- 
lying the formation of the EEG, nor do they indicate ways in which neuronal suscep- 
tibility to surrounding electric fields may occur. The following short discussion is 
thus necessarily based on previous hypotheses and assumptions. 

Schwan 49 has shown that electromagnetic radiations below 300 MHz readily 
penetrate biological material, while most energy of higher frequency signals is ab- 
sorbed in skin. VHF fields would thus infiltrate the tissues with the depth of pene- 
tration proportional to the inverse square root of the frequency, assuming a fairly 
constant tissue resistivity in that frequency range. So, an amplitude-modulated 147 
MHz field could by its mere presence in the extracellular space, play the role of one 
or many wave generators and contribute to the total electrical activity seen by the 
tip of the electrode. New induced activity was never seen in any brain structure under 
study, while pre-existing rhythms were repeatedly and exclusively enhanced by ex- 
posure to fields modulated at the dominant frequency of the transient bursts. This 
does not preclude a non-biological interference. It is possible that the field's strength 
is insufficient to become the dominant component in the medium, but might be large 
enough to contribute to an existing energy band (creating an artificial cooperativeness 
among frequency-related energies). This possibility cannot be excluded but it does 
not explain the increase in the spontaneous occurrence of short patterns, as seen 
when the fields were tentatively used as reinforcers, nor the differences seen in the 
performances and behavior of the two groups of conditioned animals. 

The power absorbed as a function of the depth has been calculated for typical 
living material by Vogelman 66. It was shown that for a 10 mW/sq, cm field intensity 
in air, the power even in the first 0.1 cu. cm of tissue would never exceed 1 mW for a 
cross section of 1 sq. cm at all frequencies below 3 GHz. The maximum field strength 
induced in the tissues by VHF fields of I mW/sq, cm intensity would be of the order 
of 10-20 mV/mm, thus in the same range as the extracellular electrical fields recorded 
around the spinal neurons. 

The mechanisms of interaction between intercellular low electrical fields and 
neuronal membranes remain to be elucidated. However, some hypotheses can be 
made in the light of the relatively new concepts of  a 'greater membrane of brain cells' 
as described by Lehninger 31 and Schmitt 47. This greater membrane is composed of a 
lipid-protein inner layer (inner zone) and a diffuse external coat of polysaccharides, 
glycoproteins and lipoproteins. It is suggested that conformational changes (resulting, 
for example, from interference with external cations and water) taking place in the 
outer layer could induce conformational changes in the inner zone proteins. 

The existence of an 'electrogenic protein' undergoing conformational changes 
in the presence of electrical forces had been postulated by Schmitt and Davison 48 in 
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1965; the underlying assumption was that those changes would affect the triggering 
of membranous pores, therefore modulating the excitability of the cell. Extensive 
studies of these membranous proteins (for example: Wallach and Zahler88; Lenard 
and Singera~; Singer and Nicholson 55) led to a new model of the inner zone of the 
greater membrane. In this model phospholipid bilayers alternate with globular protein 
sections, the polar end of the proteins being in contact with the aqueous phase, the 
hydrophobic end being hidden inside the membrane. Protein-protein interaction as 
well as oligosaccharide-protein interaction could thus occur in the outer layer to form 
glycoproteins and lipoproteins, as suggested by Schmitt 47 in 1969. A model proposed 
by Adey 1, and based on the greater membrane concept, envisages a modification of 
calcium binding to polyanionic macromolecules on dendritic structures in the genesis 
of slow waves in dendrites of cerebral neurons. It also envisages a role for calcium in 
'membrane amplification' by cooperative processes as a possible basis for susceptibil- 
ity of central neurons to weak environmental electric fields. 

Possible mechanisms of interaction of electromagnetic fields with molecular 
systems have been proposed, notably by Vogelhut 65 and Illinger2L Illinger's studies, 
based on quantum-mechanical models, suggested that biological interactions between 
RF radiations and biopolymers could occur through segmental rotation of the random 
coils of the molecules (resulting in fluctuations from the equilibrium distribution of 
tertiary structures) and/or through quasi-rotational motion of the water molecules 
forming a sheath about the helical structure (primary and secondary structures) 
of the biopolymers. The importance of the water-bound molecules was similarly 
stressed by Vogelhut 65 who suggested that the variations in the transport properties 
of the membranes under RF radiations were due to transformation of the hydrated 
water phase of the globular proteins. Here, hydration states are sharply dependent 
on divalent cation binding, particularly of calcium. 

There exists, therefore, a possibility that an externally applied electrical field 
could influence the activity or excitability of a population of cells, and that the changes 
seen in the gross recordings would reflect true neuronal phenomena. 
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