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Goodman, E, M., Greenebaum, B., and Marron, Michael, T., Biocffocts ot
Extremely Low Frequency Electromagnetic Fields: variation with intensity,
waveform and individudal or cambined electric and magnctic fields. Radiat.,
Res.

Exposure of the myxamycete Physarum polycephelum to either continuous

wave (75 Hz) or frequency modulated wave (76 liz) electromagnetic fields (mvp)
(0.1 G to 2.0 G and 0.035 V/m to 0.7 V/m) lengthens the mitotic
cycle and depresses the respiration rate. Once induced, these effects
persist indefinitely without increasing or decreasing in magnitude beyond
that due to normal variability of the organism. Similar effects are
observed when either individual electric fields (0.7 V/m) or magnetic
fields (2.0 G) are applied, however the magnitude of the response is
less than that observed with simultaneous fields. The individual field
effects appear to be additive for respiration but not for nuclear
division rate. For fie.ds applied simultaneously at levels below 0.14
v/m and 0.4 G the respanse was independent of field intensity. No
threshold was observed for simultaneously applied electric and magnetic
fields; however, indirect evidence is presented that suggests either the
electr.c or magnetic field is below threshold at levels of 0.14 V/m
and 0.4 G, respectively. Frequency modulation of the fields seems tc

have no major effect on the response induced in P. polycephalum,
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INTRODUCTION
The research described in this report represents the second phase
of a proyram designed to ascertain the effects of extremely low frexuency

electromaynetic fields (EILF) on the slime :old Physarum polycephalum,

The first phase (see Technical Report, Phase 1, 9/15/71-6/30/74) in-
volved exposure of Physarum at various phases of its life cycle to
continuous wave fields of 75 and 60 Hz, 2.0 G, and 0.7 V/m. The data
from the studies indicated a lengthening in the mitotic cell cycle

and a slowing of shuttle streaming; the competency of the mold to
complete its life cycle was not adversely effected by exposure to these
fields, If the affected cultures were removed from the ELF environment
and returmed to a control environment, length of the cell cycle returmed
to control levels withirn about 3 to 4 weeks.

This report examines the roles of individual electric and magnetic
continuous wave (cw) fields in addition to the effects of frequency-
modulated fields on the nuclear division cycles. ELF effects on
various physiological and biological parameters are also discussed.
MATERIALS AND METHODS

Field Generation and Monitoring: Magnetic and electric fields

were generated using facilities and equipment described in detail
elsewhere (11,12). Briefly, magnetic field coils surrovund both a
reciprocating platform (to aerate microplasmodia in flasks), and a
stationary platform (for macroplasrwodia in petri dishes); both shaker

and coils are enclosed in a Warren-Sherer Rl-48 incubator. Electric
fields are generated by stainless steel electrodes placed in contact with
the nutrient medium, Control and experimental incubators are similar

in all respects except that coils and electrodes in the control
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incubator are not enerqgized. In thosce experiments in which clectric and
magnetic fields are applied simultaneously both the coils are energizaed.

In experiments involving a single field (either electric or magnetic) only
the elactrodes or the coils are envrgized; the power connection to the
unused circuitry is broken and replaced with a dummy load with the sane
impedance as the power amplifier. Oscillating 7% He oelectric and magnetic
fiolds were applied using a sine waverferm with the fields at right angles
to one another and i phase. In several experimonts the waveform was
modulated by shifting the trogquency abrupttly at the poaks 80 as to maintain
a continuous waveform; this type of frequency modulation is Kknown as
minimﬁm-shift-kaying modulation and is employed in certain communication
systems. In these experiments the oscillator driving the field generation
cquipment was set at a nominal center frequency of 76 Hz. 1t made random
frequency shifts between 72 Hz and 80 Hz on the average of 8 times a
second. The oscillator was furnished by the Illinois Institute ot Technology

Research Institute under a contract with thoe Office of Naval Rescarch,

Maintsnance of Cultures and Mitosis Experiments:  Physarum polycephalum

MBCVII(IIe) originally abtained from Dr. Joyce Mohberg, MoArdle laboratory
for Cancer Research, Madison, Wisconsin, has been continuously maintained
and subcultured as microplasmodia in specially designed rectangular shake
flasks (12) using the medium described by Daniel and Baldwin (13). At the
beginning of vur study on the etfects of FMF fields on Physarum (September,
1971), microplasmodia wero subdivided into four lines; these were designated
as controls to which no clectric or magnetic tficlds were ever appliaed.

These microplasmodia have continued to sexve both as controls and as the

source of inoculum for each experiment concerned with the affects of a new

electromaghetic environment. cControl and experimental cultures are
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maintained in separate incubators with interconnected temperature contvols,

allowing incubators to be mcintained at 25.5 + 0.3° ¢ (14).

Maintenance of Cultures: In our previous reports (10-12) interpretation

of some experiments was complicated by cxtensive scatter in the data. To
improve the precision of our experimental protocols, we found it necessary
to rigidly adhere to the fonllowing details for handling and culturing
Physarum. Microplasmodia from the control and EMF environments are
routinely subcultuzred to new nutrient medium on a rigid 48 hour/48 hour/72

hour schedule. With the exception of the short period of time required

for transfer of cultures to {resh growth medium exrosed cultures are
maintained in the EMF environment at all times. Cultures are prepared for
measurement of nuclear cycle leagth or oxygen uptake rate by withdrawing

a 2.0 ml aliquot of microplasmodia from the appropriate stock culture and
transferring it into 20 ml of nutrient medium. These new cultures are
allowed to grow for only 24 hours whereupon they are processed as described
below. This procedure insures that microplasmodia are in the logarithmic

phase of thieir growth cycle at the time measurements are performed.

Nuclear Division Cycle: Logarithmic-phase microplasmodia from both the

conirol and exposed flasks are collected in tared conical tubes and

centrifuged for 30 seconds at 250 x g, the superratant is decanted and

the microplasmodial pellet is washed and resuspended in 10 volumes of
distilled water. The suspension is recentrifuged (30 s, 250 x g}, the

supernatant is again decanted, and the pellet is weighed and resuspended

in twice the pellet weight of distiiled water. A 0.2 ml aliquo* of the

microplasmodial suspension is placed on filter paper supported by an

absorbent cotton pad in a Petri dish. These microplasmodia coalesce to ' |

form a single multinucleate syncytium referred to as a stationary
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macroplasmodium; prolonged EMF exposure does not aifect the fusion of

microplasmodia {15). The time required for each stationary

macroplasmodignto attain the second metaphase confiquration (includes the

j

interdivision time from addition of medium to My and the interdivisicn time

o

between My to Myy) is referred to as the mitotic cycle. All nuclel in a

1 single stationary macroplasmodium undergo mitosis in virtual synchrony (16).
An experiment usually consists of 10 contrul plates, derived from
microplasmodial cultures grown in the control environment, and 1C experimental
plates, derived from microplasmodial cultures continucusly subjected to the

‘E « particular field conditions being studied. The stages in : » witotic cycle
~re determined by observing ethanol-~fixed smears with a phase-contrast

microscope. After determining the onset of mitosis (metaphase) in each

G s ot Ll

stationary macroplasmodiuwthe cultures are discarded.

Oxygen Consumption: Contrnl and EMF-exposed microplasiodia are collected

in the logarithmic phase of their growth cycle by centrifugation at 250 x

g(4° C). The supernatant is decantaed and the pellet resuspended in an

equal volume of fresh growth medium. Duplicate o.5 ml plasmodial samples

from each set are placed in sterile Warburg reaction vessels that have been

S AR HAPE IR,

calibrated according to Umbreit et al. (17). Growth medium (2.5 ml) is

added and the flasks are brought to 25.0 + 0.1° C in the Warburg water bath.

R PR

The CC., evolved is trapped in the center well using filter papers saturated

2

with hyamine hydroxide (18). At the conclusion of the experiment, protein

content is estimated by removing plasmodia from each Warburg vessel, €x-
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tracting the pigment in several washes of trichloroacetic acid (TCA)-acetone-
water (50 gr. TCA in 500 ml acetone and water to one liter) and dissolving

the residual pellet in 0.4 NaOH. Protein content in the pellet was

estimated using the colorimetric procedures described by lowry et al. (19)

with bovine serum aibumin as a standard.
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statistical Methods: Two statistical tests are employed for anaiyzing

the data: the t-test and the Wilcoxon Signed Ranks test, also referred to
hy some authors as the Mann-wWhitney test (20). We routinely apply both
tests in our analysis; a difference between the results of the two tests
indicates that the distributions are not normal. 1In this situstion the
Wilco:ion test is the preferred test.

There is a fairly large day-to-day variation observed in the mitotic
cycle lengths and in other features of the Fhysarum life cycle. This
variation is believed to be caused by changes in handling procedures and
in uncontrolled external factors such as humidity, barometric pressure,
and impurities in the nutrient medium, all of which affect both control and
exposed cultures in an identical fashion. Because of these variations,
data collected for control and exposed cultures on a given day are treated
as paired groups. The average value of the control data is subtracted from
each of the measurements taken on the exposed cultures before they are
plotted or analyzed. We present these relative data in the form of
histograms. If there is no difference between control and exposed cultures,
the histogram will be centered at 0.0. The width of the histogram provides
a measure of both the natural variability of Physarum and variability in
the parameter measured, induced by the presence of EMF fields. This “daily"“
variability is distinct in nature from "day-to-day" variability caused by
changes in external factors.

when cultures are first placed into an exposure chamber they behave
in a manner indistinguishable from the controls for a period of time ranging
from one to twelve weeks. The precise length «of this induction period is
dirfficult to assess becawse there are no widely accepted criteria for
establishing the "onset"” of an effect in the mitotic cycle. Wwe adopt the

arbitrary criterion of waiting until three successive measurements (on three
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different days) reveal a difference in the length of the mitotic uycle
significant av the p =« 0,01 level, before we nlaim an effect. We obscrve
that after an initial induction period defined in this way, the expoued
exhibit a mitotic cycle that is more-or-less constant in lenath and longer
in time than control cultures. All data used in the calculations reported
bere were ccuvllected during the post-induction period. No data were excluded;
specifically, EMF exposed cultures showing shorter intermitotic times than

conirols were included.

RESULTS

We observe a leugthened mitotic cvycle in Physarum polycephalum

exposed to EMF fields. Typical data are shown in Figure 1 for control and
expused cultures for the period of 400 days during which the experiments

in this paper were conducted. The particular line of cultures for which

these data were taken had already been exposed to EMF fields for aporoximately
four years which accounts for the numbering of the days on the abcissa.

Figure 2 is a histogram of the data from Figure 1 showing differences

for expcsed cultures relative to the daily control average. The histogram
reveals an average mitotic cycle for exposed cultures that is 0.64 hr

longer than the control mitotic cycle.

Figures 3, 4, and 5 show the effect on the mitotic division cycle
induced by exposure to 75 Hz magnetic fields of 2.0 G (Figq. 3), to 75 hz
electric fields of 0.7 V/m (Fig. 4), and to simultaneous electric and
magnetic fields 5 times weaker than those employed for the data presented
in Fig. 2 (Fig. 5). The data in each of the histograms are pooled from
duplicate sets of experiments, i.e., data from two groups of exposed
cultures is displayed, each was introduced into the fields at different
times. Tests for reproducibility of our data using data from these

duplicate sets are presented in the Discussion.
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Data for cultures exposed to electric and magnetic fields i whih
the waveform is modulated are shown in Figures 6, 7, and 8. The mcdulated
field intensities in Figures 6 and 7 were selected to agrec with the ow
field intensities used for Figures 2 and 5. Figure 8 presents Jdata taken
at field intensities attenuated by an additional factor of 4. Thus the
fields employed in the set of experiments reported in Figure 8 are a
factor of 20 times weaker than those employed for Figures 2 or 6.

The effects of various EMF fields on oxygen consumption are shown
in Fig. 9. Differences in rates for exposed cultures from the daily control
culture average are presented as percentages., If there were no overall cr
systematic differences in the respiration rate the histograms would be
centered around ze .o. A decreased respiration rate is observed in all
cultures exposed to EMF fields; the magnitude of the decrease in rate varies
with exposure conditions. Mean valucs of the decreases computed from the
raw data are given on the righthand side of the Figure. These mean values
are all significantly different from zero; the precise level of significance,
devtermined using the Wilcoxon Signed Ranks statistic, is also given in the
Figure. The least significant decrease is found in the MOD (E+B) data
where a significance level of p = 0.03 is determined.? The average absolute
value for the control respiration rate was 0.6 ml Op/min/mg-protein; day-
to-day variations in control rates ranged between 0.4 and 0.8 ml Oz/min/mg—
protein. As we noted above in connection with the mitotic cycle length
measurements, day-to-day variations were observed to occur in both exposed
and control cultures; whenever high (or low) rates were observed in control
cultures correspondingly high (or low) rates were also observed in exposed
cul.tures. It should be noted that day-to-day variations do not affect

the precision of our experiments.
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ANALYSIS AND DISCUSSION

We have previosly shown that long-term exposure of Physarum polycephalum

to continous wave extremely low frequency fields (EMF) of 45, 60, and 75 Hz

at 2.0 G and 0.7 V/m lengthens both the mitotic cycle and slows the shuttle
streaming of the cytoplasm (10, 11). Here we exanine individual electric

and magnetic fields in addition to the effects of changing the w;veform

from sinusoidal to a frequency modulated waveform. An Iimprovement in handling
procedures (see methods) was undertaken near day 1500 (Fig. 1), most of

the data reported here were collected after this time. A major difference

in the data reported here and that reported earlier (10, 1ll) is that laboratory
procedures for handling and transferring cultures have been further modified
so that daily and day-to-day variability in the data has been substantially
reduced; Daily mitotic cycle lengths were usually determined to within

a standard error of le s than 0.1 hr. A tabular array of some typical

raw data has been published elsewhere (21).

One feature of EMF exposures we were concerned about was the effect of
long—~term, chronic exposure. Figure 2 presents data for field conditions
that are the same as those previously reported in Ref. 1ll; however, these
are new data acquired by continuing our earlier experiments. Cultures
maintained in E+B fields? have displayed a lengthened mitotic cycle at a
nearly constant level, relative to controls, for almost five years.
Application of individual inagnetic fields (2.0 G, Fig. 3) or electric
fields (0.7 V/m, Fig. 4) induces a lengthened mitotic cycle, the magnitude
of wnich is not as large as that observed when both fields are applied
simultaneously. If rrngnetic and electric fields are simultaneously
applied at intensities five times weaker (0.4 G and 0.14 V/m), the mitotic
cycle is again lengthened abcut the same amount as that observed when

individual, more intense E or B fields, are applied. These data may be

7 YRR, P TR Py T, e -
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interpreted in one of two ways:
(1) We have observed a typical dose-response relationship since decreasing .
% the intensity by a factor of five (E+B ‘§+§3 has produced a decreased
E response.
(2) Alternatively, the decreased response observed in going from E+B to
§+g is the result of passing the lower threshold for either the

electric or the magnetic field and the efficacious field produccs

the same response at the reduced intensity as it does at the higher
intensity.
Our protocol did not allow for an examination of lower B fields and

thus we are unable to provide an unequivocal distinction between these two

i interpretations. However our data suggest that the second interpretation
is more likely. The fact that the magnitude of the effect observed is the
same for all three exposure conditions, E-only, B-only, and'E+§: is casily
understood using the second interpretation. Furthermore, experiments
discussed balow using modulated waveforms, show no alteration in response
' when field intensities are decreased by another factor of four fromli+g.
This is consistent with the thesis that the remaining efficacious field
produces a response that is independent of intensity near these levels.

To make objective comparisons between distributions of data one must
: adopt some criterinn for determining differences based on a statistical
test. There are a number of ways of comparing two distributions of numbers,
the most common of which are to examine differences in the means or to
examine differences in the variances (widths) of the distributions. It is
clear that differences exist in the variances of these distributions,
however, we have not adopted a test based on this feature of the distribution
becwus~ we are unsure what biological interpretation to attach to a broad

versus a narrow distribution of mitotic cycle times. Presumably a broader
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distributicn reflects action of an agent that increases the vaviability in
cycla length over and above the natural variability. The test we have
adopted is the Wijcoxon Signed Ranks method, and, because it is widely
known, we have also applied the t-test for comparison of means in sceveral
instances. Both tests are used cither to compatce two distribut rons ot data
to see whether their means differ (it iu the distribution locations that
are compared) or to determine if the mean of a distribution differs from
zero. The Wilcoxon test is a nonparametric test, which means that the
distribution being analyzed need not be a normal distribution for the te:t
to be valid. Generally, the two tests produce similar findings; in those
instances where a discrepancy exists, a departure from normality in the
data is indicated and the Wilcoxon test is preferred.

Before procegding with a comparison of distributions of mitotic cycle

langths it is important to examine the data for reproducittility and

consistency. The data presented in Figure 3 are pooled from two sots of
experiments both of which employed 75 Hz magnetic fields at 2.0 G. ‘Thesoe
experiments wergnot conducted simultaneously kut woere staggered in time,
After a lengthened cycle was established in the first set of culturcu

exposed to the fields, a second set of cultures derived from the control

was introduced into the field generation appavatus. Figures 4 ami b
likowise present data poolaed trom two sets ol cultures,  Reproducibilaty

in these data may be tested by constructing distributions for ecach individual
sot of cultures and comparing them with one another. The results of thesie
comparisons are presented in Figure 10a. The notation we use in this and
later figures is sot forth in Table 1. The two sets of data for each tield
condition are distinguished by a subscript "1" or "2" on the field condition
symbol. Comparison of the two H-distributions gives a wilcoxon statistic

of 1.1 which is far below the p = 0.01 level of significance required for

JE AU UAT Aoty 2cb i -0 oot g eine e i ey RIS e e Saatlh e LI n



'l-p-uunn-nww - ddatl

£l

o T

el e g e

T ST T

TR o L T S O

-14~

establishing a difference between distributions. There 1s no significant
difference between the two E-distribuations or the two (E#E)-distributions.
The number (N) of data in each distribution is given in the Figure.

The internal consistency of our data may be examined by comparing
the results of equivalent tests such as B)] vs Ej and 82 vs E]. The {irst
four lines of Figure 1lUb show that all pecssible comparisons of B-sub-
distributions with E-subdistributions produce the same statistical find.ng,
viz., that the B-distributions are indistinguishable from the E-distributions.
The last eight lines of Fig. l0b present all possible remaining tests among
the six distributions introduced in Figure 10a. These tests establish tne
consistency of our data; one reason we selected a significance level of
0.0l was to insure this internal consistency, IN the remainder of the
Discussion we deal only with pooled distributions.

A statistical comparison of the E+B, B-only, and E-only distributions
is shown in Figure lla. Note that the abcissa scale in Fiqgure 11 has becn
compressed by a factor of 2 over that in Figure 10. The statistical tests
clearly support the conclusion formed by visual inspection that the B-only
and E-only distributions are similar and both are different from the E+B-
distribution. This means that both the magnetic and the electric fields
play a role in causing physiologic changes in the organism. 4o see no a
priori reason that the B-field and E-field should have the same affcct.
The statistical identity of the B- and E-distributinns may arise because of
fortuitous selectior of two field intensities at appropriate levels to
cause this to happen. Note also that although beth B- and E-fields each
contribute to lengthening the mitotic cycle, their input is apparently
not additive when the fields are applied simultaneously.

Figure llb shows the statistics for comparisons of E+B, B-only, and

Y v
E-only distributions with the E+8 distribution confirming the visual anaiysis.
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As noted above this finding suagest that by decreasing the £ oand B tield
intensities by a factur of 5 we have pasrsed the lower thrashold for one of
the fields. In an carlier paper we reported that E+B fields did not lengthen
the mitotic cycle in Physarum (11). The data presented in Figure 5 clearly
qoutrx&ic& the earlier report tua% was raSed on different data. Because
of large Vaiiability ir our earlier data, we wer unable to reject the
hypothesis ot no effect. The experimuntal data presented i3 Figure 5 were
collected subsequent to our first report and after more stringent laboratory
procedurcs for handling cultures had been amplementod.  The data are
reproducible (see Figure 10a) and unequivocal in establishing an effect.
Our earlier conclusion that a lower threshold had been passed must be discarded.

The influence that waverorm may have in inducing effects in Physarum
was also examiaed. Modé:lated fields, electric and magnetic, were applied
at three different intensities, the least intense bu(nq 20 times weaker
than the most intense (Figures 6, 7, and #). Visual inspection of thoso
three distributions shows that they are all guite similar. The major
difference is that some observations lie at quite large cycle times in
Figure 6, compared to Figures 7 and 8. If it were not for the upper tail
in Figure 6, the threce would appear almost identical. 'The statistics tor
comparisons are given in Figure llc where it may be seen that the conclusions
based on visual inspection are confirmed. The difference betwoen MOD (1+R)

v ~ ~ ~
and MOD(E+B) is not large but it is significant. Agreement between MOD(E+B)
- J

and MOD(E+B) is somewhat surprising, suggesting that Physarum's response to
fields at these levels is independent of intensity. One must be carctul
in drawing negative conclusions: they are only as good as the power of the
statistical test applied. Althouyh it is difficult to determine the power

of the Wilcoxon test, the power of the t-test ix well established and may
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be used to estimate the power of the Wilcoxon test. Using t-test power
tables (22) one may say with 99% confidence that the true difference in
means between the distributions in Figures 7 and 8 is at most 0.0l hr.

The agreement between the MOD(E+B) and Moof::g) data is somewhat
harder to understand. One would intuitively expect the reverse since
MOD (E+B) o MOD (E+B) and MoD (E+B) = MOD(E+B). When a set of results is not
internally consistert we say that transitivity within the set does not
hold. Transitivity means that if A=C and B=C then A=B. There is of course
no reason for transitivity of these relations tc hold because the equality
signs do not represent strict numerical equality kut rather statistical
indistinguishability. We note that another violation of transitivity arises
in connection with the MOD(E+B) distribution, which is seen in Figure 11d.
It is tempting to suppose the lack of transitivity may be traced to the
long-cycle tail in the MOD(E+B) distribution, though the degree of influence
and the physical significance of the tail is not clear.

A comparison of individual modulated field distributions with the
unmodulated field distributions is presented in Figures 11d, lle, and
11f. Except for the lack of agreement between the MOD(E+B) and E-only
distributions and the agreement between MOD(E+B) and MOD&§+§§ there are no
surprises. 1In fact the findings provide independent confirmation of the
conclusions reached as a result of the analyses in Figure llc. The entire
results of Figure 1l are summarized in schematic form in Figure 12.

The effect of EMF on oxygen uptake (Figure 9) is similar to its effect
on the nuclear division cycle. The decrease in oxygen uptake for E+B is
greater than that for any of the other field conditions. 1In contrast to
the mitotic cycle length data, the B-only and E-only effects appear to be

additive, i.e., one-half of the E+B decrease may be ascribed to the B-field

and half to the E-field. Again, perhaps fortuitously, the magnitude of the
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B-field and E-field effects are nearly identical. U like tlie mitotic cycle
length data, the respiration rate decrease under'E:E does not agree with
B-only and E-only decreases., However, the data for the'E:g'case arc fow
and this conclusion should be accepted with caution. The MOD(E+B) data
again stand out from the rest and the distribution is quite broad. No
é dose-responce relationship is observed in comparing MOD(E“; with Moufﬁés.
: The oxygen data in Figure 9 further strengthen the conclusion that
waveform has little direct influence on the organismal response to ELF ficlds.

The extent of agreement between the EMF induced differences in mitotic

length data and the oxygen uptake data can be seen by examining tnc means

and standard deviations for the two sets of distributions, listed together

1 in Table 2. The longest mitotic cycle length increases parallel the

greatest decreases in respiration rates. Broad distributions of cycle '
lengths are usually associated with broad distributions of respiration

; rates. Measurements of respiration rates and cycle lengths usually arc

not performed on the same day. One can readily imagine mechanisms for

explaining a close correlation between respiration rates and mitotic cycle
lengths. The correlation of distribution widths between the two seots of
data presumably reflects the close connection between mitosis rate and
respiration rate. Exactly why some distributions are broader than othors
is not clear.

Although the oxygen uptake experiments seem to be telling us the
same thing as the mitotic cycle length experiments when B- and E-fields
arce applied simultancously, they tell us somcthing Jditterent when the ticlds

are applied individually. The fields seem tr be additive in their cffects on

oxygen uvtake and not additive in their efficts on mitotic cycle length. This

may suggest that there are several mechanisms of interaction between FELF fields
and biological systems or. what is more likely, it may simply reflect a corplex

relationship between respiration rate and mitosis rate.
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SUMMARY

}. Exposure of Physarum polycephalum to extremely low frequency EMF

electric (0.03% to 0.7v/m) at}d maqnetic fields (0.1 to .0 G) produces
a decrease in resplrationua'n ':?\:z‘?.::ri?ue;:ion rates in the organism.
These findings are consirtent with results of varlier studies performed
at different frequencioes and field intensities.
2. Sewral sets of hiysarum cultures have been exposad continuously
for five years to 75 Hz fields of 0.7 V/m and 2.0 G. After an initial
induction period the exposed cultures exhibited a mitotic cycle that was
consistently longer than the control cycle by 0.6 hr. 1The induced incrowse
in mitotic cycle length does not become progressively larger nor does thoe
organism respond by compensating for exposure and slowly adjust its cycle
length to agree again with the control cycle length. The cbsorved decroase
in?x’espiracim rate exhibits similar behavior.
3. Application of either a 75 He, 0.7 V/m electric field or a 75 e,
2.0 G magnetic field produces a decrcase in growth and rospiration rato;
however, the effects are not as large as they are whan both fialds arve
applicd simaltancously. Either field at these lowvels produces eftwcts
that are statistically indistinguishable from one anotheor. We conclude
that both electric and magnetic fields play a role in causing phwsiologwe
changes in the organism. It apprars that these roles are additive whan
one examines the respiration data. The roles of the individual ticlds
in slowing nuclear division are not additive: each fielc causes the
rate to slow by about 0.4 hr but simultaneous application of the fiolds
produces a cycle that is only 0.6 hr longer.
4. EBxposwe of Physarum to simualtancous 75 He clectric and magnetic

fields that are [ive tines weaker (0.14 V/m and 0.4 Q) produces ot tovts

e ket g,
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that are stat.stically indistinguishable from those absorved whoen citier

a stronger electric field (0.7 V/m) or mawetic field (2.0 G) is

applied by itself. These ana other data suggust that the lower tiresiold
for afficacy of one type of ticld may hawe bown passad,

5. Frequency modulation of the applied electric and magnetic ticld
producas biceffects sindlar to those dbscorved ' ton wmudulated sincewave
fields are applicd. Although the data abta’ d are not cauplotely soelfl-
consistent, wo conclude that frequency modulai .on of HLE electramagnetic
fields at these lewvels does not suwbstantially alter the way W ficlds
interact with biological systems.

6. No lower {(or upper) threshcld is dbsarved for effects of HLF ficlids
on Physarum. Electric fields were applied ranging from 0.035 Vi to

0.7 v/m; magnetic fields ranged from 0.1 G to 2.0 G, ‘fhis rindng contradicts
one from an earlier report that ELF fields of 0.15 V/m and 0.4 5 prudce
no effect in rhysarum (11).

7. The dose-response relationship betwoun tield intonsity and tagnntude
of the decrease in growth or respiratian rate in Physarum is cithov very
weak or nonexistent at the field intensities we have amployad. A docioasce
of field intensitics by a factor of tour from 0.14 V/m and 0.4 G to 0.035 Vi
and 0.1 G produwes no significant difference in response. We attribute the
large and significant difference in response ocbserved whon ficlds are
reduced five times from 0.7 V/m and 2.0 G to 0.14 V/m and 0.4 G as bowy
duc to passing the lower threshold tor one or the tields. Whichevoer ticld

remins effective at the lower lewels has a vory fiat dose-rospuise cuww.
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Thess experiymunts were designed to xamine nuny puranetors at onew
in order to enable us to outline the way different ficld conditions aliwct
Caysarum.  As such, they probably raise pore quustions than they aswer.

For examp’:, the separate roles of electric and magnetic ficlds duswrve
closer scrutiny. ‘ihe individual effecis of electric and magnetic ficlds
were studied at a single intensity. The swprising finding that the bE-ticid
and B-field each had almost the same effect on Physarum may be a fortuitous
result or it may mean that the same mechanism of interaction is responsible
for the effects of both types of fields., Although we find it difficult

to imagine a mechanism that responds to electric and magneti¢ fields in
ideatical ways, the absence of a typical dose-response relationship with
field intensities is further indication that an unconventiounal mechanism

of interaction may be at work.

Part of the motivation for this study was the question of whether
or not frequency modulated FLF fields have the same effect as cw ELF {ields.
Althouth the results are not unequivocal, we concluae that modulation
of the type used here dous not significavily alter the way magnetic
and electric fields interact with bioilocical systems. This is an import-~
ant rasalt which, if extended to other modes of frequency modulation,
1eans that studies using cw fields have wide applicability. It may
aliy jrovide insight into the nature of the mechanism of interaction

between living orjanisms and extremely low frequency electromagnetic fivlds.
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fable 1, Notation for Doesaribing Field Conditions,

3.

E stands for an electric field and B stands fur o magnetic ficld, ‘The
intensity of the field is indicated by the presence or absence of one ov
more tildes above the letter according to the following scheme:

E=0.7 V/m B=2.0G
£ =0.14 V/m g = 0.4 G
E = 0.&5 v"m = 001 G

The symbol E + B means that electric and magnetic fields were appliud
simultaneously in phasc and at right angles to one another. Application
of a single field is indicated by the use of only one symbol. The word
"only" is often appended to the symbol to wmphasize this situation.

The letters MDD appearing before a synbol such as MOD(E+B) mein that o
modulated waveform wass applied. The form of modulation wis the kind re-
fereed to as '"mininmum-shift keying'' in which a constant wnplitude sinus-
oldal wave abruptly changes frequency at the peaks of the waveform there-

by avoiding any discontinuwity in the waveform. In these experiments shifts
between 72 and 80 Hz were made at random half-cycles with an average of cight
shifts per second. If MOD does not appear before a symbol, the fields were
sinewave fields at 75 Hz.
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Table 2. Means and standard deviations for mitotic cycle length and oxygen uptake

distributions. DRata is given in Figs. 2-9; the notation used to

] Laarth e U

specify field condition is explained in Table 1.
AMITOTIC CYCLE LENGIH & OXYGEN UPTAKE
FIELD OONDITION MEAN STD. DLV, MisAN Sih. DIV,

(hr) (hr) (%) (w
E+B 0.64 0.49 -15.7 11.0
B 0.46 0.36 -8.1 6.4
E 0.39 0.27 - 9.1 5.1
E+B 0.42 0.26 - 4.2 2.5
MOD(E+B) 0.55 0.53 - 7.0 12.2
MOD(E+B) 0.40 0.34 - 3.7 7.1

MOD(E+B) 0.43 0.33 - 3.1 3.7




FIGURE CAPTIONS

Figure 1. Average length of intermitotic cycle measured from the time

nutrient medium is added to a fused macroplasmodium to the second metaphase

IR TP

configuration of the nuclei. Each point represents the average of five

to ten observations on separate cultures. The circles are data taken from ,
control cultures and the squares are data taken from cultures exposed to 75 Hz
2.0 G, 0.7 V/m. The standard error for each point is in the range
0.03 to 0.10 hrs and is too samll to be seen as an errvor bar cn this scale.
Figure 2. Distribution of differences in the length of the mitotic cycle

for exposed cultures taken relative to average daily control culture cycle

based on data in Fig. 1. The average control value for the appropriate

day has been subtracted from ecach observation made on exposed cultures.

N is the total number of observations on exposed cultures represented in

the histogram. Field exposure conditions and histogram statistics are

L e o o

shown in the Figure.

Figure 3. Distribution of d!fferences in the length of the mitotic cycle
for cultures exposed to 2.0 G magnetic fields.

Figure 4. Distribu‘ on of differences in the lenqgth of the mitotic cycle

for cultures exposed tu 0.7 V/m electric fields.

Figure 5. Distribution of differences in the length of the mitotic cycle

for cultures exvosed to E and B fields of 0.14 V/m and 0.4 G.

Figure 6. Distribution of differences in the length of the mitotic cycle

for cultures exposed to modulated E and B fields of 0.7 v/m and 2.0 .

Figure 7. Distribution of differences in the length of the mitotic cycle
?i for cultures exposed to modulated E and B fields of 0.14 V/m and 0.4 G.
Figure 8. Distribution of differences in the length of the mitotic cycle

for cultures exposed to modulated E and B fields of 0.035 V/m and C.1 G.




Figure 9. Respiration rates for exposed microplasmodial cultures relative
to average daily control culture respiration rates. Histogram bins are by

wide; the center value of the bin is given below on the abcissa. Each point

represents a set of rate measurements performed upon a single, exposed

culture taken relative to the average of rate measurements in two control

cultures determined at the same time. Data given on the right are avervage
values + standard errors computed from the raw data. ‘The probability that

the distribution mean differs from zero only by chance is also listed:

TTPRPRPRE Lt

these probabilities are derived using the Wilcoxon Signed Rank statistic. !
Figure 10. Statistical comparison of distributions to test reproducibility
and internal consistency of the data. The solid bar gives the results

for the Wilcoxon Signed Ranks test; the open bar gives the t-test statistic.

The p = 0.01 and p = 0.001 levels for large samples are shown on the graph.

3 The symbols E, B, E: etc. are defined in Table 1.

a. Test for data reproducibility by comparing distributions of

3 cycle length data for two sets of cultues each exposed to the same tield
conditions but at different times. For example, cultures in set By were €xposied

to a 75 Hz magnetic field of 2.0 G; cultures in set B, were also exposad

to a 75 Hz magnetic field of 2.0 G but these experiments began almost one

year latexr. N1/N2 is the number of data in the first/second set.
b. Test of internal consistency by comparison of equivalent distrib-

utions for different field conditions. There are three sets of four com-

parisons all of which display internal consistency. Note also that the
E-~distributions, the B~distributions, and the ('E'r.t.;) ~distributions are all
statistically equivalent.

Figure ll. Comparison cf mitotic cycle distributions for different ticld
conditions. Data arec pooled so that all data taken at a particular set of
field conditions are trecated as a single group. The solid bar gives the

results for the wilcoxon Signed Rank test; the open bar gives the t-toest
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statistic. The p = 0.01 and p = 0.00l1 levels for large sample: are shown
on the graph as vertical lines. The symbols E, B, @ﬂ etc, are defined in
Table 1. Entries in the column headed by N1/N2 are the number of data in
the first/second distribution.

a. Oonclusions: E+B ¥ E-only or B-only. Simultaneous application
of electric a: | magnetic fields produces a different mitotic cycle lengthening
distribution than that observed when fields are applied individually.

At these levels (2.0 G and 0.7 V/m) the individual fields prcduce statistically
identical results.

b. Conclusions: '%45 » E-only and B-only; i§§;68+a. Electric
and magnetic fields applied at a level five times weaker cause a different
result to occur. These weaker fields produce the same effect as either
more intense E-fields alone or nore intense B-fields alone. This finding
agrees with those of Figure 10.

c. Conclusions: MOD(E+B)#MOD(E+'§); MOD(E+B) = MODE:I?);

Monﬁﬁﬁb = MODaaﬁs. Reduction of field intensity by five times causes the
mitotic cycle luangthening distribution to change. A further decrease in
intensity by four times has no effect.

d. Conclusions: MOD(E+B) = E+3 and B-only; MOD(E+B)FE+B or E.
Modulation of the fields results in a mitotic cycle lengthening distribution
similar to 'unmodulated fields of weaker intensity. Unlike the unmodulated
fields, the MOD(E+B) resuits are similar to the B-only exposures.

e. Conclusions: MCD(E+B) y#E+B; MOD(E+B) = E+B; MOD(E+B) = B-only or
E-only. Modulated fields at 0.)4 V/m and 0.4 G produce results statistically

identical to unmcdulated fields of the same intensity. Like the unmodulated

fields, MOD(E+§3 data are indistinguishable from those produced by more
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intense unmodulatod E-only and B-only fields,
f. Conclusions: HOD&-PE)!!HB; MOD(E+B) = E+B; MOD(E+B) = B-unly

or E-only. Decressing field intensities further to 0.035 V/m and 0.1 ¢

has no apparent effect on the mitotic cycle lengthening distribution.
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Figure 12. Visual summary of the statistical analysis preseated in Figure 11,
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Effects of Fxtrcmely lLow Fregquency Ilectromaqgnetic Fields

or: Physarum polyccphalum:

Observations on Ploidy. Conditioning ard External Factors
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SUMMARY

Physarum polycephalum cultures 2xhibiting a lengthened mitotic cycle and

depressed respiration ratc after extcnded exposure to 75Hz, 2.0G and 0.7 V/m,
electromagnetic fields (EMF) arc examinad for detectable changes in chromo-

some numbers. Since Physarum is polyploid, only a distribution of chromo-

some numbers can be discussed. We see no evidence of a divergence between

exposed and control cultures; any undetected difference in chromosome num-

bers is less than 6% (p<0.05). When cultures exhibiting the altered phys-

iological parameters are placed in a control environment, latent effects of

exposure remain for an extended period. Results of additional experiments

are pregented that are designed to rule out certain non-EMF factors as be-
ing responsible for the biological changes. Factors tested include ambient

electromagnetic fields, incubator differences, electrolytic effects, and

investigator bias.
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INTRODUCTION
We have previously reported that weak electromagnetic fields (E!NF)
of tie same qeneral frequency and strength as those found in an industrial-

ized environment cause changes in the myxomycete Physarum polycephalum. In

particular, we have shown that exposure of the slime mold to a variety of
EMF conditions produces a lenqgthening of the mitotic cell cycle, a depres-
sion of the respiration rate, and a retardation of the spontanecus proto-~
plasmic streaming (Marron et al. (1975), Goodman et ;1. (1976) , and Goodman
et al. (1979)). This report presents evidence that no major change has
occurred in the ploidy of our cultures. Goodman et al. (1976) have also
reported that placing exposed cultures that exhibit a lenqthened mitotic
cycle into a control environment results in a slow return of the cycle
iength to control levels. We present evidence here that these cultures
still preserve some latent effects of exposure. Finally, we report results
of experimonts that tend to rule ocut a number of non~EMF factors as possible
causes of the observed physiological chanqes in Physarum. These factors are
incubator differences, ambient electromagnetic fields, electrolysis of the
medium, and investigator bias.

Culture and Exposure Techniques

Our culture techniques, experimental methods, arn! oxposure apparatus
have been described in detail by Goodman et al. (1976) and Greencbaum ct al.
(1977a) . Briefly, culturcs of submerged Physarum microplasmodia (strain
M3C VII(IXle)) are qrown in rectangular flasks, shaken for aeration; elec-
trodes forming opposite sides of the flasks set up the zlectric fields.

tiagnetic field coils surround the flasks. The entire apparatus is enclosed
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in an incubator which is maintained at 25.5 + 0.3%. Temperature controls

of all incubators are interconneccted to ninimize possible temperature dif-
ferences (Groensbaum et al. (1977b)'. Incubators are similar in all respects,
except that the magnetic field coils and electric field electrodes are not
enargized in the control incubator.

The submerged shake cultures of microplasmodia maintained in the non-
energized control incubator serve as control cultures and as a soursc? of
microplazsmodia for exj.arim-~ntal purposes. At thc start of a series of ex-
periments to determine the effects of a particular FMF environment, micro-
plasmodia derived from control cultures are used as inoculum for cultures
introduced into the appropriate fields. All experiments were duplicated by
introducing a second set of fresh cultures into the field two to eiqht weecks
after initial exposure of the first set. All culturcs in both the control
and FMF environments were routinely sub-cultured into tresh nutrient medium
on a rigqid 48 hour/48 hour/72 hour schedule. Tou ensurc that microplasmodia
used in the mitotic cycle length and respiration measurements were growing
in undepleted medium, that is, in their so-called logarithmic qrowth phase,
inocula from control and exposed stock cultures were placed in new qgrowth
medium 24 hours prior to making any measurements. Microplasmodia from these
fresh cultures were then used in setting up division cycle or respiration
experiments.

Nuclear Division Cycle and Respiration Rate Measurcments

Mitotic cycle lenqgth is measured by placing washed microplasmodia on
filter paper, supported in a Petri dish containing nutrient medium by an
absorbent cotton pad, as described by Goodman ct al. (1976, 1979). FExperi-

ments usually consist of 10 plates containing microplasmodia qrown in the




control enviromnment and 10 plates containing microplasmodia from cultures
grown in EMF. Within an hour, the n_ig_rgplamdia coalesc2 into a single,
large macroplasmodium, and nutrient medium is added at this time. Mitotic
cycle lengths are characterizad by the time required for each macroplasmodium
to reach the second metaphase configuration after the addition of medium.

All nuclei in a single macroplasmodium undergo mitosis in virtual synchrony.
The stages of the mitotic cycle are determined by observing ethanol-fixed
smears with a phase-contrast microscope.

Methods for measuring respiration rates have been described by Goodman
and Beck (1974). Duplicate 0.5 ml samples of control and exposed microplas-
modia are placed in sterile, calibrated Warburg reaction vessels. Growth
medium (2.5 ml) is added and the flasks are equilibrated at 25.0 + 0.1°C.

The CO, evolved is trapped in the center well of the flask using filter paper
saturated with hyamine hydroxide (Aronson and Van Slyke, 1971). At the con-
clusion of the experiments, nicroplasmodia are removed from the vessel, and
their pigment is extracted in a trichloroacetic acid-acetone-water mixture.
Protein is estimated using the colorimetric procedure of lowry et al. (1951),
using bovine serum albumin as a standard.

CHROMOSOME NUMBERS

Measurements

Since Physarum is a polyploid organism, it is difficult to look for
genetic changes in our cultures directly, however; a distribution in the
number of chromosomes may be examined to see whether any gross change in
m ar waterial has occurred. The methods employed are bascd on the work
or Mohberg et al. (1973), who established that the distribution of naclear

sizes in Physarum is closely related to the distribution of chromosome
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numbers. Using the procedures of Mohberq and Rusch f1971), ruclei wore
isolated from cultures exposed to 45 He, 3.0G, 0.7 V/m EMF and from control
culturss. The isolated nuclei were photographed under a vhase-contrast
microscope (250x) on an A-O Spencer phase-contrast hemocytometer. Photo-
qrcaphs were enlarqed {4x) and the distribution of nuclear diameters was
msasured in each photograph. Hemocytometer rulings, visible in each photo-
graph, were checked to ensure consistency of all measurements and to estab-
lish unambiquously the degree of magnification. ‘Typical photographs of
exposed and control nuclei are shown in Fiqure 1.
Results

Measurements of exposed nuclei (N=104) yielded a mean diameter of
3.16 + 0.05 micrometer (95% confidence limits); the mean diametcr of
control nuclei (N=213) was 3.14 + 0.0} micrometer. These two means are
not significantly different from ecach other. However, to report a neqative
test without indicating the sensitivity of the test is to make an incomplete
report: one should set an upper limit on any potential undetectable differ-
ennes. The power function of the t-test (Pearson aml Hartley, 197b) may be
used to estimate haw large a differernce beotween the means would have to be
before it could be detacted; this function er*.rates the sensitivity of a
test 2zt a predetermined confidence level Dased on the scatter in the data.
The two distributions of nuclear dianeters are such that we should be able
to detect a difference as small as 0.09 micrometers between the means with
95% confidence; this difference corresponds to 1% of the mean values.

A more ureful figure for compavizon is the maximum difference in chro-

mosome number. Using the measumiements of Mohberg et al. (1973) we have tound

an empirical relationship between diameter and chromosome number. The lest
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fit betwsen chromosome number and diameter is found for a linear, rather
than a second- or third-power equation
MEAN CHROMOSOME NUMBER = 41.2 x (MEAN DIAMCTER/micrometers) - 73.6,

although the fit for different powers of the mean diameter is very nearly
the same, as can be seen from the correluation coefficients (Pearson product-
noment correlation coefficient): 0.9831 (1lst power), 0.9798 (2nd power),
and 0.9706 (3rd power). Based on this relationship, we conclude that if
a difference in chromosome number exists between exposed and contro! nuclei,
it is leas than 4 (p<0.05) out of a total of approximately 60 chromosomes.
Discussion

One might suggest that differences in respiration and mitosis between
exposed and control cultures cculd be attributed to slow “"genetic drift.”
These data tend to rule out that possibility. Additional evidence against
the "slow drift"” suqgestion is presented by our carlicr works (Goodman, et
al, 1976, 1979). We have repeatedly placed into the EMF environments new
cultures derived from our main control cultures. In all cases, the biolog-
ical effects induced by exposure to a given EMF environment were consistent
with those observed in cultures introduced into the same fields at other
times. If “"genetic drift" were affecting the parameters being measured,
discernable differences between the various sets of cultures exposed to the
same EMF environment would be observed, unless the drift itself is induced
by the exposure. Our measurements of chromosome numbers are consistent with
the argument that chromosomal changes in the culturces are not the mechaniswm
through which the observed effects are produced. However, it is still pessi-
ble that selection or chanqes at the level of the gene are occurring repro-

ducibly under the influence of the applied fields.
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As a side note, it is interesting that our observations indicate that
thers is little change in chromosome number after long-term culture in both

exposed and control enviromments. These results are somewhat at variance

T g T

wizh these of McCullough et al. (1973), who noted death of cultures of the
CL and Bl73xBl74 strains, grown on agar, after 85 and 235 days, respectively.
About 20 days before death McCullough et al. observed gross nuclear enlarge-

ment. They state that the senescence and death of Physarum cultures grown

s

for many months is a common phenomenon. However, both exposed and control
cultures in our experiments have been maintained in sulmerqed cultures for
more than 1700 days and continue to exhibit a diameter typical of both our

strain and those used by McCullough et al. (Mohberg et al. (1973)). We

speculate that the differences in culture method (sulmeraqed cultures vs.

agar) wmay account for the discrepancy bhetween our oxperience and that of

McQullouzh et al.

LATENT EFTECTS OF EXPOSURE

In a series of experiments designed to test the persistence of effects
induced by exposure to EMF, cultures were continuously exposed to 75Hz,
2.0G and 0.7 V/m, fields until they exhibited a lengthened mitotic cycle.
They ware then removed from the fields and placed in the control eaviron-
ment. Goodman et al. (1976) have reported that the observed changes were
no lonqer detectable after about 30 days in the contiol enviromment. Aflor
abouyt 60 days in one experiment and after about 30U days in another, the

culturen wer:- removed from the control environment and reintroduced iato

the FMF, The lenqthened mitotic cycle reappeared in 20 to 30 days (Fia. 2),
notably socner than the 90-120 days originally required when a culture was

initially exposed to EMF (Goodman et al. (1976)).
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Some part of the organism apparently "remembeara™ its "revious exposure.
If one proceeds from our earlier finding that, while subtle “genetic" changes
way have occurred, gross changes in ploidy have not, one tends to seek a mech-
anism that does not require a genetic change. Several investigators have sug-
gested that EMF effects may be caused by structural changes in the membrane
(see, for example, Bawin et al. (1378) and Grodsky (1976)); such a hypothesis
is consistent with our findings.

TESTS OF ALTERNATIVE HYPOTHESES

Incubator and Extraneous Field Effects

To test alternate hypotheses for the oriqin of observed differences be-
tween exposed and control cultures we conducted several series of cxperiments.
The first set of alternative hypotheses was that the effects were due to ex-
tranecus fields or other influences arising from either the location of the
laboratory or differences in the incubators. Ve conducted tw> sets of experi-
ments to test these influences. One set was conducted without an incubator in
a4 laboratory room ramoved from the location of our other experiments; the blind
experimental protocol discussed below was used in this set. The other set of
experiments was conducted in a third location, using a single large incubator
(Oontrolled Enviromments, Ltd., Model EY-13) that held both exposed and coatrol
cultures. At the start of each of these tuo sets of experiments, four stock
cultures were derived from our main control cultures: two of the four were
designated as controls and two as experimentals. Fach pair was placed in a
nawly-constructed field-generating unit similar in desiqgn to our usual appara-
tus. The electric and magnetic civcuitry was not energized in the control
half of the unit. Experimental cultures were exposed to 45 Hrx sinusoidal EMF,

3.0G and 0.7 V/m; stray magnetic fields at the location of the control
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cultures were 0.06 G.

In axperiments using a remote, single incubator we obhserved a depression
in the respiration rate of exposed cultures; the data are summarized in Table
I. While respiration rate was the only parameter measured for experiments
conducted in the single incubator, the experiments conducted without an incu-
bator in the second remote room examined both respiration rate and mitotic
cycle length. As shown in Table I, these exposed cultures displayed a length-
ened mitotic cycle and a depressed rospiration rate; these measurements dis-
prlay qreater variability than our other mitotic cvcle measurements, probadly
because the cultures were grown outside of an inculator and therefore were
subject to qreater variability in growth canditions.

In both sets of experiments exposed and control cultures were always in
the same ambient laboratory enviromment or the same incubator; the possibility
of the observed changes being caused by differences in incuhators, incluidinag
differences in temperature, airflow, etc. may be discounted. Furthermore,
since the larqge incubator was three floors below and at the other end of the
huilding from our usual location and since a location on still another floor
vas used for the non-incubator experiments, the pussibility of our observations
being caused by aberrations in the ambient electromagnetic fields or other
peculiar conditions in our laboratory is also removed.

Blind Scoring of Mirosis

One criticism which has been made of our carlier reports was that the
possibility of experimenter's bias existed 1n determaining when mitosis oc-
curred (NAS, 1977), since in most of our measurements the same technical
personnel took the smears and read the slades. In one of the sets of experi-

ments just discussed cultures exposed to 45 Hz, 3.0 G, 0.7 V/m FMF and con-
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trol cultures were kept in & remote location ocutside of an incubator. Both
mitotic cycle and respivation rate measurements were made by technical per-
sonnel who were uncware of the measured cultures' exposure regimen. Whenever
a4 measurement wvas made, two randomly-coder flasks were brought to the labora-
tory., one containing an exposed culture ~und one, a control; the technician
used these to set up and run the experiments in the usual manner. Only after
a period o: several months were the data collected and analyzed. As discussed
above, the results shown in Table I indicate that tﬁe exposed cultures dis-
played the typical lengthening of the mitotic cycle and depression of the
respiration rate.

Electrolysis Effects

The alternate hypothesis that our observed effects have been caused by
electrolysis products, rather than by the fields themselves (NAS, 1377), has
already been partially addressed in the reports of Goodman et al. (1976, 1979).
The potentials placed acros§ the stainless steel electrodas, which are in con-
tact with the conducting growth medium (resistivity approximately 2 Ohm-meters)
are small {40 mV at the highest field strength of 0.7 V/m and ranging down to
3 maV at the weakest fields). Long-lived electrolysis products are ruled out
as a cause of effects by an experiment (Goodman et al. (1976) in which sterile
growth medium was exposed tc electric and magnetic fields before inoculation
with Physarum; the cultures were then grown in control environments and no
effects were noted. The possibility of short-lived electrolysis products was
also partially addressed by Goodman et al. (1979) in cultures exposed to mag-
netic fields alone., In those experiments, our usual culture flasks incorporat-
ing stainless steel eloctro’es were used, but there was no voltage and hence

no electric field or current between the electrodes. These measurements of




mitotic cycle leaqth and respiration rate are summarized tn Table 1.
To further test the possible influence of clectrolysis effects, two

sets of experiments were conducted, each involving special arowth vessels.

To try to rcduce the number of parameters in each test, one of these scts
involved exposure to a magqnetic field alone: the other, exposure only to
an electric field. 1In the first set of experiments, a 75 Hz 2.0 G magnetic
field was applicd to cultures nrown in all-qlass vessels, similar to the

4 usuazl ones except that the stainless steel electrodes were replaced bLy
plain glass walls. Like the previous experiment that used only magnetic
fields, no voltaqge or current effects could be present: in this instance
any electrochemical or other effects duc to the presence of the moetal elec-

trodes themselves was also eliminated. As indicated by Table I, the expotied

cultures displayed depression in respiration rate and lenqthened mitotic

cycle, compared with control cultures qrown in similar vessels. The mitotic

cycle data are also presented in Fiqure 3, where we have plotted the fre- '

quency of observation of a particular change in cycle length in the exposed b
culture, rclative to the averaqe control culturc cycle length for the day :
of observation, ‘
In the other set of experiments cultures were exposed to electric fields .

2

that were produced by electrodes insulated from the qrowth medium. This seot 4
of experiments tested whether conduction currents, short-lived electrolysis

products, or the .resence of the stainless steel could he affecting the

cultures. The special all-qlass qrowth vessels for this set were similar

ELElT

to the usual design, except tiaat the interior of two opposite walls was

coated with a conducting layer of 100 Angstroms of vapor-deposited qold,

over which an insulating laver of 20 X of silicon oxide had been deposited
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{Mcdel CG-20AU-X coated glass plates, Practical Products (o., Cincinnati,
ohio). The DC resistance of these flasks, when fillad with the conducting
qrowth medium, was in excess of 10% Ohms, compared with about 30 Ulms for
the usual vessels. The insulated electrodes were used to apply 0.1 V/m
75 Hz electric fields across the growth medium, as wmeasured by s small
dipole with wninsulated tips inserted into the medium and connected to a
high impedance amplifier. The voltage applied to the insulated elcctrmdes
was 1.0 V (rms), which may be compared with approximately € mV which would
have produced the same field strength using the stainless steel electrodes,
Exposed cultures shwed depressed respiration rates compared with control
cultures grown in similar vessels; thesc data are listed in Table I.
We therefore conclude that the stainless steel elcctrodes or their electrical
contacts with conducting medium have not had an effect on the cultures which
have bheen attributed to EMF,
CONCLUSTON

The experiments in this paper supplement those reported carlicr Ly
this qroup to form a puzzling picture. Physarum and other living organisms
{(see for example, Tenforde (1978) and Phillips (1979)) are subtly affected
by very weak electromagnetic fields. The wmechanism of the interaction is
not clear; however, there is some speculation that the mechanizsm involves
some sort of membrane effect (Bawin et al. (1978) and Grodusky (197¢)),
Our earlier reported results confirm the subtlety of the cffocts since their
initial detection occurs only after long exposure (Goodman, 1976). The pre-
sent experiments tend to rule cut a “"genetic” mechaniam. It is interesting
that there is a persintent redidual effoect of oxposure  even tlaoigh the

ohserved effects have disappeared, as shown in the rapid reapyeearance of

R




et & ana A

effects in previously exposed cultures which were reintroduced into the fields.

Further work is needed to localize the site(s) and biochemical system(s) that
are involved in the interaction.
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FIGURE CAFTIONS

l.

Photomicrographs of a) control Physarum nuclei and b) nuclei from
cultures exposed to 75 Hz, 2.0 G and 0.7 V/m fields. Only imaqes
showing the lwight “halo” were considered in focus enouqgh to he
wmeasured. White lines are hemocytometer rulings with a spacing of

0.05 ma.

Difference in mitotic cycle length for exposed &nd control cultures

of Physarum as a function of time after removal of the exposod cultures
from the fields. Exposed cultures were placed in fields of 75 Hz, 2.0 G
and 0.7 V/m, 1329 days before the start of this experiment. On the day
indicated as “Day 0" in the Fiqure, exposed cultures were removed from
the fields and placed in the control enviromment; they were replaced in
the EMF envircnment 306 days later. C(ontrol cultures were always kept
in an environment free of applied fields. Fach point represents the
difference between average time for ten exposed samples to reach the
second metaphase and the average time for ten control cultures. ‘The
error bars are 95% contidence limit: for that day, computed using a
pooled estimate of the comuion variance (Winer (1962)).

Distribution of differences in mitotic cycle length, measurcd in hours,
for cultures exposad to 75 Hx, 2.0 G, magnetic fields in all-qlass
vessels. The differences are taken relative to the averaqe cycle lenath

for each day's control samples.

.
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Effects of Weak Electramxmetic Fields on Physarum polycephalum: Mitotic
Delay in Heterokaryons

The results of mixing microplasmodia from both control and expused
cultures in equal \olumes are shown in the table. After mixing, 1 suwle
macroplasmodia is formed which undergoes synchronous mitosis at a time
between those of the 2 parent cultures. This averagei behavior oontinwes
even when the mixture is predominantly non-exposed plasmodia, 3:1 by
volume, or vice versa. In mixed (M) cultures made up 1 part contrvl (C)
to 3 parts exposed (E) culture, the average differences abserved wouv
0.7S h (M-C) and 0.30 h (E-M). Comparable experiments with 3 parts ocontrol
and 1 part exposed culture gave average differences of 0.27 h (M=) ani
0.79 h (E-M). These averages are computed fram experiments involving 192
separate cultures and were conducted on 12 different days over a periad
of 1 year., The variation in these data is similar to that scen in the
table for 1l:1 mixtures. 7he length of the mitotic cycle in the auxture
appears to depend on the amunt of each type of culture in the mixtune;
however, the data are too sparse to determine a precise relationship.

Sewveral investigators have previously shown that joining 2 uxisting
macroplasmodia in different phases of the cell cycle can alter the timing
of mitosis(1-3). The mixing experiments described here differ in that
1. contact between the 2 types of plasmodia occurs at the time the macro-
plaamodia are formed rather than after each individual macroplasmadium has
established a synchrony of its awn, and 2. the 2 partners Jdo not haw the
same cycle lengths.

These experirents permit several conclusions to be drawn. Fimst
and foremost is that exposure of Physarum to weak electramametic ticlds

produces biological effects. This conclusion is also supportaed by oar
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previous findings that exposurve causes the mitotic cycle aml protopiaaue

shuttle streaming to slow. We may also conclade that the expusad culticen

have been altered in some way that umadiately manitosts 1tselt whaen

control and experimental cultures are brought togethor.  spwlar averaai
of the cell cycle has been reported by Haugli ot al, {(4)  in mixtwes o

normal cultures and cell-cycle mutant cultures that have o lomatboenod ocid
cycle. A 3rd inportant conclusion is that the alteration brought abaoat an i
expusal cultures is not drastic from the point of view of basic oellula
processes. when exposed and unexposad microplasmadia e mixad togetiag

and allowed to fuse to fom a single large macroplagmdia, the tusion takes

place and all nuclei bohave nommally to the extent that they undengp
synchronous mitosis. They behave abnomally in that the mtotic yole

time is different fruam either parent culture, sinoe all of the processes

we have observed to be influencad by BMF raquirne energy, we suspuct that ‘
woak low frequency BMF may interfere with cithor anorgy aoierating provesses ;
or the transport ot essential metabolites in Physanam. :‘
Continuous exaposwre Of Physarun polyccphalum tp a 75 e, [0 G,
ama 0.7 V/m electranowgnetic field results an a depressad resparataion -:
rate and a lengthening of the mitotic oell oycle. I wwagusad Physanis:
arc mixed with exposad Physarun the anset of synchronous mitosis in the ‘
A
mixtad culture is delayod, occwrring at a time botwoen those of the j
parent cultures. 5
Roferences
1. H. P. Rusch, W. sachsonmuer, K. iwhuens aad V. dnater, J. Jell taed.

31, 204 {19ob).

20, ©lh (1%

-

2. E. Quttes, V. R, bovi and S, cuttes, INgoeriontia

3. J. J. Wille and S. A. Kautfran, Biodhwm. bioptys. Acta 07, 158 (00,

4. F. B, Haugli, W. ¥F. Dove and AL Jimenes, Medoc, Goene datet. 108, 07 (970
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TABLE I. TIME TO SEOOND POST-FUSION M1USIS FOR QONTROL, XPOSID, AND MINED

I
CULTURES,

Mixed cultures are formmed from equal volumes of control and exposed miciro-

; pladmodia. In each row is given mean times in hours for cultures eximined

on a particular day. The number in parentheses next to the entry is the

? standard deviation of the moan.  Fntries in colums headed by o "A" are

[ di fferences between the means appearing oa either side of the ontry; the

i average difference is given at the bottom of these coluns.  This table pre-

E sents data taken for 200 secpavate cultures collected on 18 different days

over a period of one year.

CQONTROL A AN A EXIOSI)
14.79 (.09) .33 156.11 (.09) 46 15.57 (.07)
1%.67 (.10) 21 15.92 (.14) .60 16.08 (.0)

1 16.53 (.12) 25 1G6.78 (.12) A9 17.27 (.10)

] 16.11 (.1 2 16.35 (.10) .G7 17.02 (.0G6)
15.24 (.08) 8 15.42 (.15) 18 15,900 (.0v)
158.37 (.02) .02 15.39 (.03) 1.22 1G6.61 (.08)
15.39 (.08) 17 15.56 (.01) .33 15.89 (.03)
15.96 (.0G) 13 16.09 (.07) 7 16.80 (.00)
15.08 (.05) .50 15.58 (.05) .16 15.71 (.03)
15.40 (.11) .G8 16.08 (.08) .23 16.31 (.01

E 15.76 (.041) 15 15.01 (.07) .88 16,79 (.03

3 15.26 (.07) 3 15.60 (.06) .2 15.81 (.03)

[ 16.07 (.03) .10 16.47 (.03) .16 1G6.63 (.08)
15.27 {.06) A1 15.38 (.09) 1.25 16.63 (.10
15.32 (.07) .35 15.67 (.05) .91 1G6.58 (.0D)
15.45 (.11) 21 15.66 (.11) .08 16.21 {.01)
14.82 (.01) A7 14,99 (.01) A2 1511 (.06)
15.38 (.08) 17 15.85 (.04) .38 16.43 (.C7)

m—a




PRELIMINARY DATA

Based on our previous results on the I'MF effects on Physanum axd
those of Rawin ot al. (1978) with brain tissue, two additional experi-
monts ware undertaken w asoortain the IMF effects on calciunm efflux

axd intraovellular A,

CALCIUM EFFLUX

Materials and Methais

Microplasmodia ware maintainad as describexd previously.  BRgerimontal
Qultures were exposed to 45 Hz, 2.0 G, 0.7 V/m and displayed depressed
02 consunption prior to their utilization in these expaeriments. At the
bexjiimnirgg ot an exqoerimnt microplasmxiia fram control and M enviroments

were placed in growth madium to which axogenous calcium salts had boen

excluded.  Microplasmdia tram both control and axperinental environments
waary allowed to qrow tn this meadium for 72 howys wherougaon the cultuees
were harvemtad and inccudated to 25 ml of the sam calgium doficiaont growth
mendiam contatsiimmg a amall amount of radioact iwe 4".'('.\ (1 pCAnl) . Cultwes
woere al lowed O grow in the radioactive medium tor an additional 48 hows.
The ‘5(74 Labe! lod microplasmodia were harvested, washed throe tiumws in 10
volumes of growth iediom and the plaaadial suspension was placed on tilter

pger suppaorted by cotton sponges. Adter aactoplastiodia farmad by aoalesoonee

5 of the microplasmadiag, caleium det icient gruwth aedium without isotopxe

was added. At 15 minute intervals 0.2 ml aligquots ot growth madium were

withlrawn aunl the radiosctivity deteamdneed,

Results wul Discusgion

: several axperiments were perfamesd using the protoools described
] above; dlata trom a typical experinent (s shownn in Figure 1. Based on |
? thes exporimmnts, it agpsus that the rate of 45(21 oef flux is greatev l ‘*
f
|
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in antrol cultures than in & agposal cultures, The degmresasd calcim
eofflux data are scmmiwat similar to those reported by Barin et al. (1978)
whan aarebral tismss frae chickens aul cats wste mbjectai to sula
BYF awiroments. Those data represent thee sommlts ot 7 cagest umsts sai
although preliminary, they indicate that 4% Wz, 2.0 ¢, 0.7 Vm attents.

the movemant of oalcium.

REFERENCE
Bawin, S. A., A. Sheppand, W. R, Adoy. Dmsible machanimms of vk

aelectramagwtic field coupling in bramn tismee. Huoelext soutuse,

Bioenery. 5, 67-70 (1978).
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, FIGEE LAGRD

; Pigwe 1. A plot of ‘5ca efflux, 0 repressuts control cultures and 0

3 pepresmnts cultures esposed to 45 Hr, 2.0 G, 0.7 V/m. These data hawe
bssn acquired from thren individual control and three individual AMF

1
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Materiala axd Methods

Microplasndia from the contiol enviraeent and B% epueed (74 W,
2.0 G, 0.7 VAe) mere harvastand, ventrifugst (250 xy), U qruwth mstoes
was decantad, and the pellet was resuspanded in & vodaes of distilled
water. Triplicate alispots of each suspension (0.2 ml) were plaoal 1n
4.8 ml of Tris-horate buffer pi 9.2 (100°C) to extract the ATP. Aftus

a 5 nirate extraction, the cubes ware plaoced in an ice bath, {ollowd
by cemtrifugotion 250 xg fur 10} at 4° C. The suparmatant was removed
fur MP asssv; nucleic acids were extractsed from the pellet and the
remaining residue was aalysed for protein. NP was measuwed usin; tiwe
luriferin—-lucifersse ansay in wvhich the light emitted is proportional to
the AI? conoentration in the siaple. The proocsdures described by Kimmich
et al. (1975) were usad to prepazre the enzyme solution. Eogenous
luciferin was added to insurc maxime enzyme activity (Karl, Holm, Hsen,
1976). Mezsurensnt of wmittad light was made using the photasultiplicer
assambly of a Tumer fluorameter tha: had besn interfaced to a Hewlett
Packard electronic counter; samples were comted for 10 accomks.

Rasults andd Discussion

Statistical analysis usin: a Figher Sign test (M. Hollander amd
D. A. Wolie, Nonparametric Stat.stical Methods, p. J9tf. (J. Wiley,

New York, 1973).) showe that at the P = 0.14 level XTP concentrations
in eopozed ciltwrves i3 greater than that in amtn? cultanes. Simae
wi have catamarily roquuirad a level ot simitweanoe of at ot

P = 0.05 before we have concluded that an effect akists we regard these

data a8 adicative tat not oonclusive.
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COMPARISON OF ATP LEVELS IN OONTROL AND EMF EXPOSED CULTURES

Specific Activity 'im counts/ug protein)

Trial Cantrol imental

1l 204 261

: 2 252 282
: k} 210 214
: 4 274 212
! S 194 229
6 120 202

7 33 42

; 8 64 100
: 9 88 80
; 10 59 80
1n 49 58

12 51 75

13 43 54

14 35 54

15 105 82

; 16 76 S0
17 142 108

18 66.7 55

L 19 43 53

] * Counts are proportional to the area under the curve of light
intanmity versus time.

EFERCES
Kismich, G. A., J. Randles, and J. S. Brand. Assay of picaole amounts
of AP, AP, and A® using the luciferase enzyme system. Anal. Biochem.

69, 187-206 (1975).

Karl, D. M., and O. Holm-Haneam. Effects of luciferin concentration
an the quantitative assay of ATP using crude luciferase preparations.

Anal. Biocham. 75, 100-112 (1976).
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SUMARY AND CONCLUSIONS

1. Exposure of Physarum polycephalum to extremely low frequency (ELF)
electric (0.035 to 0.7 V/m) and magnetic fields (0.1 to 2.0 G) produces

a decrease in respiration and nuclear division rates in the organism.
These findings are consistent with results of earlier studies performed
at different frequencies and field intensities.

2. Several sets of Physarum cultures have buen exposed continuously
for five years to 75 Hz fields of 0.7 V/m and 2.0 G. After an initial
induction period the exposed cultures exhibited a mitotic cycle that was
oconsistently longer than the control cycle by 0.6 hir. The induced
increase in mitotic cycle length does not become progressively larger
nor does the organism respond by compensating for exposure and slowly
adjust its cycle length to agree again with the controi cycle length.
The abserved decrease in respiration rate exhibits similar behavior.

3. Application of either a 75 Hz, 0.7 V/m electric field or a 75 Hz,
2.0 G magnetic field produces a decrease in growth and respiration rate;
however, the effects are not as large as they are when both fields are
applied similtaneocusly. Either field at these lewvels produces effects
that are statistically indistinguishable fram one another. We conclude
that both electric and magnetic fields play a role in causing physiolojic
changes in the arganism. It appears that these roles are additive when
ane examines the respiration dat.. The roles of the individual fields
in slowing nuclear division are not additive: each field causes the
rate to slow by about 0.4 hr but simultaneous application of the fields
produces a cycle that is only 0.6 hr langer.

4. BExposure of Physarum to simultancous 75 Hz electric and magnetic
fields that are five times weaker (0.14 V/m and 0.4 G) produces effects
that are statistically indistinguishable from those cbeerved when either

PSPPIV E S AP
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a stranger elactric field (0.7 V/m) or magnetic field (2.0 G) is applied
by itself. These and other data suggest that the lower threshold for
efficacy of ane type of field may have bsen passed.

S. Preguancy modulation of the applied electric and magnetic ficld
produces biceffects similar to those cbserved when wsodulated sinewave
fislds are applied. Although the data abtained are not completely self-
consistant, we conclude that frequency modulation of ELF elactramagnetic
fislds at thess lsvels doss not substantially alter the way ELF fields
interact with biclogical systems.

6. No lower (or upper) threshold is cbsarved for effects of ELF fields
an Fhysarum. Electric fislds were applied ranging fram 0.035 V/m to 0.7 V/m;
magnetic fields ranged fram 0.1 G to0 2.0 G. This finding contradicts ane
from an earlier report that ELF fields of 0.15 V/m and 0.4 G produce no
effect in Physarum (11).

7. 'The dose-response relationship betwesn field intensity and magnitude
of the decrease in growth or respiration rate in Physarun is either very
weak or nonexistent at the field intensities we have employed. A
dacrease of field intensitiss by a factor of four fram 0.14 V/m and 0.4 G
to 0.035 V/m and 0.1 G produces no significant difference in response.
We atitribute the large and significant difference in response cbeerved
dhen fields are reduced five times fram 0.7 V/m and 2.0 G to 0.14 V/m
and 0.4 G as being due to passing the lower threshold for ane of the fields.
Vhichever field remains effective at the lower levels has a very flat
dose-response curve.

8. If uvwposed Physarum microp amwodia re mixed with EMF exposed
Physarum microplasmodia, the ancet of synchronous mitosis in the fused
macroplaswdia is delayed. The magnitude of the mitotic delay occurs
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at. an intermediate time Letwean those of the two parent control cultures.
9. The Nationrl Academy of Science review of ocur experiments raised
two questions conoerning 1} the absence of blind sooring mitosis and

2) the possibility that short-lived electrolysis products may hawe induoced
the physiological effects we hae cbhserved. A series of bhlind experiments
on both respiration and the mitotic cell cycle have shown a depregsion
in O, conmmption and a lengthensd cell cycle in EMF exposed cultures(4SHe,3.00,0.7V/m
Elecirolyris a3 a caume of these effects has been ruled out by experiments
in which altered physiological responses were cbserved in cultures expoced
to B¢ in fiasks with siliocon oxide coated electrodes. Similar effects
ware also chuerved using all glass vessels subjected only to magnetic
fislds.

10. Several non-BMWF factors such as incubator differences, divergence in
chromoscme nurber, and ambient electramagnetic fields have been ruled out
as possible sources of cbeerved effects.

11, Preliminary data indicate that ATP levels in IMF-exposed cultures
are elevated relative to nonexposed cultures. Studies on calcium efflux
suggest that the plasma merbrane of control cultures is more permeable to
calcium efflux than that of EMF exposed cultures.
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RECOMMENDAT TONS

We have pointed out in several places that many, fundamental questions
have been raised by the work carried out wnder this contract. All of tuese
deserve further study to understand the basic processes involved in the
biceffects of PMR. There are a few broad axd pressing question, however,
that deserve further investigation.

1. Refinement of ATP and Calcium Ti-ansport Studies, During the last
stages of the contract we developed procedures to examine ATP levels and
Calcium efflux in Physarum exposed to ELF. Preliminary findings indicate
thai: ATP levels in exposed cultures may be greater than those in control
cultures and that calcium ions leak out of exprsed Physarum at a slower
rate campared to control cultures. Definitive statements an these points
cannot be made without improved experimental preciszion. Because of the
furdamental importance of both ATP levels and calcium transport to all ceil
procasses, these experimsnts should be improved, repeated, and elaborated.

2. Examination of Comparable Field and Laboratory Exposures, Our
studies were designad to examine the effect of a single factor, namely,

exposure to ELF fields. This, of course, makes good sense fram a
scientific point of view but it presents certain difficulties (often hidden)
to those seeking to translate our findings into meaningful terms for assessing
potential hazards of an ELF tramitter. In simple terms the difficulty
may be stated in the form of a question: When an organism is moved from
pristine laboratory conditions to a situation where it is buffeted by
variations in factors such as temparature and hamidity, are the effects

of ELF fields enhanced or diminished? Because the basic mechanism of inter-
action betwsen ELF fields and bialogical systems i3 not known, it is
virtually impossible to answer this question without the bunefit of
epirical evidence. We believe that cbeervations should be parformed on
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organisms aposed to ELF fields in the envizoent and that these cbserva-
tions should be compared with those made on organiams exposed to comparable
fields in the laboratory. Purthermore, because of the similarity of ticlds
under powar tranamission lines to those anticipated near an EF anterna
(cf. National Academy of Sciences Report, p. 118) this type of an experinent
cnild easily be conducted either at the Clam Lake site Or near power
tranmmission lines. Sinoce tranemission lines are energized continually
undar farily constant loads, the latter setting would sesm to offer several
adventages .

3. Ruls Out the large Size of Physanm Microplassodia as a
Cantributing Factor to Chesrved Effects The National Academy of Sciences
Report suggested that because Physarum microplasmodia are as much as ton
times larger than some mmmsalian cells they may exhibit an extr.ordinary
sansitivity to EF fields. This hypothesis should be tosted by exposing
P. amosbas to ane or two selected EIF fields. P. aoebae are morphologically
and physioclogically similar to mssmalian cslls in all respects except that
they are much sispler to raise in culture for extendsd periods of time.

TO ane acquainted with the subtleties of exparimental deasign this
might seem ot first blush to be a foolish proposal to make. Would not
mowving the cultures cutdcors make cbservations due to EMF exposure more

difficult to cbsarve due to variations caused by unoontrulled factars,

and thus make cbssrvation of any effects due to ELF more difficult? The
answear is m>. We are suggesting a tesat of the hypothesis that variations
in external factors other than ELF fields, have a synergistic effect on
tie interaction of EF fields with biolcgical crganioms. It may be

that the msjor stress of occasional extreme temperature/hmidity/gecmametic
fisld/otc. veariations may overvhelm an organism to the point that minor
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to raise in culture for extended periods of time.
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