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Effects of Weak Amplitude-Modulated 
Microwave Fields on Calcium Efflux 
From Awake Cat Cerebral Cortex 

W.R. Adey, S.M. Bawin, and A.F. Lawrence 
Veterans Administration Hospital (W.R.A., S.M.B., A.FL) and School of Medicine, 
Loma Linda University (W.R.A., S.M.B.), Loma Linda, California 

Calcium (45Ca2+) efflux was studied from preloaded cortex in cats immobilized under local 

anesthesia, and exposed to a 3.0-mW/cm2 450-MHz field, sinusoidally amplitude modulated at 

16 Hz (modulation depth 85%). Tissue dosimetry showed a field of 33 V /m in the interhemispheric 

fissure (rate of energy deposition 0.29 W/kg). Field exposure lasted 60 min. By comparison 
with controls, efflux curves from field exposed brains were disrupted by waves of increased 
45Ca2+ efflux. These waves were irregular in amplitude and duration, but many exhibited periods· 
of 20-30 min. They continued into the postexposure period. Binomial probability analysis 

indicates that the field-exposed efflux curves constitute a different population from controls at a 
confidence level of 0.96. In about 70% of cases, initiation of field exposure was followed by 
increased end-tidal CO2 excretion for about 5 min. However, hypercapnea induced by hypo

ventilation did not elicit increased 45Ca2+ efflux. Thus this increase with exposure does not 

appear to arise as a secondary effect of raised cerebral CO2 levels. Radioactivity measurements 

in cortical samples after superfusion showed 45Ca2+ penetration at about I. 7 mm/hr, consistent 

with diffusion of the ion in free solution. 

Key words: microwave fields, calcium efflux, cerebral cortex, arousal 

INTRODUCTION 

Behavioral and neurophysiological responses have been reported following exposure 
of the mammalian central nervous system to radio frequency fields sinusoidally amplitude 
modulated or pulse modulated at frequencies below 1.0 kHz. These responses have been 
elicited with incident fields in the range from 1 to 10 mW/cm2

, and do not involve direct 
stimulation of auditory or other sensory receptors reported with fields in excess of 50 
mW/cm2 [Chou et al, 1976], nor are they attributable to either local or general thermal 
effects. Behavioral effects have included modified sensitivity to psychotropic drugs [Thomas 
et al, 1979] and altered free-field behavior [Sagan and Medici, 1979]. Altered electroen-
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cephalographic (EEG) activity has been reported during and following prolonged exposure 
to these low-level sinusoidally and pulse modulated radio- and microwave fields [Servantie 
et al, 1975; Bawin et al, 1973; Takashima et al, 1979]. Sinusoidal modulation at the 
dominant frequency of major EEG components that occur in different brain structures 
has been shown to elicit a gradual enhancement of these components during exposure 
[Bawin et al, 1973]. Other studies have reported sharp and persisting alterations in energy 
distribution across the EEG spectrum following irradiation [Takashima et al, 1979]. In 
these studies components of these fields in brain tissue of cats were measured at 50-150 
mV/cm with incident 450-MHz fields of 1.0 to 5.0 mW/cm2 [Adey et al, 1981]. Internal 
fields thus approximated the· magnitude of EEG potential gradients across the dimensions 
of a single cell [Elul, 1962]. At these levels, the impressed fields were effective in 
entrainment of the electroencephalogram at levels as much as six orders of magnitude 
less than the transmembrane potential. 

A first approach to electrochemical substrates for these tissue interactions has been 
by identification of field-induced modifications of calcium binding and efflux in isolated 
cerebral tissue [Bawin et al, 1975; Bawin et al, 1978; Blackman et al, 1979] and in 
organelle fractions (synaptosomes) from cerebral tissue [Lin-Liu and Adey, 1981]. These 
studies have disclosed a modulation frequency "window" between 6 and 20 Hz for 
increased 45Ca2+ efflux, and also an amplitude "window" around 1.0 mW/cm2 for eliciting 
an optimal increase in 45Ca2 + efflux [Bawin et al, 1978; Blackman et al, 1979; Blackman 
et al, 1980]. 

Comparable ionic effects have not been previously reported in the brains of intact 
subjects. The present study has examined changes in cortical 45Ca2• efflux in awake, 
immobilized cats exposed to a 450-MHz field, sinusoidally modulated at 16 Hz. The 
ability of this field to act as an arousing stimulus has been tested, using CO2 levels as 
an index of response. It is concluded that changes in the efflux of brain calcium elicited 
by the field are not secondary to metabolically induced variations in cerebral CO2 levels. 

METHODS 
Surgical Preparation 

Twenty-three female cats weighing between 2.8 and 3.6 kg were used. All surgical 
manipulations were performed under ether anesthesia. Tracheotomy permitted artificial 
respiration and an infrared gas analyzer (Godart capnograph) displayed end-tidal CO2 

levels for each breath. This was maintained at a baseline level of 4% throughout the 
experiment, but was changed during imposed episodes of hyper- and hypoventilation. In 
previous studies using this cat preparation, blood levels Qf CO2 have been equated with 
these end-tidal measurements [Adey, 1974]. The level was also allowed to increase as 
an index of arousal following onset of field exposure. The cerebral cortex was exposed 
through a 12-mm-diameter trephine hole centered over the right suprasylvian cortex. The 
dura mater was carefully removed and the subdural space at the margins of the aperture 
was lightly packed with gelatin foam and bone wax to make a light seal against cere
brospinal fluid from outside the exposed area. A plastic cylinder was then fitted in the 
aperture, making gentle contact with the pial surface. The cylinder was filled with 1.0 
ml of physiological medium (155 mM NaCl, 5.6 mM KCl, 2.16 mM CaClz, 2.4 mM 
NaHCO3 , 10 mM D-glucose) at 37 °C. This fluid was completely replaced at 10-min 
intervals (see below). The atlantooccipital membrane was opened through a suboccipital 
incision to maintain a steady drainage of cerebrospinal fluid from the posterior cranial 
fossa. 
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At the conclusion of surgery, all skin incisions and pressure points were infiltrated 
with 1.0% procaine solution. Ether anesthesia was discontinued and the animal immo
bilized with gallamine triethiodide IV 10 mg/h. Artificial respiration was maintained 
through a tracheotomy. The cat was placed in a plastic headholder designed for microwave 
irradiation while maintaining stereotaxic coordintes if needed. Rectal temperature was 
monitored with a thermistor probe that was removed from the animal's environment in 
the exposure chamber 30 min prior to the onset of irradiation. 

Calcium Efflux Measurement 

The cortical well superfusion technique used here followed earlier developments 
in this laboratory [Kaczmarek and Adey, 1973]. Fluid in the well was replaced at 10-
min intervals for 30 min during recovery from ether anesthesia. It was imperative to 
ensure that all bony bleeding ceased and that well fluid remained crystal clear before 
commencing incubation with 45Ca2 +. Thereafter, incubation began, using 1.0 ml of 
physiological medium (described above) in the well, now containi~g 20 µCi of 45Ca2 + 

(specific activity, 0. 735 Ci/mmol). After a 90-min incubation, this radioactive solution 
was removed and replaced with 1.0 ml of nonradioactive medium. This solution was 
completely exchanged by pipetting at 10-min intervals, and two aliquots, each 0.2 ml, 
were taken for liquid scintillation counting after dilution with a scintillation cocktail 
(Dimilume, Packard). All samples were counted twice, once by rapid counting during 
the experiment and again to 1 % accuracy within 24 h of the end of the experiment. 
Animals were euthanized by an overdose of pentobarbital. Depth of diffusion of 45Ca2+ 
into the cortex was evaluated from whole-thickness cortical samples from within the well 
that extended into subcortical white matter. Similar samples were taken from homotopic 
regions of the opposite hemisphere to test for leakage of radioactive solution from within 
the test well. These samples were sectioned in slabs approximately 1.0 mm thick parallel 
to the cortical surface. The slabs were dissolved in a digestive medium (Soluene 350, 
Packard) and the 45Ca2+ uptake determined by scintillation counting. 

Microwave Exposure Techniques and Tissue Dosimetry 

All animals were exposed to a 450-MHz field in a horn radiator, lined, and ter
minated with absorbent material to form an anechoic chamber. This chamber is 7 wave
lengths long at 450 MHz and allows exposure under "semi-far field conditions" in a low 
standing-wave field. A volume in excess of 1.0 m3 at the exposure site has an SWR of 
1.2: I or less when unperturbed by biological preparations. The electrical characteristics 
of the chamber has been calibrated by H. Bassen (Bureau of Radiological Health). The 
chamber is equipped with an environmental control system and maintained at 28 °C and 
30-40% humidity. In the efflux experiments, cats were oriented at right angles to the 
incident field, with the exposed cortex of the right cerebral hemisphere illuminated by 
the field. Dosimetry between the cerebral hemispheres was performed with the cats in 
the same orientation and also with the long axis of the body parallel to the direction of 
field propagation [Adey et al, 1981]. 

The field generating system comprised a low frequency waveform generator (Wav
etek Model 159) as an amplitude modulator for a phase-locked loop-controlled 450-MHz 
signal generator (Wavetek). A 16-Hz sine wave was used to amplitude modulate the 
signal to a depth of 85% and its output was applied to a broadband linear power amplifier 
(Ailtech, Model 35512) with a maximum output of 80 W. Depth of modulation was 
monitored with an oscilloscope and with an inline modulation meter/forward power meter 
(Bird, Model 5483). Field levels at the animal's location in the exposure chamber were 
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TABLE 1. BRH 3-Dipole Probe Calibration. Implantable Probe Response in Air Within a Crawford 
Cell at 450 MHz 

Field intensity in Handle perpendicular, 
Input cell (calculated) dipole 3 parallel to Eb 
(W) (mW/cm2) (V ± SD) 

0.848 0.50 
l.272 0.75 (2)•0.0721 ± 0.0010 
1.696 1.00 (4) 0.0994 ± 0.0012 
2.544 1.50 (2) 0.1521 ± 0.0010 
3.392 2.00 (2) 0.1961 ± 0.0015 

•Numerals in parentheses indicate the number of measurements. 
IYfhe Narda 3-Dipole Probe was used for these measurements. 
'BRM tissue implantable probe. 

Handle perpendicular, 
substrate parallel to Ee 

(V ± SD) 

(4) 0.0078 ± 0.0004 
(6) 0.0018 ± 0.0006 
(6) 0.067 ± 0.0006 
(6) 0.0255 ± 0.0009 
(3) 0.0331 ± 0.0010 

measured (in the absence of a cat) in two ways: with a commercial field intensity probe 
(Narda, Model 8300); and with an experimental triple dipole probe provided for collab
orative studies in tissue dosimetry (H. Bassen, Bureau of Radiological Health). A rela
tionship between the sensitivity of this triple dipole probe and an implantable tissue probe 
was established by exposing both to the same 450-MHz fields in a Crawford cell (Table 
l, from Adey et al (1981]. Field levels were adjusted to 3.0 mW/cm2 in all experiments. 
Harmonic and spurious content of the RF signal was periodically measured with a spectrum 
analyzer (Tektronix, Model 7L13), as a check against partial failure of the output tran
sistors in the power amplifier. 

Tissue field levels were measured in separate studies. The implantable BRH probe 
was placed between the cerebral hemispheres on the dorsal surface of the corpus callosum 
under pentobarbital anesthesia. Measurements were made in the vicinity of the genu of 
the corpus callosum and at a second location 1.0 cm posterior to the first recording site. 
Each measurement was repeated after successive rotations of the probe 120°. The three 
readings were then used to derive a mean tissue field intensity. With an incident field of 
3 mW/cm2 (106 V/m in air), and the cat oriented transversely to the field, the internal 
field at the anterior brain placement was 33 V/m (rate of energy desposition 0.29 W/kg). 
Readings at the posterior placement was slightly lower. All 45Ca2 + efflux studies were 
made with the cat in this orientation. However, it may be noted that internal fields were 
substantially higher with the cat oriented longitudinally in the field. The same 3-mW/ 
cm2 field then produced 37 V/m (0.46 W/kg) at the anterior brain site and 44 Vim (0.65 
W/kg) at the posterior placement; the consistently higher readings posteriorly with a 
frontally incident field suggests a "hot spot" in the posterior cerebral structures [Adey et 
al, 1981], attributable to whole body antenna effects in the longitudinal orientation, as 
noted previously for the rat [Chou and Guy, 1977]. 

Field exposure lasted 60 min and was initiated at different times after completion 
of 45Caz+ incubation of the cortex. Intervals ranging from 80 to 120 min were tested for 
possible differences in efflux patterns. This was done to preclude factors that might be 
timelocked to the 45Ca2 + incubation period and might also play a causal role in the 45Ca2 + 

efflux perturbations that appeared concurrently with the microwave field exposure. 

Data Analysis Methods 

Integrated counts from efflux samples collected at 10-min intervals were stored in 
an online disc file of a PDP-11/70 computer system. Initial processing of the efflux data 
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was done interactively, using a program devised for the purpose (A.F. Lawrence). Ex
amination of data from all experiments confirmed the hypothesis that the efflux follows 
a curve consistent with the sum of several exponential terms, and could be well approx
imated by a curve of the form: 

that is, 

where ti is the time at the end of the ith collection interval. Since the graph of this function 
has two approximately linear branches, the next step was to compute straight line ap
proximations to each of the branches. 

A standard linear regression technique was used to develop these approximations 
interactively. First and last points of the branch were visually approximated. The linear 
regression was then computed and the straight line plotted over the broken line graph of 
the log-transformed data. Regression coefficients and intercepts, translated as lambda 
coefficients and counts at time zero, were also displayed. These numbers represent the 
best fit by a single term decay curve over the branch selected. Computation of the mean 
of the relative squared deviation was performed to assess the variability of the log
transformed data over the branch selected. The actual expression for thi.s quantity is as 
follows: 

L [C-D·] 2 

~ -'' 
i = F Ci 

where Ci - computed approximation 

Di data value 

F first time point 

L . - last time point 

If we write the regression line as 

In C(t) = -'X.t + a 

then the computed approximation is 

Where ti is as already described. The mean squared relative deviation (MSRD) was used 
in subsequent analysis. · · 

The next step in the analysis was to pair control and field exposure runs. This was 
done under the constraint that the numbers of data points in each curve,of the pair were 
equal, or differed by no more than one. When the pairing was made, two sequential 
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TABLE 2. Deviations From Predicted 45Caz+ Efflux Curves From Cerebral Cortex oflndividual 
Cats: Summed [Relative Deviations]2* 

First segment Last segment 

Ni 

~ 
Ni 

~ Field L Sham Field L Sham 
N; j - l pi N; j - l pi 

4 0.010 0.013 10 0.116 0.076 
7 0.038 0.046 12 0,078 0.013 
6 0.125 0.037 7 0.358 0.028 
7 0.024 0.021 10 0.127 0.081 
5 0.036 0.057 12 0.232 0.057 
5 0.043 0.066 12 0.188 0.055 
5 0.101 0.010 10 0.179 0.057 
5 0.012 0.033 9 0.147 0.017 

Deviations from Predicted 45Ca Efflux Curves Cat Cerebral Cortex In Vivo: Combined Data (Eight 

Paired Subjects) Ni ( )2/ 
fi~l -~- _ fN; 

Before exposure Exposed 

IN, Field Sham IN; Field Sham 

44 0.094 0.080 82 0.132** 0.068 

*N, = number of efflux samples; Pi = predicted efflux; Di = Deviation from Pi. Field exposure: 450-MHz, 
3 mW/cm2

, 16-Hz modulation. 
**Confidence level: One-tailed binomial probability that the curves are from different populations is 0.968. 

segments were selected in the efflux curve for each field exposure, as described under 
Results. Each first (preexposure) segment gave at least five data points. The second 
(exposure and postexposure) gave at least eight data points. At the same time, comparable 
first and second segments were selected from control runs. In each case, the duration of 
the control segment was exactly the same as the corresponding segment of the paired 
field exposure curve. Also, starting and ending times for the control segments were within 
10 min of those in the field exposure segments, using the termination of the cortical 
exposure to the radioactive equilibrating solution (or onset or efflux sampling) as the zero 
time reference. 

The next computing step tested the choice of segments of field-exposed and control 
curves to ensure correspondence with the linear branches of the graphs of the log
transformed data. This was confirmed by visual inspection. At the same time, the summed 
squared relative deviation values for each of the segments were calculated from the MSRD 
values given by the computer (See Table 2). 

RESULTS 
Release of 45Ca2 + From Cerebral Cortex 

Calcium efflux from the cerebral cortex followed an exponential contour with three 
distinct phases, as noted in previous experiments in the awake cat [Kaczmarek and Adey, 
1973]. There was an initial phase of rapidly declining efflux, presumably arising from a 
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', 
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~ ~ I~ lro 210 

TIME (MINUTES) 

Fig. I. Efflux of 45Ca2+ from preloaded cat cerebral cortex in two experiments. Increased efflux in comparison 

with the control occurred during and following exposure for I h to a 3-mW/cm2 450-MHz field, sinusoidally 

modulated at I 6Hz. This curve of increased efflux shows slow oscillations sustained beyond the exposure 

epoch. 

pool of weakly bound 45Ca2+, and lasting about 10 min from the removal of the radioactive 
equilibrating solution. This was succeeded by an intermediate phase in the collection 
period from 20 to 80 min, with a reduced slope to the efflux curve. Thereafter, and often 
with a distinct inflection in the curve, a third phase began which continued with a gentle 
slope to the conclusion of the experiment, usually 180-210 min from the beginning of 
sampling. As noted above, the 60-min irradiation period began 80-120 min after incu
bation of the cortex with 45Ca2 + . 

By comparison with controls, efflux curves from field exposed brains were disrupted 
by waves of increased 45Ca2 + efflux. These waves were irregular in amplitude and 
duration, but many exhibited periods of 20-30 min (Fig. 1). They continued into the 
postexposure period. Data are presented for two epochs; one, lasting from 30 min after 
sampling started to 10 min before onset of microwave exposure, and .the other from 20 
min after field onset to the end of the experiment. Curve fits were also obtained from 
matching epochs from control experiments, as described in the Methods section. 

In comparing the curves of 45Ca2 + efflux from control and exposed cortex, the 
mean squared relative deviation (MSRD) of the efflux from the predicted curves was 
used in the subsequent analysis. As shown in Table 2, the total variance in preexposure 
epochs was the same for field exposure and control data across all experimental runs. By 
contrast, the totals of variance in the samples from exposed cortex showed a marked 
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increase in variability as compared to the corresponding control data. The results may 
be stated another way. In the control runs, mean relative variance decreased at later 
times, while in the field exposure runs, mean relative variance increased. Detailed ex
amination of Table 2 shows that in the sham group only three of eight curves exhibited 
increased variance between the first and last segments and these were small. Seven of 
eight field exposure curves showed a large increase. In the eighth experiment, there was 
also a small increase. Thus, the probability of seven or more in a series of eight experiments 
showing an increase is about 0.006, given that the probability of a single experiment 
showing an increase is three-eighths. This shows that the pattern of variability exhibited 
by the data is highly unlikely to arise by chance. This one-tailed binomial probability 
analysis has a confidence level of 0.968 that the curves are from different populations. 
However, by the nature of the binomial approach, this figure does not reflect the large 
differences noted between the two populations (Table 2). 

Elevation of End-Tidal Respiratory CO2 Levels at Onset of Field Exposure 

It was observed that in about 70% of cases that initiation of field exposure was 
followed within 1-2 min by a progressive rise in end-tidal CO2 (measured in the trachea) 
for about 5 min. From resting levels of 3.9-4.0%, peak levels reached 4.7-4.9%, there
after returning gradually to baseline levels, even though the field exposure was maintained 
(Fig. 2). Moreover, if the exposure were interrupted for 2 min after the initial response 
and then resumed, there was frequently a second peak in CO2 excretion. When field 
exposure was initiated at times of apparent behavioral sleep, characterized by slit-like 
pupils and lowered CO2 excretion, the CO2 response to the field was larger in amplitude 
and accompanied by pupillodilation. Similar responses were elicited from sleeping animals 
by firm squeezing of the paw. 

These findings raised questions of possible relationships between blood CO2 levels 
and rates of cerebral 45Ca2+ efflux. Are the observed changes in efflux with field exposure 
secondary to an arousal response which is accompanied by increased metabolism asso
ciated with raised circulating CO2 levels? Or do the efflux changes constitute a primary 
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o' 2 4 6 8 10 12 
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Fig. 2. Transient increase in end-tidal CO2 at onset of exposure of cat to a 3-mW/ciµ2 450-MHz field, 16-
Hz sinusoidal modulation. 
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cerebral response to field exposure independent of these transient shifts in circulating 
CO2? To test these hypotheses, ventilation levels were varied concurrently with meas
urements of 45Ca2+ efflux. 

45Ca2 + Efflux and Concurrent End-Tidal CO2 Levels 

End-tidal CO2 levels were accurately controlled to within 0.1 % by adjustment of 
the depth of respiration; the respiration rate was only rarely changed from a median of 
19/min, with a concomitant end-tidal CO2 level of 4.0%. Figure 3 compares two typical 
efflux curves during exposure to a 450-MHz field with an efflux curve in which transient 
hypoventilation raised CO2 levels from 3.9 to 4.0%. 

No perturbations in cerebral 45Ca2 + efflux occurred during or following transient 
hypoventilation (Fig. 3, lowest curve), whereas field exposure either raised CO2 excretion 
and perturbed 45Ca2 + efflux (upper trace) or perturbed the 45Ca2+ efflux in the absence 
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Fig. 3. End-tidal CO2 levels and associated 45Ca2+ efflux in cats manipulated by microwave field exposure 
and hypoventilation. Percentage CO2 in expired air is shown in figures plotted along each curve. Top curve: 
increased CO2 excretion at onset of field exposure and concomitant increases in 45Ca2+ efflux induced by field 
exposure, without an increase in CO2 excretion. Low trace: repeated hypoventilation raised end-tidal CO2 

without altering 45Ca2+ efflux. (All curves were normalized to same arbitrary value of initial efflux, and then 
displaced with respect to first point of middle curve for clearer display. Ordinate scale: 45Ca2+ efflux for 
successive points on each curve.) 
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of altered CO2 excretion (middle trace). The data therefore support the view that the 
altered cerebral 45Ca2 + efflux induced by the field may occur in the absence of a significant 
increment in CO2 excretion, and on the other hand, is not secondary to raised cerebral 
CO2 levels. 

Depth of Penetration and Rate of Diffusion of 45Ca2 + in Cerebral Cortex 

The time interval between first exposure of the cortex to the radioactive calcium 
solution and termination of sampling was approximately 5.5 h (90-min equilibration and 
240-min sampling of efflux). From radioactivity measurements at known depths in the 
cortex on termination of the experiment, general approximations can be derived for the 
depth of penetration and rates of movements of the calcium ions in cortex. Slabs 1.0 mm 
thick cut parallel to the cortical surface 5. 3 h after commencement of incubation showed 
typical radioactivity counts (cpm/g) in successive slabs from the cortical surface of 3.3 
x 105, 1.8 x 105, 3.2 x 104, 1.8 x 103

• Movement occurs at about 1.7 mm/h, 
consistent with diffusion of the ion in free solution [Adey, 1971]. Also, most of the 
calcium was localized in the outer 3.0 mm of cerebral tissue, corresponding quite well 
with the thickness of cortical gray matter in this region. 

Measurements from similar slabs cut from the homotopic cortical area in the opposite 
hemisphere (fitted with an identical plastic superfusion well containing nonradioactive 
physiological medium) showed only very low levels of radioactivity in the surface slab, 
and no detectable activity at deeper levels. It is concluded that leakage of radioactive 
solution from the superfusing well to surrounding cortical areas was not significant. 

DISCUSSION 

This study has shown modified calcium efflux from intact cerebral cortex and a 
physiological arousal as responses to a sinusoidally modulated microwave field. Field 
amplitude and modulation frequency were selected on the basis of related previous studies. 
Stimulation of this same suprasylvian cortical area in the cat with 1.0 msec pulses at 200/ 
s at intensities producing tissue gradients around 100 m V/cm (similar to peak levels of 
induced microwave fields in this study, and to the amplitude of the electroencephalogram 
(EEG) measured at cell dimensions in the fluid around brain neurons), elicited increased 
efflux of both calcium and the inhibitory amino acid transmitter GABA [Kaczmarek and 
Adey, 1974]. The 16-Hz modulation frequency was selected on the basis of optimal 
interaction of a 147-MHz field with freshly isolated chick cerebral hemispheres, in which 
it produced the largest increase in calcium efflux for modulation frequencies over the 
range 0.5 to 35 Hz [Bawin et al, 1975; Blackman et al, 1979]. 

Increases in calcium efflux for field-exposed isolated chick cerebral hemispheres 
and electrically stimulated intact cat cerebral cortex were similar, with mean values for 
increased efflux in the range 10 to 15%. Decreased calcium efflux by about the same 
amount from chick cerebral hemispheres was reported with far weaker ELF fields that 
produced tissue gradients estimated at 10-7 V/cm [Bawin and Adey, 1976]; but here also 
peak effects were observed at ELF frequencies in the vicinity of 16 Hz. These observations 
on chick cerebral hemispheres at ELF have recently been extended by Blackman et al 
[1981], with findings of increased, rather than decreased, efflux and disclosure of ad
ditional amplitude windows between 1 and 100 V/m in air. 

Mechanisms that might underlie these frequency and amplitude windows have been 
considered elsewhere [Adey and Bawin, 1977, 1980; Adey, 1980, 1981a]. Findings in 
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the present study that the modulated microwave field induced slow, cyclic perturbations 
in calcium efflux which persisted substantially beyond the end of field exposure direct 
attention to a possible multiplicity of tissue pools binding calcium. Calcium ions may be 
exposed to markedly different binding energies in interactions with linear macromolecules 
[Kretzinger, 1981]. Katchalsky [ 1964] pointed out that there are two broad classes of 
interactions between calcium ions and the glycoproteins that lie at cell surfaces and form 
the intercellular cement. There is a prime action involving over 80% of all groups amenable 
to statistical pairing which leads to rather stable bonds of the calcium ion with two 
neighboring fixed charges. The remaining fixed charges (less than 20% of the total) act 
as lone charges; to utilize the lone charges, any additional Ca2 + ions must join two groups 
on different polymolecules. These minority linkages betwen adjacent strands of cell 
surface polymolecules are much weaker than those between adjacent sites on the same 
molecular strand, and we may hypothesize that they are therefore more easily disrupted 
by imposed electric fields. 

The observed efflux of calcium from any tissue will therefore depend on contri
butions to the general extracellular fluid flux from these two major pools of bound calcium, 
and possibly from others. Their respective contributions to the calcium efflux will depend 
on the amplitude of imposed electrochemical fields, with the clear possibility of "windows" 
in effective field intensities producing optimum effects [Bawin and Adey, 1976; Blackman 
et al, 1979, 1980, 1981; Joines et al, 1981]. The sign of the resulting efflux changes 
(increase vs decrease) may be complexly determined by interactions between ions mo
bilized from the two main pools cited previously as they relocate at higher an.ct lower 
energy binding sites characterizing these pools. Conflicting findings in the sign of efflux 
changes reported in closely related experiments may also apparently arise in differences 
in ELF field conditions, with electric fields reducing efflux [Bawin and Adey, 1976] and 
a combined electric and magnetic field increasing efflux [Blackman et al, 1981]. 

Efflux from the cortical surface over periods of an hour or more may be influenced 
by altered calcium binding at sites in the depths of the cortex, since this and previous 
studies [Adey, 1971; van Harreveld et al, 1971] have shown that calcium ions move in 
cortex at rates approaching diffusional velocities around 1.5 mm/h. This longitudinal 
ionic movement at the surface of polyionic macromolecules is relatively free [Metzner, 
1965], despite immobilization of most cations at cell surface polyanionic macromolecules 
in the counter-ion layer. Obviously, efflux changes observed at the cortical surface will 
be influenced by secondary interactions as the ions move along polyanionic sheets toward 
the surface from their original binding sites in pools at deeper levels in the cortex. 

Further evidence that it is the extracellular calcium pools that are associated with 
EM field interactions comes from use of lanthanum to block transmembrane movement 
in cerebral tissue; sinusoidally modulated 450-MHz fields continued to elicit modified 
45Ca2 + efflux after lanthanum blockade, but the response involved decreased efflux, in 
contrast to the increase occurring without lanthanum [Bawin et al, 1978]. In vitro studies 
with cerebral synaptosome fraction have also shown a sensitivity to 0.4-mW/cm2 450-
MHz fields sinusoidally modulated at 16 Hz [Lin-Liu and Adey, 1982]. The rate constant 
for 45Ca2 + efflux in the second phase of a two-phase efflux process increased by 38%. 
Unmodulated or 60-Hz modulated fields were not effective. These changes in efflux 
probably did not involve intracellular calcium. 

In these cat experiments, hypercapnea induced by hypoventilation produced no 
correlated changes in calcium efflux, although onset of microwave field exposure was 
frequently associated with a transient increase in expired CO2• We conclude that the 
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increased cerebral calcium efflux also initiated by field exposure is not secondary to 

altered circulating levels of CO2 • It should be emphasized that end-tidal CO2 levels were 

maintained at constant 4.0% in all these efflux experiments except where the effect of 

onset of field exposure on CO2 excretion was specifically tested. In in vitro experiments, 

calcium efflux was enhanced by addition of hydrogen ions, and inhibited in the absence 

of normal bicarbonate levels [Bawin et al, 1978). 
This transient increase in CO2 efflux at the onset of field exposure is consistent 

with an arousal response, an interpretation compatible with EEG entrainment associated 

with exposure of cats [Bawin et al, 1973) and rabbits [Takashima et al, 1979) to RF 

fields with sinusoidal ELF modulation. The present experiments do not address possible 

cellular mechanisms mediating these responses. However, our parallel studies have in

dicated that these imposed EM fields modify Ca-dependent mechanisms in the transductive 

coupling of important electrochemical stimuli at the membrane surface. These include 

the modification of cell-mediated cytotoxic responses of T lymphocytes [Lyle et al, 1982) 

and the sensitivity of cultured osteoblasts to the peptide parathyroid hormone (PTH) and 

the subsequent activation of the enzyme adenylate cyclase bound internally to the mem

brane [Luben et al, 1982). 
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Low Frequency Amplitude Modulated 
Microwave Fields Change Calcium Efflux 
Rates From Synaptosomes 
S. Lin-Liu and W.R. Adey 
Veterans Administration Hospital (S.L.-L., W.R.A.) and School of Medicine, Loma Unda 
University (W.R.A.), Loma Unda, California 

Calcium(45Ca2 +) efflux from preloaded synaptosomes was studied with a continuous perfusion 
technique and the rate constants of a two-phase efflux process calculated. When 16-Hz sinu
soidally amplitude modulated 450-MHz microwave field (maximal incident intensity 0.5 mW/ 
cm2, modulation depth 75%) was applied during the second phase, the rate constant increased 
by 38%. Unmodulated or 60-Hz modulated signals were not effective. This microwave field
induced change can be distinguished from CaCb-stimulated 45Ca2 + efflux which is most probably 
derived intracellularly. These data suggest that the microwave-field-induced change in calcium 
efflux probably did not involve intracellular calcium. Also, this change in the dynamic prop
erty of synaptosomes did not require gross anatomically intact tissue as a substrate for field
tissue interaction. 

Key words: microwave fields, calcium efflux, synaptosomes, rate constants, perfusion 

INTRODUCTION 

Previous studies from this laboratory and elsewhere [Bawin et al, 1975, 1978; 
Blackman et al, 1979] showed that radio frequency fields, amplitude modulated at brain 
wave frequencies, increased 45Ca2 + efflux from isolated chicken cerebral hemispheres 
loaded with radioactive calcium. This effect was hypothesized to arise from stimulated 
release of calcium from membrane-binding sites. The hypothesis was supported by results 
obtained through manipulation of the concentration of hydrogen and lanthanum ions in 
the bathing solution [Bawin et al, 1978]. Addition to the bathing solution of hydrogen 
ions, which compete for membrane-binding sites with the calcium ions, enhanced the 
effect of field stimulation. In the presence of lanthanum ions, which inhibit transmembrane 
calcium movement and decrease calcium efflux from the tissue, field stimulation induced 
a further decrease in calcium efflux. Although these results strongly suggest that certain 
extracellular cationic binding sites are involved in the transaction of weak extracellular 
electrochemical events, further information on the calcium-membrane interaction is nec
essary before these binding sites can be identified. However, in whole hemisphere prep
arations experimental manipulation of membrane properties is very difficult. 
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The need to explore the membrane surface prompted us to use synaptosomes, which 

are nerve terminals prepared from gently homogenized brain tissue. The membranes of 

these small terminal bodies reseal after their separation from the nerve fiber. Since their 

first isolation in 1962 [Gray and Whittaker, 1962] synaptosome preparations have been 

extensively studied in many laboratories [Jones, 1975, for review]. When viewed with 

a transmission electron microscope, each individual synaptosome is an isolated entity 

resembling a synaptic terminal in situ, about 0.7 µm average in diameter and consisting 

of a presynaptic membrane enclosing numerous synaptic vesicles and frequently a few 

mitochondrial profiles. The synaptic junction and postsynaptic membrane usually have 

characteristics typical of brain chemical synapses. Since the synaptosomes are in direct 

contact with the bathing solution, their membrane properties can be easily manipulated 

as compared to whole brain or tissue slices. Although these preparations also contain 

membranes of nonsynaptic origin [see Jones, 1975, for review], they have many of the 

properties of synapses. These include selective membrane permeability to various mono

and divalent ions [Carvalho and Carvalho, 1979] and specific binding and uptake of 

neurotransmitters [Redburn et al, 1976; Enna and Snyder, 1975]. Negative resting mem

brane potential has also been detected [Blaustein and Goldring, 197 5]. Electrical and 

chemical stimulation depolarize the membrane, and stimulate calcium uptake and neu

rotransmitter release [Redburn et al, 1976; Blaustein, 1975]. Beside receptors for neu

rotransmitters, receptors for the lectin concanavalin A (con A) and for opioid drugs have 

been detected on synaptosomal membrane [Matus et al, 1973; Terenius, 1973]. These 

properties emphasize that the lipid bilayers and glycoconjugates are probably well pre

served in synaptosomal preparations. Since these surface macromolecules may provide 

the substrates for field-tissue interaction, we tested synaptosomal sensitivity to microwave 

fields in the present study. 
Calcium (45Ca2+) efflux from preloaded synaptosomes was studied with a contin

uous perfusion technique. We found that a weak microwave field, amplitude modulated 

at 16 Hz, affected synaptosomal calcium efflux, but unmodulated or 60-Hz-modulated 

fields had no effect. These studies were performed in a calcium-free medium to minimize 

Ca-Ca exchange between the intra- and extracellular compartments. An attempt was also 

made to distinguish the intra- and extra-cellular origin of the calcium efflux by stimulating 

intracellular 45Ca2 + release with transient increase of CaC}z in the perfusing medium 

[Blaustein, 197 4]. We also perfused synaptosomes at various temperatures to study the 

temperature sensitivity of calcium efflux. However, with the microwave field intensities 

used here, thermal energy transfer was not expected to cause significant change in calcium 

efflux [Tenforde, 1980]. 

MATERIALS AND METHODS 
Tissue Preparation and 45Ca2

+ Loading 

Male Sprague-Dawley rats (160-180 g) were used and synaptosomes were prepared 

from the cerebri according to the methods of Cotman and Matthews [ 1971]. All solutions 

used were adjusted to pH 7.3; osmolality was 315 ± 3 mOsm except during the isolation 

procedure which was done at pH 7.5 and with slightly hypertonic conditions. Synapto

somes were collected from the interface of 7 and 12% Ficoll, diluted with 2 vol of 0.2 

M NaHCO3 at 4 °C and centrifuged at 11,000g for 5 min. The pellet was resuspended 

in 0.275 M sucrose and 10 mM NaHCO3 at 4 °C until preincubation, in which 0.5 ml 

suspended synaptosomes (1.00 ± 0.05 mg protein/ml) were added to 0.5 ml physiological 
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solution (135 mM NaCl, 5 mM KCl, 1.2 mM MgClz, 0.4 mM CaClz, 10 mM NaHCO3 , 

10 mM glucose, 30 mM sucrose) at room temperature for 5 min. One milliliter of the 
same physiological solution (0.2 mM CaClz) containing 45Ca2

+ was then added, and 
synaptosomes were incubated at room temperature for 15 min. Composition of the medium 
during 45Ca2+ loading was 101 mM NaCl, 3.75 mM KCl, 0.9 mM MgClz, 0.2 mM 
CaClz, 10 mM NaHCO3 , 7.5 mM glucose, 91 mM sucrose, and 45Ca2+ 5 µCi/ml. 
Synaptosomes (0.45 ml) were then applied to a Millipore filter (0.45-µm pore size, 25 
mm diameter) under vacuum filtration, washed with 1.5 ml of the physiological solution 
(Ca free) at room temperature, and the filter was mounted on a perfusion apparatus and 
perfused with the Ca-free medium. 

In separate experiments, time course of 45Ca2 + loading at room temperature was 
determined at various incubation times by washing the filters four times each with 2.5 
ml of the Ca-free medium but without perfusion. Incubation at 4 °C for O min was taken 
as background and was subtracted from the uptake data. 

Perfusion 

The perfusion apparatus (Fig. 1) consisted of a syringe pump (Sage), a syringe 
connected to a filter holder by IV tubing, and a constant temperature circulator which 
provided an insulated water jacket to maintain the temperature of the perfusion medium. 
In the center of the filter holder was a tightly mounted Millipore filter which was con
tinuously perfused at a rate of 1 ml/min for 45 min, with the perfusate collected at 1.0-
min intervals. The collected perfusate was mixed with 10 ml of a scintillation solution 
(Beta-Blend) and assayed for radioactivity. The time between the start of vacuum filtration 
and perfusion was always less than 1 min. Duplicate samples were prepared from the 
same incubation; one served as control and the other was exposed to microwave fields 
during perfusion. The two filters were perfused by solution from two syringes mounted 
on the same pump; temperature was maintained by the same circulator. The pump was 
started at least 8 min before the sample perfusion was started, and temperature of the 
perfusion medium was measured with a thermometer. The stability of temperature in the 
outer jacket was monitored by a chart recorder throughout the perfusion and was deter
mined to be ± 0. 3 °C. The effect of temperature on calcium efflux was studied by perfusion 
at 25, 31, 33, and 35 °C. The effect of an imposed electromagnetic field was studied at 
31 °C to minimize synaptosomal autolysis, which occurs more easily at physiological 
temperatures [Whittaker, 1965]. 

For application of calcium to stimulate Ca-Ca exchange, a concentrated CaCli 
solution (0.02, 0.2, 0.5, or 1.0 M in H2O) was injected into the perfusion line at a rate 
of 10 µl/min for 5 min at a Y-injection site 25 cm from the filter holder. Maximum CaClz 
concentration of the perfusion medium during injection was 0.2, 2.0, 5.0, and 10.0 mM, 
respectively. Injection was always started 18 min after initiation of perfusion, and 2 min 
elapsed before the first injected drop reached the filter. Choline chloride (0.6 M) injection 
served as control. 

EM Field Application 

For field irradiation, the filter holder was mounted on a piece of Plexiglas in the 
center of a Crawford Cell (Instrument for Industry, model CC105S) with the filter 5 cm 
below the top of the chamber (Fig. 1). The filter holder was hemispheric in shape and 
had a volume of 1 cm3• Its base diameter was 25 mm and it was half-filled with solution 
throughout the perfusion. Perfusate-collecting vials were placed in a cardboard box (walls 
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Syringe Pump l~!!~~f {f !;;~:~:.~:.i'] 
Millipore Filter Holder : ·'-:',}): __ ...,...., 

CRAWFORD CELL 
Center Plate 

5.0 cm 

5.7 cm 

Fig. I. Diagram of the perfusion apparatus and microwave (450-MHz) exposure system. Only the top half 

of the exposure chamber (Crawford Cell) is shown. Five centimeters below ihe top of the chamber, synaptosomes 

are held on a filter in the center of a plastic Millipore filter holder which is in tum held by a Plexiglas platform. 

Perfusion medium, temperature regulated by a circulator, is delivered from a syringe at a constant rate. Perfusate 

is collected at I-min intervals into vials under the filter holder. 

6 mm thick) on the center diaphragm of the microwave exposure chamber. Vials were 
moved manually one position every minute by opening the chamber door for less than 4 
s. The EM field was applied for 10 min beginning 16 min after the onset of perfusion. 
The 450-MHz field was either unmodulated (CW) or sinusoidally amplitude modulated 
at 16 or 60 Hz. The CW signal had a power density of 0.5 mW/cm2, and the modulated 
signals had the same peak power as the CW field with a depth of modulation of 75%. 
The electrical gradient produced by the CW field was 43 V /m in air and was measured 
with a three-dimensional isotropic probe developed by Bureau of Radiological Health 
[Bassen et al, 1975]. 

Protein Determination 

Immediately following isolation, protein content of the synaptosome fraction was 
determined by the Bradford method (1976], and concentration of the synaptosome sus
pension in sucrose was adjusted to 1.0 ± 0.05 mg/ml. 

Electron microscopy 

Synaptosomes suspended in 0.275 M sucrose were added to 4 vol of the perfusion 
medium (plus 0.2 mM CaCli) and centrifuged into a pellet. The pellet was fixed in 
Karnovsky's fixative (pH 7.4) at 4 °C overnight. It was then osmicated in 1% osmium 
tetroxide for 1 h and rinsed with sodium cacodylate (0.2 M) buffer, dehydrated in a 
graded series of alcohol, and embedded in Epon. Ultra-thin sections about 90 nm thick 
were stained with uranyl acetate and lead citrate and examined with a Zeiss EM-10 
electron microscope. 

Data Analysis 
2+ 

The 45Ca efflux data were plotted graphically with semi-log coordinates. Non-
linear curve fitting to a two-phase exponential function was done by computer graphics 
on a DEC PDP 11/70 computer using a program EXPALS obtained from the Lawrence 
Laboratory, Livermore, according to the following function: 
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where Ps are constants characterized by each curve. Biological implication of the Ps is 

discussed below. 
Background radioactivity due to nonspecific binding of the 45Ca2 + to the filters was 

determined by perfusing the filters with an equivalent amount of 45Caz+ but no synap

tosomes. This background was high in the first minute and dropped sharply to approach 

general background within 4 min. Therefore, all data from the first 3 min of perfusion 

were excluded from all curves submitted to data analysis. The assumption underlying the 
two-phase curve analysis was that, in general, calcium efflux arose from two independent 

populations A1 and A2 with distinct rate constants X. 1 and X.2. The total amount of calcium 

(A) remaining in synaptosomes was time dependent: 

(2) 

The present study analyzed the rate of efflux ( ~~) which has the same characteristics 

as A and the relation between A1, A2, X. 1, X.2 and the Ps in Eq. (1) can be deduced. Since 
dE dA 

- -, and the accumulated efflux during time intervals to to to + A is AE(to), 
dt dt 

t0 + ti 

A J dE . A A where ..iE(to) = - dt, m the present study ..i = 1 min and X.2 ~ 1, ..iE(t) 
dt 

to 
A1(1-e-A') e -A,t + X.2A2 e -Ait_ Therefore, to a first order approximation: 

A1 P1 (1- eP2t 1 

X.1 = -Pz (3) 

A2 -p3p4 - 1 

A1 and A2 (as percentages) and X.1 and X.2 were computed in all but the ion (CaC12, etc) 
injection studies. In these studies, the fraction of calcium released during a 7-min period 

(20th to 26th min) in a duration of 19 min (14th to 32nd min) was defined as the efflux 

ratio. With a linear curve of any slope, this ratio is always 0.368. Since the control curve 

approaches linearity during this time period, a higher efflux ratio produced by any ma
nipulation indicates stimulation of calcium efflux. 

RESULTS 

The morphology of synaptosomes was repeatedly examined with the electron mi
croscope and consistently 60-70% of the profiles were identifiable as synaptosomes. 

Figure 2 is an example of the morphology of synaptosome fraction isolated in this 
laboratory. Neither the morphology nor the 45Ca2 + efflux rate constants were apparently 

affected by keeping the synaptosomal fractions in sucrose for up to 4 h. 
Calcium (45Ca2+) efflux from synaptosomes was biphasic, with a fast (half-time 

5-min) and a slow (half-time 40-min) phase as exhibited by other cerebral preparations. 
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Fig. 2. Electronmicrographs of a synaptosome prep;rration. Ultra-thin sections (-90 nm) were stained with 
urynal acetate and lead citrate. (A) Lew magnification of synaptosomes (-+); bar = I µm. (B) Higher 
magnification demonstrates that synaptosomes exhbit the characteristics of chemical synapses; v. synaptic 
vesicle; d, postsynaptic density; M, mitochondria;-+, coated vesicle; •, dense core vesicle; bar = 0.2 µm. 

The appearance of an even slower third ph1se in the efflux curve beyond the 40th min 
was recognized. However, initial tests of tihree-phase curve fitting of 55-min perfusions 
did not give reproducible results of the para:neters (Ps). The two-phase fitting of 45-min 
perfusion data gave reproducible results. 

Time course of 45Ca2 + loading at room temperature is presented in Figure 3. which 
shows that saturation was reached at 10 rr_in, This uptake data is shown here to indicate 
the approximate condition of synaptosomes before perfusion and is not to be confused 
with the efflux data. For all efflux (perfusion) experiments, 45Ca2 + was loaded for 15 
min and washed with 1.5 ml, instead of 10 ml for the uptake experiment, of the Ca-free 
medium to avoid excessive washing to the synaptosomes. This way of washing did not 
allow all filters to have the same amount cf calcium just before perfusion. However, 
since after the initial perfusion, the calculated rate constants were reproducible, we 
considered this washing procedure satisfacto::y. 

Table 1 gives the mean vdues and standard deviations of X. determinec from 
individual experiments. In control samples, X. 1 and X.2 were 0.239 and 0.028 min-1

, 

respectively. With 16-Hz-modulated micro..vEve field exposure, X.2 increased from 0.028 
to 0.043 min-1 (P < .01, Mann-Whitney U test, F1 in Table 1) while >.. 1 sho\\ed no 
significant change. No significant -::hange va; found with CW (F0) or 60-Hz modulated 
(F2) signals. Examples of the efflux curve a:-e ·shown in Figure 4. Since the rate corstants 
are dependent on the shape of the curve rat:1er than on the actual amount of calcium 
released, an overall picture of the experime1t can best be presented based on norm1lized 
data. Figure 5 shows computer fittir.g of four d:1ta composites, each obtained by averaging 
at every time point all experimenta~ data, whkh were first normalized to a 45Ca2+ ,efflux 
of 2,000 cpm at 10 min. This number was c:i.osen because it was typical of the efflux 
data. 
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Fig. 3. Calcium uptake by synaptosomes at room temperature (mean ± SD). Synaptosomes were incubated 
with 45Ca2 + in a physiological medium (0.2 mM CaCli) for various time intervals, applied to filters under 
vacuum, and washed four times each with 2.5 ml of the medium (Ca free). Data represent the mean of three 
experiments with duplicates in each experiment. 
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Fig. 5. Computer fitting of four calcium efflux data composites, each obtained by averaging at every time 
point all experimental data, which were first normalized to a 45Ca2+ efflux of 2,000 cpm at time 10 min. Rate 
constants computed from the four composites were shown in the upper right comer. C, F0 , F1, and F2 have 
the same meaning as in Table I. Examples of actual data points are shown in Figure 4. 

TABLE 1. Rate Constants and Calcium Efflux From Rat Synaptosomes at 31 °C (Mean ± SD)* 

Treatment• A1 (min-1
) A2 (min-1) Nb 

Control 0.239 ± 0.035 0.028 ± 0.009 11 
Fo 0.212 ± 0.056 0.024 ± 0.009 9 
F1 0.254 ± 0.062 0.043 ± 0.008** 7 
F2 0.202 ± 0.031 0.022 ± 0.007 7 

*Data were obtained by computer fitting of individual curve without normalization as in Figure 5. 
"Fo = CW, 450-MHz, 0.5 mW/cm2; F1 = 450-MHz, 16-Hz sinusoidal amplitude modulation (75%); F2 = 
450-MHz, 60-Hz sinusoidal amplitude modulation (75%). 
bN = number of repetitions. 
**P < .01, Mann-Whitney U test. 

Visually, the efflux curves of field-exposed samples retained their smooth appear
ances and no sharp changes in 45Ca2 + were detected during or after field exposure for 
the time period studied. 

Figure 6 gives the mean values and standard deviations of A determined from 
individual experiments. When the samples were exposed to the microwave fields (F0 , F1 , 

or F2), the total amount of calcium associated with each of the two phases was not 
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Experimental Condition 
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Fig. 6. (A) Total amount of calcium in the fast (At) and slow (A2) phases (mean ± SD). At and A2 are 
calculated from individual experimental curve according to Eq. (3). (B) At and A2 normalized to At + A2 as 
100% in individual experiment. Uneven partitioning in the two phases is found only in samples exposed to 16-
Hz-modulated microwave field (Ft) with At greater and A2 smaller than 50% (*, P < .01, binomial test). C, 
F0 , Ft, F2 have the same meaning as in Table I. 

significantly different from that in the controls (Fig. 6A). However, although the total 
amount of releasable calcium (A1 + A2) were rather similar in all four conditions (C = 
17.78 ± 3.27, F0 = 16.89 ± 3.27, F1 = 18.67 ± 2.82, F2 = + 19.97 ± 4.99 nmol/ 
mg ± SD), the large variability (SD/mean ~ 15-24%) may have masked a differential 
partitioning of calcium between the two phases under different conditions. This possibility 
was investigated by calculating the percentage distribution of calcium in A1 and A2 in 
all experiments (Fig. 6B). In the controls, the percentage of calcium entering the fast 
and slow phases was approximately 60% (A 1) and 40% (A2). However, the partitioning 
may not be truly uneven, because when tested against 50%, neither A1 nor A2 was found 
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to differ significantly from 50% (P > .1, binomial test). With a 16-Hz-modulated mi
crowave field exposure, A1 was significantly larger and A2 significantly smaller than 50% 
(P < .01, binomial test), indicating a polarized partitioning of calcium toward the fast 
phase. This suggested a possible shift of calcium from the slow efflux phase into a faster 
phase. No differential partitioning was found with CW or 60-Hz-modulated signals. 

Table 2 gives the relationship between temperature and rate constants. Lowering 
the temperature from 31 to 25 °C or raising it to 33 °C did not change the rate constants 
significantly (P > .1, Mann-Whitney U test), but raising the temperature to 35 °C increased 
both rate constants to the same degree (P < .01, Mann-Whitney U test), suggesting a 
transition between 33 and 35 °C. Our data showed no correspondence between temperature 
and the relative amount of calcium in fast (A1) and slow (A2) phases. 

Table 3 and Figure 4 summarize the effects on 45Caz+ efflux of transient increase 
in CaClz, and choline chloride in the perfusion line. Following CaC}z injection, 
45Caz+ efflux was stimulated, rose to a peak in the first 3 min, and then fell exponentially. 
For concentrations between 0.02 and 0.5 M, the degree of stimulation was dependent on 

TABLE 2. Effect of Temperature on Rate Constants of 45Ca'' Efflux From Synaptosomes 
(Mean± SD) 

oc A1(min-1) A2(min-1) 

25 0.242 ± 0.044 0.023 ± 0.016 
31 0.239 ± 0.035 0.028 ± 0.009 
33 0.270 ± 0.029 0.Q25 ± 0.004 
35 0.337 ± 0.084 0.042 ± 0.004 

"N = number of repetitions. 

TABLE 3. Stimulation of 45Ca2 + Efflux From Synaptosomes by Transient Increase in Ionic 
Concentrations 

Ionic 
injection• 

Intact synaptomes 
Control 
CaCh 0.02 M 

0.2 M 
0.5 M 
1.0 M 

Choline 
chloride 0.6 M 
Saline 

Ruptured synaptosomesct 

Max ionic 
cone (mM) 

Ca2+ 0 
0.2 
2.0 
5.0 

10.0 

Choline 6.0 

Control Ca2+ 0 
CaC'2 0.5 M 5.0 

Max Osm 
change (mOsm) 

0.34 

4 
11 
23 

10 

II 

Efflux 
ratiob N 

0.34 ± 0.01 II 
0.37 ± 0.02 3 
0.36 ± 0.01 3 
0.44 ± 0.02 5 
0.43 ± 0.02 3 

0.34 ± 0.02 3 
0.36 2 

2 Ref 
0.35 2 

N" 

3 
II 
3 
4 

Comment' 

Ref 

+ 
+ 

"Salt solutions of the designated concentrations were injected for 5 min at a rate of 10 µI/min into perfusion 
line of rate I ml/min. 
bEfflux ratio was defined under Materials and Methods. Standard deviations were listed for conditions with 
three or more repetitions. 
'+ for stimulation, - for no stimulation of calcium efflux with respect to Reference. 
ctsynaptosomes were mechanically ruptured with a pipet. 
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the CaC}z concentration; the response reached a plateau for concentrations between 0.5 
and 1.0 M. This CaC}z-stimulated efflux was not achieved by transient increase in choline 
chloride. Since choline chloride injection caused the same osmolality change as that 
produced by CaC}z injection, the CaClrstimulated efflux was not driven by a slight shift 
in osmotic pressure. No pH change was detected during injection. Also the stimulation 
in efflux was not due to the small increase in the perfusion rate during injection because 
saline injection did not result in stimulated efflux. If the synaptosomes were mechanically 
ruptured with a pipet before perfusion, no CaC}z-stimulated 45Ca2 + appeared. Therefore, 
the CaCiz-stimulated 45 Ca2 +efflux was mainly derived from the intracellular compartment. 

DISCUSSION 

We have studied the effects of a microwave field on calcium efflux from synap
tosomes with a continuous perfusion technique. Exposure of synaptosomes to sinusoidally 
amplitude-modulated (16-Hz) 450-MHz fields during perfusion increased the rate constant 
of the slow phase 45Ca2 + efflux by 38% (Fig. 5). Exposure to CW or 60-Hz-modulated 
fields did not produce similar changes. Increase in the rate constant suggested faster 
release of bound calcium and supports previous findings [Bawin et al, 1975, 1978] that 
16-Hz amplitude-modulated microwave signals can stimulate the release of preincubated 
45Ca2+ from isolated brain tissue. In order to understand the efflux process involved in 
the field-tissue interaction better, we compared the responses evoked by field stimulation 
and by other methods. 

The rate constants of calcium efflux can be changed by varying the temperature of 
the perfusion medium. While the rate constants did not change in the temperature range 
25 to 33 °C, raising the temperature range from 33 to 35 °C increased the rate constants 
probably related to a change in membrane properties [Melchior and Stein, 1979]. Field 
exposure studies were performed at 31 °C and since temperature of the perfusion medium 
was externally regulated, microwave effects cannot be attributed to possible small changes 
in temperature in the exposed samples. Whether small disturbances by the microwave 
fields may also cause membrane property change similar to that by temperature to enhance 
calcium efflux is unknown. Higher rate of autolysis at 35 °C may explain the transient 
between 33 and 35 °C. Increased rate of autolysis, however, cannot explain the field
induced changes because transient increase in 45Ca2 

+ efflux or upward shifting of the 
curves would be expected in this case. 

Calcium efflux from synaptosomes can be considered in terms of three basic mech
anisms: dissociation of membrane-bound calcium and intracellular calcium efflux by 
Ca-Ca and Na-Ca exchange. Our experiment was designed to isolate the membrane 
bound from intracellular calcium by taking advantage of the characteristics of the exchange 
mechanisms. Na-Ca exchange is a fast process [Shreeve and Ross, 1981] which is 
probably completed with the washing before perfusion and during the first few minutes 
of perfusion. Ca-Ca exchange requires the presence of calcium in the medium and by 
using a calcium-free medium we have minimized this process. However, intracellular 
calcium efflux can be induced by transiently increasing the intracellular calcium level 
through elevated extracellular calcium concentration. This was achieved by injecting 
calcium chloride for 5 min into the perfusion line. Following injection, the efflux curve 
changed its shape and a hump appeared. Since a similar change in the efflux curve did 
not follow injection of choline chloride, which caused a similar osmolality change in the 
perfusion medium, the stimulated calcium efflux did not appear to arise in a change in 
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osmotic pressure. Nor was this hump caused by a small change in the perfusion rate 
during injection, since saline injection did not cause significant change of calcium efflux. 
Furthermore, no calcium-stimulated efflux was achieved by using ruptured synaptosomes. 
This was interpreted as indicating that the hump was mainly derived from intracellular 
calcium and not simply by competition between Ca2 + and 45Caz+ for superficial binding 
sites. Therefore, the action of calcium chloride injection is most probably to induce 
calcium efflux from a new source, the intracellular compartment. Differences between 
microwave fields' stimulation and Ca Ch injection suggested that microwave fields prob
ably did not stimulate intracellular calcium efflux under the present conditions. The 
increased rate constant of the slow phase and polarized partitioning of calcium toward 
the fast phase upon 16-Hz-modulated microwave fields' stimulation suggested the pos
sibility that tightly bound calcium was more readily released from membrane-binding 
sites, due to field-induced changes of membrane surface properties. 

This finding of changes in dynamic properties caused by microwave fields may 
offer an explanation for some controversies in this field. Microwave fields may drive the 
system studied during steady state without interference with equilibrium conditions of 
the system. Therefore, tissue handling and sampling time can be very critical. For ex
ample, consider a single-phase efflux process where the rate constant is changed from A 
to A' and the integrated efflux from time O to t changed from 1 - e-At to 1 - e - A't. The 
change in this integrated efflux is e-At - e - A\ which exhibits an extremum at time T = 

I 
ln(>-.' /}..) I 

, . If A increased 38% from 0.026 to 0.036, then the maximal change in efflux 
A ->-. 

is + 21 % at time 32.5 min. If this efflux process involves only 50% of the total calcium 
released, then the m.aximal detectable change in integrated efflux is about 10%. At points 
sufficiently far away from the maximum, changes may be too small to be detected. It is 
conceivable that different systems and different exposure schemes can lead to different 
results. Furthermore, the present experimental paradigm excluded field exposure during 
the fast phase to ensure comparable prefield conditions, so the effect of microwave field 
exposure on the fast-phase efflux is unknown. 

This study provides strong evidence that synaptosomes, which can be regarded as 
subcellular neuronal elements, exhibit a 45Ca2 + efflux sensitivity to weak sinusoidally 
modulated microwave fields; thus this phenomenon does not require whole cells or or
ganized tissue as essential anatomical substrates. Further investigations may determine 
whether surface macromolecules provide the substrates for field-tissue interactions. In 
this regard, it is of particular interest that synaptosomal membranes, like the plasma 
membrane of most cells, carry negative charges associated with surface macromolecules. 
Because synaptosomal membranes are in direct contact with the bathing solution, these 
negative charges are accessible for manipulation. They can be modified by hydrogen ion 
titration or the negative charge-bearing sialic acids can be partially removed from the 
surface with neuraminidase [Lin-Liu and Bondareff, 1981]. Under these conditions, 
calcium-binding and -release properties of the membranes may also be changed [Langer 
et al, 1976]. The results we obtained with microwave fields suggest further experiments 
to test whether sialic acids specifically or anionic sites in general are involved in the 
field-tissue interaction. Since phosphate groups on cell membranes may present major 
binding sites for calcium [Hauser et al, 1977], their involvement also requires evaluation. 

Membrane-bound calcium may not be directly related to the excitation-secretion 
coupling of neuronal activity. Nevertheless, it has long been recognized that lowering 
extracellular calcium concentration increased, and elevating calcium concentration de-
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pressed, neuronal excitability [see Erulkar and Fine, 1979]. This was attributed to varying 
degree of screening of surface charge by different amount of bound calcium. Reduction 
in bound calcium could lead to less screening of surface negative charges, effectively 
depolrizing the membrane and increasing membrane excitability. It remains to be tested 
whether changes in membrane calcium release pattern relates to modified neuronal ex
citibility. It is possible that field-induced changes in the membrane can affect, either 
directly or indirectly, the receptor-binding properties of other ligands such as neurotrans
mitters, hormones, and opioids. Thus with this preparation it may be possible to gain an 
understanding of the molecular basis of field-tissue interaction. 
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Fluorescence Depolarization Studies of 
the Phase Transition in Multilamellar 
Phospholipid Vesicles Exposed to 1.0-
GHz Microwave Radiation 

John W. Allis and Barbara L. Sinha 
Health Effects Research Laboratory, US Environmental Protection Agency, Research 
Triangle Park, North Carolina 

The phase transition in multilamellar dimyristoylphosphatidylcholine (DMPC) vesicles was stud
ied during exposure to continuous wave 1.0-GHz microwave radiation. Fluorescence depolari
zation measurements using a lipid-seeking molecular probe, diphenylhexatriene (DPH), were 
performed as a function of temperature. Semilog plots of microviscosity versus .temperature 
illustrate the phase transition which shows a 5 °C shift when the vesicles are treated with 
chloroform as a positive control. No shift of the phase transition was found during exposure to 
microwave radiation at specific absorption rates between l and 30 W/kg. Samples were exposed 
in a rectangular transmission line (TEM cell), and specific absorption rates were calculated from 
electrical measurements of incident, reflected, and transmitted power. Samples were exposed to 
increasing intensities of radiation, while the temperature was maintained at either 23.5 or 25.5 
°C; these temperatures represented the two ends of the phase transition region for these vesicles. 
No statistically significant difference was found between exposed and control samples. These 
results are in contrast to those of others using laser Raman spectroscopy to measure the phase 
transition in similar multilamellar vesicles exposed to microwave radiation. 

Key words: diphenylhexatriene, fluorescence depolarization, microviscosity, multilamellar phospholipid 
vesicles, phase transition, I-GHz microwave radiation, TEM cell 

INTRODUCTION 

Biological membranes have been suggested by several workers as a possible site 
of interaction between nonionizing radiation and biological systems. Recently, data have 
been accumulating which support this suggestion [Seaman and Wachtel, 1978; Pickard 
and Barsoum, 1981; Olcerst et al, 1980; Galvin et al, 1981]. Two reports present direct 
evidence of changes produced by microwave exposure in biological membranes or their 
analogs, phospholipid vesicles. Williams et al [1975] produced opacities in the rabbit 
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lens using an exposure of 250 mW/cm2
, but found none by slit lamp examination of 

lenses exposed at 165 mW/cm2
• One lens from each group was examined by electron 

microscopy and both showed evidence of damage to cell membranes. Sheridan et al 
[1979] used Raman spectroscopy to show that the gel-to-liquid-crystalline phase transition 
in multilamellar phospholipid vesicles occurred at a lower temperature than normal when 
the preparation was exposed to microwave radiation. 

Multilamellar and single lamellar phospholipid vesicles are used as models for 
studying the properties of the lipid structure which forms the basis for biological mem
branes [Quinn and Chapman, 1980]. In many model membrane systems and in some 
natural membranes, the lipid exhibits a highly cooperative phase transition where, as 
temperature increases, the hydrocarbon chains in the interior of the membrane undergo 
a sharp decrease in the degree of order with a corresponding increase in chain mobility. 
Using the laser-Raman technique, Sheridan et al [1979] were able to measure the vibra
tional spectra of the hydrocarbon chains in the phospholipid vesicles. When multilamellar 
vesicles were exposed, changes occurred in the spectra which corresponded to the lipid 
bilayer undergoing the phase transition; however, the bulk temperature, measured si
multaneously using fluorescence spectroscopy [Cavatorta et al, 1979], was less than the 
temperature required for the phase transition without exposure to microwaves. They 
were unable to find a similar effect using single lamellar vesicles. 

In this paper, we describe an experiment designed to measure the shift in the phase 
transition, indicated by the results the Raman experiment, using the technique of fluo
rescence depolarization. In this approach a fluorescent molecule with known lipid-seeking 
properties is inserted into multilamellar vesicles. Its motion within the membrane reflects 
the mobility of the hydrocarbon chains of the lipid. For this experiment we have chosen 
the fluorescent probe 1,6-diphenyl- l ,3 ,5-hexatriene (DPH) which is highly sensitive to 
the fluidity within the hydrophobic portion of the phospholipid vesicle [Shinitzky and 
Barenholz, 1978] and which has been used successfully to study the phase transition in 
multilamellar vesicles [Lentz et al, 1976]. 

MATERIALS AND METHODS 
Fluorescent Probe 

The fluorescent probe l,6-diphenyl-1,3,5-hexatriene (DPH) (Aldrich Chemical Co) 
was dissolved in tetrahydrofuran (Burdick and Jackson Labs) to give a concentration of 
2X 10-3 M. For each day's experiment fresh probe solution was diluted 1:2000 with 153 
mM KC!, 17 mM Tris buffer (pH 7.4), containing 15 g/100 ml sucrose; the final stock 
solution was l X 10-6 M in DPH. 

Lipid Vesicles 

Multilamellar dimyristoylphosphatidylcholine (DMPC) vesicles (Sigma) were pre
pared by dissolving the lipid in 2 ml of chloroform (J.T. Baker Chemical Co) and placing 
the solution in a 50-ml round-bottom flask attached to a rotating flash evaporator (Ro
tavapor Rll0, Buchi). The flask was suspended in a 30 °C water bath and rotated for 
3--4 h under vacuum. As the chloroform evaporated, a thin film of lipid was left on the 
walls of the round-bottom flask. Sufficient KCI-Tris-sucrose buffer was added to bring 
the final concentration to 5 mg lipid/ml buffer. The round-bottom flask was reattached 
to the rotator, and the suspension swirled in a 30 °C water bath for an additional 3--4 h 
to form the vesicles. They were subsequently stored at 3 °C and used within l week. 
Before each day's experiment, the vesicles were swirled at 30 °C for 45 min. 
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The fluorescent probe, DPH, was introduced into the DMPC membranes on the 
day of the experiment by mixing equal volumes of the 1 x 10--6 M DPH solution and a 
1 :24 dilution (KCI-Tris-sucrose buffer) of the membrane suspension. The resulting mix
ture was incubated at 37 °C for 60 min to facilitate penetration of the lipid membrane 
by the probe. 

Non-probe-containing suspensions were prepared by substituting KCI-Tris-sucrose 
buffer for the DPH solution. This suspension was also incubated at 37 °C for 60 min and 
used as the light-scattering blank for the fluorescence measurements 

Chloroform-treated vesicles were prepared as above except that 30 µl of chloroform 
were added to 9.6 ml of vesicle suspension before the 60-min incubation. 

Fluorescence Measurements 

Fluorescence depolarization of DPH was measured by a method similar to that 
described by Shinitzky and Barenholz [1974] using both Perkin Elmer MPF-44 aad MPF-
44B spectrofluorometers. Fluorescence intensity was measured in planes parallel and 
perpendicular to that of the exciting light. 

The depolarization data for DPH was obtained using an excitation wavelength of 
360 nm and an emission wavelength of 425 nm. The measurements were converted to 
apparent microviscosity of the interior of the DMPC bilayer by the method described 
elsewhere [Allis and Sinha, 1981]. 

One set of measurements was conducted as a function of temperature. Two other 
sets were conducted as a function of duration of microwave exposure at a fixed temperature 
(23.5 and 25.5 °C, respectively). The last set of measurements was conducted with the 
temperature set at 23. 5 °C, but the SARs were increased during the experiment from -1 
mW/g at 1 h to -25 mW/g at 5 h. 

Two pairs of samples were used for fluorescence measurements. Each pair consisted 
of a cuvette containing the membrane suspension with DPH and another cuvette containing 
the membrane suspension only. Exactly 3.5 ml were measured into each cuvette. One 
pair was exposed to the microwave radiation and the second pair was the unexposed 
control. The control pair was placed in the Perkin Elmer MPF-44B sample holder which 
is temperature regulated by a circulating water bath. After depolarization measurements 
were performed on the exposed pair, the polarizing filters were switched to the MPF-
44B, and depolarization measurements were taken of the control pair. For each meas
urement the sample fluorescence was corrected for the light-scattering contribution of the 
vesicles by subtracting the value of the blank from the corresponding value of the sample. 

Microwave Equipment and Dose Measurement 

The microwave exposure equipment is identical to that described previously [Allis 
and Sinha, 1981]. It is based on a small rectangular transmission line (TEM cell), mounted 
vertically at the front of the MPF-44 fluorometer, and is equipped with special optics so 
that fluorescence measurements can be performed on a sample in the TEM cell during 
exposure. The rates of energy absorption by the sample and blank were determined from 
readings of incident, transmitted and reflected power, also as described previously [Allis 
and Sinha, 1981]. 

Temperature Measurement and Control 

Temperature of the exposed membrane suspensions was maintained inside the TEM 
cell by circulating water from an external temperature bath through thin-walled Tygon 
tubing wrapped around the Crawford cell. In this manner temperature of the exposed 
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Fig. l. Arrhenius plot of microviscosity vs temperature for the phase transition in untreated multilamellar 
DMPC vesicles and chloroform-treated vesicles. Samples contained 0.1 mg DMPC/ml buffer. Chloroform 
concentration in treated vesicle suspensions was 38. 7 mM. 

cuvettes was maintained within ±0.2 °C (for an individual fluorescence measurement) 
and was adjustable over the range 15--40 °C. The control pair was maintafned at the same 
temperature as the exposed pair in the TEM cell. 

Most of the temperature measurements were performed using a telethermometer 
(Yellow Springs Instruments, Model 46TUC) and a nonmetallic thermistor probe (YSI, 
Model 520). Temperature of the exposed and control samples were monitored as described 
previously [Allis and Sinha, 1981]. A Vitek probe (Model 101) became available to us 
near the end of these experiments and was substituted for the YSI equipment for some 
of the measurements. 

RESULTS 

The motion of the fluorescent probe, DPH, in the lipid vesicle reflects the state of 
the hydrophobic interior of the vesicle. As the lipid undergoes transition from the liquid
crystalline to the gel state, the hydrophobic interior of the vesicle bilayer becomes highly 
ordered. Consequently, the hydrocarbon chains of the lipid as well as the dissolved DPH 
molecules have much less opportunity for motion. This change is readily detected by 
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Fig. 2. Arrhenius plot of microviscosity vs temperature for the phase transition of multilamellar DMPC 

vesicles exposed to 1.0-GHz microwave radiation. Samples contained 0.1 mg DMPC/ml buffer. Measurements 

of treated samples performed during exposure at SAR indicated. 

measuring the depolarization of fluorescence of the DPH. Depolarization measurements 

can be converted to a microviscosity, ,j, as measured by the probe in the lipid bilayer 

(see Allis and Sinha [1981] for a brief description or Lentz et al [1976] and Shinitzky 

and Barenholz [1978] for a detailed discussion). 
When the logarithm of the microviscosity is plotted against reciprocal temperature 

(Arrhenius plot), a straight line is obtained where there is no phase transition. The 

measurements presented here show a major transition between two linear regions, ie the 

liquid-crystalline to gel phase transition. In Figure 1 data for untreated DMPC vesicles 

are presented with the corresponding curve for DMPC vesicles treated with chloroform. 

Chloroform is one of several chemicals that shifts the transition to a lower temperature 

[Vanderkooi et al, 1977]. As can be seen in the figure, the transition temperature has 

been decreased by approximately 5 °C without affecting the shape of the curve substan

tially. Sheridan et al [ 1979] have indicated that their results correspond to a decrease in 

the transition temperature of about 2 °C. · A change of about 2 °C in the transition 

temperature would be detectable by our technique. 
Fluorescence depolarization measurements were made as a function of temperature 

on control samples and samples exposed to 1.0 GHz at a specific absorption rate (SAR) 

of 1, 5, 15, or 30 W/kg. The results of two exposure levels are shown in Figure 2A,B. 

There is no difference between the temperature profiles of the control vs exposed samples. 

Results for the other exposure levels were identical. The shift of the phase transition that 

would be expected on the basis of the work by Sheridan et al [1979] was not found. 
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Fig. 3. Microviscosity of multilamellar DMPC vesicles exposed to successively increasing levels of 1.0-GHz 
microwave radiation compared to controls. The temperatures selected represent the two extremes of the phase 
transition region determined from Figures I and 2. 

Measurements were also performed at constant temperature over a series of power 
levels. Two temperatures were chosen, 23.5 °C (in Figure 2, log lj' is about 0.7) and 
25.5 °C (log lj' is about zero). These temperatures are near the breaks in the curve which 
bound the region of the most rapid change and were selected as points where shifts in 
the transition could be detected easily. The results are presented in Figure 3. Repeated 
measures analysis of variance for each temperature showed no statistically significant 
difference between the control and exposed samples as SAR was increased (at 23.5 °C, 
F[4,24] = 1.35; at 25.5 °C, F[4,24] = 1.47). 

In order to obtain the data illustrated above, it was necessary to expose a single 
sample for several hours on a given day. Therefore, an additional set of control meas
urements was performed. A single sample was exposed for 5 h per day with measurements 
made each hour, and compared to an unexposed control maintained at the same temper
ature. These measurements were performed at four exposure levels between 1 and 25 W/ 
kg at each of two temperatures, 23.5 and 25.5 °C. Two examples of these measurements 
are illustrated in Figure 4. In each case the analysis of variance showed no statistically 
significant trend over time of exposure. 

DISCUSSION 

This experiment was designed to investigate the interaction of microwave radiation 
with an important property of biological membranes, the internal viscosity (or its converse, 
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Fig. 4. Microviscosity of multilamellar DMPC vesicles exposed for 5 h at 1.0 GHz. Measurements were 

taken prior to beginning exposure and each hour thereafter. 

fluidity) of the lipid bilayer. We also hoped to corroborate the results of Sheridan et al 

[ 1979], obtained using Raman spectroscopy. There are two general ways in which one 

might expect microwave radiation to interact with a lipid bilayer, and presumably with 

the lipid in a biological membrane. One is a direct interaction of the microwave field 

with the lipid molecules in the membrane. The other is an indirect interaction through 

the water associated with the membrane lipid. Either mechanism could explain the Raman 

results by producing a higher degree of motion in the lipid than would be expected from 

the system's (bulk) temperature. 
A direct effect of microwave radiation on the membrane lipid is most likely through 

interaction of the oscillating electric field with the di polar head group of the lipid molecule. 

The transition from gel to the liquid-crystalline phase in vesicles is characterized by an 

increase in the average surface area of the membrane occupied by each molecule as well 

as an increase in the motion of the hydrocarbon chains of the interior. An increase in the 

motion of the head group of the lipid molecule might be sufficient for an early initiation 

of the phase transition. However, because of the packing constraints in the membrane, 

one might expect that a frequency considerably lower than that used in either experiment 

might be more effective [Kaatze et al, 1979]. 
The water in contact with membrane surfaces is generally regarded to be of a more 

structured nature than normal "bulk" water. No matter what the molecular details, this 

would result in a lower degree of rotational freedom than in bulk water. The characteristic 
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interaction frequency would be significantly lower than 18 GHz, the characteristic fre
quency for the well-known interaction with bulk water. Some workers [Grant et al, 1978] 
have suggested that characteristic frequencies are as low as 300-500 MHz. Additional 
energy acquired by structured water at the membrane surface would have to be transmitted 
by molecular collision to the membrane lipid to effect a change in the lipid phase transition. 
This situation could conceivably be maximized in multilamellar liposomes where thin 
layers of water are trapped between successive lipid bilayers. Not only is there a relatively 
high amount of structured water, but it is compartmentalized and isolated from the solvent. 
Energy taken from the microwave field would have to be passed to the lipid as the first 
step in its eventual dissipation. 

Recently, there has been some conjecture, but so far no firm evidence, that a small 
amount of water is trapped in the interior of the membrane. This water would be highly 
immobilized due to its hydrophobic environment. It would also present another site for 
interaction for microwave radiation, and any energy absorbed from the field would be 
transmitted to the hydrocarbon chains of the lipid molecules. 

Although either of these mechanisms could explain the results obtained by Sheridan 
et al [1979], we were unable to demonstrate their occurrence in our experiments. However, 
we did obtain the expected response from several control experiments. Our temperature 
profile data for unexposed samples, which characterizes the phase transition in multila
mellar DMPC vesicles, agree closely with Lentz et al [1976]. The shift of 5 °C in the 
phase transition produced by treating the vesicles with chloroform shows that a 2 °C 
shift, found in the Raman experiment, should have been detected. We also conducted 
measurements at constant temperature chosen to position the system at the brink of the 
phase transition, then exposed the samples to increasing doses of microwave radiation; 
this procedure simulated the Raman experiment as closely as possible using our technique. 
No evidence for perturbation of the lipid phase transition was found by either procedure. 

The reason for the difference between the results of Sheridan et al [1979] and our 
own is not clear. The two methods of measurement differ in several experimental details. 
The most obvious, frequency of exposure, (1.0 vs 2.45 GHz), was dictated by the 
limitations of our equipment. This frequency difference is not likely to be significant, 
however, because an absorption in this range is expected to be broad and would likely 
encompass these two frequencies. 

We have calculated SAR and electric field intensity in the sample for our experiment 
and for the Raman experiment (J.P. Sheridan, Naval Research Laboratory, Washington 
DC, personal communication). The SAR range is 1-30 W/kg, and the electric field 
intensities are 8-250 V/m for the fluorescence study; and 9-22 W/kg and 190-490 V/ 
m, respectively, for the Raman study. These data are comparable and do not appear to 
explain the difference in results. 

We chose DMPC vesicles with a temperature phase transition at about 24 °C rather 
than DPPC ( about 41 °C) because of limitations in the range of our temperature regulation 
during microwave exposure. This difference is also not likely to be significant because 
vesicles from these lipids are very similar structurally and are known to have very similar 
properties near their phase transition [Quinn and Chapman, 1980]. 

A major difference in techniques is that Raman spectroscopy is noninvasive and 
measures the properties of the lipid directly. Fluorescence requires (in this case) the 
introduction of a probe molecule which necessarily perturbs the lipid bilayer. DPH is a 
slender molecule, roughly the length of the hydrocarbon chains in DMPC, and presumably 
positions itself parallel to these hydrocarbon chains in the lipid bilayer. The probe is not 
attached to any other molecule and diffuses throughout the lipid bilayer, rotating prin-
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cipally about its long axis. The fluorescence depolarization technique effectively measures 

the degree of rotation undergone by the probe molecule between absorption and emission 

of the light. Thus, the probe's motion reflects the motion of the lipid molecules by being 

able to rotate more freely when the lipid motion is relatively rapid and less constraining. 

This indirect measure of the behavior of the lipid molecules near the probe may not be 

as sensitive as the Raman measurements to microwave-induced change. However, meas

urement of the unperturbed phase transition using fluorescence depolarization of DPH 
does accurately reflect results obtained with noninvasive techniques such as differential 

scanning calorimetry [Lentz et al, 1976; Shinitzky and Barenholz, 1978] and laser-Raman 

spectroscopy [Spiker and Levin, 1976]. 
The Raman technique requires a high concentration of lipid vesicles in the sample, 

while fluorescence requires a low concentration. Lipid concentration in our experiment 

was about 0.1 mg/ml, while the concentration in the Raman experiment was about 103 

times higher or near 100 mg/ml (B.P. Gaber, Naval Research Laboratory, Washington 

DC, personal communication). The phase transition is affected when the water content 

of vesicle suspensions becomes very low [Quinn and Chapman, 1980]; however, these 

effects do not appear until the water content becomes 5 to 10 times lower than those 

used in the Raman study. In any case, there may still be some effect of the close packing 

of vesicles on the Raman-microwave experiment. 

CONCLUSIONS 

The phase transition in DMPC vesicles detected using fluorescence depolarization 

of DPH is identical to that obtained by others. A 5 °C shift in the transition was produced 

by introducing 38.7-mM chloroform into the vesicle suspension. We have been unable 

to corroborate the results of Sheridan et al [ 1979] which predicted that microwave radiation 

would shift the transition by 2 °C. Differences in methodology or experimental details 

may be responsible for this discrepancy. Laser-Raman spectroscopy may be more sensitive 

to the microwave effect, because it is not an invasive technique such as described in this 

paper. Or, perhaps the close packing of the vesicles in the Raman experiment creates an 

interaction which is not present when the vesicles are well separated as in the fluorescence 

experiment. We are continuing our efforts to investigate the. properties of the lipid and 

the water associated with it in lipid bilayer vesicles in order to establish a possible 

interaction with microwave radiation. 
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Postresonance Electromagnetic 
Absorption by Man and Animals 
H. Massoudi, C.H. Durney, P.W. Barber, and M.F. lskander 
Department of Electrical Engineering, University of Utah, Salt Lake City 

A surface integral equation (SIE) method is used to calculate the specific absorption rate (SAR) 

in spherically capped cylindrical models irradiated by an axially incident electromagnetic plane 

wave (K polarization) in a frequency range for which calculations previously have not been 

available (80-400 MHz for man models). In the SIE method, the electromagnetic (EM) field 

relations are formulated in terms of electric and magnetic currents on the surface of the model. 

The average SAR is calculated from the far scattered EM fields by means of the forward scattering 

theorem. SAR data calculated by the SIE method agree with data calculated by the extended 

boundary condition method (EBCM) for frequencies up to 80 MHz (the upper frequency limit 

of the EBCM) for man models. For rat models exposed to 1-3 GHz radiation, reasonable 

agreement was also obtained with the limited experimental data available. 

Key words: electromagnetic dosimetry, man and animal models 

INTRODUCTION 

With the increasing use of electromagnetic (EM) radiation in industrial and medical 

applications, it is essential that its biological effects be determined and understood. An 

important aspect of bioelectromagnetics' research involves quantification of EM fields 

and the distribution of energy deposited in humans and test animals that have been exposed 

to EM radiation. This quantitation is necessary for extrapolation of observed effects in 

irradiated animals to those expected to occur in irradiated humans. Theoretical advances 

in quantitative and qualitative dosimetry have been recently summarized [Durney, 1980; 
Gandhi, 1980]. 

While average specific absorption rates (SARs) have been calculated for plane wave 

irradiation over a broad frequency range for E and H polarizations (long axis of the model 

parallel to the incident E and H vectors, respectively), calculations have not previously 

been made for K polarization (long axis of the model parallel to the incident propagation 
vector) over a significant frequency range (80 MHz to 10 GHz for man models) [Durney 

et al 1978]. We have now calculated SAR in the frequency range 80-400 MHz for man

sized models. The purpose of this paper is to describe briefly the method used for these 

calculations and to present some results. 
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Our calculations, for a model consisting of a truncated cylinder with spherical end 
caps, use the surface integral equation (SIE) method developed by Wu [Wu and Tsai, 
1977; Wu, 1979]. In the SIE method, the EM field equations are fonnulated in tenns of 
the currents induced on the surface of the body, and the resulting integral equation is 
solved by the method of moments. The SIE method has been shown to be more efficient 
than the volume integral equation method in calculations for large homogeneous models 
[Wu and Tsai, 1977]. 

Our results for man-sized models are shown to be consistent with previously pub
lished results obtained by the extended boundary condition method (EBCM) for fre
quencies up to 80 MHz, the upper frequency limit for which the EBCM can be used. 
The results calculated by the SIE method for rat models are also shown to be in reasonable 
agreement with the limited experimental data available [ Allen and Hurt, 1979]. 

METHOD OF CALCULATING SAR 

Consider a lossy dielectric cylinder with hemispherical end caps immersed in a 
linearly polarized EM plane wave, as shown in Figure 1. The dielectric body, assumed 
homogeneous, is characterized by the constitutive parametersµ and e, where e is complex, 
to describe a lossy material, and the surrounding medium is considered to be free space 
with parameters µ 0 , e0 . The EM fields in a plane wave propagating in a direction i are 
given by 

where 

Ei(r) = A exp [- jk1 • r] 

ffi(r) = ~ (1 x A) exp [- jk1 •r] 
lJo 

lJo = (µJEo)112 

k = w(µoEo)J/2 

j = ( - 1)112 

(1) 

(2) 

A is the complex amplitude of the electric field, and a time dependence of the fonn exp 
(jwt) has been assumed. At large distances from the body, the scattered EM .fields resulting 
from the incident wave are given by expressions of the fonn [Jackson, 1975] 

E'(r) = exp ( -jkr) F (6, 1) (3) 
r 

US(r) = _!__ exp ( - jkr) (6 x F (6, 1)) (4) 
lJo r 

where 6 is a unit vector in the direction of observation, and F(6, 1) is the far-field scat
tering amplitude. 
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Using the SIE method, the scattering amplitude is calculated for the case when the 
incident propagation vector is parallel to the axis of the cylinder (K polarization). Since 
the mathematical formulation of the SIE method is given in the literature [Wu and Tsai, 
1977; Harrington and Mautz, 1972], only a brief description of the method is given here. 

· The SIE method formulates the problem in terms of integrals of induced electric 
and magnetic currents on the surface of the body. The method of moments is used to 
solve the integral equations. For a body which is rotationally symmetric about the z axis, 
as the one shown in Figure 1, the expansion functions chosen for the solution are harmonic 
in <1> (azimuthal angle) and subsectional in T (contour length variables). The azimuthal 
variation of the fields can be written as a Fourier series in <1>, each term of which is 
uncoupled to every other term. The far-field scattering amplitude, F(o, 1), is then deter
mined from the reciprocity theorem and the measurement matrix concept [Harrington and 
Mautz, 1972]. From the forward scattering theorem, and from Eqs. (1) and (3), the 
extinction efficiency, Qext, for K polarization, is obtained as [Jackson, 1975] 

4 (A*-F(!,1)) 
Qext = - ka2 Im I A 12 (5) 

and the scattering efficiency is given as 

2J 7T 1 I F(o, ,) I 2 • 

Qsca = ,ra2 J I A I 2 sm 0 d0 d<p 
0 0 

(6) 

where 
* denotes complex conjugate 
a is the radius of the hemispherical cap 
0 and <1> are variables of the spherical system of coordinates. 

The absorption efficiency is the difference between the extinction and the scattering 
efficiencies, ie: 

(7) 

,. 

,. 
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~---- ------

0 
e:, µ ,.__ h 

Fig. I. A dielectric cylinder with spherical end caps irradiated by an incident EM plane wave. 
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The absorption efficiency is also defined as the total power absorbed (average SAR 

x volume) divided by the power incident on the geometrical cross-section. From this 

definition, and using Eq. (7), the SAR in mW/cm3 for a 1 mW/cm2 incident power density 

can be written as 

S 
Qabs 3 

AR = ( 2a ) , mW/cm 
2 - + h 

3 

(8) 

where a and h are given in centimeters. In the numerical calculations that follow, the 

frequency dependent complex permittivity of muscle tissue is taken from [Durney et al 

1978]. 

RESULTS 

The results in Figure 2 show that the average SAR for K polarization in capped 

cylindrical models of man is approximately the same as that calculated by the EBCM for 

spheroidal model. The capped cylinder was chosen to have the same volume, 0.07 m3
, 

and the same height, 1. 75 m, as the spheroid. Since the capped cylinder model is easier 

to use with the SIE method than the spheroidal model, it is fortunate that the average 

SARs in the two kinds of models are approximately the same. The good agreement 

between the data in Figure 2 obtained by the SIE method and the EBCM is one important 

element in establishing the validity of the SIE calculations. Another is the reasonably 

good agreement between some limited experimental data for live animals [Allen and 

Hurt, 1979] and the SIE calculations as shown in Figure 3. The SIE method has two 
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Fig. 2. Calculated average SAR in models of an average man for an incident power density of I mW/cm2 

for K polarization. 
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main advantages over the EBCM. First, the SIE method works well for absorbers having 
large ratios of length to width, while the EBCM does not, since it depends heavily on 
spherical harmonic expansions. Second, for man-sized models, the SIE calculations can 
be used up to 400 MHz, while the EBCM is limited to about 80 MHz. The usefulness 
of the SIE up to 400 MHz is an especially important advantage for K polarization because 
infinitely long cylindrical models cannot be used for K polarization as they have for E 
and H polarization in this frequency range [Massoudi et al, 1979]. 

Figure 4 shows the average SAR in models of an average man, exposed to an EM 
plane wave, in the frequency range of 10 MHz to 100 GHz for the three standard 
polarizations. The average SAR data in models of a small rat in the frequency range of 
100 MHz to 100 GHz are shown in Figure 5. The SAR data for K polarization in the 
frequency range of 80 to 400 MHz in the man model, and for the frequencies of 800 
MHz to 2.45 GHz in the rat model, were obtained using the SIE method. It should be 
pointed out that the SIE method, like any other numerical technique, has an upper 
frequency limit in making EM power deposition calculations for lossy dielectric bodies. 
This upper frequency limit for SIE has been found to be 400 MHz for man models and 
3 GHz for rat models. At higher frequencies the SIE method becomes numerically 
unstable. In the frequency ranges wl_lere calculations are still not possible for K polarization 
(400 MHz to 10 GHz for man models and from 3-40 GHz for rat models), the data were 
estimated by simply drawing in a smooth curve to fill the gap consistent with the general 
characteristics of the curve and limited experimental information. The remainder of the 
data shown in Figures 4 and 5 was obtained using a combination of prolate spheroidal 
and cylindrical models [Durney et al, 1978]. The SAR values for the E and H polarizations 
are included for comparison with the SIE calculation for K polarization. 

An interesting feature of this more complete dosimetric data that was not apparent 
from previous information is the approximate intersection of the three curves just above 
the E polarization resonance. This is consistent with experimental observations [D' Andrea 
et al, 1982]. Since the intersection of the three curves means that the average SAR would 
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for three polarizations. The SAR data for K polarization in the frequency range of 800 MHz to 2.45 GHz were 

obtained using the SIE method. The remainder of the data was taken from Durney et al [1978]. 

be approximately invariant with the orientation of the absorber with respect to the incident 

fields, this information might be useful in designing experiments in which the average 

SAR should be independent of an animal's position. Of course the SAR distribution 

would still be expected to vary with animal position even though the average SAR did 

not. 
It is also interesting to note that the average SAR values for K polarization are 

higher at some postresonance frequencies than the SAR values for E polarization. This 

has also been verified experimentally [D' Andrea et al, 1982]. Table 1 shows a comparison 

of calculated data with measured values on rats at 2450 MHz. 
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TABLE I. Comparison of Calculated and Measured* Values of SAR (W/kg)/(mW/cm2
) in Rats 

Exposed to 2450-MHz EM Plane Wave 

Theory 

Experiment* 

*D' Andrea [ 1982]. 
"N = 6. 
bN = 12. 

Weight 
(g) 

110 
250 
320 

67-130" 
J85-25Jb 

SUMMARY AND CONCLUSIONS 

K polarization 

0.39 
0.23 
0.20 

0.64 ± 0.D7 
0.30 ± 0.01 

E polarization 

0.36 
0.22 
0.21 

0.41 ± 0.D7 
0.37 ± 0.02 

The SIE method has been used to calculate average SAR for plane wave irradiation 
in K polarization in a frequency range for which calculations previously have not been 
available (80-400 MHz for man models). The average SAR in capped cylindrical models 
have been shown to be approximately the same as in spheroidal models, provided the 
two models are of the same height and the same volume, and good agreement was found 
with EBCM results at lower frequencies. Calculated data were also found to be in good 
agreement with the limited experimental values that are available. The average SAR 
curves for E, H, and K polarizations were found to intersect at a frequency just above 
resonance (about 800 MHz for man models). This may be useful in applications where 
the average SAR must be independe,nt of animal position. 
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Effects of 60-Hz Electric Fields on 
Specific Humeral and Cellular 
Components of the Immune System 

J.E. Morris and A.O. Phillips 

Biology Department, Pacific Northwest Laboratory, Richland, Washington 

We evaluated humoral and cellular functions of the immune system of Swiss-Webster mice 
exposed to 60-Hz electric fields at 100 kV/m. No significant differences were observed in primary 
antibody response to keyhole limpet hemocyanin (precipitating antibody levels) between exposed 
(30 or 60 days) and control mice, nor were there significant changes in mitogen-stimulation 
response of spleen cells from mice similarly exposed for 90 or 150 days when compared to 
sham-exposed animals. 

Key words: immunology, mice, 60-Hz electric fields 

INTRODUCTION 

Recent studies suggest that exposure to extremely low frequency electric fields may 
influence the immune system: Meda et al [1972] reported decreases in the concentration 
of lymphocytes in rats exposed at 100 kV/m for 6 h; Bianchi et al [1973] reported similar 
effects in mice after 55 days of exposure at 100 kV/m. Reduced leukocyte levels were 
reported by Fam [1980] in female rats exposed for 10 weeks at 240 kV/m, but no significant 
difference was seen in male rats exposed to the same field for the same period. Rats 
exposed at 15 kV/m had reduced levels of gamma globulin [Marino et al, 1976], whereas 
Dumanskiy et al [1976] reported elevated serum alpha and beta globulins in rats exposed 
for 4 months to fields ranging from 0.1 to 5 kV/m. Cerretelli et al [1979] reported 
decreased lymphocyte concentrations in rats exposed to 50-Hz, 100-kV/m electric fields. 
They also noted alterations of the leukocyte counts at 25 kV/m; however, the changes 
observed did not alter exposed rats' resistance to infections. 

Because of the diversity of effects reported in the literature, we have investigated 
the effects of exposure to 60-Hz electric fields on the immune system of laboratory 
animals. In previous studies, we measured effects of electric field exposure on the number 
and distribution of peripheral blood lymphocytes, the relative concentration of T and B 
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cells in the lymphocyte population, and serum immunoglobulin levels and complement 
activity [Morris and Ragan, 1979]. No statistically significant, reproducible effects of 
exposure to electric fields were observed. The functional aspects of humoral and cell
mediated immunity in electric field-exposed mice are described in this report. 

MATERIALS AND METHODS 
Animals 

Male Swiss-Webster mice, approximately 75 days of age at the start of exposure, 
were randomly distributed into three groups (15-20 animals per group) for each exper
iment: exposed, sham exposed, and cage controls. 

Exposure 

Mice were exposed to a 60-Hz, 100-kV/m, unperturbed electric field for 20 h/day 
for 30 to 150 days. Room temperature and humidity, monitored daily, averaged (mean 
± SE) 22.3 °C ± 0.7 and 57% ± 9.0, respectively. The system for exposing mice to 
60-Hz electric fields has been described in detail [Phillips and Kaune, 1977]. Briefly, 
three animals per cage were housed in plastic cages between parallel-plate electrodes. 
The mice were in electrical contact with the wire-mesh floors of the cages, which con
stituted the reference ground electrode. Water and food were provided ad libitum during 
exposure. The system was designed and documented to be free of corona and ozone. 
The mice did not receive spark discharge from the cage material or from the water system. 

Primary Antibody Response 

For studies of the primary antibody response, mice exposed for 30 or 60 days were 
challenged with a single intraperitoneal injection of keyhole limpet hemocyanin (KLH; 
MW, 3.0 X 106) and assayed for precipitating antibody at 14 days after challenge 
[Rittenberg and Amkraut, 1966; Rittenberg and Pratt, 1969]. 

Serum-precipitating antibody levels were determined with a direct-binding, double
isotope, radioimmune titer assay [Jaton et al, 1973]. The assay mixture consisted of 10 
µl of cocktail (1 251-labeled KLH and 22Na), 25 µl of mouse immune serum, and 10 µl 
of unlabeled KLH (concentration range, 0.38 to 700 µg). Assay tubes (in triplicate) were 
incubated for 4 h at 37 °C, then for 2 days at 4 °C, followed by centrifugation and 
counting of the precipitate in a Beckman-310 gamma counter. Sodium-22 was used as a 
volume marker in the assay system [Gotschlich, 1971]. KLH was iodinated with 1251 by 
the chloramine T technique [Greenwood et al, 1963]. 

Spleen Cell Preparation 

Spleens aseptically removed from mice were placed in sterile tissue culture medium 
(RPMI 1640). Tissues were minced with scissors and gently pushed through a fine mesh 
sieve to obtain single-cell suspensions. Gravity sedimentation was used to remove clumps 
and debris. After centrifuging supematants, pellets were resuspended in medium (2-4 
ml). Viability was determined with trypan blue, and total cell counts were performed. 
Dilution of cells was accomplished with supplemented RPMI-1640 that contained 10% 
heat-inactivated fetal bovine serum, achieving a final density of 2.2 x 106 viable cells/ 
ml for the mitogen assay system [Bianco et al, 1970]. 
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Mitogen Stimulation Assay 

As an in vitro measure of cell-mediated immunity, DNA synthesis and cell division 
were stimulated in spleen lymphocytes with T- and B-cell-specific mitogens: concanavalin 
A (Con A) and phytohemagglutinin (PHA), plant lectins that stimulate T-cell populations; 
lipopolysaccharide (LPS), a B-cell-activating endotoxin; and pokeweed mitogen (PWM), 
a plant lectin that is mainly B-cell specific, but which also stimulates some of the T-cell 
population [O'Brien et al, 1978; Oppenheim and Rosenstreich, 1976]. 

We measured lymphocyte activation by the incorporation of (1251] iododeoxyuridine 
((

125l]IUdR) in newly synthesized DNA. Two microcuries of this compound, a gamma
emitting thymidine analog [Le Mevel et al, 1973; Oldham and Herberman, 1973], was 
added to all tubes for the last 20 h of culture. Fluorodeoxyuridine (1 · x 10- 6 M final 
concentration), a known inhibitor of thymidylate synthetase, which was added simulta
neously, preferentially increased DNA incorporation of the (125l]IUdRpulse [Langenbach 
et al, 1972; Zimmerman and Kem, 1973]. Following 2 days of cell incubation in the 
presence of varying concentrations of the different mitogens, the extent of labeled IUdR 
incorporated by the lymphocytes was measured. Cells were washed three times with 
distilled water and twice with 3% acetic acid before gamma counting. 

Statistical Methods 

Data are presented as means ± SEM. Statistical comparisons of data were made 
between mean values of the humoral responses in exposed and sham-exposed mice using 
an analysis of variance and Student's two-tailed t tests. Differences were considered 
significant at P < .05. 

RESULTS 
Primary Antibody Response 

Data for the primary antibody response of mice exposed to 60-Hz, 100-kV/m electric 
fields for 30 or 60 days are shown in Figure 1. All mice were immunized intraperitoneally 
with 5 mg KLH. The levels of antibody in 25 µl of serum from mice exposed for 30 or 
60 days precipitated 28.1 or 30.9 µg of KLH, respectively. Sera from sham-exposed 
mice (30 or 60 days) precipitated 24.3 or 33.8 µg of KLH, respectively. Serum antibodies 
in cage controls precipitated 20.5 or 24.3 µg of KLH, respectively, for the same time 
periods. No statistically significant differences in levels of antibody were seen among the 
three groups of mice after 30 or 60 days of exposure. 

Mitogen Stimulation of Spleen Cells 

Data shown (Fig. 2) for the response of mouse spleen cells to Con A, PWM, and 
LPS are for those concentrations of each mitogen which induced the highest incorporation 
of [125l]IUdR at 1, 2, 3, or 4 days of incubation. Optimal incorporation of (125l]IUdR 
occurred after 2 days of incubation with 0.9-2.8 µg of Con A, 5-15 µg of LPS, and 
2.5-10 µg of PWM. Therefore, these concentrations were selected for the study on 
mitogen stimulation of spleen cell preparations. 

Mitogen Stimulation Assays 

The data for the 90- and 150-day studies (Tables 1 and 2) are reported as stimulation 
indexes, the ratio of counts per minute incorporated in mitogen-stimulated spleen cells, 
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divided by counts per minute incorporated in unstimulated cells. In the 90-day study 

(Table 1), responses of spleen cells from exposed, sham-exposed, and cage-control mice 
were compared for the three mitogens (Con A, LPS and PWM) at the various concen

trations used. No significant differences were observed between exposed and sham

exposed mice in stimulation indexes. 
In the 150-day exposure (Table 2), the stimulation indexes obtained for Con A, 

LPS, and PWM for the three different groups were not significantly different. The mean 

stimulation indexes obtained for PHA-treated spleen cells appeared to be higher for the 
exposed group than for sham-exposed controls; however, statistical evaluation of the data 
indicated the difference was not statistically significant. 

DISCUSSION 

Previous studies on the effects of 60-Hz electric fields have concentrated on the 
numbers and distributions of major humoral and cellular components of the immune 

system. Some investigators [Meda et al, 1972; Bianchi et al, 1973; Fam, 1980] observed 
decreases in leukocytes and lymphocytes and alterations in serum globulin levels. Other 
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days and pulsed with IUdR for the last 20 h of the incubation period. 

investigators [Morris and Ragan, 1979] have not observed any consistent statistically 
significant effects on humoral or cellular components of the immune system. While these 
studies provide quantitative data on immune system components, they do not provide 
any information on the functional capacity of humoral and cellular immunity. 

In our humoral studies, using mice exposed for 30 or 60 days, no significant 
difference in primary antibody response to KLH (a T-cell-dependent antigen) was ob
served. This functional response to a T-dependent antigen indicated that B lymphocytes 
were capable of recognizing, responding, and undergoing the necessary maturation leading 
to antibody production, and that the T-cell and macrophage functions required for the 
response were intact. 

Cell-mediated immunity was measured with in vitro mitogen stimulation assays. 
This component of the immune system, a principal component for homeostasis, provides 
resistance to infections with facultative intracellular bacteria, fungi, and viruses. It has 
also been implicated as a surveillance mechanism capable of eliminating abnormal and 



TABLE 1. In Vitro Mitogen-Stimulated Spleen Lymphocyte Studies in Male Mice Exposed for 90 
Days to 60-Hz, 100-kV/m Electric Fields 

Stimulation Index• 

Cage Sham 
control Exposed exposed 

Amount (N = 15) (N = 18) (N = 18) P values* 
Mitogen (µg) Mean± SE Mean± SE Mean± SE exposed/sham exposed 

Concanavalin A 0.9 37.2 ± 3.7 36.0 ± 3.7 36.1 ± 2.9 .97 

1.9 73.4 ± 6.9 65.5 ± 6.9 72.1 ± 5.8 .47 

2.8 79.2 ± 8.8 72.7 ± 8.4 68.1 ± 5.1 .65 

Lipopolysaccharide 5.0 5.6 ± 0.6 5.1 ± 0.4 5.1 ± 0.4 .99 

10.0 5.0 ± 0.6 4.7 ± 0.4 4.8 ± 0.4 .70 

15.0 4.4 ± 0.4 4.2 ± 0.4 4.6 ± 0.4 .84 

Pokeweed mitogen 2.5 11.2 ± I.I 10.6 ± 1.3 10.3 ± 0.9 .87 

5.0 12.2 ± 1.2 11.0 ± 1.4 10.9 ± 0.8 .98 

10.0 13.2 ± 1.4 11.7 ± 1.3 11.5 ± 1.0 .91 

'Stimulation index (ratio of counts per minute incorporated in stimulated cells to counts per minute incorporated 

in unstimulated cells). 
*P values determined using Student's t test. 

TABLE 2. In Vitro Mitogen-Stimulated Spleen Lymphocyte Studies in Male Mice Exposed for 150 
Days to 60-Hz, 100-kV/m Electric Fields 

Stimulation index• 

Cage Sham 
control Exposed exposed 

Amount (N = 9) (N = 9) (N = 9) P values* 
Mitogen (µg) Mean± SE Mean± SE Mean± SE exposed/sham exposed 

Concanavalin A 0.9 97.9 ± II.I 87.7 ± 18.9 95.8 ± 20.1 .77 
1.9 132.5 ± 18.0 118.7 ± 24.0 98.7 ± 16.9 .51 
2.8 102.2 ± 19.7 83.3 ± 18.2 61.3 ± 13.3 .35 

Lipopolysaccharide 5.0 9.9 ± 1.7 10.3 ± 2.2 12.7 ± 1.7 .39 
10.0 13.3 ± 2.1 14.1 ± 2.9 15.5 ± 2.5 .70 
15.0 12.5 ± 2.1 16.4 ± 5.2 16.1 ± 2.5 .95 

Pokeweed mitogen 2.5 18.8 ± 4.2 12.2 ± 2.4 13.8 ± 3.2 .70 
5.0 21.8 ± 6.0 14.1 ± 2.4 12.8 ± 3.7 .78 

10.0 21.4 ± 8.0 11.7 ± 2.5 11.4 ± 3.1 .97 
Phytohemagglutinin 36 104.6 ± 13.8 101.5 ± 22.9 68.2 ± 12.1 .22 

72 84.2 ± 17.0 87.1 ± 21.3 52.8 ± 11.8 .19 

•Stimulation Index (ratio of counts per minute incorporated in stimulated cells to counts per minute incorporated 
in unstimulated cells). 
*P values obtained using Student's t test. 

potentially malignant cells. In cellular immunity, expression of activity is primarily 
dependent upon the interaction between T lymphocytes and mononuclear phagocytes. 
The response of spleen cells to mitogens correlates with cell-mediated immunity and 
requires both functional T lymphocytes and phagocytes. The response of spleen cells 
from exposed animals to Con A, which was comparable to that seen in sham-exposed 
animals, indicated that the functional activity of T cells was similar in both. Furthermore, 
the response of spleen cells from both exposed and sham-exposed animals to LPS (a B
cell-specific mitogen) yielded similar stimulation indexes, suggesting that the distribution 
of LPS-specific, mature B lymphocytes had not been altered by exposure. 
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Possible Effects of 1011 Hz Radiation on 
the Oxygen Affinity of Hemoglobin 

D. K. Kondepudi 
Center for Studies in Statistical Mechanics, Department of Physics, University of Texas 
at Austin 

When oxygen binds to one of the subunits of hemoglobin, the oxygen affinity of the other subunits 

is enhanced. This cooperative interaction of the subunits is initiated by the movement of the 

heme plane toward the proximal side when oxygen binds to the heme. This motion is transmitted 
to the surface of the globin through a "reaction channel" consisting of a group of atoms whose 

motion is well correlated. Considering the detailed geometry and X-ray diffraction data of the 

mean square displacement of the atoms surrounding the heme, a simple model for the heme 
plane oscillations is developed. Using this model, the natural frequency of oscillations is_ shown 

to be -5 X 1011 Hz. This result, along with the recent experimental data on the kinetics of the 

conformational changes of the heme, points to the possibility of radiation influencing the oxygen 

affinity of hemoglobin. If such an effect exists, it is likely that the oxygen affinity will be 

enhanced by the radiation. 

Key words: hemoglobin, influence of radiation on oxygen affinity 

INTRODUCTION 

Globular proteins are a state of matter whose dynamic properties are partially solid
like and partially liquid-like. There are modes of motion in these proteins that are highly 
correlated, as in a solid, and modes that are uncorrelated, as in a liquid. The correlated 
modes give the protein machine-like properties that are essential for its biological function. 
This feature makes the macromolecule, and its function, sensitive to electromagnetic 
radiation of certain frequency: If the radiation can activate the machine-like modes, the 
energy will selectively go into this mode and the biological function of the molecule will 
be strongly affected. In this article we consider the hemoglobin molecule to elucidate 
this general idea of sensitivity of proteins to radiation. 

The function of hemoglobin as an oxygen carrier is due to its property of cooperative 
oxygen binding. Hemoglobin is a tetramer, consisting of two types of subunits, the a 

and the 13 subunits, each of which can bind a molecule of oxygen. The binding of oxygen 
to one subunit influences the ability of the other subunits to bind oxygen: The oxygen 
affinity of a subunit, for instance, is 70 times greater if the other three subunits have 
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bound oxygen. The mechanism that brings about such cooperativity in the tetramer has 
been the subject of much investigation. Studies-which will be described in some detail 
in the following section-have shown that the mechanism that brings about the interaction 
between subunits is due to a highly correlated motion of relatively few atoms and is 
linked to the motion of the heme. Since the iron atom in the heme is charged, if elec
tromagnetic radiation of suitable frequency can excite this mode, it will have a strong 
influence on the cooperative properties of the molecule. In the following sections we 
consider the essential details of the heme motion and develop a simple model and compute 
the order-of-magnitude values of the resonance frequency of the heme plane oscillations. 

On general grounds, since the machine-like modes involve more than just a few 
atoms, we can expect their characteristic frequencies to be low compared to the vibrational 
frequencies of smaller molecules (which are in the infrared region). Experimentally low 
frequncy oscillations (~l.5 x 1011 Hz) have been observed by Brown et al [1972]. 
These seem to be due to accordion-like ocillations of the a-helices. General theoretical 
considerations of Frolich [1968,1973] of large-scale collective motion in proteins give 
frequencies in the range 1010

- 1011 Hz. Some of these collective oscillations are giant 
dipole oscillations and it has been suggested that they are an important factor in enzyme 

catalysis [Frolich,1975]. As we shall see, the frequencies of the heme plane oscillations 
are also of the same order of magnitude, indicating that typical motions in biomolecules 
are in the frequency range 1010-1011 Hz. 

STEREOCHEMICAL MECHANISMS OF HEMOGLOBIN COOPERATIVITY 

The subunit interaction and the resulting cooperativity have been extensively stud
ied. X-ray crystallographic, thermodynamic, and kinetic studies have revealed much about 
the mechanism, but the complete details are not yet known (reviews of these studies can 
be found in Perutz [1969], Antonini and Brunori [1975], Weissbluth [1974], Baldwin 
[1975]). Perutz has suggested a stereochemical mechanism for the cooperativity. Though 
all the details of the model have not been verified experimentally (there are some indi
cations that some of the details are to be altered), the overall picture is now clear. The 
main features of the mechanism are as follows. Each of the two a and the two 13 subunits 
has two tertiary states, the oxy state, denoted by o, and the deoxy state, denoted by d. 
The tetramer as a whole can exist in two quaternary states, the oxy state O and the deoxy 
state D. In the oxy quaternary state 0, the oxygen affinity of the subunits is high, and 
in the deoxy state D, it is low. The binding of an oxygen molecule to the a subunit 
changes the tertiary structure from d to o, and this change has an influence on the 
quarternary structure. According to the Perutz model, when two a subunits bind oxygen, 
their transition to the o state induces a transition of the quaternary structure to the 0 
state, and this enhances the oxygen affinity of the 13 subunits. Whether this particular 
order of changes is the correct description or not, for our considerations, we only need 
to note that the tertiary structural changes induce quaternary structural changes, and that 
this link is central for the cooperativity. 

The "trigger" for the tertiary structural change is the binding of oxygen. In the 
deoxy state, the Fe2+ atom of the heme is in the high-spin ferrous state, is about 0.6 A 
out of the porphyrin plane, and is bound to the proximal histidine (in the a subunit, it 
is His F8 (87), and in the 13 subunit it is His F8 (92)). When the oxygen molecule binds 
to the sixth coordinate of the Fe2+, the porphyrin plane moves up toward the histidine. 
This motion is transmitted to the surface of the subunit through a well-correlated machine-
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like motion of the atoms. In the Perutz model, the binding of oxygen to an a subunit 

results in the movement of the F helix toward the H helix. This movement ejects Tyr 

HC 2 (140 a 1) and leads to the breaking of salt bridges between the a 1 and a 2 subunits. 

These changes, as mentioned above, induce a change in the quaternary structure to the 

oxy state. In the oxy quaternary state, the oxygen affinity of the 13 subunits is enhanced 

due to the opening of "channels" for the oxygen to reach the heme pocket. Experimentally, 

the movement of the heme plane toward proximal histidine is well established, but whether 

the salt bridges are disrupted ~s a consequence is not entirely clear. 

Gelin and Karplus [1977] have simulated the structural changes in the heme that 

occur on ligation and studied the resulting tertiary structural changes in the a chain. They 

found that the heme plane moves toward the proximal histidine and at the same time tilts 

about 8° about an axis in the heme plane as shown in Figure 1. Due to this motion, the 

part of the heme that is near the FG helix moves up about 1 A and the pyrrole 3 of the 

porphyrin pushes Val FG5 (93), with which it is in van der Waals contact. The motion 

of Val FG5 is transmitted to the surface of the subunit through a well-established movement 

of certain atoms. One of the main conclusions of this computer model study is: "A 

localized reaction path that involves directly only a relatively small number of globin 

atoms is found to transmit information concerning the ligand binding from the heme 

group to the surface of the subunit." It is this mode of correlated motion and its excitation 

that are of interest to us. 
Consider the a subunit in the d (deoxy) state. In this state, if radiation can excite 

the heme plane oscillations, through its interaction with Fe2+ atom, we would expect 

the excitation energy to be transmitted to the Val FG5 (93) and consequently to the 

"reaction path" through which the tertiary structural changes are communicated to the 

HIS F8 (87) 
C 

/N.-\ 
C ~ N',.,,,/ C 

UPWARD o 

MOVEMENT (0.9A) 

Fig. 1. Movement of the heme plane when oxygen binds to the sixth coordinate of the iron atom oil the distal 

side: The plane moves upward simultaneously tilting about the axis shown. The maximum movement is at the 

FG comer where the tilt is upward. 
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surface of the subunit. In other words, the energy that goes into this "reaction path" due 
to the binding of a ligand is now supplied by the radiation when it excites the heme plane 
oscillations. We could then expect this absorbed energy to facilitate or induce the qua
ternary structural changes from deoxy, D, state to the oxy, 0, state. 

To investigate this possibility in detail, we need to know the characteristic fre
quencies of the heme plane oscillations and the damping forces that act on the heme 
motion. These two factors determine if there will be resonant absorption of energy and 
how effectively this energy will be transmitted to the Val FG5 side chain. In the following 
section we consider the geometry of the heme pocket in detail and, taking all the essential 
factors into consideration, develop a simple model to compute the characteristic fre
quencies of the heme plane oscillations. Results of recent resonance Raman spectroscopic 
studies of hemoglobin on pico- and nanosecond time scales (that we shall describe briefly 
later) give us information regarding the relaxation times for the structural changes. From 
this information we can get an order of magnitude estimate of the damping constant for 
the heme motion. This will enable us to discuss the possibility of influencing hemoglobin 
oxygen affinity with radiation of appropriate frequency. 

A SIMPLE MODEL FOR THE HEME OSCILLATIONS 

The model we develop is based mainly on three studies: (1) the computer-model 
study of Gelin and Karplus [1977] which tells us that the motion of the heme plane is 
linked to a reaction path that connects tertiary and quaternary structural changes; (2) the 
X-ray diffraction study of Frauenfelder et al [ 1979] on myoglobin which gives information 
about the region surrounding the heme molecule; and (3) the theoretical study of Warshel 
[1977] in which the heme-histidine interaction potential was obtained. 

Figure 2a shows a schematic diagram of the heme pocket and the amino acid side 
chains with which the heme is in contact. As was mentioned before, the computer-model 
study shows that the porphyrin plane moves upward and this motion is transmitted to a 
reaction pathway originating at Val FG5. Due to the non bonded interaction with the 
proximal His F8, the porphyrin plane undergoes a tilt which is anchored by Leu FG3 
and Leu Hl9 (see Gelin and Karplus [1977] for more detail). Due to this tilt pyrrole 3 
pushes Val FG5. All the important aspects of the motion are linked to the contacts on 
the proximal side. Figure 2b shows all the important contacts on the proximal side. Val 
FG5 (93) moves about 1 A; the other residues that move along with it are the adjacent 
Arg FG4 (92), Leu FG3 (91), and Asp Gl (94). Phe G5 (98) and one tum of the helix 
from Asp Gl (94) move slightly. This could be described as the overall motion of the 
FG comer. 

In their study, Gelin and Karplus also give the nonbonded interaction of the heme 
when globin is kept fixed and the heme is displaced perpendicular to its plane. Most of 
this is the repulsive van der Waals interaction. That the attractive part is rather small is 
supported by the fact that motion of the heme toward the proximal side does not pull the 
side chains in contact with it on the distal side; only Lys G8 (101) moves slightly with 
the heme. If we approximate this repulsive interaction by a simple harmonic potential, 
then the effective force constant is ~ 102 kcal mo1-1 A-2

• If we distribute this total force 
over all the proximal side contacts, we see that when the globin is kept fixed, the force 
constant can be taken to be about 15 kcal mo1-1 A-2 per contact, a typical value for the 
van der Waals repulsion. Though we make use of this force constant, we must emphasize 
that the rigid globin potential is not the potential that the heme would experience when 
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D 

EF 
a 

b 
Fig. 2. (a) Schematic picture of the heme pocket. The side chains with which the heme has a nonbonded 
interaction are shown. (b) The most important contacts on the proximal side which are considered for the 
computation of heme plane oscillation frequency are shown. 
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it moves toward the proximal side. The side chains in contact with the heme are not 
rigid, but flexible. Hence, as the heme moves these side chains also move, and the force 
required to move them should be an essential part of our considerations. Stating it in 
other words, we need to know how soft the protein surrounding the heme is. 

As remarked under the Introduction, some parts of the protein are semiliquid-like. 
The X-ray diffraction studies of myoglobin by Frauenfelder et al [ 1979] show that certain 
parts of the protein are solid-like while some parts are semiliquid-like. In particular, in 
the heme pocket, the proximal side is softer than the distal side. Because of this, as the 
heme moves upward, the force it will encounter will be smaller than the rigid globin 
force. To include this important factor in our model, we use the experimental data of 
Frauenfelder et al [1979; also private communication]. From the X-ray diffraction data, 
the mean squared fluctuation, <x2>, of every atom of myoglobin was obtained for 
different temperatures. This data shows that, on the proximal side, the mean <x2> is 
0.113 A.2, while on the distal side it is 0.072 A.2 at a temperature of 300 °K. In the region 
near the distal histidine, in the E helix, the mean <x2> is 0.04 A.2; the typical value of 
<x2> for a solid at 300 degrees Kelvin is about 0.04 A.2

• From this we see that the 
proximal side is semifluid-like while the distal side is more solid-like in myoglobin. In 
order to use the data obtained for myoglobin to develop a model for the a-chain of the 
hemoglobin, we must compare carefully the surroundings of the heme in the two cases. 

It is well known that the heme pockets in myoglobin .and hemoglobin are very' 
similar and that this similarity is related to their common function as oxygen-binding 
molecules. Table 1 shows the proximal and distal contacts of myoglobin, and the a and 
the~ subunits of hemoglobin. In this table the value of <x2> for the side chains (obtained 
by Frauenfelder et al [1979]) of myoglobin is also given. These are van der Waals and 
hydrogen bond contacts. One of the major differences in the contact interactions in the 
two cases is in the possibility of a side chain forming a hydrogen bond with the heme. 
If a side chain, say, in myoglobin, can form a hydrogen bond, while the corresponding 
side chain in hemoglobin cannot, then the interaction in the two cases will be significantly 
different. For a hydrogen-bonded side chain, we can expect the <x2> to be smaller. 
Also, the minimum of the hydrogen bond potential is at a slightly smaller separation than 
that of the van der Waals potential, implying that repulsion occurs at a slightly greater 
distance for van der Waals forces than for the hydrogen bond forces. The second dif
ferences that must be considered is the difference in the lengths of the side chains. 
Comparing the proximal contacts in myoglobin and the a chain of hemoglobin, we see 
that Ser F7 (92) and His FG3 (97) in myoglobin can form hydrogen bonds with the 
propionic side chains of the porphyrin ( detailed study of geometry of the positions of the 
relevant atoms indicates this), while the corresponding contacts Leu F7 (86) and Leu 
FG3 (91) cannot form hydrogen bonds. As is expected, the <x2> for these side chains 
in myoglobin is relatively smaller. In hemoglobin, then, we should expect Leucine in 
position FG3 (91) and F7 (86) to have an <x2> more or less equal to the <x2> of the 
other side chains in van der Waals contact. The other side chains, which are in van der 
Waals contact, in myoglobin and their corresponding side chains in hemoglobin, have 
comparable lengths. Hence to use the <x2> data of myoglobin for the modeling of the 
a chain of hemoglobin, we only need to take the difference in the side chains in the 
postion F7 and FG3. Since these side chains do not form a hydrogen bond in hemoglobin, 
just as all the other side chains on the proximal side, we can take the <x2> of these side 
chains to be the mean of the rest. With this change, we can obtain the mean <x2> on 
the proximal side for hemoglobin. 
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TABLE 1. Comparison of the Amino Acids in Contact With the Heme in Myoglobin and the a, p 
Chains of Hemoglobin* 

Myoglobin 

Proximal 
Thr C4(39) 
[0.062] 
Lys C7(42) 
[0.152] 
Leu F4(89) 
[0.189] 
Sar F7(92) 
[0.053] 
His FG3(97) 
[0.104] 
Ile FO4(99) 
[0.119] 
Tyr 04(103) 
[0.144] 
Leu 05(104) 
[0.081] 
Phe H15(138) 
[0.114] 

Distal 
Leu B10(29) 
[0.083] 

Phe CDl(43) 
[0.087] 
Arg CD3(45) 
[0.185] 

His E7(64) 
[0.039] 
Tyr E10(67) 
[0.063] 
Val E11(68) 
[0.043] 
Ala El4(71) 
[0.01] 
Leu E15(72) 
[0.087] 
Phe 07(106) 
[0.055] 

Hemoglobin-a 

Tyr C7(42) 

Leu F4(83) 

Leu F7(86) 

Leu FG3(91) 

Val FO5(93) 

Asn 04(97) 

Phe 05(98) 

Val H15(132) 

Leu H19(136) 

Met B13(32) 

Thr C4(39) 
Phe CD1(43) 

His CD3(45) 

Phe CD4(46) 
His E7(58) 

Lys El0(61) 

Val El 1(62) 

Leu 08(101) 

Hemoglobin-13 

Phe C7(42) 

Leu F4(88) 

Leu F7(91) 

Leu FG3(96) 

Val FO5(98) 

Asn 04(102) 

Phe 05(103) 

Val H15(137) 

Leu H19(141) 

Met B13(31) 

Phe CD1(42) 

Ser CD3(44) 

Phe CD4(45) 
His E7(59) 

Lys El0(66) 

Val El 1(67) 

Ser E14(70) 

Phe E15(71) 

Leu 08(106) 

*The numbers in the brackets for the myoglobin residues are the average mean square displacements of all the 
side chain atoms in A2

, at 300 °K. 

The value of <x2> is a measure of the softness. Experimentally it is obtained with 
the following assumptions [Frauenfelder et al, 1979): (a) <x2> is isotropic, and (b) the 
probability of an atom being at a distance x from its mean position is: 

(1) 
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Theoretically the probability is given by the Boltzmann principle. If the atom is assumed 
3 

to be in a simple harmonic potential, then, in general, the potential V(x) = 1/2 L Kiixixj, 
i.j=I 

where Kii is the symmetric (Kii = Kii) force tensor, and xi, i = 1,2,3, are the Cartesian 
components of x. In an appropriate coordinate system Kii is diagonal. According to the 

Boltzmann principle the probability that the atom is at the position x is proportional to 

Exp. ( - V(x)/k8 T) where k8 is Boltzmann constant and T the temperature. In the co

ordinate system in which Kii is diagonal, we obtain 

- _l_ (K,x/ + K2x/ + K3x/)/k8 T 
P(x) d3x = P(o) e 2 d3x 

(2) 

The assumption of isotropy implies K 1 = K2 = K3 = K. With this assumption, comparing 

Eqs. (1) and (2) we get 

(3) 

(If the motion of the atom is not isotropic, the relation between <x2> and the force 

constants Ki will have an additional factor. In the extreme case, when the atom is vibrating 
only in one direction, which happens for instance when K2 ,K3>>K1, the probability 
distribution reduces to P(x) dx 1 = P(o) exp {-(K1/2k8 T) x1

2
} dx 1• The mean square 

displacement (msd) for this distribution is (k8 T/K1). On the other hand, if we use Eq. 
(1), with its implicit assumption of isotropy, the msd is 3<x2>. In this extreme case 

kT 
then, the experimentally obtained <x2> = 

3
~. Since we are considering only the 

average properties, we assume isotropy and use Eq. (3) in our computation.) We consider 

the most important contacts, shown in Figure 2b, for which the mean <x2> = 0.123 

A2 at 300 degrees Kelvin. Computation of K using the above relation gives K = 4.7 
kcal mo1-1 A-2

• We use this value of force constant for the proximal side chains. 

The next ingredient for the model is the heme-histidine potential computed by 
Warshel (1977]. In the ferrous state, the iron atom, Fez+, has a radius that is larger than 
the hole in the porphyrin. As a result, when the iron atom moves into the plane of the 
porphyrin, it strains the porphyrin structure by expanding it. Also, as the porphyrin plane 

moves toward the iron atom, its interaction with the histidine, to whose Ne2 and Fe is 
bound, must be considered. These interactions were considered in detail by Warshel 
[ 1977], and the potential energy as a function of heme-histidine separation was obtained. 
The bond between Fe and Ne2 has a very high force constant, and consequently most of 

the change in this potential energy is due to the movement of Fe into the porphyrin plane. 
From this potential energy, using the simple harmonic approximation, we compute the 
force constant and obtain K = 16 kcal mo1-1 A-2

• Finally, we should take the motion of 

His F8 side chains into consideration. The data of Frauenfelder et al (private commu
nication) gives <x2> = 0.075 A2 for the proximal histidine side chain. This gives a 
value of force constant of 7.9 kcal mo1- 1 A-2

• Gelin and Karplus have pointed out that 

the histidine side chain is surrounded by a hydrophobic cage that holds it relatively rigid. 
The above <x2> value shows that in myoglobin it is not rigidly fixed like in a solid. 
Therefore, we must keep in mind that the above force constant may be less than the 
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actual value. As we shall see, for the accuracy for which we are aiming, this will not 
make a great difference. 

Using the above force constants we can build a simple "spring model" for the heme 
plane oscillations. Figure 3 shows this model, in which we have used only the most 
important proximal contacts. For the movement of Fe into the plane, we have used two 
springs of force constant 8 kcal mol-1 A-2

• With this model we can now compute the 
frequencies of the different modes of oscillation. For the heme plane oscillations we have 
two modes: one in which the Fe atom moves into the porphyrin plane and the other in 
which it does not move relative to the plane. 

For the mode in which the Fe atom does not move relative to the porphyrin, the 
effective force constant can be computed as follows. If two springs are connected in 
series, the reciprocal of the effective spring constant is equal to the sum of the reciprocals 
of the two spring constants; if the springs are connected in parallel, of course, the effective 
spring constant is the sum of the two spring constants. Hence for the mode the effective 
force constant is: 

7.9 X 16 15 X 4.7 
KA = ---- + 5 x ----

(16 + 7.9) (15 + 4.7) 

23.09 kcal mol-1 A-2 . 

The total mass M that is oscillating is 833 daltons. The natural frequency of this motion 
1s: 

1 /KA 
vA = 

20 
✓M = 5.2 x 1011 Hz. 

FG5 FG3 F7 F4 Hl9 

4.7 7.9 4.7 4.7 

15 15 15 

Fig. 3. A simple model for the heme plane oscillations. The numbers indicate the force constants of the 
springs in kcal ino1-1 A-2 obtained from the X-ray diffraction data of the mean square fluctuations, under the 
harmonic approximation. 
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For the second mode, in which the iron atom does not move into the porphyrin 
plane, we do not include the springs for the distortion of the domed heme. The effective 
force constant is: 

9 5 
15 X 4.7 

KB = 7. + x ---
(15 + 4.7) 

= 25.7 kcal mo1-1 A-2 • 

The corresponding frequency is: 

v, ~ z~ ~ ~ 5.4 X IO" Hz. 

In vacuum this corresponds to a wavelength of about 0.6 mm. 

POSSIBLE EFFECTS OF RADIATION ON OXYGEN AFFINITY 

To assess the effectiveness with which radiation can excite heme plane oscillations, 
we need to know the order of magnitude of the' damping constants. There are, at this 
time, no experimental data that give us this number exactly; however, from the picosecond 
laser spectroscopic studies of photolysed carbonmonoxy-hemoglobin, and the computer 
simulation study of Gelin and Karplus [ 1977], we can build a simple picture of the nature 
of structural transition and obtain bounds for the damping constant. 

The heme plane is damped due to its interaction with the amino acid side chains 
in the heme pocket. In the unliganded state, Gelin and Karplus noted that, if all the globin 
atoms are rigidly fixed in their equilibrium position, the heme is in a broad potential well 
with respect to translation perpendicular to the plane; there are no atoms in the immediate 
vicinity of the heme that hinder its motion. In the liganded geometry (ie, when Fez+ is 
in the porphyrin plane, etc), most of the change in the heme environment is due to the 
displacement of Val FG5 (93) and the adjacent Arg FG4 (94), Leu FG3 (91), and Asp 
Gl (91). 

The rest of the heme environment is almost unchanged. Hence, apart from the 
interaction with Val FG5 (93), the damping forces due to the rest of the environment 
could be expected to be of the same order of magnitude for the liganded and unliganded 
state. Further, sine the rigid globin potential is rather broad (see Gelin and Karplus [1977] 
for details), we can infer that the interaction with the Val FG5 is strong only when the 
displacement of the heme plane is sufficiently large. If it is possible to excite the heme 
plane oscillations then, when the amplitude is large enough, the pyrrole 3 will collide 
with Val FG5 and transfer energy to the reaction path that transmits heme structural 
changes to the surface. We could then expect this energy to facilitate the structural changes 
that occur on ligation. 

Recent picosecond resonance Raman spectroscopic studies of photolysed carboxy
hemoglobin (COHb) give us some information about the relaxation times for the structural 
changes that occur when the CO dissociates from the heme. In the liganded state, the 
Val FG5 is in the displaced position and the relaxation to the unliganded domed structure 
encounters damping forces from the heme environment excluding Val FG5 which, as 
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pointed out previously, more or less equal the damping forces in the unliganded state. 
Briefly, the experimental findings are the following. Shank et al [1976] have shown that 
within a few picoseconds after the photoflash, the CO dissociates from the heme. By 
picosecond spectroscopy, Temer et al [ 1980, 1981] studied the photointermediate from 
30 ps to almost 1 ns. Their results show that within 30 ps the spectrum of the photoin
termediate becomes very nearly that of the heme in the deoxy-hemoglobin. For the bands 
that identify the porphyrin structure, there is a small but definite difference between the 
30-ps photointermediate and the deoxy-hemoglobin. Results similar to Temer et al were 
also obtained by Woodruff et al [ 1981]. The bands that we refer to here indicate the size 
of the porphyrin core: The experimental results imply that within 30 ps the heme structure 
becomes nearly that of the deoxy-hemoglobin, but the porphyrin core is slightly larger. 
This could be due to partial doming of the heme. Though the partial doming is a very 
likely possibility [see Temer et al, 1981], at this point one cannot unequivocally conclude 
that it is indeed so. More experimental evidence is required to prove this to be fact. For 
our modeling of the heme structural changes, as we see no forces that constrain the heme 
to the porphyrin plane, we shall assume that the Fe atom is free to move out of the plane 
once the ligand has been dissociated. The work of Temer et al [1980,1981] shows that 
the structure with slightly larger core persists up to 1 ns. On a time scale of tens of 
nanoseconds, tertiary structural changes occur and the complete domed structure is reached 
[Alpert et al, 1974]. Quaternary structural changes occur on a time scale of milliseconds 
[Sawicki and Gibson, 1976; also Ferrone and Hopfield, 1976]. 

The relaxation from the planar to the domed structure can occur in two ways: (1) 

within 30 ps the heme plane can move down and its motion be completely damped in 
this time, so that a partially domed structure is reached, the complete doming requiring 
tertiary changes that occur on a much longer time scale; (2) soon after the dissociation 
of the ligand the heme plane moves down and begins to oscillate; due to the oscillations 
the porphyrin core is seen to be somewhat enlarged, and these oscillations persist up to 
a nanosecond, the damping being relatively small. In the former case, the relaxation time 
is of the order of 10- 11 and for the latter, 10-9

• If the equation of motion of the heme 
plane is written as 

d2x dx .2e 
- + 11- + w0 2x = M £ 0 sin wt 
dt2 dt 

where x is the displacement from the equilibrium position, 'TJ the damping constant, w0 

the characteristic frequency of the heme oscillations, M the mass of the heme, e the 
electronic charge, and E0 sin wt the incident radiation field, the amplitude A at resonance 
(w = w0 ) is given by 

2eE0 A=--

If the incident energy flux S is specified, then using the Poynting relation S 

~(E x R) (in CGS units), one can easly show that E0 = 27/S, in which Sis in W/ 
4II 
cm2 and E0 is in electrostatic units. Using w0 = 271" x 5 x 1011 Hz and M = 833 
Daltons, we find for 'Tl - 1011 s- 1 the amplitude is approximately 0.64 x 10-2 /SA and 
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for TJ ~ 109 s-1 is 0.64 x /SA. Thus we see that for quick damping the amplitude is 
extremely small and there will be no significant resonant absorption; for the case of slow 
damping, however, the amplitude can be significantly large. If the damping forces are 
small, then it seems that there is a possibility of pumping energy into the Val FG5 reaction 
path. An appropriate experiment should decide this question. 

CONCLUDING REMARKS 

Indeed, the model presented has many simplifications, but we believe that all the 
essential features for an order-of-magnitude calculation have been considered. On the 
other hand, for a complex molecule like a protein, improvement over order-of-magnitude 
figures would require consideration of a great many factors, and a more detailed calculation 
would be desirable only after obtaining a simple model in which all the essential features 
are captured. One of the crucial features in any model is an estimate of the softness of 
the heme environment, and here we have taken this factor into account adequately. One 
should also notice the fact that the order-of-magnitude of the frequency is not very sensitive 
to the value of K due to the jK dependence. On the basis of estimates of free energy of 
heme-heme interaction, Warshel [ 1977] estimates a harmonic force constant for protein 
relaxation due to the heme movement to be about 5.6 kcal mo1- 1 A-2

, which, though 
much smaller than the estimate made previously, leads to a resonance frequency of 2.8 
x 10 11 Hz, which is to be compared with the above 5 x 1011 Hz. 

On general grounds we can expect the actual resonance frequency to be less than 
our estimates for the following reason. X-ray data show that the FG comer and the end 
of the F helix undergo considerable amount of movement; hence, if we consider the 
motion of much larger sections of the protein, the frequency will tend to be lower. 

Experimental investigation of resonant effects on hemoglobin cooperativity is lack
ing. There is, however, one report mentioned in the book of Baranski and Czerski [1976] 
of "nonlinear effects during transition of oxy and deoxy form in vitro evoked by irradiation 
with 7 .1- to 7 .6-mm microwaves." Our computation shows that the motion of the por
phyrin plane has a characteristic frequency corresponding to a wavelength of 0.6 mm, 
which suggests that the reported wavelength of 7 mm is related to some other motion. 
Clearly experimental investigation in this area is needed. 

Finally, the simplification we considered ignores certain complex features of protein 
dynamics. At this point it is not clear if the complex feedback mechanism between Val 
FG5 (93) and His F8 (87) has a positive or negative effect on the excitation of oscillations. 
Also the harmonic approximation itself should be critically examined. This is especially 
so, because the data of Frauenfelder et al [1979] show strong anharmonicity. Since we 
do not have a clear enough picture of the nature of this anharmonicity, we are not yet 
in a position to compute the energy absorption and to look for resonance effects; but for 
the order-of-magnitude estimates, we expect the harmonic approximation to be valid. We 
intend to investigate this aspect in greater detail in future studies. 
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Local Tumor Hyperthermia Using a 
Computer-Controlled Microwave System 

R. L. Magin, T. S. Fu, R. E. Beard, and C. A. Cain 
Department of Electrical Engineering, University of Illinois at Urbana-Champaign, 
Urbana 

A minicomputer-based system was designed to control the microwave (2.45-GHz) power to four 
local hyperthermia applicators. Errors in temperature measurement, due to electromagnetic field 
interactions with small thermocouple probes, are minimized by sampling the temperature only 
when the microwave power is off. The programmable controller can regulate the temperature 
in tumors in 0.1 °C increments from 30 to 60 °C. This technique reduces temperature differences 
throughout the tumor at steady state to less than O .4 °C and prevents skin bums. 

Key words: microwave, hyperthermia, hamster, PARA-7 tumor, computer, 2.45 GHz, temperature 
distribution 

INTRODUCTION 

Continuing interest in the treatment of cancer using heat has encouraged devel
opment of a wide variety of hyperthermia equipment employing ultrasonic, radio fre
quency, or microwave energies. New designs for applicators and control systems have 
been suggested to deal more effectively with the difficult problems encountered when 
applying localized hyperthermia in the clinic and in the research laboratory. A recent 
review [Short and Turner, 1980] surveys the state-of-the-art in hyperthermia and cancer 
therapy. Designers of hyperthermia apparatus seek to overcome the limitations inherent 
in earlier devices, which did not adequately consider the physiologically adaptive and 
anatomically complex tumor/host relationship. Also, recent experimental results make 
possible more accurate specification of the critical parameters for thermal treatment of 
tumors [Magin and Johnson, 1979; Dickson and Calderwood, 1980]. 

This report describes a computer-controlled system for the local heating of tumors 
in laboratory animals. The system is an improved version of an earlier apparatus [Magin, 
1979] that was designed to provide local hyperthermia via four analog-controlled micro-
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wave applicators. Temperature artifacts are now eliminated by measuring the temperature 

only during a short time period when the microwave power is off. In addition, intratumor 

temperature gradients are reduced by the use of a temperature-regulated water-filled cuff 

[Robinson et al, 1979; Marmor et al, 1979). This system was used to treat subcutaneous 

PARA-7 fibrosarcomas in hamsters without the occurrence of skin bums. 

METHODS 

Microwave System 

A 2.45-GHz microwave generator (Model 150, ELMED, Addison, IL) provided 

the microwave power for these experiments. A block diagram of the microwave hyper

thermia system is given in Figure 1. An LSl-11 minicomputer was programmed to control 

the average microwave power delivered to each of four microwave applicators (AT-502/ 

7z, ELMED, Addison, IL) in accordance with the temperatures measured in each tumor. 

The cyclindrical, 35-mm-diameter, dielectrically loaded microwave applicators were cou

pled to the tumors by a temperature-regulated water-coupling cuff, also shown in Figure 

1. Temperatures were measured inside the tumors during microwave hyperthermia ex

periments using 0.6-mm-diameter, Teflon-coated thermocouples (IT-1, Bailey Instru

ments, Saddle Brook, NJ) connected to digital electronic thermometers (BAT-SC, Bailey 

Instruments, Saddle Brook, NJ). The thermometers were periodically calibrated using an 

NBS certified thermometer to an accuracy of ± 0.1 °C. 

Animals and Tumors 

Female Syrian golden hamsters 6 to 8 weeks of age were obtained from the Charles 

River Breeding Laboratory (Wilmington, MA). PARA-7 fibrosarcoma, developed from 

an SV-40 transformed hamster embryo fibroblast cell line [Lausch and Rapp, 1971), was 

maintained in culture according to a procedure described by Chapes and Tompkins [1979). 

Approximately 1 x 106 viable cells were implanted subcutaneously on the left flank of 

each hamster immediately anterior to the rear leg. In 8 to 10 days the cells grow to form 

ellipsoidal tumors, approximately 7 x 5 x 5 mm (92-mm3 vol). 

Experimental Procedures 

The steady-state temperature distribution was determined in tumors during heating 
using a temperature-scanning apparatus. This device consists of a movable stage that fits 

around the animal and a stationary base positioned underneath the hamster. The movable 

stage has an array of holes in each side, through which thermocouple wires are threaded, 

and a scale indicating the displacement relative to the base. The thermocouples used for 

these temperature measurements were small copper-constantan wires 0.08 mm in diameter 

in the region of the junction. Using a 25-gauge needle, two thermocouples were threaded 

through the center of the tumor. One thermocouple wire was attached to the movable 

stage, while the other was secured to the stationary base. Each thermocouple was con

nected to a BAT-SC digital thermometer. The stationary thermocouple was used as the 

input to the temperature controller to maintain the center of the tumor at the desired 
temperature while the movable thermocouple was passed through the tumor. In separate 

experiments, temperature profiles across the top and bottom of tumors were obtained 

using this technique. All thermocouples were aligned perpendicular to the direction of 

the predominant electric field in the microwave applicator. 
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Fig. I. Schematic diagram of the computer-controlled microwave system for the production of local tumor 
hyperthermia. The multiplexer is the interface between the computer and the microwave applicators, power 
control switches, and thermometers. Microwave power is delivered to each of four channels (only one channel 
is shown) when the measured temperature is below the desired set point. The temperature in each tumor is 
measured by a thermocouple during a short period of time when the microwave power is turned off. A coupling 
cuff, through which constant temperature water is circulated, links the applicator with the tumor. This technique 
improves the intratumor temperature distribution and the energy transmission to the tumor. (Standard bus 
notation is used to specify data lines in the Figure.) 

Temperature Control Algorithm 

The temperature control program was developed to regulate the temperatures of 
four microwave-heated tumors simultaneously. In order to reduce temperature measure
ment artifacts, due to the intense electric fields localized under the hyperthermia applicator, 
the tumor temperature measurements are performed at the end of an interval of time 
(Topp) when no microwave power is applied. Temperature regulation is obtained by 
deciding whether or not to apply power during a fixed interval of time (T oN) following 
the off period. T oN and T oFF are specified at the beginning of an experiment. 
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RESULTS 

Temperature Regulation in Tumors 

Ideally, the temperature should be monitored constantly, but since accurate readings 
are guaranteed only when the power is off, a compromise must be reached. The data in 
Table 1 show a uniform reduction in the difference between the maximum and minimum 
tumor-center temperatures as the sampling period is shortened for a 0. 78 duty cycle. The 
total temperature variation during each period was reduced from 0.8 to 0.1 °C when the 
sampling period was reduced from 3. 75 to 0.9 s. A similar relationship was observed for 
other duty cycles. 

Power Levels 

In our experiments, we found that in order to maintain a steady-state temperature 
of 43 °Cat the tumor center, an average power of approximately 4 W was required. This 
result was obtained for a duty cycle of O. 78 using the water-coupling cuff with a circulating 
water temperature of 41 °C. A larger amount of microwave power, approximately 20 W, 
was needed initially to heat a tumor to 43 °C at the start of each experiment. This higher 
average power was directed to each applicator for a period of 2-3 min, after which the 
power was reduced to 4 W. 

Microwave Artifacts 

A metallic wire thermocouple placed in a microwave beam will act as a receiving 
antenna for microwave signals. When the electric field and the thermocouple wire are 
parallel, the received signal is strongest. This phenomenon may produce an electrical 
artifact in the measured temperature. One possible solution to this problem is simply to 
keep the thermocouple oriented perpendicular to the electric field of the applicator. 
However, this is not always possible. Another solution is to apply the microwave power 
in pulses and perform temperature measurements at the end of a power-off period. This 
is the principle on which our system is based. We conducted an experiment to measure 
the microwave artifact by recording the output from two thermocouples, one perpendicular 
and the other parallel to the electric field of the applicator, while the system was regulating 
the temperature in a tumor at 35 °C. The sampling period in this experiment was 3. 75 
s, with a duty cycle of 0.78. The results are shown in Figure 2. A microwave-induced 
artifact is clearly seen in the temperature signal recorded from the thermocouple wire 
oriented parallel to the electric field of the applicator. As shown in Figure 2, if we make 

. the temperature measurement after the artifact (TA) has decayed away, the temperature 
from the parallel thermocouple will be within 0.1 °C of the temperature measured by the 
perpendicular thermocouple. However, when the sampling period was reduced to 1.5 s 
(with the same 0. 78 duty cycle) the temperature measurement occurred too soon after the 
power was turned off. In this case we were measuring part of the artifact, and the parallel 
thermocouple indicated a value 0.3 to 0.4 °C higher than did the perpendicular ther
mocouple. Therefore, in order to eliminate this artifact, one must select an off-time long 
enough to allow decay of the artifact. 

The optimum duration of the power-off time depends on the intensity of the mi
crowave power, the thickness of the thermocouple wire, and the thermal and electrical 
conductivity of the heated tumor. For example, increasing the microwave power or using 
a metallic needle thermocouple resulted in a larger artifact, whereas small wire ther
mocouples or a thermocouple located deep within a tumor showed a smaller artifact. 
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Fig. 2. The temperature rises which occur in thermocouples oriented parallel (Ell L) and perpendicular (E 
l. L) to the direction of the electric field in the microwave applicator. The temperature measurement artifact 
observed in the parallel orientation decayed within the time period TA, Thus, by the time the temperature 
measurement was made, both the parallel- and perpendicular-oriented thermocouples indicated the same tem
perature. 

TABLE 1. Variation in Regulated Temperature Versus Sampling Period 

Sampling period' 
(s) 

3.75 
2.8 
2.25 
1.8 
1.5 
0.9 

'The duty cycle for these measurements was 0. 78. 

Temperature variationb 
(OC) 

0.8 
0.65 
0.5 
0.45 
0.3 
0.1 

hThe difference between the maximum and minimum temperatures observed when the regulation temperature 
was 35.0 °C. 

Finally, since the thermocouple wire distorts the absorption of energy in the immediately 
surrounding medium, localized heating can occur near the wire. Hence, in addition to 
an electrical interference artifact then~ may also be a thermal artifact. 

Tumor Temperature Distribution 

Figure 3A shows temperature measurements in a PARA-7 tumor of dimensions 7 
x 7 x h mm ~uring a microwave hyperthermia experiment with the circulating water 
in the coupling cuff at 41. 4 °C. After the initial rapid heating period when the microwave 
input power was 20 W, the power was reduced to 4 W and a constant microwave power 
was maintained for 30 min. During this time, the temperatures at the top, middle, and 
bottom of the tumor were 43.6, 43.8, and 43.5 °C, respectively. The temperature at the 
top of the tumor was lower than that at the center because the top is nearest to the 41.4 
°C circulating water. 
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Fig. 3. Steady-state intratumor temperature distribution measured using (A) the water coupled cuff in a 7 x 
7 X 6-mm3 PARA-7 tumor and (B) the muscle equivalent bolus in a 8 x 6 x 6-mm3 PARA-7 tumor. These 
temperature measurements were obtained from thermocouples passing through the top (D), center (0), and 
bottom (L'::.) of each tumor. 
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Fig. 4. Temperature measured at three points [top (D), center (0), bottom (L'::.)] in a 8 x 6 x 4-mm3 PARA-
7 tumor during a 30-min microwave heating experiment over time. These measurements were obtained using 
a water-coupling cuff between the applicator and the tumor. Water temperature was maintained at 41 .4 °C in 
the cuff. 
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Use of the circulating water cuff reduces intratumor temperature gradients. Figure 
3B shows the intratumor temperature distribution in a PARA-7 tumor of dimensions 8 
x 6 x 6 mm3 during microwave hyperthermia using a bolus of simulated muscle material 
[Guy, 1971] to couple the microwave energy from the applicator to the tumor. When the 
center of the tumor was regulated at 43.0 °C, the top of the tumor was 0.9 °C warmer 
than the bottom and 0. 7 °C warmer than the tumor center. With the circulating water 
cuff, the tumor top was only 0.1 °C warmer than the bottom and 0.2 °C cooler than the 
center. In addition, the temperature gradient between the center and the edges of the 
tumor was reduced from 1.2 °C, using a bolus of simulated muscle material, to 0.4 °C, 
using the water cuff. The use of the circulating water cuff eliminated skin bums that 
occurred when the muscle equivalent blous was used. 

Figure 4 shows the temperature record at three locations within a small 8 x 6 x 
4-mm PARA-7 tumor during a microwave-hyperthermia treatment when the temperature 
of the circulating water in the coupling cuff was at 41.4 °C. After initial heating, the 
microwave power was reduced to maintain a steady-state regulating temperature of 43.1 
°Cat the tumor center. The top and bottom steady-state temperatures were 42.9 and 43.2 
°C, respectively. 

CONCLUSION 

A major problem with microwave hyperthermia systems in the past was the inter
action between the microwaves and the temperature sensor. Our system minimizes this 
problem by sampling the temperature only when the microwave power is turned off. In 
order to use this technique effectively, the duty cycle must be selected to allow enough 
off-time for decay of the artifact (which may be thermal as well as electrical in origin) 
before the temperature is measured. We determined the temperature artifact's time constant 
by inserting two thermocouples into a tumor, one oriented for maximum and the other 
for minimum artifact, and recording the outputs of the thermocouples on a strip chart 
recorder. This procedure allowed us to estimate the decay time of the artifact and then 
select the appropriate off-time and sampling period. The size of the artifact was dependent 
both on the type of temperature sensor and on its orientation with respect to the electric 
field of the microwave applicator. 

Temperature uniformity throughout the heated region is a major factor in obtaining 
reliable results with hyperthermia treatments. Ideally, the entire volume of tumor should 
be at the same elevated temperature during treatment, with minimal heating of the sur
rounding normal tissue. We have shown that use of a circulating water-coupling cuff 
improves intratumor temperature uniformity compared to use of a bolus of simulated 
muscle material. The coupling cuff keeps the temperature of the skin near that of the 
circulating water so that the skin can be held at a temperature low enough to prevent skin 
bums while the hyperthermic temperature of the tumor is maintained with microwave 
energy. 
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Measurement of Blood-Brain Barrier 
Permeation in Rats During Exposure to 
2450-MHz Microwaves 

T.R. Ward, J.A. Elder, M.D. Long, and D. Svendsgaard 
Experimental Biology Division (T.R. W., J.A.E., M.D.L.) and Biometry Division (D.S.), 

Health Effects Research Laboratory, U.S. Environmental Protection Agency, Research 

Triangle Park, North Carolina 

Adult rats anesthesized with pentobarbital and injected intravenously with a mixture of [14C]sucrose 

and [3H]inulin were exposed for 30 min to an environment at an ambient temperature of 22, 30, 

or 40 °C, or were exposed at 22 °C to 2450-MHz CW microwave radiation at power densities 

of 0, 10, 20, or 30 mW/cm2 • Following exposure, the brain was perfused and sectioned into 

eight regions, and the radioactivity in each region was counted. The data were analyzed by two 

methods. First, the data for each of the eight regions and for each of the two radioactive tracers 

were analyzed by regression analysis for a total of 16 analyses and Bonferroni's Inequality was 

applied to prevent false positive results from numerous analyses. By this conservative test, no 

statistically significant increase in permeation was found for either tracer in any brain region of 

rats exposed to microwaves. Second, a profile analysis was used to test for a general change in 

tracer uptake across all brain regions. Using this statistical method, a significant increase in 

permeation was found for sucrose but not for inulin. A correction factor was then derived from 

the warm-air experiments to correct for the increase in permeation of the brain associated with 

change in body temperature. This correction factor was applied to the data for the irradiated 

animals. After correcting the data for thermal effects of the microwave radiation, no significant 

increase in permeation was found. 

Key words: blood-brain barrier, rats, 24.50-MHz microwaves 

INTRODUCTION 

The blood-brain barrier is a functional concept that was first advanced by Ehrlich 

(1887] to explain selective transport of molecules into the intracellular compartment of· 

the brain, In more recent times, the barrier has been identified as the endothelial cell 

layer that lines the brain capillaries [Brightman and Reese, 1969]. The endothelial lining 

differs from that of most other capillaries by the presence of tight junctions between cells 

and by low pinocytotic activity. These two features are apparently responsible for the 

restricted movement of ions, large molecules, and polar molecules from the capillary 

lumen into the brain. An opening of the tight junctions or an increase in pinocytotic 
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activity would allow substances that normally remain in the blood to permeate the brain. 

Examples of physical agents that can increase the movement of substances into the brain 
include X rays and hyperthermia [Bradbury, 1979; Davson, 1976; Pardridge et al, 1975]. 

Scientists have studied the effects of microwave radiation on blood-brain barrier 
permeation, but the results as well as the interpretation of these results remain controversial 
[See reviews by Albert, 1979a and Justesen, 1980]. Frey et al [1975], Oscar and Hawkins 
[ 1977], and Albert [ 1977] have reported that microwaves can induce changes in the 
blood-brain barrier. Subsequent to these reports, Preston et al [1979] and Preston and 
Prefontaine [ 1980] found no change in permeation in laboratory animals exposed to 
microwave radiation. Merritt et al [ 1978] and Sutton and Carroll [ 1979] reported increased 
permeation due to microwave-induced hyperthermia, but no change when the brain was 
kept below 40 cc. 

In our study, rats were injected with a mixture of two radiolabeled tracers and were 
exposed to microwaves or to an environment at one of several temperatures. Eight regions 
of the brain were then analyzed for uptake of the tracers. The data were tested for a 
microwave effect divorced from gross heating by comparing the amount of tracers in the 
brains of irradiated animals with the amount of tracers in the brains of animals exposed 
to an environment at temperatures that caused increases of core temperature comparable 
to those induced by microwaves. There are two features of our experimental protocol 
that differ from those of previous studies: ( 1) changes in barrier permeation were measured 
during far-field exposure and (2) permeation in irradiated rats was corrected for that due 
to elevation of whole-body temperature. 

MATERIALS AND METHODS 

Procedure 

Ninety-day-old male CD albino rats that weighed approximately 350 g were pur
chased from the Charles River Animal Laboratories (Portage, MI) and were maintained 
on water and Purina rat chow ad libitum for at least a week prior to use. 

The animals were first anesthetized by inhaled ether and then were injected intra
peritoneally with sodium pentobarbital (50 mg/kg). Eight minutes after the injection both 
the left and right femoral veins were exposed surgically. Ten minutes after the pento
barbital injection, a mixture of [3H]inulin and [14C] sucrose [New England Nuclear] in 
equal parts of 0.9% saline and ethanol (33 µCi 3H and 17 µCi 14C/kg body weight in 
300 µI/kg body weight) was injected into the right femoral vein. Five minutes after the 
isotopes were injected, a 0.4-ml blood sample was drawn from the left femoral vein. 
Rectal temperature was measured 10 min after the injection and again immediately after 
30 min of exposure to microwave radiation or to an environment at a temperature of 22, 
30, or 40 cc (Yellow Springs Instrument Model 46 TUC, probe 402). Ten minutes after 
exposure, a blood sample (0.4 ml) was drawn via cardiac puncture. The chest cavity was 
opened and the brain was perfused througp the left ventricle with O. 9% saline ( ~ 100 
ml). After 10 min of perfusion, the whole brain was removed and eight tissue samples 
were prepared by first removing the olfactory lobes and then sectioning the brain as 
described by Glowinski and Iversen [1966] into seven regions: cortex, hypothalamus, 
cerebellum, hippocampus, striatum, medulla, and midbrain. The eight samples from each 
brain were weighed, solubilized in 2 ml of NCS (Amersham Searle) at 37 cc for 48 h, 
and then placed in a liquid scintillation counter for measurement of 14C and _3H activity 
after 0.5 ml of 3 N HCl and 10 ml of scintillation fluid were added (ACS, Amersham 
Searle). 
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The blood samples were allowed to clot and 50->.. serum samples were added to 1 
ml of NCS. After incubation at 37 °C for 48 h, the samples were acidified with 0.25 ml 
of 3 N HCl and 10 ml of scintillation fluid were added to each sample. Then the 3H and 
14C activity in the serum samples was measured in a liquid scintillation counter. 

Microwave Exposure and Environmental Temperature 

Anesthesized rats were exposed individually from above to 2450-MHz CW radiation 
(long axis of the body parallel to the electric field) in the far-field of an anechoic exposure 
facility at 22 °C [Elder and Ali, 1975]. The power densities were 0, 10, 20 or 30 mW/ 
cm2 and the whole-body-averaged specific absorption rates (SAR) were approximately 
0, 2, 4, or 6 W/kg. The SAR values are estimated from data on elevations of core 
temperature during exposure and are in agreement with data based on calorimetric meas
ures [Gage et al, 1979]. A warm-air oven (Sargent Analytical Model S64080) that con
tained a small fan to circulate the air was used to expose rats to an environment at a 
temperature of 22, 30, or 40 °C. Eight animals were used at each power density and at 
each environmental temperature. 

Urea Injection 

Another group of animals (N 9) received an injection of hypertonic urea which 
is known to disrupt the blood-brain barrier [Rapoport et al, 1972]. Only [3H]inulin was 
used as a tracer in animals given urea. The schedule for this study was identical to that 
of the above experiments, and the procedures were the same through the 5-min drawing 
of the blood sample. Ten minutes after the inulin was injected, 0.3 ml of 8 M urea, pH 
7.4, was injected (30-gauge needle) as a bolus into a common carotid artery, which had 
been surgically exposed. The animal was maintained at an ambient temperature of 22 °C 
during the 30-min treatment period, then at room temperature for 10 min until the second 
blood sample was drawn and the perfusion initiated. After perfusion, the brain was divided 
midsagittally, and each hemisphere was sectioned into the eight regions. By this procedure, 
the uptake of the radioisotope into the regions in the hemisphere affected by the urea 
injection could be compared with uptake in the noninjected or control hemisphere. 

Analysis of Data 

The permeation of the tracers is expressed as a blood-to-brain transfer constant, 
Ki. The transfer constant is the amount of tracer that crosses the capillaries (blood to 
brain) per unit time; it is an estimate of the product of brain-vascular area and permeability 
[Blasburg, 1979]. 

The transfer constants were calculated from the equation 

where Tb is the amount of tracer in the brain region (DPM/g wet weight) at t = 50 min, 
and f~ Ca dt is the integral of the serum concentration, Ca (DPM/ml), of the tracer from 

the time of injection until t = 50 min. This integral was determined experimentally by 
plotting the change in tracer concentration with time and calculating .the area under the 
curve. An example of data from an animal injected with [3H]inulin is shown i,n Figure 
1 (broken line). Empirically, a good estimate (-97%) of the, area under this curve was 
found to be the area under the curve determined by only the 5- and 50-min serum sample~ 
(solid line, Fig. 1). This procedure for estimating the integral also overcame the technic,al 
problem of taking blood samples during the 30-min exposures. 
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Fig. I. Comparison of the estimated and true serum level of tracers. The broken line shows the true level of 

tracer (inulin) in the serum for the 50-min period, while the solid line shows the estimate of tracer determined 

by only the 5- and 50-min serum samples. The area under the broken line is within 3% of that under the solid 
line. 

Statistical Procedures 

The data from the environmental temperature and microwave experiments were 
analyzed by two methods. First, a series of regression analyses were performed to test 
for changes in individual brain regions. Second, a profile analysis was used to determine 
overall effects. 

Individual regression analyses. The data for each of the eight regions and for 
each of the two tracers were analyzed by regression analysis for a total of 16 analyses. 
To prevent false positive results from numerous analyses, Bonferroni's Inequality was 
applied [Wallenstein et al, 1980; Lee et al, 1980]. With this procedure, the P ~ .1 
normally used for significance at the 5% level in a one-sided test was divided by 16, the 
total number of independent analyses. Therefore, we used P ~ .006 as a significance 
level for this particular statistical test. Similarly, a significance level of P = . l/8 = .013 
was derived for the urea experiment in which only one tracer was used (these data were 
analyzed by paired t tests). 

Profile analysis. This analysis [Morrison, 1967] was used to test for a general 
change in tracer uptake across all brain regions. A preliminary test (Hotelling-Lawley 
trace statistic) required to validate this type of analysis was performed [Morrison, 1967]. 

RESULTS 

Significant increases were found in [3H]inulin permeation into four brain regions 
(cortex, striatum, hypothalamus, and hippocampus) from rats given hypertonic urea (Table 
1). These results indicate that our technique could detect an increase in blood-brain barrier 
permeation that resulted from osmotic shock. 

The change in rectal temperature of rats exposed to microwaves is shown in Table 
2. At 0 mW/cm2, the rectal temperature fell 0.6 °C. At 10, 20, and 30 mW/cm2, increases 
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TABLE I. Effect of Hypertonic Urea on Inulin Permeation 

Brain region Control Treated llKi P* 

Cortex 2.15 ± 0.29 9.76 ± 1.70 7.61 ± 1.46 .001 
Cerebellum 2.43 ± 0.36 2.90 ± 0.54 0.47 ± 0.19 .036 
Medulla 2.17 ± 0.35 2.37 ± 0.35 0.20 ± 0.31 .550 
Striatum 1.16 ± 0.18 9.13 ± 2.07 7.97 ± 1.99 .004 
Hypothalamus 2.52 ± 0.44 14.51 ± 3.49 11.99 ± 3.18 .006 
Hippocampus 2.32 ± 0.29 10.40 ± 2.40 8.08 ± 2.13 .005 
Midbrain 2.55 ± 0.46 8.22 ± 2.34 5.67 ± 2.12 .033 
Olf. lobes 5.25 ± 1.02 10.04 ± 3.29 4.77 ± 2.75 .120 

'Values are the mean transfer constants ± SEM (N = 9). 
*The injected side (treated) of the brain was compared with the noninjected side (control) using the paired t 
test. Based on Bonferroni's Inequality, a P,,;; .013 (0.1/8) is needed for significance at the 5% level. 

TABLE 2. The Effect of Microwave Exposure and Environmental Temperature on Rectal 
Temperature* 

Treatment 

Power density' 
(mW/cm2

) 

0 
10 
20 
30 

Environmental 
temperature (°C) 

22 
30 
40 

Initial 

35.4 ± cu 
35.7 ± 0.3 
35.9 ± 0.2 
35.4 ± 0.2 

36.2 ± 0.1 
35.9 ± 0.2 
35.7 ± 0.2 

Rectal temperature (°C) ± SEM 

Final 

34.8 ± 0.2 
35.9 ± 0.1 
37.1 ± 0.2 
37.4 ± 0.2 

34.6 ± 0.2 
36.1 ± 0.2 
38.4 ± 0.2 

llT 

-0.6 ± 0.3 
0.2 ± 0.2 
1.2 ± 0.1 
2.0 ± 0.1 

-1.6 ± 0.1 
0.2 ± 0.1 
2.7 ± 0.1 

*Rectal temperature measurements were made in anesthesized rats before and after the 30-min treatment (N 
= 8 for each dose group). 
'The temperature in the microwave chamber was 22 °C. 

of 0.2, 1.2, and 2.0 °C, were measured, respectively. Other animals were kept for 30 
min at environmental temperatures of 22, 30, or 40 °C, which produced changes in rectal 
temperature that spanned the range caused by microwave irradiation. For example, the 
temperature decreased 1.6 °C at 22 °C, and increased 0.2 °C at 30 °C and 2. 7 °C at 40 
°C (see Table 2). In both experiments, the change in body temperature was found to be 
directly proportional to environmental temperature and to power density. This result was 
expected because the anesthetic, pentobarbital, compromises thermoregulation in the rat 
such that its body temperature reflects thermal influences such as the ambient temperature 
and microwave radiation. We attribute the difference in rectal temperature at 22 °C in 
the warm-air oven (AT = -1.6 °C) and in the microwave chambef(AT = -0.6 °Cat 
O mW/cm2) to a combination of higher air flow in the warm-air oven and to the higher 
initial temperature of the rats kept at an environmental temperature of 22 °C (see Table 
2). 

The permeation of inulin and sucrose into the eight brain regions of rats exposed 
to microwaves is shown in Table 3. Although some P values obtained by individual 
regression analysis are less than 0.1, values often associated with significance, none was 
significant (P < .006) by Bonferroni's method (see Statistical Procedures). 



TABLE 3. Permeation of Inulin and Sucrose in the Brain During Exposure to Microwave Radiation 

K,, inulin (s-1 x 106)" 

Power density (mW/cm2) 

Brain region (0) (10) (20) (30) P* (0) 

Cortex 1.03 ± 0.10 1.17 ± 0.09 1.26 ± 0.09 1.23 ± 0.16 .14 2.72 ± 0.13 

Cerebellum 1.10 ± 0.13 1.25 ± 0.11 1.41 ± 0.11 1.44 ± 0.16 .04 3.00 ± 0.14 

Medulla 0.94 ± 0.13 1.01 ± 0.10 1.23 ± 0.09 1.25 ± 0. 13 .03 2.59 ± 0.13 

Striatum 0.50 ± 0.14 0.53 ± 0.12 0.68 ± 0.09 0.43 ± 0.09 .79 1.77 ± 0.08 

Hypothalamus 0.92 ± 0.16 1.23 ± 0.16 1.05 ± 0.12 1.22 ± 0.16 .30 2.72 ± 0.19 

Hippocampus 0.83 ± 0.12 0.82 ± 0.06 0.96 ± 0.15 0.96 ± 0.15 .32 2.23 ± 0.13 

Midbrain 0.89 ± 0.13 1.01 ± 0.10 1.08 ± 0.09 1.20 ± 0. 16 .04 2.58 ± 0.13 

Olf. lobes 1.69 ± 0.21 1.58 ± 0.20 1.58 ± 0.10 1.73 ± 0.18 .90 3.88 ± 0.16 

"Values are the mean transfer constants ± SEM of eight animals for each of the four exposure conditions. 

*P values were derived by regression analysis. 

:E 
Ill a. 
(1) -

K,, sucrose (s-1 x 106)3 

Power density (mW/cm2) 

(10) (20) (30) P* 

2.90 ± 0.21 2.96 ± 0.19 3.20 ± 0.11 .05 
3.15 ± 0.22 3.28 ± 0.19 3.56 ± 0.14 .02 
2.79 ± 0.16 2.83 ± 0.11 3.14 ± 0.13 .01 

1.85 ± 0.17 1.95 ± 0.08 2.05 ± 0.08 .06 
2.87 ± 0.18 2.83 ± 0.18 3.19 ± 0.12 .07 

2.18 ± 0.08 2.18 ± 0.11 2.39 ± 0.11 .25 

2.52 ± 0.14 2.63 ± 0.11 2.96 ± 0.18 .06 

3.75 ± 0.30 3.26 ± 0.19 3.86 ± 0.24 .57 
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Table 4 shows the transfer constants for inulin and sucrose in rats exposed at ambient 
temperatures of 22, 30, or 40 °C. As shown by individual regression analyses, only 
sucrose permeation of the hypothalamus increased significantly, but the absolute value 
of the transfer constants was greater in animals exposed at the highest temperature. These 
results indicate that permeation might have been influenced by core temperature. There
fore, we derived a correction factor to adjust the data for each brain region from micro
wave-exposed animals for permeation from whole-body heating caused by absorption of 
microwave energy. 

From the warm-air exposure experiments, the first term, S;, in the correction factor 
was obtained from plots of K; versus the change in rectal temperature. The slope, S;, of 
these lines varied with each tracer and brain region as shown in Table 5. From the 
microwave data in Table 2, the average rise of rectal temperature was found to be 0.09 
°C per mW/cm2

• From these results, the change in permeation due to whole-body heating 
by microwave energy can be expressed as (S;)(.09 x power density). This correction is 
based on the assumptioas that microwave irradiation and the warm-air exposures cause 
equal changes in blood-brain barrier permeation per °C rise in core temperature and that 
this change is linearly related to core temperature over the range studied. 

TABLE 4. Permeation of Inulin and Sucrose in the Brain During Exposure to Various Environmental 
Temperatures 

K;, inulin (s-1 x 106)" K;, sucrose (s-1 x 106)• 

Temperature (°C) Temperature (°C) 
Brain region (22) (30) (40) P* (22) (30) ( 40) P* 

Cortex 1.35 ± 0.10 1.30 ± 0.09 
Cerebellum 1.41 ± 0.09 1.38 ± 0.09 
Medulla 1.20 ± 0.06 1.25 ± 0.09 
Striatum 0.88 ± 0.09 0.91 ± 0.10 
Hypothalamus 1.05 ± 0.08 1.16 ± 0.12 
Hippocampus 0.96 ± 0.09 1.07 ± 0.09 
Midbrain 1.18 ± 0. 10 1.22 ± 0.07 
Olf. lobes 1.93 ± 0.12 1.81 ± 0.12 

1.47 ± 0.09 
1.51 ± 0.07 
1.27 ± 0.06 
1.00 ± 0.09 
1.40 ± 0.10 
1.13 ± 0.09 
1.33 ± 0.07 
1.90 ± 0.12 

.48 2.86 ± 0.11 2.85 ± 0.09 3.01 ± 0.05 .20 

.48 3.22 ± 0. 13 3.20 ± 0.11 3.50 ± 0.09 .09 

.74 2.79 ± 0.09 2.81 ± 0.09 3.05 ± 0.08 .03 

.35 2.03 ± 0.10 2.08 ± 0.12 2.17 ± 0.07 .19 

.03 2.82 ± 0.10 2.77 ± 0.12 3.21 ± 0.10 ** 

.34 2.31 ± 0.11 2.33 ± 0.08 2.47 ± 0.08 .15 

.24 2.75 ± 0.09 2.85 ± 0.11 3.01 ± 0.08 .06 

.83 3.62 ± 0.12 3.54 ± 0.16 3.82 ± 0.12 .28 

"Values are the mean transfer constants ± SEM of eight animals for each of the four exposure conditions. 
*P values were derived by regression analysis. 
**P = .006 

TABLE 5. Values of S1 * 

S;, inulin" S;, sucrose• 
Brain region (s-1 oc-1 X 106) (s-t oc-t X 106) 

Cortex 0.021 ± 0.030 0.036 ± 0.028 
Cerebellum 0.019 ± 0.027 0.058 ± 0.034 
Medulla 0.008 ± 0.022 0.058 ± 0.025 
Striatum 0.023 ± 0.026 0.038 ± 0.028 
Hypothalamus 0.072 ± 0.032 0.101 ± 0.035 
Hippocampus 0.027 ± 0.027 0.042 ± 0.028 
Midbrain 0.030 ± 0.025 0.057 ± 0.029 
Olf. lobes -0.008 ± 0.039 0.050 ± 0.046 

*The slopes, S;, were obtained from plots of K; versus the change in rectal temperature caused by the warm
air exposures. 
•Values are the means ± the standard error of estimate of the slope. 



TABLE 6. Uptake of Inulin and Sucrose Corrected for Permeation Due to Increase in Core Temperature 

K,, inulin (s-1 x 106)3 

Brain region Power density (mW/cm2
) 

(0) (10) (20) (30) P* (0) 

Cortex 1.03 ± 0.10 1.16 ± 0.09 1.22 ± 0.09 1.17 ± 0.16 .27 2.72 ± 0.13 

Cerebellum 1.10 ± 0.13 1.24 ± 0.11 1.38 ± 0.13 1.38 ± 0.16 .08 2.98 ± 0.14 

Medulla 0.94 ± 0.13 1.01 ± 0.10 1.20 ± 0.09 1.23 ± 0.13 .04 2.57 ± 0.13 

Striatum 0.50 ± 0.14 0.50 ± 0.12 0.64 ± 0.09 0.37 ± 0.09 .51 1.77 ± 0.08 

Hypothalamus 0.92 ± 0.16 1.17 ± 0.16 0.93 ± 0.12 1.03 ± 0.16 .90 2.72 ± 0.19 

Hippocampus 0.83 ± 0.12 0.80 ± 0.06 0.89 ± 0.15 0.88 ± 0.15 .59 2.23 ± 0.13 

Midbrain 0.88 ± 0.13 0.98 ± 0.10 1.02 ± 0.09 1.12 ± 0.16 .12 2.58 ± 0.13 

Olf. lobes 1.68 ± 0.21 1.61 ± 0.20 1.61 ± 0.10 1.75 ± 0.15 .83 3.88 ± 0.16 

•Values are the mean transfer constants ± SEM of eight animals for each of the four exposure conditions. 

*P values were derived by regression analysis. 

K,, sucrose (s-1 X 106)3 

Power density (mW/cm2) 

(10) (20) 

2.86 ± 0.21 2.90 ± 0.19 
3.09 ± 0.22 3.17 ± 0.19 
2.74 ± 0.16 2.72 ± 0.11 
1.82 ± 0.17 1.88 ± 0.08 
2.78 ± 0.18 2.64 ± 0.18 
2.13 ± 0.08 2.12 ± 0.11 
2.47 ± 0.14 2.52 ± 0.11 
3.70 ± 0.29 3.17 ± 0.19 

(30) 

3.10 ± 0.11 
3.41 ± 0.14 
2.97 ± 0.02 
1.95 ± 0.08 
2.92 ± 0.12 
2.27 ± 0.11 
2.81 ± 0.18 
3.72 ± 0.24 

P* 

.11 

.09 

.06 

.22 

.48 

.69 

.23 

.62 

~ ... 
a. 
(I) -
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The corrected transfer constants are shown in Table 6 along with P values from 
individual regression analyses. Again none is significant after applying the Bonferroni 
Inequality. A comparison of Tables 3 and 6 reveals that the correction reduced the transfer 
constants by a small amount, ie, ~ 16% at the highest power density, and increased 14 
of the 16 P values. 

The results of the second statistical analysis (multivariate analyses) are shown in 
Table 7. First, Hotelling-Lawley trace statistics [Morrison, 1967] were evaluated to 
determine if profile analysis was appropriate. These statistics tested for the interaction 
between the 16 dependent variables and the linear effect of the independent variables. 
No significant interaction would indicate that profile analysis was appropriate and that 
the transfer constants for each of the eight brain regions behaved in a similar manner 
with respect to ambient temperature or microwave irradiation. As shown in Table 7, the 
Hotelling-Lawley tests were not significant. The statistical power of this test was inves
tigated. In particular, it was questioned if this test could detect a 50% change due to 
microwave exposure in one brain region and for one tracer type, while the other 15 
combinations of tracer types and brain regions were unaffected. Simulated normal data 
having the same average standard deviation (0.28) as observed in this study were generated 
and the significance was evaluated by this test. The P value was .0013 which is far below 
the 5% level. This suggests that there was sufficient power to detect such a pattern and 
somewhat weaker patterns if they had existed. 

Although profile analysis was done on both the linear effect of the independent 
variable and a general change in means (except for environmental temperature where 
only the linear effect was tested), only the linear effect is reported in Table 7 because 
the P values were smaller by this method. The interaction between sucrose and inulin 
transfer constant profiles and environmental temperature was significant (P = .033). This 
interaction was borderline significant (P = .075) in the case of uncorrected transfer · 

TABLE 7. Statistical Results of Multivariate Analysis 

Dependent 
variable 

Independent 
variable 

Uncorrected 
transfer constant 

Environmental 
temperature 

Uncorrected 
transfer constant 

Microwave 
power density 

Corrected 
transfer constant• 

Microwave 
power density 

A. Hotelling-Lawley test (interaction between 16 dependent variablesb and independent variable) 
F(l6,4) 1.21, F(l6,I I) 1.29, F(l6,I) 1.16, 

P = .473 P = .340 P = .410 

B. Profile analysis 
I. Interaction between inulin and sucrose transfer constant profiles and independent variable 

F(2,l8) = 4.13, F(2,25) = 2.88, F(2,25) 1.54, 
P = .033 P = .075 P .234 

2. Linear effect of independent variable on inulin or sucrose transfer constant profiles 
(a) Inulin F(l.i9J 0.38, F(l.26> 2.80, F(l,26) 1.56, 

P .543 P .107 P .223 
(b) Sucrose F(l.19) 

p 
8.17, 
.010 

F(l,26> 

p 
5.57, 
.026 

F(l.26) 

p 
2.94, 
.098 

"Corrected for change in permeation due to change in rectal temperature caused by the microwave exposure 
(See Table 6). 
bEight brain regions, two radioactive tracers. 
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constants and microwave power density. Because the profiles were different, the linear 

effect of the independent variables on inulin and sucrose-transfer-constant profiles was 

tested separately. The inulin profile was insignificant in each case. The sucrose profile 

changed significantly both with change in environmental temperature (P = .010) and 

with microwave power (P = .026). However, there was no significant change in per

meation due to microwave exposure after correcting for temperature. The P value of .098 

for sucrose is not judged to be significant, because it would need to be smaller than .05 

after applying a Bonferroni correction factor of two due to the two profiles being tested. 

DISCUSSION 

To determine whether a change in brain permeation could be detected by our 

technique, a hypertonic solution of urea was injected into one group of animals. Hy

pertonic urea disrupts the blood- brain barrier by osmotically shrinking the capillary 

endothelial cells, which opens the tight junctions between the cells [Rapoport et al, 

1972]. Since the disruption is due to an osmotic effect, the urea is primarily effective on 

its first pass through the brain before it becomes diluted. Furthermore, while some of 

the hypertonic urea injected into one common carotid artery can cross to the opposite 

side of the brain, the osmotic shock predominantly affects the brain hemisphere on the 

injected side. Therefore, each animal served as its own control with one hemisphere of 

the brain affected by the hypertonic solution and the other hemisphere unaffected. The 

osmotic effect of the hypertonic urea should be largest in the cortex, striatum, 

hypothalamus, and hippocampus, which are supplied almost exclusively by the com

mon carotid artery. Significant increases in [3H]inulin permeation into these four brain 

regions were found, which indicate that our technique could detect an increase in 

blood- brain barrier permeation that resulted from osmotic shock. 

In our technique, a 10-min perfusion of saline was used to clear the brain vasculature 

of blood so that brain counts represented extravascular tracer only. During perfusion, 

tracer back-diffusion from the brain into the saline-filled vasculature probably occurred 

which diminished the level of extravascular radioactivity and therefore could cause the 

Ki values to be low. The other method for measuring Ki is to estimate the residual blood 

in the brain after decapitation [Preston and Prefontaine, 1980]. However, this technique 

has a potentially large error due to the high level of tracer in the blood compared with 

the amount in the extravascular space. (Note that Ki and PA (permeability area product), 
the terminology used by Preston and Prefontaine [ 1980], are equivalent [Blas burg, 1979].) 

As stated earlier, the data were analyzed both by a series of individual regression 

analyses and by profile analyses. By using a series of individual analyses, the response 

of each brain region to the microwave radiation can be determined. With this type of 

analysis, there is the possibility of false positives resulting from the repeated analyses. 

To prevent the false positive, Bonferroni's Inequality was used, yet when applying this 

inequality one tends to arrive at a very conservative significance level (P :,;; .006 in our 

case). Nevertheless, the P values determined by individual analyses of the brain regions 

and tracers can give indications of effects in specific regions. When the data were analyzed 

by 16 independent regression analyses and Bonferroni's Inequality invoked, no signifi

cantly increased permeation was found by either tracer in any brain region. Yet 9 of 16 

P values obtained were less than the .1 usually associated with significance. 

The profile analysis, on the other hand, tests for general changes but does not 

indicate specifically which brain regions are affected or unaffected. This analysis revealed 

significant increases in sucrose permeation both in the irradiated animals and in the animals 

subjected to warm-air environments (see Table 7). No significant change in permeation 

by inulin was seen. We conclude from these results that (1) exposure to microwaves or 
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to a wann-air environment resulted in a significant increase in general brain penneation 
to sucrose but not to inulin, and (2) that the more conservative regression analyses did 
not result in any specific brain region having a significant increase in penneation, although 
insignificant trends were noted. 

This experiment was designed to correct for the effect of increased core temperature 
on penneation. The results show clearly that exposure to microwaves at the indicated 
levels imposed a thennal load; therefore, the results from the warm-air exposure study 
were used to correct the microwave data for penneation due to the increase in temperature. 
The variability of these data (see Table 4) caused a large variation in the value of Si, one 
of the tenns in the correction factor, as shown in Table 5. However, after correcting the 
inulin data by this procedure the P value changed from .107 to .223 indicating that at 
least part of the variability in the data can be explained by microwave heating. The 
microwave-sucrose data were also corrected by this procedure. Before the correction was 
made the data showed a significant increase in sucrose penneation with respect to mi
crowaves (P = .026), while after the correction the penneation was no longer significant. 
This indicates that ( 1) a correction for the influence of core temperature on penneation 
is valid and that (2) this correction explains part of the trend toward higher penneation 
in the animals exposed to microwaves. 

It has been suggested that the relationship between brain penneation and temper
atures has a region of minimal penneation at or near nonnal body temperature [Justesen, 
1980]. If this suggestion is correct, penneation varies in a more complex way with 
temperature than would be predicted by our linear model. However, the data in Tables 
2-4 do not describe a curvilinear function which has a well-defined region of minimal 
penneation; the results show that Ki, in general, remained constant or increased as rectal 
temperature increased. Over the span of body temperatures in this study, we believe the 
correction factors to be conservative values that underestimate the thennalizing effect of 
the microwave radiation in the corrected data. Future work will detennine whether the 
true relationship between penneation and body temperature is linear as assumed here, or 
multiphasic. One should note that our conservative estimate of the effect of temperature 
on brain penneation was sufficient to account for the increase in penneation caused by 
the microwave exposure. In addition, one should note that a general increase in sucrose 
penneation was found in rats exposed to warm-air environments of 22, 30, or 40 °C. 
Under these conditions, the rectal temperature of the anesthesized animals did not exceed 
38.4 ± 0.2 °C (Table 2) and the brain temperature in each of the eight regions does not 
exceed 38.5 °C (unpublished data). 

In this experiment two radioactive saccharides, sucrose (MW 342) and inulin (MW 
5000), were used to compare penneation by relatively large and small molecules and to 
gain some insight into the mechanism by which microwaves and conventional heating 
affect brain penneation. For instance, if the penneation by both tracers increased equally 
and large increases were seen, one might conclude that the tight junctions between the 
endothelial cells had been opened. But ifpenneation of both tracers increased only slightly, 
then one could suggest that the pinocytotic activity had increased. Another possibility 
would be for penneation of the smaller molecule to increase but not the larger; this would 
indicate that there was an increased leakiness through the membrane. We did find a 
significant increase in penneation of the smaller molecule, sucrose, but no change was 
found with inulin. Therefore, the results indicate that the increased penneation was 
dependent upon molecular size and was due to an increase in the leakiness through the 
capillary endothelial cell membranes. 

Since 1975, three sets of investigators who have used different techniques have 
reported that microwave radiation at power densities at or below 10 mW/cm2 have caused 
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changes in the blood-brain barrier: Frey et al [1975] found that uptake of a fluorescent 
dye into the brains of animals exposed for 30 min to pulsed fields (1.2 GHz; average 
power density = 0.2 mW/cm2

) was greater than that from CW exposure (1.2 GHz; 2.4 
mW/cm2

), and that both were greater than control values. Under light and electron 
microscopy, Albert [ 1977] observed alterations in the permeation of the blood-brain 
barrier to horseradish peroxidase (MW = 40,000) in Chinese hamsters exposed to 2450-
MHz (CW) fields at 10 mW/cm2

• In a later study, Albert [1979b] found that 12 of 22 
hamsters and 5 of 8 rats showed increased permeation by horseradish peroxidase im
mediately after CW irradiation at 2800 MHz (10 mW/cm2 for 2 h). Oscar and Hawkins 
[1977] used Oldendorf's technique to measure the uptake of mannitol (MW = 182), 
inulin (MW= 5000), and dextran (MW= 60,000-75,000) in the brains of rats exposed 
to either CW or pulsed radiation (1.3 GHz). This technique measured the change in 
permeation during one capillary pass ( ~ 15 s) of arterial blood after irradiation had ceased. 
Increased mannitol and inulin uptakes were found in the hypothalamus, cerebellum, and 
medulla, but only the cerebellum had an increase in dextran uptake; 24 h after exposure, 
the uptake of mannitol in the medulla was significantly increased. It is of interest that, 
mannitol uptake varied with power density for the different modulation conditions, eg, 
maximal uptake occurred at about 1 mW/cm2 for CW exposure between 0.3 and 3.0 mW/ 
cm2

• 

Attempts to replicate parts of the above studies or to use the same techniques at 
different frequencies have failed to confirm the effects of microwave radiation on the 
blood-brain barrier. Merritt et al [1978] could not replicate the changes reported either 
in the fluorescent experiment of Frey et al [1975] at 1.2 GHz (pulsed) or in the mannitol 
uptake study of Oscar and Hawkins [1977] at 1.3 GHz (pulsed). Preston et al [1979] 
used Oldendorf's technique to determine if a 30-min exposure to 2450-MHz (CW) ra
diation (0.1-3.0 mW/cm2

) increased the uptake of mannitol; no increase was reported. 
More recently, Lin and Lin [ 1980] reported no permeation of Evans blue and sodium 
fluorescein dyes into the brains of anesthesized rats exposed to microwaves (2450 MHz, 
pulsed) under conditions that caused the brain temperature to increase ~4 °C to about 
41 °C. 

It is apparent from the above studies that substantiation of a low-level microwave 
effect on the blood-brain barrier has not been firmly established. Additional research is 
needed to determine if the reported effects are artifacts or, if the differences in irradiation 
parameters, biological methods, or the thermal influence of microwaves can explain the 
discrepancies in the experimental results. 

These three points were addressed in the present study in the following ways. First, 
microwave parameters used in this study were very similar to those used by Albert [ 1977] 
ie, 2450 MHz, 10 mW/cm2, CW. Second, the experimental procedure used in this study 
is from two to three orders of magnitude more sensitive than the Oldendorf technique 
[Blasberg, 1979]. Furthermore, the histological techniques used by Frey et al [1975], 
Albert [ 1977, 1979b], and Merritt et al [ 1978] are sensitive but they are semiquantitative 
at best. This study also addressed the transient nature of the effect reported by Oscar and 
Hawkins [1977] and Albert [1979b] by monitoring barrier permeation during exposure. 
Third, an attempt was made to correct the changes in permeation during microwave 
radiation for the change in permeation associated with whole-body heating. We feel the 
results of this study should aid in the clarification of the apparent discrepancies. 

In their recent report, Preston and Prefontaine [ 1980] used an experimental protocol 
similar to the one described here. That is, brain uptake of sucrose was measured in rats 
during a 25-min exposure to 2450-MHz CW radiation. Their study differed in that they 
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exposed their rats in the near field at SAR of 0.08, 0.30, or 1.6 W/kg while in our 
experiment rats were exposed in the far field at SARs of 2, 4, or 6 W/kg. Preston and 
Prefontaine [ 1980) reported no effect of 2450-MHz microwave radiation on the blood-brain 
barrier. At higher SAR, we did find a general increase in brain permeation to sucrose, 
however, the change in permeation was found to be due to the thermalizing effect of the 
microwave exposure. 

DISCLAIMER 

This paper has been reviewed by the Health Effects Research Laboratory, U.S. 
Environmental Protection Agency, and ap~roved for publication. Mention of trade names 
or commercial products does not constitute endorsement or recommendation of use. 
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Brief Communication 

Electromagnetic Dosimetry in a Sitting 
Rhesus Model at 225 MHz 

Richard G. Olsen and Toby A. Griner 
Naval Aerospace Medical Research Laboratory, Pensacola, Florida 

Dosimetric measurements in a 9.5-kg tissue-equivalent rhesus model were conducted at 225 
MHz using a nonperturbing temperature probe and a gradient-layer calorimeter. Temperature 
probe measurements showed deep penetration of electromagnetic energy, and calorimeter ex
periments showed an average SAR (0.285 W/kg per mW/cm2

) that was nearly three times greater 
than that observed for the same model at l.29 GHz. 

Key words: electromagnetic dosimetry, rhesus model dosimetry 

Past dosimetric studies using a full-sized sitting rhesus model were conducted in 
our laboratory at 1.29 GHz [Olsen et al, 1980; Olsen and Griner, in press]. Results of 
those experiments showed a distinctive internal "hot spot" of microwave absorption in 
the head of the model and an absorption in the legs of the model that was about four 
times higher than in other regions. Similar measurements at 1.2 GHz in live rhesus and 
rhesus cadavers by Burr and Krupp [1980] corroborated some of our findings. It was 
seen that electromagnetic (EM) absorption at 1.29 GHz was highest (except for the head) 
on or near the surface closest to the microwave' source. 

Multibody resonance [Gandhi et. al, 1979] produced the greatly enhanced EM 
absorption in the legs of the rhesus model. It was shown, in partial-body calorimeter 
experiments [Olsen and Griner, in press], that the average specific absorption rate (SAR) 
was significantly higher than theoretically predicted because of concentrations of absorbed 
energy in the limbs of the model. Those concentrations, moreover, occurred at frequencies· 
above those at which partial-body resonances were predicted [Hagmann and Gandhi, 
1980]. 

The tissue-equivalent model has been described [Olsen and Griner, in press]. It 
weighed 9.5 kg and had an overall sitting height of 73.5 cm. The model was encased 
by a self-supporting foamed polyurethane mold (Emerson & Cuming Eccofoam Type FP) 
fabricated from special forms in our laboratory. 
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Continuous wave (CW) microwave power at 225 MHz was obtained from a military 
Type GRT-3 radio set. The power was amplified to 1 kW for all experiments by a cavity
type amplifier (MCL Model 10270). Standard EIA 1.625-inch air line was used between 
the amplifier and a locally fabricated waveguide adapter. The wavelength size was 76 
x 37 cm, and a copper-lined plywood horn was attached directly to the waveguide 
adapter. The horn aperture measured 142 x 72 cm with a taper of 99 cm; it was mounted 
( electric field vertical) in the tapered portion of a commercially available chamber designed 
to be virtually anechoic to 200 MHz (Emerson & Cuming Technical Bulletin No. 31-2). 

In an effort to reduce the level of the 225-MHz signal in the surrounding rooin, 
the entire horn and waveguide adapter assembly were placed inside the chamber. This 
placement required that the rhesus model face the horn at a distance of 228 cm or 0.74 
times the normal (2D2/X.) far-field distance. In the absence of the model, power density 
was mapped 228 cm from the horn using a monitor system (Narda, Model 8608). Power 
densities between 13.5 and 15.0 mW/cm2 were measured at eight locations to be occupied 
by the front surface of the rhesus model. 

Localized and whole-body SARs were determined using a temperature probe (Vitek, 
Model 101 Electrothermia Monitor) and a gradient-layer calorimeter (Thermonetics, Model 
SEC-A-2401) as previously reported [Olsen et al, 1980]. 

In a typical temperature probe experiment, the probe tip was inserted from the rear 
of the model along a horizontal line to a given depth at one of eight locations. These 
locations were the same as previously reported [Olsen et al, 1980] and were the approx
imate centers of the head, neck, chest, abdomen, groin, upper and lower arm, and leg 
(vertical portion). The output signal from the probe was monitored on a chart recorder; 
irradiations of 30 to 60 s were used to produce easily measureable (but linear) initial 
temperature rises (.::iT). The initial .::iT per unit time was graphically determined and then 
used to calculate local SARs. Three independent measurements were made at each ele
vation. The cable of the temperature probe was kept as horizontal as possible to reduce 
an artifact initially observed during irradiation when the cable was parallel to the (vertical) 
electric field vector. 

In a typical calorimeter experiment, a model with temperature gradients of less than 
0.05 °C was irradiated for 10 min after which the mold/model assembly was transported 
(as quickly as possible) from the irradiation chamber to a nearby temperature-controlled 
room that contained the gradient-layer calorimeter. The mold was opened and the tissue
equivalent material was promptly transferred to the calorimeter. The elapsed time between 
the end of irradiation and initiation of calorimeter measurements was typically 2 min with 
only about a 15-s exposure of the model to the atmosphere during the transfer from the 
mold to the calorimeter. Heat loss from the model during this period was considered to 
be negligibly small because of the good insulating properties of the large foam mold and 
because of the very brief direct exposure of the model to the atmosphere. The output 
voltage of the calorimeter was proportional to the rate of heat loss from the irradiated 
model. This voltage was recorded for about 16 h, and whole-body SAR was calculated 
from the data as previously described [Olsen et al, 1980; Olsen and Griner, in press]. 
Three determinations of average SAR were made. 

Normalized SARs based on temperature probe measurements are given in Figure 
1. At 225 MHz more energy was absorbed deeper in the model than was at 1.29 GHz 
[Olsen et al, 1980]. Whereas the 1.29-GHz results showed SAR to be reduced substantially 
from the surface value at a depth of 4 cm for most locations, Figure 1 shows a much 
different picture. At a depth of 4 cm in the model, 225-MHz absorption was a significant 
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Fig. 1. Profiles of electromagnetic absorption in the sitting rhesus model at 225 MHz. Vertical bars represent 

± I SD (N = 3) in the calculated mean SAR. 

fraction of the front-surface value; in the leg, SAR was significant at the rear surface. 

SAR in the legs of the model was relatively high at 1.29 GHz, but the 225-MHz results 

show the arm to be by far the warmest, with leg showing the lowest absorption profile. 

Surface measurements, principally at the rear surface, in the head, chest, abdomen, and 

groin showed such a high variability as to question their validity and are included for 

illustrative purposes only. This variability is probably due to heating of the shaft of the 

Vitek probe outside the model which is known to occur in certain configurations (R. R. 

Bowman, private communication). When the probe measurements were used to calculate 

SAR at the reiu- surface, the external shaft portion and the sensor in the tip were very 

close together. This problem was not significant in the 1.29-GHz experiments because 

of the "RF shadow" on the side of the model opposite the irradiation. The shadow effect 

is observed whenever the irradiation wavelength is much shorter than the height of the 

subject and is similar to an ordinary shadow cast by visible light. 
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Fig. 2. Comparison of calorimetrically determined average SAR in the sitting rhesus model to theoretical 
predictions [Durney et al, 1978]. The calorimetric data at 1.29 GHz is from Olsen and Griner [in press]. 

Results of the whole-body calorimeter experiments gave SAR (mean ± SD) of 
0.285 ± 0.025 (W/kg)/(mW/cm2

), a value much higher than the 0.107 (W/kg)/(mW/ 
cm2

) calculated at 1.29 GHz [Olsen and Griner, in press]. It is clear that the probe results 
shown in Figure 1 represented a consistent pattern of relatively high overall absorption 
at 225 MHz as compared to 1.29 GHz. 

Figure 2 shows the calorimeter results at both 225 MHz and 1.29 GHz compared 
to the empirical equation for absorption as presented by Durney et al [ 1978]. Very close 
agreement between theory and experiment is seen at the near-resonant frequency of 225 
MHz, but only fair agreement was seen at 1.29 GHz where both temperature probe and 
calorimeter measurements showed a pronounced leg resonance. These results have verified 
the theoretical predictions near the whole-body resonant peak absorption. 

The results of temperature probe experiments can be compared to theoretical ab
sorption profiles obtained from prolate spheroidal and cylindrical models near resonance 
[Barber, 1977]. For wavelengths on the order of twice the height of the subject, relatively 
deep penetration has been predicted with significant absorption at the back surface. The 
present results compare favorably to theory, and although the SAR in the arms is con
sistently high, we did not find the high SAR in various other parts of the body predicted 
at frequencies immediately above resonance [Hagmann and Gandhi, 1979]. 

Dosimetric analysis of a full-sized model of rhesus has been conducted for irradiation 
near the whole-body resonant frequency. Very close agreement was seen between whole
body calorimetric results and theory. Since 225 MHz is nearly the resonant frequency of 
the model, the temperature probe results were close to the highest localized SARs that 
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could be measured in this model except for certain partial-body resonances mentioned 
previously [Hagmann and Gandhi, 1979]. The nearly uniform distribution of absorbed 
energy in the rhesus model argues for the use of 225 MHz in rhesus experiments studying 
EM-induced effects where uniform exposure is desired. More detailed dosimetric analysis, 
with a highly sophisticated model, could more accurately predict SAR in various organs, 
but these results clearly show the principal regions of EM absorption to be expected for 
the sitting rhesus. 

DISCLAIMER 

Opinions or conclusions contained in this report are those of the authors' and do 
not necessarily reflect the views or the endorsement of the Navy Department. 
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Erratum 

Ripamonti A, Ettienne EM, Frankel RB (1981): Effect of Homogeneous Magnetic 
Fields on Responses to Toxic Stimulation in Spirostomum ambiguum. Bioelectromag
netics 2:187-198. 

An incorrect figure was inadvertently published as Figure 4 on page 193. The correct 
figure is shown here. 
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The study of the origins of life is obviously 

complicated by the lack of hard scientific data. 
However, recent advances in geology, paleo
biology, molecular and cellular biology, and 
space exploration dictate a re-evaluation of 
widely held beliefs about life's origins and 
justify the proposal of some radical new 
theories. 

For example, Oparin's classic proposal that 
life began in the oceans has been accepted 
without question by generations of scientists 
and laymen. However, some contrioutors to 
The Origins of Life and Evolution suggest 
that this theory contradicts current thinking 
about thermodynamics and biochemistry. One 
contributor suggests that the crucial trans
formation of inorganic precursor chemicals 
into self-replicating organisms is more likely to 
have occurred in water droplets suspended in 
the hot primeval atmosphere than in the sea. 

Other contributors to this volume offer new 
perspectives on topics such as: 
• morphological and organic geochemical 

studies of ancient rock deposits 
• experimental reconstruction and testing of 

hypotheses about the synthesis of organic 
molecules from inorganic ones 

• presence of organic and pre-organic 
compounds in interstellar space 

• evolutionary relationships between prokaryotes 
and eukaryotes 

• influence of early life on the climate and 
geology of the primeval earth 

• phylogenetic characterization of ancient 
microorganisms 
The papers in The Origins of Life and 

Evolution cover a wide spectrum of scientific 
inquiry, and will be of interest to biologists, 
biochemists, biophysicists, geologists, 
biogeologists, organic geochemists and 
cosmochemists, ecologists, and all other 
scientists concerned with the origins and 
evolution of life. 
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The Third Volume in a Series on 
Ethics, Humanism,and Medicine 

The rights of patients, the responsibilities of physi
cians, the goals of medicine in contemporary society, 
and the obligations, both moral and legal, of those who 
practice medicine are issues of deep and far ranging con
cern. Troubling Problems in Medical Ethics: The 
Third Volume in a Series on Ethics, Humanism, 
and Medicine presents the views of lawyers, philos
ophers, and theologians as well as physicians on the 
principles underlying medical ethics. It is of vital impor
tance that medical clinicians, who daily are required to 
confront and solve ethical questions, be exposed to the 
new theoretical teaching of ethics. The dissemination of 
new ideas and information and the promotion of inter
disciplinary communication are the goals of this series. 

This volume, Troubling Problems in Medical 
Ethics: The Third Volume in a Series on Ethics, 
Humanism, and Medicine, informs its readers of sev
eral medical and ethical issues. 

Each topic is covered by two contributors from differ
ent disciplines (generally one a clinician and one a non
clinician) who illustrate their own approaches to the 
topic. The question is then turned over·to a small group, 
which was chosen for maximum diversity. There, they 
are given a case to discuss and are requested to individu
ally answer a series of questions about the ethical issues 
implicit in the situation described. The emphasis is on 
logical analysis rather than correct answers. The results 
of these discussions are summarized at the end of each 
topic's proceedings so that the reader may compare his 
moral reasoning and intuitions with those of the 
participants. 

The debates are forceful, pointed, and controversial. 
They will interest all health professionals who care for 
patients, including physicians, nurses, therapists, and 
counselors, as well as bioethicists, philosophers, medical 
sociologists, legislators, and members of the legal pro
fession concerned with the moral and social aspects of 
health care. 
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