permeabilities of submitochondrial parti-
cles to perchlorate and thiocyanate (/).
The histogram illustrates the large dis-
parity between the permeability of the
biological membrane and that of PC-dec-
ane bilayers to these ions. Differences
in bilayer thickness may account for
some of the discrepancy, as shown by
the permeability of solvent-free PC bi-
layers. The increased dielectric constant
of the PC-chlorodecane bilayers, how-
ever, has a much greater effect on per-
meability, especially when perchlorate is
the permanent ion.

To reconcile the ability of weak acids
to transport protons across artificial
phospholipid bilayers with their ability to
uncouple oxidation from phosphoryla-
tion in mitochondria, we previously pos-
tulated (6) that some fraction of the lipid
bilayer component of the inner mito-
chondrial membrane has a dielectric con-
stant greater than 2.2. The data present-
ed in Fig. 2 are consistent with this pos-
tulate.
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Microwaves: Effect on Thermoregulatory Behavior in Rats

Abstract. Rats, with their fur clipped, pressed a lever to turn on an infrared lamp
while in a cold chamber. When they were exposed to continuous-wave microwaves at
2450 megahertz for 15-minute periods, the rate at which they turned on the infrared
lamp decreased as a function of the microwave power density, which ranged between
5 and 20 milliwatts per square centimeter. This result indicates that behaviorally
significant levels of heating may occur at an exposure duration and intensities that
do not produce measurable changes in many other behavioral measures or in colonic
temperature. Further study of how microwaves affect thermoregulatory behavior
may help us understand such phenomena as the reported “‘nonthermal’’ behavioral

effects of microwaves.

Reports of ‘‘nonthermal”’ behavioral
effects of microwaves have contributed
to debates about the safety of micro-
waves. There is no question that micro-
waves can affect behavior (/). Micro-
waves heat tissue, and heat itself can af-
fect behavior (2). When microwaves
increase colonic temperature, con-
comitant behavioral changes are often
attributed to the thermal burden (3).
When microwaves produce no observ-
able changes in colonic temperature,
concomitant behavioral changes are
sometimes attributed to ‘‘nonthermal”’
actions of microwaves, especially by So-
viet and Eastern European investigators
). Numerous biological processes,
however, are affected by local temper-
atures that are not highly correlated with
the core temperature (5); indeed, many
help ensure its constancy. Thermoregu-
latory behaviors, those behaviors that di-
rectly affect, and are often controlled by,
the thermal environment of the subject,
generally respond to skin and hypotha-
lamic, rather than colonic, temperatures
(6-8). 1t seems plausible, then, that mi-
crowaves might alter behavior as a con-
sequence of thermal stimulation in the
absence of measurable core temperature
changes.

0036-8075/79/1207-1198%00.50/0  Copyright © 1979 AAAS

Current techniques for measuring tem-
perature changes in animals exposed to
microwaves are inadequate for several
reasons: (i) sensitivity is limited to about
0.1°C; (ii)) ongoing thermoregulation
serves to dissipate heat; (iii) ‘‘hotspots,”
that is, localized increases in temper-
ature, can occur at locations not being
monitored; (iv) most sensors distort the
microwave field. Finally, since any ab-
sorption produces some temperature in-
crease, it is still necessary to determine
its functional significance. One way to
avoid these difficulties is to use the orga-
nism’s behavior as the thermometer, so
to speak.

Six male Long-Evans hooded rats (325
to 450 g) were individually trained to
press a small lever in order to turn on an
infrared lamp for 2 seconds. Responses
made during the 2-second period pro-
duced no programmed consequences.
Test sessions, each of approximately 24
hours, started late in the afternoon. At
this time, the fur of the rat was clipped,
and the rat was placed in a chamber (9)
located in a dark, refrigerated room (see
Fig. 1). After a few such sessions, the rat
generally pressed the lever at a nearly
constant rate for several hours. This per-
formance provided a baseline for study-
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ing the effect of 2450 MHz continuous-
wave (CW) microwaves on thermoregu-
latory behavior. For sessions in which
microwave exposure (10, 11) was sched-
uled, the first control period began in the
morning after the rat had been in the
chamber for several hours. Alternating
control and exposure periods lasted 15
minutes each. Within a single session,
across different exposure periods, the
microwaves illuminated the chamber ei-
ther in an ascending followed by a de-
scending series or in a descending fol-
lowed by an ascending series of power
densities.

Figures 2 and 3 show the results of ex-
posing rats to 2450-MHz CW micro-
waves (/2). Figure 2a shows that the pro-
portion of time during which the heat
lamp was kept on decreased as the mi-
crowave power density increased. Fig-
ure 2b confirms this relationship by
showing a decrease in the ratio of the
lamp-on time during an exposure period
to the lamp-on time during the preceding
control period. Figure 3 shows cumula-
tive records of lever presses that turned
on the heat lamp. The slopes of the rec-
ords remained fairly constant within in-
dividual exposure and control periods,
demonstrating that the consequences of
presentation or removal of microwaves
were immediate and constant throughout
the respective condition. These data in-
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dicate that rats turn on the heat lamp less
frequently during a 15-minute period of
exposure to microwaves than during
control periods; that the decrease is a di-
rect function of power density; that it ap-
pears almost immediately; that it occurs
at 5 mW/cm?; and that recovery follows
immediately after each exposure.

Statistical analyses support these con-
clusions. A linear regression model pro-
vided a close fit to the data (I3). Individ-
ual regression lines for the five rats with
complete data had nonzero slopes
(P < .01, t-test). By calculating the coef-
ficient of determination (r2; the percent-
age variation determined by power den-
sity) we obtained the following values for
each rat: MW14, 63; MW17, 81; MW21,
70; MW22, 76; and MW24, 83 percent.
The usual assumptions of homogeneity
of variance and normal distribution of er-
rors were checked. An analysis of covar-
iance demonstrated that the individual
regression lines of heat lamp on time to
power density had different intercepts,
F(4,50) = 11.54, P < .01, but not dif-
ferent slopes, F(4,54) = 0.79. By analy-
sis of r? we found that this model ac-
counted for 79 percent of the variance.
The common slope (— 0.0062) indicates
that if one views microwaves as replac-
ing heat from the lamp, then the amount
of heat replaced by a given power den-
sity is the same for each rat (14).

The most reasonable interpretation of
these data is that the rat responds to
maintain a nearly constant thermal state
(15). When heat from one source, micro-
waves, is introduced, the rat com-
pensates by reducing the heat contrib-
uted by another source, the infrared heat
lamp. The sensitivity of the rat to rela-
tively small changes in power densities
under this procedure, compared to most
others used to study behavioral effects of
microwaves (16), as well as the immedi-
ate recovery during the control periods,
support this view. Thermoregulatory be-
havior, therefore, may provide an index
of the thermal burden contributed by mi-
crowaves. Even if measurable colonic
temperature change may sometimes oc-
cur at 5 mW/cm?, the observed time
course of the behavior change does not
parallel it (/1, 17). Thermoregulatory be-
havior responded immediately to ther-
mal change (I8).

In this experiment we measured one
thermoregulatory behavior directly, but
obviously such behaviors occur whether
or not one measures them. Furthermore,
they occur concurrently with other be-
haviors (/9). Changes in the frequency of
thermoregulatory behaviors, such as re-
duced activity, sprawling, and saliva
spreading, could provoke changes in the
frequencies of these other behaviors. In-
terpretations of reported ‘‘nonthermal’’
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Fig. 1. The system for studying the effect of microwave exposure on thermoregulatory behavior. The rat, with its fur clipped, could turn on the
infrared lamp for 2 seconds by pressing the lever. Microwaves were presented on a schedule independent of the rat’s behavior.
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Fig. 2. (a) The proportion of each 15 minutes that the infrared lamp was on during each control
period and during each exposure to 2450 MHz CW microwaves. The order of the letters A and D
designates the sequence of the ascending (A) and descending (D) series of power densities. (b)
The ratio of the proportion of each 15-minute microwave-exposure period that the infrared lamp
was on to the proportion of the immediately preceding 15-minute control period that the infrared
lamp was on. A ratio of less than 1.0 indicates that the rat turned the infrared lamp on less
frequently during exposure to microwaves than during the preceding control period (MW 14,
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Fig. 3. Cumulative records showing the rate at which rats turned on the infrared lamp during the
same exposure periods and in the immediately preceding control periods, from which the data
of Fig. 2, a and b, were obtained. Records from additional periods after exposure also show the
recovery of responding. The chart speed was constant. Each lever press that turned on the
infrared lamp moved the upper pen vertically. Since the lamp could be turned on at a maximum
rate of once every 2 seconds, the slope of the record shows the proportion of time the lamp was
on. The inset shows the proportion of selected slopes. The upper pen was reset at the end of
each 15-minute period. The lower pen was deflected downward during the exposure period. The
power density of each exposure is indicated above the lower channel. Note that rat MW15 was
exposed only to an ascending series of power densities.
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behavioral effects of microwaves might
be clarified if concurrent thermoregula-
tory behaviors were recorded.
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Chimpanzee Problem Comprehension: Insufficient Evidence

Premack and Woodruff (/) showed a
chimpanzee (Sarah) videotaped scenes
of a human actor struggling with prob-
lems. The video image was then frozen
and Sarah picked one of two photo-
graphs as a ‘‘solution’’ to the actor’s
problem. Sarah’s performance on this
task was said to have permitted examina-
tion of ‘‘the animal’s knowledge about
problem-solving—its ability to infer the
nature of problems and to recognize po-
tential solutions to them’’ (/, p. 532).

Premack and Woodruff do not present
any evidence, independent of Sarah’s
choice of photographs, to indicate (i) that
she saw the videotaped sequences as
problems to be solved, (ii) that she per-
ceived her choice as representing a solu-
tion to the portrayed problem, and (iii)
that she understood either the elements
of the problems or the nature of the solu-
tions or if faced with the problem that
she could solve it herself. These factors
cannot be presumed to be the inherent
bases for Sarah’s choices of photographs
unless it is independently demonstrated
that the scenarios were, in fact, prob-
lems in Sarah’s perception and that she
understood their video presentation.
Failure to demonstrate this allows for the
possibility that the dynamics of the sce-
narios were beyond Sarah’s comprehen-
sion and that her choices of alternative
photographs were based on simpler
strategies than those suggested by Pre-
mack and Woodruff. If the scenarios
were not perceived as problems by Sar-
ah, then her choices obviously could not
have been solutions.

On what other basis might Sarah have
selected the alternatives which she did?
It seems reasonable to conclude, given
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the variety of previous training para-
digms which Sarah has received, that she
could have used relatively simple match-
to-sample strategies, none of which
would require an understanding of either
the problems portrayed in the videotape
or that her choices represented solu-
tions. For instance, it is clear, from the
video stills and photographs presented
by Premack and Woodruff (/, p. 533),
that problems 1 and 2 of the banana-at-
tainment series could readily have been
solved by a straightforward matching re-
sponse of the photograph to the scene
held on the monitor on the basis of phys-
ical similarity of the images themselves.
Problems 3 and 4 present a more difficult
match-to-sample choice; however, Sarah
performed at chance on these.

Problems 5 to 8 were object-choice
tasks in which Sarah was to pick a photo-
graph of an object which could bée used
to solve the actor’s problem. This group
of problems could have been solved by
selecting the item (key, faucet, and so
forth) that had been most frequently as-
sociated with the sample object (lock,
hose) on the basis of past observational
experience (2).

The single subject of this study, Sarah,
had received extensive training involving
both physical match-to-sample and asso-
ciative match-to-sample tasks. The for-
mat of the frozen-video paradigm se-
lected by Premack and Woodruff is
virtually identical to the subject’s past
match-to-sample training and could there-
by be expected to produce a ‘‘set’’ to-
ward this type of response.

Testwise chimpanzees can readily
learn a series of paired-choice problems
on the basis of the first trial’s correct-
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