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Acute Exposure to Pulsed 2450-MHz
Microwaves Affects Water-Maze
Performance of Rats
Baoming Wangy and Henry Lai*
Bioelectromagnetics Research Laboratory, Department of Bioengineering,
University of Washington, Seattle,Washington
Rats were trained in six sessions to locate a submerged platform in a circular water maze. They
were exposed to pulsed 2450-MHz microwaves (pulse width 2 ms, 500 pulses/s, average power
density 2 mW/cm2, average whole body specific absorption rate 1.2 W/kg) for 1 h in a circular
waveguide system immediately before each training session. One hour after the last training
session, they were tested in a probe trial during which the platform was removed and the time spent
in the quadrant of the maze in which the platform had been located during the 1-min trial was
scored. Three groups of animals, microwave-exposed, sham-exposed, and cage control, were
studied. Microwave-exposed rats were slower than sham-exposed and cage control rats in learning
to locate the platform. However, there was no significant difference in swim speed among the three
groups of animals, indicating that the difference in learning was not due to a change in motor
functions or motivation. During the probe trial, microwave-exposed animals spent significantly less
time in the quadrant that had contained the platform, and their swim patterns were different from
those of the sham-exposed and cage control animals. The latter observation indicates that
microwave-exposed rats used a different strategy in learning the location of the platform. These
results show that acute exposure to pulsed microwaves caused a deficit in spatial ``reference''
memory in the rat. Bioelectromagnetics 21:52±56, 2000. ß 2000 Wiley-Liss, Inc.
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INTRODUCTION
Effects of radiofrequency electromagnetic radiation (RFR) exposure on the central nervous system in
laboratory animals, as indexed by neurochemical and
behavioral end points, have been reported [Lai, 1994].
Owing to the relevance of spatial learning of rodents to
human health [Anger, 1991; Gallagher and Nicoll,
1993], we studied rats' performance in the radial-arm
maze after microwave exposure [Lai et al., 1994]. In
that experiment, microwave-exposed rats showed
retarded learning, indicating a de®cit in spatial cognitive
function. In the present research, the effect of acute
microwave exposure on spatial learning and memory
functions was further studied via the Morris water maze,
in which rats learn to locate a submerged platform in a
circular pool of opaque water by using cues in the
environment. This behavioral paradigm has been widely
used to study spatial ``reference'' memory of rodents.
METHODS AND PROCEDURES
Animals
Male Sprague±Dawley rats (2±3 months old,
250±300 g) were purchased from B & K Laboratory,
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Bellevue, WA. They were housed in the same room in
which they were exposed to microwaves and adjacent
to the room in which the water-maze-testing was
carried out. The rooms were maintained on a 12-h
light-dark cycle (light on between 7 h and 19 h) and
with an ambient temperature of 22  C. Animals were
provided with Purina rat chow and water ad libitum
during the experiment. A maximum of three rats were
housed in one cage during an experiment.
Method of Microwave Exposure
The construction of the 2450-MHz cylindrical
waveguide exposure system has been described in
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detail by Guy et al. [1979]. The system consists of
individual cylindrical waveguides connected through a
power divider network to a pulsed microwave-power
source (Applied Microwave, Andover, MA; model
PG5KB). Waveguides were constructed of galvanized
wire screen in which a circularly polarized TE11-mode
®eld con®guration is exited. The tube contains a plastic
chamber to house a rat with enough space for it to
move freely inside. The ¯oor of the chamber is formed
of glass rods, allowing waste to fall through plastic
funnels into a collection container outside the waveguide. Animals were subjected simultaneously to
microwave or sham exposure in an experiment. Microwave-exposed rats were exposed to pulsed (2 ms
pulses, 500 pulses/s), circularly polarized, 2450-MHz
microwaves at a spatially averaged power density
of 2 mW/cm2 (the average whole body SAR was
1.2 W/kg) [Chou et al., 1984]. During sham exposures,
animals were placed in similar waveguides for the
same period of time as the microwave-exposed
animals, except that the waveguides were not
activated.
In addition to the microwave-exposed (N  11)
and sham-exposed (N  11) animals, a group of cage
control (N  12) rats was also included in this experiment. These controls were housed in cages in the
laboratory and subjected to the same maze-running
procedure as were the animals of the other two groups.
However, they were not subjected to the experimental
or sham exposure procedures.
Water-Maze Running Experimental Procedure
The water maze was a plastic circular pool
(diameter: 246 cm; height: 39 cm; wall thickness:
1 mm) ®lled with water (22  C) to a depth of 27 cm.
The water was made opaque by addition of powdered
milk. A Plexglas platform (15  20 cm) was placed at
the center of one quadrant (designated as the N±E
quadrant) of the maze and submerged 5 cm below the
surface of the water. Each rat was given two training
sessions daily separated by 4 h on three consecutive
days. Maze training was carried out between 9 PM and
3 PM. As many as eight rats were run sequentially in a
session by staggering training times between two rats
by 10 min. The sequence in which the rats were run
was the same over the six sessions.
In each training session, an animal was exposed
to microwaves or sham-exposed for 1 h in the waveguides. Cage-control animals were taken directly from
their home cages and subjected to the maze training
procedure. Each animal was then released into the
water from the wall of the maze at arbitrarily de®ned
east, south, west, and north points. Therefore, there
were four trials per training session per animal. The
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sequence of points of release into the water followed a
random order, but included one release from each of
the east, south, west, and north points in each training
session. The animal was allowed to swim to the
platform. If it could not locate the platform within 1
min, it would be picked up and placed on the platform.
After landing or being placed on the platform, it was
allowed to stay there for 30 s before another trial or
was removed from the maze after the fourth trial.
Performance in the maze was videotaped via a closedcircuit television system for detailed analysis later. In
addition, 1 h after the last (sixth) training session, each
animal was given a probe trial, in which the platform
was removed from the maze and the animal was
released from the south point and allowed to swim in
the maze for 1 min.
Data Analysis
From the video recording, escape time (i.e., the
time between release in the water to landing on the
platform) was measured by a stop watch. Trials with no
successful escape were given a score of 60 s. The
average escape time of the four trials in each training
session of each rat was used in data analysis. The
swimming pattern of each trial was also traced on
transparencies. The distance swum was measured from
the tracings, scaled to the dimension of the pool. Swim
speed (cm/s) was calculated for each rat for each
training trial by dividing the distance swum by the time
of escape. For the probe trial, time spend in the
quadrant of the maze where the platform was
previously located (N±E) was scored. These analyses
were done by an experimenter unaware of the
treatment conditions of the rats being scored. Escape
time and swimming speed data from training sessions
were analyzed by a repeated measurement analysis of
variance (ANOVA); response curves were compared
by the method of Krauth [1980]. The difference
between groups in the probe trials was compared by
the Newman±Keuls test. A difference at p  .05 was
considered statistically signi®cant.
RESULTS
Results of escape time during the six training
sessions are shown in Figure 1. Data analysis showed a
signi®cant session effect (F[5, 155]  47.51, p < .001,
i.e., a signi®cant decrease in escape time with
training), treatment effect (F[2, 31]  6.66, p < .005),
but no signi®cant ``treatment  session'' interaction
effect (F[10, 155]  1.26, p > .05). Thus there was a
signi®cant difference in performance among the three
groups of animals during training. By the method of
Krauth, the mean escape time over the training
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Fig. 1. Average escape time, i.e., time to reach the platform after
release into the water, during the six training sessions of microwave, sham-exposed and cage control rats. N is the number of
animals studied in each group.

Fig. 3. Average time spent during the probe trials in the quadrant
where the platform waslocated during training sessions.

Fig. 2. Average swim speed (cm/s) of the three groups of experimental animals during training sessions.

sessions of microwave-exposed animals was found to
be signi®cantly longer than that of the sham-exposed
animals (w2  4.55, df  1, p < .05). We observed that
in training sessions the microwave-exposed rats tended
to spend much more time attempting to climb up the
wall or swimming along the wall of the pool. There
was no signi®cant difference in escape time during the
training sessions between the sham-exposed and cage
control animals.
Figure 2 shows the mean swim speeds of the
three groups of animals during the training sessions.
Analysis of variance of the data showed a signi®cant
treatment effect (F[2, 31]  46.3, p < .005) and a treatment by session interaction effect (F[10, 155]  2.04,
p < .05), but no signi®cant session effect (F[5, 155]
 1.39, p > .05). However, there was no signi®cant
difference between microwave- and sham-exposed
groups (w2  0.18, df  1, p < .05) and between

microwave-exposed and cage controls (w2  0.38,
df  1, p < .05) as compared by the method of Krauth
[1980].
Results of the probe trial are presented in Figure
3, which shows the average duration of time (in
seconds) for the three groups of rats during the 1-min
probe-trial period in the quadrant in which the platform
was located during training sessions. Analysis of the
data by the one-way ANOVA showed no signi®cant
treatment effect (F[2, 31]  3.163, p > .05). However,
comparing results of individual groups with the
Newman±Keuls test showed that microwave-exposed
rats spent signi®cantly less time in the quadrant than
the sham-exposed (p < .05) and cage-control (p < .01)
rats.
Figure 4 shows all the tracings of swim pattern of
microwave- (N  11, Figure 4a) and sham-exposed
(N  11, Figure 4b) animals during the probe trials.
Swimming patterns of microwave-exposed rats were
different from those of the sham-exposed rats. The
microwave-exposed animals did less searching for the
``missing'' platform in the N±E quadrant and swam
more over other area of the maze.
DISCUSSION
Data from this experiment show that acute
exposure (1 h) of rats to pulsed, circular polarized,
2450-MHz microwaves, at an average whole body
SAR of 1.2 W/kg, signi®cantly affected the rate of
learning to locate a submerged platform in a water-
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Fig. 4. Cumulative swim patterns during the probe trials of microwave-exposed rats (N 11, top) and sham-exposed rats (N 11,
bottom). The platform was located at the center of the north^east
(N^E) quadrant during training sessions. Rats were released at
the south (S) point.

maze, which may indicate that ``reference'' memory
was affected by microwave exposure. Although
microwave-exposed rats displayed some knowledge
of the location of the platform during the learning trials,
their ``spatial map'' was signi®cantly less precise so
that their escape time and distance to land on the
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submerged platform were longer than those of the
sham-exposed and cage controls. However, the swimming speed of the rats was not signi®cantly affected by
microwave-exposure. This indicates that the difference
in learning may not be due to a change in motor
activity or difference in motivation.
Microwave-exposed rats showed a swimming
pattern during the probe trials that differed from that of
controls. They showed less of a tendency to search for
the ``missing'' platform. In the water maze, rats can
use different behavioral strategies to escape to the
hidden platform [Noonan et al. 1996; Chapillon and
Roullet, 1996]. Spatial reference mapping or ``place''
learning (i.e., using the relative position of various
different ambient cues as guides) perhaps is the most
important and ef®cient. Apparently, this strategy was
used by the control animals to locate the submerged
platform. From the difference in swim patterns, it is
very likely that microwave-exposed rats used a
different strategy in learning to locate the submerged
platform. Instead of forming a ``reference'' spatial map
based on environmental cues, they might have learned
to use a certain ®xed pattern of action (known as
``praxis learning''), or to use one particular cue in the
environment (known as ``cue learning'') to locate the
platform during the training trials. Both ``praxis'' and
``cue'' learning are generally not considered true
``spatial'' learning, and they are less complex and
¯exible than ``place'' learning. Disturbance to the
central nervous system by microwave exposure may
lessen an animal's learning capability and the animal
has to resort to simpler learning strategies.
The mechanism by which pulsed microwave
could affect spatial reference learning is not known.
Since pulsed microwaves were used in this study, a
possibility is that the behavioral effect observed was
caused by the auditory effect of the pulsed radiation
[Chou et al., 1982]. According to Chou et al. [1985],
the threshold of hearing in the circular waveguide is
0.9 to 1.8 mJ/kg per pulse. For the 1.2 W/kg whole
body SAR used in the present study, the speci®c
absorption (SA) for the pulses is 2.4 mJ/kg, which is
de®nitely above the hearing threshold. However,
neuroanatomical and neurochemical processes associated with water maze performance are well studied.
Cholinergic innervations to the cerebral cortex and
hippocampus play different and important roles in
learning and memory in the water maze [Sutherland
et al., 1982; Decker et al., 1988; Gallagher and
Pelleymounter, 1988; Brandeis et al., 1990]. De®cit in
water maze performance could be caused by a decrease
in cholinergic activity in the brain. We [Lai et al., 1988,
1989, 1994] have found that acute microwave
exposure decreased cholinergic activities in the frontal
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cortex and hippocampus of the rat, and both cholinergic and endogenous opioid neurotransmitter systems in
the brain are involved in the pulsed microwaveinduced spatial learning de®cit in the radial-arm maze.
It has been shown that central cholinergic pathways,
especially those of the frontal cortex and hippocampus,
are involved in ``place'' learning [Whishaw et al.,
1985, 1987, 1989]. Decreases in frontal cortical and
hippocampal cholinergic activity may be responsible
for the water maze learning de®cit seen after acute
exposure to pulsed microwaves.
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