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Effects of electromagnetic radiation on spatial
memory and synapses in rat hippocampal CA1*
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Abstract

In this study, we investigated the effects of mobile phone radiation on spatial learning, reference
memory, and morphology in related brain regions. After the near-field radiation (0.52-1.08 W/kg)
was delivered to 8-week-old Wistar rats 2 hours per day for 1 month, behavioral changes were
examined using the Morris water maze. Compared with the sham-irradiated rats, the irradiated rats
exhibited impaired performance. Morphological changes were investigated by examining synaptic
ultrastructural changes in the hippocampus. Using the physical dissector technique, the number of
pyramidal neurons, the synaptic profiles, and the length of postsynaptic densities in the CA1 region
were quantified stereologically. The morphological changes included mitochondrial degenerations,
fewer synapses, and shorter postsynaptic densities in the radiated rats. These findings indicate that
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mobile phone radiation can significantly impair spatial learning and reference memory and induce
morphological changes in the hippocampal CA1 region.
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INTRODUCTION

A number of epidemiological investigations
have indicated that excessive
electromagnetic radiation (EMR) exposure
can impair cognitive functions'. Animal
models focusing on histopathological and
functional alterations have indicated that
EMR causes progressive defects in
hippocampal-dependent learning and
memory®®?. Radiation-induced brain injuries
may be a widespread problem of which
there is increasing concern.

In rodents, performance on
hippocampal-dependent spatial learning and
memory tasks is compromised after
whole-brain radiation. Specifically, radiation
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of young adult rodents leads to impaired
performance on the Morris water maze
(MWM)**, Barnes maze®, passive
avoidance™ ® and T-maze tasks!”. However,
cognitive changes after brain radiation have
not been studied adequately. With the
dramatic increase in mobile phone use,
establishing the long-term cognitive
consequences of brain radiation exposure is
important.

Previous studies have shown that
performance on the MWM task is dependent
on hippocampal integrity®®’. Lesion studies
have indicated that partial or complete
hippocampal ablations lead to impaired
performance in spatial learning and
memory®®. The underlying mechanisms for
such radiation-related cognitive deficits have
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not been defined clearly, but they likely involve changes
in multiple neural processes, such as synapse formation,
pruning, and synaptic plasticity'®"*. Synaptic changes
may be reflected either by a loss of synapses in the
dentate gyrus!®" or by changes in synaptic function,
such as the impaired synaptic transmission and
long-term potentiation observed in the hippocampus of
old rats""*"¥. Synaptic function changes are also
reflected in alterations in the morphology of synaptic
configurations, permitting an indirect assessment of
synaptic function in which synaptic profiles can be
quantified™.

The present study aimed to test the hypotheses that

1 month of exposure to mobile phone radiation leads to
impaired spatial learning and reference memory, and
these impairments are related to changes in the number
of synapses and length of postsynaptic density (PSD).
Consistent with these hypotheses, we found that mobile
phone radiation induced impairments in MWM
performance, fewer synapses, mitochondrial
degeneration, and shorter PSDs.

RESULTS

Quantitative analysis of experimental animals

A total of 60 Wistar rats were included in this study. They
were randomly assigned to an irradiated group and a
sham-irradiated group, with 30 rats in each group. The
rats in the irradiated group were exposed to the radiation
at a specific absorption rate of 0.52-1.08 W/kg, whereas
the rats in the sham-irradiated group were exposed at a
specific absorption rate of 0 W/kg. All 60 rats were
included in the final analysis.

EMR impairs MWM performance

Training trial: The path length to the platform for the
irradiated rats did not differ from that for sham-irradiated
rats during the first day. However, the irradiated rats
showed less improvement during the last 3 days of the
test (Figure 1B). A significant effect was observed for
both the escape latency (P < 0.05; Figure 1A) and the
escape path length (P < 0.05; Figure 1B), with irradiated
animals exhibiting both larger distance moved and longer
escape latency during the training trails compared with
the sham-irradiated animals. Although both groups
showed improved location of the platform across the
training trials, the irradiated rats were impaired in spatial
learning after 1 month of radiation exposure compared
with the sham-irradiated rats.

Probe trial: The frequency of crossings where the
platform had been placed during training and the
percentage of time spent in the quadrant where the
platform had been placed during training, were lower in

the irradiated rats compared with sham-irradiated rats

(P < 0.01; Figure 1C). Video recordings revealed that the
irradiated animals exhibited robust swimming but did not
use the spatial information learned during the 4 days of
training regarding the submerged platform. In contrast,
sham-irradiated rats exhibited a clear preference for the
quadrant in which the platform was located during
training, indicating that they effectively consolidated and
retrieved the learned spatial information.

In visible platform learning test, there were no significant
differences in escape latencies (P > 0.05; Figure 1D) and
swimming speeds (data not shown) between the
irradiated and sham-irradiated rats. Thus, the effects of
radiation exposure on spatial learning and memory do
not appear to be due to altered motor activities or visual
abilities in our experimental conditions.

EMR impairs synaptic structure in the hippocampal
CA1 region

Through examination of pyramidal neurons and
synapses in the hippocampal CA1 region, we found
differences in the gross appearance of the neuropil
between the sham-irradiated and irradiated animals. In
the sham-irradiated rats, the neuropil was continuous
with abundant, tightly packed neuroglial profiles. The
neuropil was rich in synaptic contacts (Figure 2A; black
arrows). In the irradiated animals, the neuropil showed
numerous scant and empty areas with multiple “blank”
spaces containing profiles that appeared damaged and
sparse synapses (Figure 2B).

In addition to the changes in the neuropil, we observed
ultrastructural changes in the mitochondria in the
hippocampal CA1 region. In the sham-irradiated animals,
the mitochondria appeared to have healthy membranes
and tight orderly cristae (Figure 2C). In the irradiated
animals, the mitochondria appeared swollen with
balloon-like cristae (Figure 2D).

The numerical density of CA1 pyramidal neurons was
compared between the sham-irradiated and irradiated
groups. No significant effects of radiation on neuronal
density were detected (P > 0.05; Figure 3A). The
synaptic densities in the CA1 stratum radiatum were
determined in the two groups (Figure 3B) and normalized
to the numerical density of CA1 pyramidal neurons by
deriving the ratios of total synapses per neuron. Analysis
of the ratio of total synapses per neuron between the
shame-irradiated and irradiated groups revealed a main
effect of radiation exposure, with a significant decrease
in synapses per neuron in the irradiated group compared
with shame-irradiated group (P < 0.05; Figure 3C).

We also evaluated whether radiation exposure induced
changes in the length of the PSDs. In the CA1 stratum
radiatum, the irradiated rats showed shorter PSDs than
the sham-irradiated rats (P < 0.05; Figure 3D).
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Figure 1 Performance of the irradiated and age-matched sham-irradiated control Wistar rats in the training and probe trials of the
Morris water maze.

(A) Escape latency to the platform as a function of the training trial.

(B) Escape path length to the platform as a function of the training trial.
(C) Percentage of time spent in the target quadrant during the probe trial.
(D) Escape latency to the platform in the visible platform trial.

Data are expressed as mean + SEM, and there were 30 rats in each group. P < 0.05, bp < 0.01, vs. sham-irradiated group
(one-way analysis of variance with Bonferroni’s post hoc test).

Figure 2 Radiation-induced ultrastructural disarray in the hippocampal CA1 neuropil of Wistar rats (transmission electron
microscopy, scale bars: 0.5 pym).

(A) The stratum radiatum of the hippocampal CA1 region from a sham-irradiated rat shows an abundance of tightly packed
neuro-glial profiles with numerous synaptic contacts (arrows).

(B) The stratum radiatum of the hippocampal CA1 region from an irradiated rat from a different litter shows a striking scarcity of
synaptic contacts (synaptic contacts are indicated by arrow) and a gross loss of neuro-glial profiles.

(C) Mitochondria in the hippocampal CA1 region of sham-irradiated rats appear healthy with clear double membranes and tight,
orderly cristae.

(D) Mitochondria in the hippocampal CA1 region of irradiated rats are swollen with balloon-like cristae (arrow).
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Figure 3 The number of neurons and synapses, ratio of total synapses per neuron, postsynaptic density (PSD) length in the
stratum radiatum of the hippocampal CA1 of Wistar rats.

(A) Number of CA1 pyramidal neurons.

(B) Number of synapses in the CA1 stratum radiatum.

(C) The ratio of total synapses per neuron in the CA1 stratum radiatum.
(D) The PSD length in the CA1 stratum radiatum.

Data are expressed as mean + SEM, with 30 rats in each group. P < 0.05, vs. sham-irradiated group (Student’s t-tests).
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Thus, although 1 month of radiation exposure did not
decrease the number of pyramidal neurons in the
hippocampal CA1 region, there was a significant loss of
synapses in the stratum radiatum in irradiated compared
with sham-irradiated rats. Moreover, the PSD length,
which is the parameter that is correlated with synaptic
function, was smaller in the irradiated rats.

DISCUSSION

There is a growing concern regarding the potential
deleterious effects of exposure to radio-frequency EMR.
With the worldwide increase in mobile phone use, there
is a need for research concerning the effects of EMR on
the brain. The present results suggest that EMR in
middle-aged Wistar rats leads to impaired spatial
learning and reference memory. This demonstration of
cognitive deficits in a hippocampal-dependent task
supports the use of this model system to address the
underlying synaptic changes induced by EMR. In
addition, to our knowledge, the present study
demonstrates for the first time that radiation-induced
cognitive impairment may be associated with changes in
synaptic organization.

Animal studies have addressed EMR-induced cognitive
impairments after single-dose radiation schedules. For
example, radiation at a specific absorption rate of
0.02-4.0 W/kg produced cognitive deficits when applied
to fetal, early postnatal, or young adult rodents from

4 weeks to 12 months of age"®'®. However, some studies
indicated that the effects of such specific absorption rate
of whole-brain radiation do not produce learning and
memory deficits under the same conditions!'%?%.

Spatial navigation is an important and complex cognitive
skill that is often engaged in conjunction with mobile
phone use®". Behavioral studies of radiation-associated
changes in a hippocampal-dependent task in 10—

12 weeks old rats that received a GSM (900/1 800 MHz)
mobile phone radiation, found cognitive deficits at

4 weeks post-irradiation compared with the un-irradiated
controls using the MWM task™® ??. Using the same test,
the present study revealed a significant cognitive
impairment in irradiated rats. Interestingly, another recent
behavioral study did not reveal any significant differences
in MWM performance®!. However, in that study, the rats
were exposed to radiation during early development and
studied later in adulthood. The extended time lapse
between the period of exposure and the behavioral
assessments may therefore have allowed for
compensatory responses or repair in the areas affected
by the EMR exposure.

In investigations of the effects of EMR in humans, Mann
et al® found changes in the electroencephalography

pattern in sleeping subjects during an 8-hour exposure to
GSM radiofrequency radiation. Increased
responsiveness in choice reaction time during analogue
simulation has been reported, and GSM-like exposure at
915 MHz produced a trend towards increased
responsiveness®®. Luria et al ®® reported that the
average frequency of right-hand responses following
left-side radiation exposure was significantly longer than
following right-side exposure or sham-exposure
averaged together during the first two trial blocks. That
study demonstrates that the effects of radiofrequency
radiation exposure may be time-dependent. Based on
these studies, further investigations of EMR effects on
cognitive functions may contribute to our understanding
of learning and memory impairments in humans and rats.
As described above, the effects of EMR include
compromised spatial learning and rapid loss of newly
acquired information®®??. The structural and
electrophysiological changes associated with these
radiation-related behavioral deficits have not been
defined clearly. It is possible that a loss of hippocampal
neurons, a loss of synaptic connections, or both
contribute to the observed impairments in rats. However,
the present study indicates that CA1 neurons are not lost
following radiation exposure. This finding, together with
previous reports of synaptic loss, is probably the best
current pathologic correlate of cognitive decline. That
synaptic dysfunction is evident long before neurons are
lost?”*® indicates that the radiation-related learning and
memory impairments may be due to subtle changes in
synaptic organization.

Synapses are the places where information is transferred
between neurons, and nervous system function is based
on their activity. Synaptic loss and synaptic structural
changes may be associated with reduced synaptic
function and concomitantly impaired cognitive abilities®.
Geinisman et al ® have demonstrated that aged animals
with memory impairments show a loss of perforated
axospinous synapses in the dentate gyrus of the
hippocampal formation in comparison with either young
adults or aged rats with intact memory functions. This
finding suggests that the loss of perforated axospinous
synapses in the hippocampal formation underlies
age-related deficits in spatial memory. In our experiments,
we found decreased synaptic densities in the
hippocampus following EMR. These decreases in
synaptic densities may result in decreased synaptic
function and impaired cognitive abilities in irradiated rats.
In addition, we showed that the PSD length of
hippocampal CA1 synapses was smaller following

1 month of radiation exposure. The PSD includes
cytoskeletal elements and scaffolding molecules that are
critical for signal transduction, and both the NMDA and
AMPA subtypes of glutamate receptors are clustered in
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PSDs!"**". Change in these receptors and enzymes may
cause ultrastructural changes in the PSD, such as
changes in PSD height that may be closely associated
with cognitive impairments. Shortening of the PSD by
radiation is a morphological correlate of weaker synaptic
transmission and reduced synaptic complexity,
membrane recycling, and synaptic function®*%%,
Moreover, the functions of mitochondria, including ATP
production, are essential for maintaining normal synaptic
physiology®* .. They can potentiate inhibitory drives by
heightening inhibitory synaptic activity mediated by
GABA, receptors or silence excitatory (NMDA-mediated)
synaptic transmission®®. Thus, it is possible that
radiation-induced degenerative changes in mitochondria
and concomitant decreases in ATP production
preferentially impairs activated inhibitory synaptic
functions because of an inadequate metabolic ratio of
supply to demand. However, the precise mechanisms for
the selective homeostatic changes in neuronal function
following EMR exposure remain to be examined.

We conclude that radiation induces marked
morphological disturbances in the hippocampal CA1
region. This may, at least in part, contribute to learning
and memory impairments that occur after exposure to
EMR.

MATERIALS AND METHODS

Design
A completely randomized controlled animal experiment.

Time and setting

These experiments were conducted at the Institute of
Basic Medical Sciences, Chengde Medical University,
China between July 2009 and February 2011.

Materials

Sixty inbred Wistar rats, with an equal gender ratio, aged
8 weeks and weighting 270-300 g, were provided by the
Chinese Academy of Science (permission No. SCXK
(Jing) 2009-0003). The animals were housed according
to standard regulations of the National Institutes of
Health in regular laboratory cages, three rats per cage,
under a standard 22°C room temperature with artificial
daylight illumination. Rodent chow and tap water were
provided ad libitum. The experimental procedure was
approved by the Guidance Suggestions for the Care and
Use of Laboratory Animals, formulated by the Ministry of
Science and Technology of China®".

Methods
Exposure conditions
Thirty male and thirty female rats were divided into two
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groups with an equal number of male and female rats in
each group. Each animal was given a code and the rats
were randomly divided into two groups with reference to
the code. Before each set of experiments, careful
dosimetry was performed by measuring the mean power
density of the radiation emitted by a Mobile
Communication-900 MHz (GSM-900) phone
(Hewlett-Packard Corporation, Palo Alto, CA, USA) at
900 MHz with a field meter using a probe placed inside
the cage with the animals. In addition, we measured in
the same way the mean electric and magnetic field
intensities at the extremely low frequency range. The
exposure values measured using the field meter were in
general below the established exposure limits. The
animals in the irradiated group were exposed to radiation
for 2 hours every day over 1 month, with a specific
absorption rate ranging from 0.52 to 1.08 W/kg™®,
depending on rat position. The control rats were sham
irradiated. In this study, the rats were exposed to EMR
within their Plexiglas cages, and the probe from the
mobile phone test was placed in the middle of and
underneath the cage. Six rats were exposed concurrently
in each session using “variable whole body exposure
conditions”. To simulate human voices and activate the
mobile phone electric and magnetic field emissions, a
radio station played at 60 dB throughout the exposure.

Learning and memory assessed by the MWM test
Spatial reference memory was assessed using a MWM
(120 cm in diameter; Academy of Medical Sciences
Institute of Medicine, Beijing, China) filled with water
maintained at 23 + 1°C in a suitably equipped room with
a constant temperature and humidity®®®. The surface of a
clear Plexiglas movable escape platform (8 cm x 28 cm)
was submerged 1 cm below the water surface. The
spatial cues included the consistent position of the
researchers and the yellow curtain, which was about

50 cm from the periphery of the pool. All rats were
allowed 120 seconds of free swimming to habituate to
the environment. Then, the animals were trained to climb
on the submerged escape platform. For the spatial
learning component of the MWM test, the tank was
divided into four quadrants of equal sizes (designated as
quadrants I, II, lll, and IV relative to the spatial cues) with
the escape platform located in quadrant IV for all training
trials. The animals were always faced towards the wall
when they were carefully placed into the maze at the four
different starting positions, equally spaced in the center
of a quadrant. The starting location for each trial was
chosen randomly. In each trial, rats that did not find the
platform within 120 seconds were placed on the platform.
At the end of each trial, the animals were allowed to
remain on the platform for 20 seconds. They were then
returned to their home cage and left there for 15 minutes
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before the beginning of the next trial. Each rat performed
four trials daily for 4 days. On day 5, 24 hours after the
last training trial, a 90-second retrieval test without the
platform was used to examine long-term memory. Finally,
visible platform trials were conducted on day 6 to assess
visual acuity.

Transmission electron microscopy of hippocampal
structures

After the MWM test, the rats were anesthetized with
ketamine 100 mg/mL and xylazine 20 mg/mL ata 1:1
ratio according to 0.1 mL/kg of body weight. They were
then perfused transcardially with phosphate buffered
saline (pH 7.4) followed by fixative (2%
paraformaldehyde/2.5% glutaraldehyde). Brains were
sectioned coronally at 200 um on a vibratome. The CA1
region containing the dorsal hippocampus was localized
and removed based on anatomical maps®”. The blocks
were rinsed in 0.1 M PBS and fixed again with 1% OsQO,
in 0.1 M of cacodylate buffer for 1 hour. Then, the blocks
were dehydrated with a series of ethanol dilutions and
embedded in Epon 812 and cut on an ultramicrotome at
either 1 ym (semithin sections) or 70 nm (ultrathin
sections) thickness. The brain analysis was limited to the
dorsal hippocampus because this area is more closely
associated with spatial learning and memory
performance than the ventral hippocampus in rats™*'*.
We took 12 dissector pairs per animal from semithin
sections for stereological quantification of neurons and
30 physical dissectors from three blocks per animal for
stereological quantification of synaptic profiles. Pairs of
serial sections were chosen randomly and each
dissector contained a pair of photomicrographs (x 5 000;
Hitachi 7500 electron microscope, Tokyo, Japan) from
the serial ultrathin sections through each CA1 layer.
From these pairs of sections, we derived the average
number of synapses/layer for each individual. The pairs
of serial sections were chosen randomly™*®, consistent
with the requirements for stereological analysis. To
provide sampling of synaptic profiles and neurons
through coincident anatomical space, semithin sections
were collected from alternating sectors in individual
blocks. Since our focus was on synapses, our electron
micrographs mainly depicted neuropil. The investigator
taking electronmicrographs was blind to the experimental
conditions.

Quantitative analysis of pyramidal neurons and
synaptic profiles in hippocampal CA1 region
Neurons were identified by the presence of a definitive
neuronal nucleus with a clear nuclear membrane. The
numerical density of pyramidal neurons in the CA1
stratum pyramidale was quantified with the physical
dissector technique™*. For each pair of ultrathin sections,

a ‘reference’ and an ‘empirical’ section were designated,
a counting frame was superimposed and the neurons
were counted. The number of nuclei per counting frame
was determined as from those that were present in the
‘empirical’ section but not in the ‘reference’ section.
Synapses were identified by the presence of presynaptic
components, with at least three synaptic vesicles™** and
a clearly defined PSD. The numerical density of synaptic
profiles in the stratum radiatum of hippocampal CA1 was
determined using Stereolnvestigator software
(MicroBrightField Inc., Colchester, VT, USA). For each
serial pair of micrographs (‘reference’ and ‘look-up’), a
counting frame of known area was superimposed and
synaptic profiles were quantified™*?. If the synapses were
present in the empirical but not in the reference section,
they were counted and the overlapping synapses were
excluded from the study.

The mathematical formula™” used for calculating the
numerical density of synaptic profiles and neurons is as
follows:

_2Q
Dab

where Q™ is the number of counting objects (PSDs or
neuronal nuclei) per counting frame that were present in
the empirical but not in the reference section, a is the
area of the counting frame, and b is the height of the
physical dissector.

For all synaptic profiles identified in the CA1 stratum
radiatum in the present study, the PSD length was
determined using Image-Pro Plus 6.1 computer software
(MediaCybernetics, Bethesda, MD, USA). The PSD
lengths of all identified synaptic profiles in the six
randomly selected electron micrographs from each
animal were measured along parallel, aligned plasma
membranes. Counting was done by an experienced
histopathologist who was unaware of the treatment
condition.

Nv

Statistical analysis

The data are expressed as mean £ SEM. One-way
analyses of variance with Bonferroni's post-hoc test were
used to compare escape latencies, escape path lengths,
and time in the target quadrant. Student’s t-tests were
used for analysis of the histological studies. Significance
was set at a P < 0.05. All tests were performed with
SPSS 13.0 software (SPSS, Chicago, IL, USA).
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