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concern. This study demonstrated, for the ﬁrst time, the blood-brain barrier and cognitive
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changes in rats exposed to 900 MHz electromagnetic ﬁeld (EMF) and aims to elucidate the
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potential molecular pathway underlying these changes. A total of 108 male SpragueDawley rats were exposed to a 900 MHz, 1 mW/cm2 EMF or sham (unexposed) for 14 or 28

Blood brain barrier

days (3 h per day). The speciﬁc energy absorption rate (SAR) varied between 0.016 (whole

albumin extravasation

body) and 2 W/kg (locally in the head). In addition, the Morris water maze test was used to

mkp-1/ERK pathway

examine spatial memory performance determination. Morphological changes were investigated by examining ultrastructural changes in the hippocampus and cortex, and the
Evans Blue assay was used to assess blood brain barrier (BBB) damage. Immunostaining
was performed to identify heme oxygenase-1 (HO-1)-positive neurons and albumin
extravasation detection. Western blot was used to determine HO-1 expression, phosphorylated ERK expression and the upstream mediator, mkp-1 expression. We found that the
frequency of crossing platforms and the percentage of time spent in the target quadrant
were lower in rats exposed to EMF for 28 days than in rats exposed to EMF for 14 days and
unexposed rats. Moreover, 28 days of EMF exposure induced cellular edema and neuronal
cell organelle degeneration in the rat. In addition, damaged BBB permeability, which
resulted in albumin and HO-1 extravasation were observed in the hippocampus and cortex.
Thus, for the ﬁrst time, we found that EMF exposure for 28 days induced the expression of
mkp-1, resulting in ERK dephosphorylation. Taken together, these results demonstrated
that exposure to 900 MHz EMF radiation for 28 days can signiﬁcantly impair spatial
memory and damage BBB permeability in rat by activating the mkp-1/ERK pathway.
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1.

Introduction

In several countries, more than 80% of the population currently uses mobile phones (Feychting et al., 2005). The use of
mobile phones close to the head results in the absorption of
approximately 50% of the electromagnetic ﬁeld (EMF) energy
by the brain (Dimbylow and Mann, 1994). Mobile phone users
complain of headaches, which suggest a biological effect of
EMF on the brain (Brillaud et al., 2007). Indeed, some reports
have shown that EMF exposure causes progressive defects in
hippocampus-dependent learning and memory (Raber et al.,
2004; Rola et al., 2004). For example, Nittby et al. reported that
Mobile Communication-900 MHz (GSM-900)-exposed rats had
impaired memory for objects and the temporal order of
presentation compared to sham-exposed controls after one
year of weekly exposures (Nittby et al., 2008). However, other
reports have indicated that EMF exposure did not change
cognitive function (Haarala et al., 2007; Russo et al., 2006) or
improved it (Kumlin et al., 2007). Thus, there is a need to
further investigate the effects of EMF on cognitive function.
Previous studies have shown that spatial memory is
dependent on hippocampus integrity. Partial or complete
hippocampus ablations result in impaired performance in
spatial learning and memory (Morris et al., 1990; Moser et al.,
1993). Xu et al. reported a selective decrease in excitatory
synaptic activity and the number of excitatory synapses in
cultured rat hippocampal neurons after exposure to Global
System for Mobile Communications (GSM) 1800 MHz microwaves (Xu et al., 2006). In addition, EMF exposure caused a
decrease in the number of granule cells in the dentate gyrus
and a decrease in the total pyramidal cell number in the
cornu ammonis (CA) of rats following prenatal exposure to
900 MHz EMF (Bas et al., 2009b; Odaci et al., 2008). Taken
together, these studies suggest that EMF may affect hippocampal function and damage neuronal cells.
Furthermore, EMF exposure increased the permeability of
the blood-brain barrier (BBB) (Nittby et al., 2009). BBB function
is important for maintaining brain homeostasis. Furthermore,
BBB disruption induces serum albumin leakage into the brain
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and induces the degeneration of neuronal cells (Iwasaki et al.,
1989). In addition, EMF exposure may affect the membranes of
neuronal cell organelles, such as mitochondria and lysosomes
of the residual body, and result in an increase in intracellular
heavy metals and reactive oxygen species (ROS) generation
(Eberhardt et al., 2008; Narayanan et al., 2009). Thus, ROS may
play an important role in electromagnetic radiation-induced
tissue damage. Heme oxygenase-1 (HO-1) is a stress-response
protein and is highly sensitive to oxidative stress; thus, it could
be a biomarker of oxidative stress response. Indeed, several
molecular pathways have been reported to be involved in the
neurological damage caused by exposure to an electromagnetic
ﬁeld, such as the caspase3-dependent pathway (Liu et al., 2012),
cAMP/PKA pathway (He et al., 2013), ATM-Chk2-p21 Pathway
(Huang et al., 2014) and ERK pathway (Caraglia et al., 2005).
Among these pathways, ERK1/2, a member of the mitogenactivated protein kinase (MAPK) family, plays a crucial role in
signal transduction pathways related to cell growth, differentiation and albumin extravasations (Gorostizaga et al., 2013;
Raman et al., 2007). The activity and expression of ERK1/2 is
dependent on the phosphorylation process, which is modulated
by MAP kinase phosphatase-1 (mkp-1) a short-lived nuclear
enzyme (Gorostizaga et al., 2013). On the bases of these ﬁndings,
we hypothesized that exposure to EMF for 28 days would affect
cognitive ability in rats via leakage of albumin through the BBB
and an up regulation of HO-1. This process is potentially
regulated by the mkp-1/ERKpathway.
In this study, we aimed to evaluate the effects of exposure
to 900 MHz EMF on cognitive function and BBB permeability
in rats and to elucidate the potential molecular mechanisms
underlying these effects. Fig. 1

2.

Results

2.1.

EMF exposure impaired spatial memory in rats

During training, the rats exhibited no signiﬁcant difference in
the time spent ﬁnding the hidden platform between any of the
groups examined in the Morris water maze (Fig. 2B). During

Fig. 1 – The immobilization apparatus used in the present study free of anesthesia, which made the experimental rats
comfortable to reduce stress and minimize body temperature increases. Four rats were exposed simultaneously and kept in
an immobilization apparatus without anesthesia.
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Fig. 2 – Performance of the rats on the Morris water maze Video recordings of the swimming trajectory of rats in all groups are
presented (A). There was no signiﬁcant difference in performance in any groups with regard to the time required to ﬁnd the
hidden platform (B). There was less frequency of crossing the platform (C) and lower percentage of time spent in the target
quadrant (D) in the EMF28d group than in other groups. Non-exposed: rats received no irradiation; EMF14d: rats exposed to EMF
for 14 days; EMF28d: rats exposed to EMF for 28 days. These results were expressed as the mean7SD (n¼9). One-way analyses
of variance with Bonferroni’s post-hoc test. *compared to the non-exposed group. Signiﬁcant differences,*po0.05, **po0.01.

the probe trial, with the platform removed, rats in the EMF28d
group were less able to remember the location of the platform.
Video recordings of the rats’ swimming trajectory revealed
that rats in the EMF28d group exhibited irregular swimming. In
contrast, rats in other groups exhibited a clear preference
for the quadrant in which the platform was located during
training, indicating that these rats could effectively consolidate and retrieve the learned spatial information (Fig. 2A). The
frequency of crossing over where the platform had been
placed during training was lower in the rats in the EMF28d
group than in the sham-irradiated rats and those in the
EMF14d group (Po0.05; Fig. 2C). In addition, the percentage
of time spent in the quadrant where the platform had been
placed during training was lower in the EMF28d group than in
the other groups (Po0.01; Fig. 2D). These results indicated that
EMF did not impair the behavior of the rats at 14 days but
signiﬁcantly impaired their performance at 28 days. There
were no statistically signiﬁcant differences in swimming
speeds between the exposed and sham-exposed rats (data
not shown). Thus, the effects of radiation exposure on spatial
learning and memory do not appear to be due to altered motor
activities in our experimental conditions.

2.2.
EMF exposure induced ultrastructural changes in the
hippocampal region and cortex
Using transmission electron microscopy, we compared the
ultrastructure of neurons in the hippocampus and the parietal
cortex in the non-exposed group and the irradiation group
(Fig. 3). In the non-exposed rats, the neurons were continuous
with abundant, tightly packed neuroglial proﬁles. The neurons
showed a clear boundary and BBB integrity of the structure.

However, the nerve ﬁbers of the irradiation group showed
numerous scant and empty areas with severe edema around
the blood vessels and neurons, and the neuronal boundary
was not clear and was wrinkled and dark in morphology. In
the 28-day irradiated group, the organelles in the neurons
appeared swollen, had disappeared, and cytoplasmic vacuolization was observed.

2.3.
EMF exposure for 28 days increased albumin
extravasation in rats
After exposure to EMF for 14 and 28 days, the albumin had
diffused into the neuropil between the cell bodies, surrounding the neurons. Scattered neurons with positive albumin
staining were distributed in the hippocampus and cortex
(Fig. 4). In addition, albumin uptake occurred more frequently
in the cortex and hippocampal regions of rats in the EMF28d
group than in the sham-irradiated rats and EMF14d group
(Fig. 4G and H, po0.01).

2.4.
HO-1 expression was up-regulated after exposure to
EMF in rats
HO-1 immuno-positive cells were widely distributed in the
brains of rats exposed to EMF for 28 days (Fig. 5C, F) in the
cortex and hippocampal regions, but were rarely observed in
the brains of unexposed rats (Fig. 5A, D). Western blotting and
quantitative analysis of bands showed a signiﬁcant difference
in HO-1 staining between the exposed rats and the shamexposed rats, as well as between the EMF28d group and the
EMF14d group (Fig. 5G, H, po0.01).
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Fig. 3 – Ultrastructural change in the hippocampal CA1 and cortex of exposed rats In rats exposed to EMF (n ¼ 3), nerve ﬁbers
showed numerous scant and empty areas with severe edema around the blood vessels and neurons. The boundary of the
neurons was unclear, wrinkled, and dark in morphology. The red arrow indicates the condensed chromatin. The organelles of
the neurons appeared swollen, disappeared, and exhibited cytoplasmic vacuolization, particularly those close to the
perivascular neurons. The scale bar is 2 μm.

2.5.
EMF exposure promoted leakage of the blood
brain-barrier
The aim of the Evans Blue analysis was to determine BBB permeability following EMF exposure. Immunohistology showed that
Evans dye extravasation was enhanced around the vessels 14
days after exposure to EMF (Fig. 6B) and that the extravasation
was more signiﬁcant in the 28-day group (Fig. 6C). Quantiﬁcation
of Evans blue analysis was consistent with these results (Fig. 6D),
in which the amount of Evans blue dye was higher in the
EMF14d group than in the non-exposed group (po0.05). Furthermore, signiﬁcantly more extravasated dye was found in the
EMF28d group than in the non-exposed group (po0.01). Thus,
BBB permeability increased 14 days after exposure to EMF and to
a higher level after 28 days.

2.6.
The mkp-1/ERK pathway Is potentially involved in
EMF damage to rat brain
Quantiﬁcation of mkp-1 and P-ERK/ERK protein was determined
using western blotting analyses in each group (Fig. 7A, C, n¼6).
Unexpectedly, up-regulation of mkp-1 protein at 28 days (Fig. 7B,
po0.05) after exposure of EMF but not at 14 days was observed.
Similarly, we found that exposure to EMF for 28 days decreased
the phosphorylation of ERK in rats, but no difference was
observed between the non-exposed group and the EMF 14d group
(Fig. 7D, po0.05). Thus, we concluded that the surviving pathway
of mkp-1/ERK might be involved in this process. Exposure to EMF
for 28 days induced the expression of mkp-1, which switched off
MAPK signal transduction via ERK dephosphorylation.

3.

Discussion

To the best of our knowledge, this is the ﬁrst study to demonstrate that 900 MHz EMF affected spatial memory in rats exposed

to EMF for 28 days but not in rats exposed to EMF for 14 days.
Furthermore, 900 MHz EMF exposure increased HO-1 immunostaining in the cortex and hippocampus of rats. The percentage of
time spent in the target quadrant and the frequency of platform
crossing were lower in the rats in the EMF28d group than in the
other groups. The rats in the EMF28d group were also less able to
recall the precise position of the hidden platform on the day of
memory retention despite the 4-day training sessions.
Performance on the Morris water maze reﬂects the spatial
memory of rodents, and the hippocampus plays a major role in
spatial memory formation and consolidation (Moser et al., 1993;
Saito et al., 2010). In this study, we found that although there were
no signiﬁcant behavioral differences between the non-exposed
rats and the rats that were exposed to EMF for only 14 days, clear
differences emerged after 28 days of exposure to EMF. Previous
studies have found that exposure to the EMF mobile phones could
induce apoptosis in rat cortical primary neuronal cultures (Joubert
et al., 2008) and a signiﬁcant decrease in the number of pyramidal
cells in the cornu ammonis (CA) region (Bas et al., 2009a) and
Purkinje cells in the cerebellum of rats (Sonmez et al., 2010).
Similarly, up-regulated mRNA expression of several injuryassociated proteins (Yan et al., 2008), and a selective decrease in
the number of excitatory synapses in the cultured rat’s hippocampal neurons were detected (Xu et al., 2006). Moreover, we
detected the surviving pathway of mkp-1/ERK and found an upregulation of mkp-1 protein at 28 days after exposure to EMF but
not at 14 days. We detected dephosphorylation of ERK in the rats
at 28 days after exposure to EMF, and no difference between the
non-exposed group and EMF 14d group was observed. Thus, we
concluded that exposure to EMF for 28 days induced the expression of mkp-1, which switched off MAPK signal transduction via
ERK dephosphorylation. In addition, EMF exposure also caused a
decrease in the number of granule cells in the dentate gyrus and
pyramidal cells in the hippocampus of rats (Bas et al., 2009b; Odaci
et al., 2008). Taken together, these data suggest that the impaired
spatial memory of the rats exposed to EMF for 28 days is most
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Fig. 4 – Extravasation of albumin and its co-expression within neurons Representative examples of albumin-immunoreactive
neurons in the hippocampal and cortical regions in rat (A-F). Shrunken homogenized neurons (dark) with albumin
extravasation (brown) were observed in the hippocampal and cortical regions of the rats in the EMF28d groups (C,F), but only
occasional minor leakage was observed in the rats in the EMF14d group (B,E) and few neurons were observed in the rats in the
non-exposed groups (A, D, Scale bars: 50 μm). Quantiﬁcations of albumin-positive neurons in both the hippocampal and
cortical regions are shown, which indicate the strength of the extravasation of albumin 28 days after exposure to EMF (G, H,
po0.01). The results were expressed as the mean7SD (n¼ 6). Signiﬁcant differences, nnpo0.01.

likely the result of the degree of hippocampal lesion caused
by EMF.
Using transmission electron microscopy, we found ultrastructural injury of neurons, nerve ﬁbers and brain vascular in the rats
exposed to EMF for 14 days and 28 days. Moreover, we found that
HO-1 immuno-positive cells were widely distributed in the
hippocampus and cortex of EMF-exposed rats. HO-1 is responsible for the degradation of heme to biliverdin and is a wellknown stress response protein in radiation oxidative stress and a
biomarker of oxidative stress response (Rothfuss et al., 2001). It
has been suggested that the mobile phone-modulated signal
may result in the impairment of delicate microtubular connections between the cells and may result in an increase in
intracellular heavy metals and Reactive oxygen species (ROS)
generation (Narayanan et al., 2009). Mobile phone exposure has
been shown to increase nitric oxide levels and the activities of
xanthine oxidase and glutathione peroxidase in rat brain (Yan
et al., 2008). ROS most likely plays a major role in electromagnetic
radiation-induced tissue damage. In our study, we demonstrated

that 900 MHz electromagnetic ﬁeld exposure could up-regulate
HO-1 expression and that HO-1 expression was higher in the
EMF28d group than in the EMF14d group.
Importantly, we found that impairment of brain ultrastructure and HO-1 immunostaining occurred not only in the
hippocampus but also in the cortex and other brain structures.
Extrahippocampal brain structure injury can also affect spatial
memory. Spatial memories have been proposed to be eventually acquired by extra hippocampal brain structures (Martin
and Clark, 2007). Both neurons and glia process the information
and play a role in behavioral decision making (Laming et al.,
2000). Mobile phone exposure induced glial reactivity in the rat
brain most likely via disrupted integrity of the BBB (Finnie et al.,
2002). Similarly, a previous study showed that HO-1 could be
induced following BBB opening, plasma protein leakage and
vasogenic edema formation (Richmon et al., 1998).
The present study provides evidence that 900- MHz electromagnetic ﬁeld exposure resulted in the disruption of BBB permeability, due to an increased occurrence of neuronal albumin in

brain research 1601 (2015) 92–101
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Fig. 5 – HO-1 expression in the cortex and hippocampus using immunostaining and western blotting analyses HO-1 immunopositive cells were widely distributed in the dentate gyrus and parietal cortex of the rats in the EMF28d group (Black arrow, C, F),
but only scattered HO-1 immuno-positive cells were detected in the rats in the EMF14d group (B, E). No positive cells were found
in the rats in the non-exposed group (A, D, Scale bars: 50 μm). Western blotting analysis showed an up-regulation of HO-1
protein in the EMF28d group but not in the EMF14d group (G, H, Po0.01). Signiﬁcant differences,npo0.05, nnpo0.01, (n¼ 6).
the hippocampus and cortex of rats exposed to EMF for 14 days
and 28 days, particularly in rats in the EMF28d group. The ability
to learn and remember in rats is dependent on the integrity of
relevant structures of the brain, and disrupted BBB permeability
by EMF most likely results in ultrastructural changes and increased HO-1 expression in exposed rats. However, the mechanism
for the passage of albumin over the BBB is unclear. Extravasation
via vesicle-mediated transport across blood vessels, endothelial
cells and transendothelial channels may account for this passage
(Nittby et al., 2009; Shivers et al., 1987). The extravasation of
serum albumin produces secondary neurotoxicity in the brain
(Eberhardt et al., 2008; Lai et al., 1992). Albumin is a relatively
small molecule, but other substances also have access to the
brain and can result in a series of brain injuries. Moreover, the
membranes of mitochondria and lysosomes of the residual body
type could be affected and may release previously sequestered
residual body material, including heavy metals and peroxidized
lipid membrane residues.
Although rats in the EMF14d group exhibited changes in
ultrastructure and BBB permeability, they showed no signiﬁcant impairment in spatial memory, as measured using the
Morris water maze test. Thus, the time period of exposure
may be insufﬁcient to signiﬁcantly affect spatial memory,
and the rats may have the ability to compensate or repair
areas affected by EMF exposure to recover normal behavior.

A previous study indicated that neural reorganization may
allow compensatory strategies to overcome EMF-induced
damage and may provide normal task acquisition and subsequent memory retrieval (Martin and Clark, 2007). Another
possibility is that the Morris water maze test is not sufﬁciently sensitive to identify subtle changes in learning and
memory.
In conclusion, our results indicate that 900- MHz electromagnetic ﬁeld exposure attenuated cognitive function, ultrastructural structure and damaged BBB permeability in rat.
Thus, for the ﬁrst time, we found that the mkp-1/ERK signaling pathway may be potentially involved in this process.
Because EMF exposure to life is a very complex process,
further studies in vivo and in vitro are needed to elucidate
the precise dosage and exposure time that are harmful. To
better understand this process, further studies are required to
investigate the molecular pathways involved in vitro.

4.

Experimental procedures

4.1.

Animal preparation and experimental groups

A total of 108 male Sprague-Dawley rats (weight 220–250 g)
were purchased from the Animal Breeding Center of the
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Fig. 6 – Quantification and immunohistology of brain slices using Evans blue analysis Immunostaining of brain slices after
Evans blue dye injection in all groups (A-C). Obvious extravasation of Evans blue dye was observed in the EMF28d group
compared with the non-exposed group and the EMF14d group (white frame, C, Scale bars: 20 μm). Evans blue detection in the
EMF28d group showed signiﬁcantly higher brain–blood barrier permeability than that in the non-exposed group (D).
Signiﬁcant differences,npo0.05, nnpo0.01, (n ¼ 6).

Fig. 7 – mkp-1/ERK pathway protein expressions after EMF exposure in rats Representative Western blots and quantitative
analysis after EMF exposure. Mkp-1 (A, B), P-ERK/ERK (C, D). The expression levels of each protein are expressed as a ratio of
β-tubulin levels. The values are expressed as the mean7SD. Signiﬁcant differences,*po0.01 compared to the non-exposed
group, (n ¼ 6).
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Third Military Medical University (production certiﬁcate NO.
SCXK-(YU), 2007–0005, Chongqing, China). The animals were
housed according to standard regulations of the National
Institutes of Health in regular laboratory cages, with three to
ﬁve rats per cage, at room temperature (22 1C) with artiﬁcial
daylight illumination. The animal study protocol was approved
by the Ethics Committee for Animal Experimentation and
followed the Guidelines for Animal Experimentation of Third
Military Medical University. The rats were randomly divided
into a non-exposed group, an EMF14d group and an EMF28d
group. In the irradiated group, the rats were exposed to
radiation at a power density of 1 mW/cm2, whereas the rats
in the non-exposed group were exposed at a power density of
0 W/kg. There were 36 animals in each group and 3 rats were
used for electron microscopy, 6 were used for immunohistochemistry, 12 for Evans Blue and 6 for Western blot and 9 rats in
each group were used for Morris Water Maze (MWM) test (In
Morris Water Maze, the rats need days of training and they
are not suitable for any other experiences). All 108 rats were
included in the ﬁnal analysis.

4.2.

EMF exposure

Application of the electromagnetic ﬁeld and exposure system
used in this study have been previously described by Odaci E
et al. (Odaci et al., 2008). In the EMF14d group, the rats were
exposed to 900 MHz EMF for 3 h per day for 14 days, and the rats
were exposed for 28 days in the EMF28d group. The exposure
system consists of a microwave power generator and monopole
antenna (Center of Teaching Experiments, College of Basic
Medical Sciences, Third Military Medical University, and
Chongqing, China). The device could generate 900 MHz continuous electromagnetic waves with 2 W peak output power and
1 mW/cm2 power density in a mobile phone frequency. The
speciﬁc energy absorption rate (SAR) varied between 0.016
(whole body) and 2 W/kg (locally in the head), which was
determined in a phantom. A radiation measure meter (College
of Basic Medical Sciences, Third Military Medical University,
China) was used to measure EMF distribution around the
antenna and the measuring probe of the radiation meter was
3-dimensional. The microwave power at one position was
associated with its distance to the radiation antenna; thus,
the power density at any position in space was determined by
adjusting its distance to the radiation source and was conﬁrmed using a radiation detector. Four rats were exposed
simultaneously and kept in an immobilization apparatus
(National invention patent of China, NO. ZL 20111 0021482.5)
(Tu et al., 2012) without anesthesia, which made the experimental rats comfortable to reduce stress and minimize body
temperature increases. The rats were placed with the head
towards the antenna and that the distance between the
antenna and the head was at least 1 m. The EMF power density
near the head of the rats was adjusted to 1 mW/cm2 (Hao et al.,
2013) and the propagation direction of the radiation is in the
direction of the long-axis of the rats (k-polarization). The
position of the rats during EMF exposure on each day was
altered such that the exposure could cover the entire brain. The
non-exposed group had the same exposure conditions as the
exposure groups except that they were not exposed to EMF.

4.3.
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Morris water maze (MWM) test

The Morris water maze test was used to assess learning and
spatial memory as previously described (Morris, 1984). A pool
with dimensions 160 cm (diameter)  50 cm (height) was
divided into four quadrants of equal sizes. In one of the
quadrants, the target quadrant, a platform (approximately
1 cm below water surface; 6 cm  6 cm) was submerged in a
ﬁxed position and the platform was kept constant throughout
the acquisition trials. The water temperature was maintained
at 2272 1C in a suitably equipped room with constant temperature and humidity. The maze was located in a large and
quiet test room. The spatial cues included the consistent
position of the investigators and curtain, which was placed
approximately 50 cm from the periphery of the pool. A video
camera was ﬁxed to the ceiling over the center of the maze to
record the trails. The rats were always faced toward the wall
when they were carefully placed into the pool at the four
different starting positions, which were equally spaced in the
center of each quadrant. The starting location for each trial
was randomly chosen. All rats were allowed 120 s of free
swimming to adapt to the maze environment. Next, the rats
were trained to learn to climb onto the hidden escape platform
within 120 s. After ﬁnding the submerged platform, the rats
were allowed to rest on the platform for 15 s. If the rats had
not found the submerged platform in the given amount of
time, then they were picked up and placed on the platform for
15 s. The rats were towel-dried upon exiting the pool and then
placed in warmed cages, where they were given at least 30 min
of recuperation between trials. Each rat performed eight trials
daily for 4 days. On day 5, the platform was removed from the
maze. The animals were tested for the retention of spatial
memory 24 h after the ﬁnal trail. Finally, visible platform trials
were performed on day 6 to assess visual acuity.

4.4.

Transmission electron microscopy

After the Morris water maze test, the rats were anesthetized
with chloral hydrate 5 mg/ml according to 0.7 ml/kg of body
weight. Brains were perfused through the ascending aorta
with phosphate buffered saline (pH 7.4) and then ﬁxed with
2% paraformaldehyde/2.5% glutaraldehyde. Brains were sectioned coronally at 200 mm. The CA1 region containing the
dorsal hippocampus and the nearby parietal lobe cortex were
localized and sectioned based on anatomical maps. After one
rinse with 0.1 M PBS, the blocks were ﬁxed with 1% OsO4 in
0.1 M of cacodylate buffer for 1 h. Next, the blocks were
dehydrated with a series of ethanol dilutions and sectioned
on an ultramicrotome at a thickness of either 1 mm (semi-thin
sections) or 70 nm (ultrathin sections). The sections were
examined under a transmission electron microscope by an
investigator who was blind to the experimental conditions.

4.5.

Immunohistochemistry

After exposure to EMF at different time points, the rats were
anesthetized with pentobarbital (100 mg/kg; i.p.) and perfused
intracardially with 60 ml saline (0.9% NaCl), followed by
250 ml of 4% paraformaldehyde (PFA) in phosphate buffer
solution (PBS, pH 7.4). The brain tissue was quickly removed
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and immersed in the same ﬁxative solution at 4 1C overnight,
transferred into 30% sucrose for 2 to 3 days at 4 1C and then
dehydrated, embedded with parafﬁn, and sectioned into
5-mm sections. For immunohistochemistry, brain sections
were treated with 0.3% Triton X-100 and 3% H2O2 and then
incubated with a rabbit anti-rat serum albumin polyclonal
antibody (diluted 1:200, CUSABIO BIOTECH, Wuhan, China) or
rabbit anti-rat HO-1 antibody (diluted 1:400, Stressgen Biotechnologies, Victoria, Canada) at 4 1C overnight. Next, the
sections were incubated with biotinylated swine anti-rabbit
IgG (CoWin Bioscience, Beijing, China) and avidin-biotin
solution (HRP conjugated Streptavidin, CoWin Bioscience,
Beijing, China). Finally, the sections were incubated with
diaminobenzidine (DAB) for 2 min. For negative controls,
the sections were incubated without the primary antibodies.
A minimum of 4 images of the cortex or hippocampus were
captured using a 40X objective on a Zeiss microscope (Zeiss,
Germany) and the number of albumin-positive neurons was
determined. Sections from 6 rats in each experimental group
were analyzed using a blind code.

loading control. The relative densities of the bands were
analyzed using Image J.

4.6.

Competing interests

Evans blue assay

EB extravasation studies were performed according to a previously described method proposed by Del et al. with minor
modiﬁcations (Del et al., 2008). At 14 and 28 days postexposure and unexposed rats (n¼12, each group), brieﬂy, 2%
Evans blue was injected intravenously at a dose of 2 ml/kg.
The rats were then re-anesthetized after 1 h with urethane
(1,000 mg/kg) and perfused using saline to remove the intravascular EB dye. The animals were then decapitated. For 6 of
the 12 rats in each group, the brains were removed and
homogenized in phosphate buffered saline. Trichloroacetic
acid was then added to precipitate protein, and the samples
were cooled and centrifuged. The resulting supernatant was
measured for absorbance of EB at 610 nm using a spectrophotometer. For the remaining 6 rats in each group, the brains
were removed and 50 μm-thick consecutive coronal sections,
which covered the entire striatal region, were obtained and
stored as free-ﬂoating sections at 4 1C in PBS with 0.05%
sodium azide. Light microscopy images and far red ﬂuorescence EB emission was detected using confocal microscopy
(Zeiss, LSM780, Germany) equipped with a 633 nm HeNe laser.
A minimum of 4 images were captured for each rat.

4.7.

Western blotting analysis

To conﬁrm the involvement of the mlp-1/ERK pathway on the
effects of EMF in the rats, Western blotting analysis was
performed as previously described (Chen et al., 2011). After
exposure to EMF at different time points, the rats were
perfused with saline and decapitated (n ¼6). Four mm-thick
coronary brain tissues (0–4 mm from bregma) were sampled.
The primary antibodies used in this study included polyclonal rabbit anti-rat HO-1 IgG (1:1000 dilution, Stressgen Biotechnologies, Victoria, Canada), rabbit anti-mkp-1 antibody
(1:1000 dilution, Santa Cruz, CA), mouse anti-ERK antibody
(1:1000 dilution, Cell Signaling, Beverly, MA), and mouse antiP-ERK antibody (1:1000 dilution, Cell Signaling, Beverly, MA).
β-Tubulin (diluted in 1:1000, Santa Cruz, CA) was used as a

4.8.

Statistical analysis

Data were expressed as the mean7 SD. One-way analyses of
variance with Bonferroni’s post-hoc test were used to compare the performance on the Morris water maze test and the
relative densities of the HO-1 western blot bands. A value of
Po0.05 was considered statistically signiﬁcant. All tests were
performed using SPSS 13.0 software (SPSS, Chicago, IL, USA).
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