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Abstract Microwaves have been suggested to induce neuro-
nal injury and increase permeability of the blood–brain barrier
(BBB), but the mechanism remains unknown. The role of the
vascular endothelial growth factor (VEGF)/Flk-1-Raf/MAPK
kinase (MEK)/extracellular-regulated protein kinase (ERK)
pathway in structural and functional injury of the blood–brain
barrier (BBB) following microwave exposure was examined.
An in vitro BBBmodel composed of the ECV304 cell line and
primary rat cerebral astrocytes was exposed to microwave
radiation (50 mW/cm2, 5 min). The structure was observed
by scanning electron microscopy (SEM) and the permeability
was assessed by measuring transendothelial electrical resis-
tance (TEER) and horseradish peroxidase (HRP) transmis-
sion. Activity and expression of VEGF/Flk-1-ERK pathway
components and occludin also were examined. Our results
showed that microwave radiation caused intercellular tight
junctions to broaden and fracture with decreased TEER values
and increased HRP permeability. After microwave exposure,
activation of the VEGF/Flk-1-ERK pathway and Tyr phos-
phorylation of occludin were observed, along with down-
regulated expression and interaction of occludin with zonula

occludens-1 (ZO-1). After Flk-1 (SU5416) and MEK1/2
(U0126) inhibitors were used, the structure and function of
the BBB were recovered. The increase in expression of ERK
signal transduction molecules was muted, while the expres-
sion and the activity of occludin were accelerated, as well as
the interactions of occludin with p-ERK and ZO-1 following
microwave radiation. Thus, microwave radiation may induce
BBB damage by activating the VEGF/Flk-1-ERK pathway,
enhancing Tyr phosphorylation of occludin, while partially
inhibiting expression and interaction of occludin with ZO-1.
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Abbreviations
BBB Blood–brain barrier
EMP Electromagnetic pulse
ERK Extracellular-regulated protein kinase
GFAP Glial fibrillary acidic protein
HRP Horseradish peroxidase
IM Inverted microscope
LSCM Laser scanning confocal microscope
MEK MAPK kinase
MMP Matrix metalloproteinase
qRT-PCR Quantitative real-time PCR
SEM Scanning electron microscope
TEER Transendothelial electrical resistance
TJs Tight junctions
ZO Zonula occludens

Introduction

Exposure to microwave radiation, a non-ionizing electromag-
netic radiation present in the environment, is perceived as a
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health risk factor that may cause a variety of adverse effects,
such as headaches, sleep disturbances, and even brain tumors
[1–3]. However, the mechanism underlying brain damage
following microwave radiation remains largely unknown.
The blood–brain barrier (BBB) is a selective barrier formed
by brain capillary endothelial cells, together with the closely
associated astrocytic endfeet processes, perivascular neurons,
and pericytes. The BBB restricts entry of substances from the
systemic circulation by specialized tight junctions (TJs) be-
tween adjacent cells [4]. TJs in these cells are formed by the
interaction of specialized cytoskeletal and bridge proteins
including specific types of occludins, claudins, zonula oc-
cludens (ZO), and junctional adhesion molecules [5]. The
BBB permeability is modulated by the cellular localization,
expression, and protein–protein interaction of the TJ proteins
[6, 7]. Several studies have shown that occludin may be
involved in signal transduction and thus is considered as an
important component of the BBB [8, 9].

The roles of vascular endothelial growth factors (VEGFs)
in the central nervous system are dually dependent on the
different physiological and pathological states. VEGF is the
key regulator of permeability which may contribute to the
disruption of the BBB and facilitate the progression of sec-
ondary brain damage [10–12]. The role of VEGF via Flk-1 is
carried out by the phosphoinositide 3-kinase(PI3K)/Akt and
the MAPK kinase (MEK)/extracellular-regulated protein ki-
nase (ERK) pathways [13, 14]. It is reported that the MAPK-
signaling pathway modulates the TJ paracellular transport by
up- or down-regulating the expression of several TJ proteins
and hence altering the molecular composition within the TJ
complexes [15]. ERKs are members of the MAPK and the
Raf/MEK/ERK cascade. The ERK1/2 MAPK pathway plays
an important role in changing the composition of TJs and
altering the permeability of TJ barrier in the brain [16, 17].

Microwaves have been suggested to induce neuronal injury
and increase permeability of the BBB [18–21], in which the
TJ proteins including occludin, ZO-1, and claudin are abnor-
mally expressed, but the mechanism remains unknown. In this
study, an in vitro model was established to observe the chang-
es of BBB permeability and the expression and activity of
VEGF/Flk-1, Raf/MEK/ERK, and occludin following micro-
wave radiation. Inhibitors of Flk-1 (SU5416) and MEK1/2
(U0126) were also used to examine the role of VEGF or ERK
on the expression and activity of occludin in the injury of BBB
permeability induced by microwave radiation.

Materials and Methods

Ethics Statement

All animal work was conducted according to relevant national
and international guidelines. The study protocol was approved

by the Beijing Institute of Radiation Medicine Animal Care
and Use Committee. It was carried out in accordance with the
National Institute of Health Guide for the Care and Use of
Laboratory Animals.

Cell Culture Preparation

The ECV304 cell line and primary rat cerebral astrocytes were
used in a co-culture model to study the BBB in vitro. The
ECV304 cell culture medium consisted of Dulbecco’s
Modified Eagle Medium (DMEM), supplemented with 10 %
heat-inactivated fetal calf serum (FCS), 1 % combined peni-
cillin and streptomycin (5,000 U/5,000 mg/ml), and 1 %
amphotericin (250 mg/ml). The culture medium was changed
every 48 h, and the cells were split 1:20 once a week. The
immunostaining of the VIII factor was detected to confirm the
endothelial characteristic of the ECV304 cells.

Cerebral cells mainly including neurons and astrocytes
were isolated from neonatal rats and seeded into cell culture
flasks at a density of 1×105/cm3 in DMEM medium (Gibco),
containing 20 % FBS, L-glutamine (2 M), penicillin (100 IU/
ml), and streptomycin (100 IU/ml). The cells were cultured at
37 °C in a humidified atmosphere of 5 % CO2/95 % air. Pure
astrocytes were obtained by sequential passage. The culture
medium was changed every 2 days until the cells reached
80 % confluency. Flasks with confluent culture were incubat-
ed at 37 °C for 22 h with gentle agitation in a constant
temperature shaker at 220 r/min. The medium was refreshed
to remove the non-adherent oligodendrocytes and microglia.
The purity of astrocytes was identified by immunostaining of
GFAP (Boster Biological Technology, Ltd.). In the co-culture
model, ECV304 cells and primary astrocytes were cultured in
the obverse and reverse of the Snapwell cell culture inserts.

For transendothelial electrical resistance (TEER) measure-
ments, ECV304 and cerebral astrocytes were co-cultured
using rat-tail collagen (Sigma)-coated Snapwell cell culture
inserts (membrane pore size 0.4 mm, growth surface area
1.1 cm2; Corning). The ECV304 cells were seeded on the
upper side of the collagen-coated insert. After the ECV304
cells reached sub-confluence (70 %), cerebral astrocytes were
placed under the insert on the bottom of the well. After 2–
3 days in co-culture, the cells were used for the experiments.
SU5416 (Flk-1 inhibitor, MERCK, 20 μmol/l) or U0126
(MEK1/2 inhibitor, Cell Signal, 10 μmol/l) was added to the
medium at 30 min before radiation to determine the role of
VEGF and ERK on the expression and activity of occludin.

Experimental Groups and Microwave Exposure Procedure

The co-culture model and ECV304 cells were placed in 12-
well culture plates. Cells from the exposed group were sub-
jected to microwaves for 5 min with a mean power density of
50 mW/cm2 at a frequency of 2.856 GHz. Microwave energy
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was transmitted by rectangular waveguide and A16-dB stan-
dard-gain horn antenna to an electromagnetic shield chamber
(7 m×6.5 m×4 m). The average power densities were mea-
sured using a wave guide antenna, the GX12M1CHP power
meter (Guanghua Microelectronics Instruments), and
GX12M30A power heads. The microwave pulses were deliv-
ered at 500 pps, respectively, with a pulse width of 500 ns. The
peak field power density tested with a calibrated detector and
an oscilloscope for the exposed group was 200 W/cm2. Cells
from the sham-treated control group underwent the same
conditions, but the microwave generators were not energized.
The supernatant temperature was measured before and after
the microwave radiation using an optic fiber thermometer
3300 (Luxtron Corp.).

TEER, HRP Flux, and SEM Measurements

The BBB permeability was assessed by measuring the TEER
across the cell monolayer. TEER represents the impedance
required to pass through the barrier structure and is widely
recognized as one of themost accurate and sensitive indicators
of BBB integrity. A decrease in TEER reflects an increase in
permeability and a loss of barrier function. The resistance
value was multiplied by the surface area of the insert
(1.12 cm2) and expressed as ohms multiply by square centi-
meter. The TEER of each sample was corrected for back-
ground resistance without cells and reported as ohms multiply
by square centimeter. The results were normalized to TEER
measured before electromagnetic pulse (EMP) exposure and
presented as absolute values.

Horseradish peroxidase (HRP, Sigma-Aldrich) transmis-
sivity was measured in order to determine the in vitro BBB
permeability to micromolecular materials. At 0, 6, 24, and
48 h after microwave exposure, the culture medium was
replaced with DMEM without phenol red (Gibco) or serum.
In order to maintain the culture supernatant level, 460 μl of
medium containing 500 ngHRPwas added into the insert, and
1,140 μl of medium was added into the well. A total of 50 μl
of medium was collected from each well at different time
points, which was replaced with 50 μl of fresh medium after
each collection in order to maintain the liquid level on both
sides. The collected samples were stored at 4 °C until process-
ing, while 100 μl of peroxidase substrate containing
tetramethyl benzidine and hydrogen peroxide was added to
each sample and incubated for 10 min. The reaction was
terminated by adding 50 μl of 2 M sulphuric acid. The optical
density was measured at 450 nm, and the HRP transmissivity
was assayed from the standard curve according to the follow-
ing equation: PHRP%=[(CHRPo×Vo/CHRPi×Vi)×100%], where
CHRPo is the HRP concentration in the well, CHRPi is the HRP
concentration in the insert, Vo is the medium volume in the
well, and Vi is the medium volume in the insert.

For scanning electron microscope (SEM) preparations, the
co-culture cell model was fixed with 2.5 % glutaraldehyde in
0.12 M phosphate buffer (pH 7.5) overnight at 4 °C. After
washing with phosphate buffer several times, the membranes
of the culture inserts with the cells on both sides were removed
from their support and placed into a 24-well chamber slide and
then post-fixed in 1 % OsO4 for 1 h at 4 °C. Following
washing with distilled water, cells on the membrane were
dehydrated in graded ethanol, critical point dried, and
sputtered with 5 nm of gold layer for observation using a
Hitachi S-3400-N field emission SEM.

RNA Extraction and qRT-PCR

Total RNAwas extracted from ECV304 cells using TRIZOL
reagent (Invitrogen) according to the manufacturer’s protocol.
Synthesis of cDNA and quantitative real-time PCR (qRT-
PCR) reactions was performed using the PrimeScript TMRT
reagent Kit (Takara). Primers were designed using the Primer
5.0 software. The forward and reverse primer sequences were
as follows: occludin F, 5′-TCAAACCGAATCATTATGCA
CCA-3′, occludin R, 5′-AGATGGCAATGCACATCACAA-
3′ (189 bp); GAPDH F, 5′-GTGCTGAGTATGTCGTGGAG-
3′, GAPDHR, 5′-CGGAGATGATGACCCTTTT-3′ (166 bp).
TheGAPDH gene was used as an internal standard. The ΔΔCt
method was used to transform Ct values into relative quanti-
ties with standard deviation. Changes were expressed as a
percentage of the controls.

Immunoblotting, Immunoprecipitation,
and Co-immunoprecipitation Assays

The ECV304 cells at 1, 6, 12, and 24 h after exposure were
transferred to ice-cold buffer containing 20 mM EDTA,
0.1 mM sodium orthovanadate, 20 μg/ml aprotinin,
10 μg/ml leupeptin, and 0.1 mg/ml phenylmethylsulfonyl
fluoride. Protein concentrations were determined using the
BCA protein assay (Pierce).

Homogenates were mixed in the ratio of 3:2 with sample
buffer containing 4% sodium dodecyl sulfate (SDS), 250 mM
Tris, 3 mM EDTA, 20 % glycerol, 5 % β-mercaptoethanol,
and 0.05 % bromophenol blue (pH 8.0) at 95 °C for 10 min.
For each condition, 25μg of protein was loaded into each well
on a 10 % SDS-polyacrylamide gel. After separation by
electrophoresis, protein samples were electrotransferred onto
a nitrocellulose membrane in transfer buffer (25 mM Tris/
192 mM glycine/0.02 % SDS/20 % methanol) for 180 min
at a constant current (26 mA). Additional protein binding sites
on the nitrocellulose membrane were saturated by incubation
in 10 mM PBS with 0.1 % Tween-20 (PBST, pH 7.4) con-
taining 10 % dry milk powder for 1 h at room temperature.
After a short wash with PBST, blots were incubated with
antiserum to either occludin (1:250, polyclonal rabbit IgG,
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Invitrogen), ERK1/2 (1:500, polyclonal rabbit IgG,
Invitrogen), p-ERK1/2 (1:600, polyclonal rabbit IgG, Cell
Signal), p-c-Raf (1:500, polyclonal rabbit IgG, Cell Signal),
p-MEK1/2 (1:450, polyclonal rabbit IgG, Cell Signal), VEGF
(1:200, monoclonal mouse IgG, Santa Cruz), or Flk-1 (1:150,
monoclonal mouse IgG, Santa Cruz) overnight at 4 °C. After
rinsing three times with PBST, membranes were incubated
with an anti-rabbit or anti-mouse HRP-conjugated secondary
antibody (1:2,000, Zhongshanjinqiao) and HRP-conjugated
monoclonal mouse IgG specific for GAPDH (1:10,000,
Nanjingjiancheng) for 1 h at room temperature. Bands were
developed on autoradiographic film by using an enhanced
chemiluminescence kit (Pierce). The film signals were
scanned using a high-resolution scanner, and the integral
optical density of the scanned images was measured using a
CMIAS-II image analyzer.

Three hundred micrograms of proteins were diluted
in 250 μl of buffer containing 20 mM EDTA, 0.1 mM
sodium orthovanadate, 20 μg/ml aprotinin, 10 μg/ml
leupeptin, and 0.1 mg/ml phenylmethylsulfonyl fluoride.
After incubating the solubilized homogenates with a
phosphotyrosine (Invitrogen), p-ERK1/2, or occludin an-
tibody conjugated to protein A-agarose (Santa Cruz)
overnight at 4 °C, they were centrifuged at 2,500 rpm
for 5 min at 4 °C. The supernatants were discarded and
the pellets were washed with buffer (500 mM NaCl,
10 mM Tris, 2 mM EDTA, pH 7.5) four times before
being centrifuged. The pellets were mixed in the propor-
tion of 1:1 with 20 μl of the above buffer and 20 μl of
sample buffer containing 4 % SDS, 250 mM Tris, 3 mM
EDTA, 20 % glycerol, 5 % β-mercaptoethanol, and
0.05 % bromophenol blue (pH 8.0) and then heated at
100 °C for 5 min. After cooling the sample, it was
centrifuged at 4,000 rpm for 10 min at 4 °C, and the
supernatants were analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE). Proteins were resolved by 10 %
SDS-PAGE and electrotransferred to 0.2-mm-thick nitro-
cellulose sheets for immunoblot analysis using occludin
or p-ERK1/2 antibodies.

Immunohistochemistry

To determine the co-localization pattern of occludin and ZO-
1, ECV304 cells were plated onto poly-D-lysine-coated glass
cover slips in 6-well tissue culture plates at 6 h after micro-
wave exposure. Sections or cover slips were washed in 0.1 M
PBS and incubated with primary antibodies to ZO-1 (1:50,
monoclonal mouse IgG, Invitrogen) and occludin (1:50, poly-
clonal rabbit IgG, Invitrogen) overnight, followed by incuba-
tion in 1 % BSAwith secondary antibodies complex to either
Alexa Fluor 568 or Alexa Fluor 488 (1:250, Invitrogen).
Scans at different wavelengths were digitally merged and then
sections were examined with a photomicroscope or laser

scanning confocal microscope (LSCM: Radiance 2100™;
Bio-Rad). Three areas of co-localization of occludin and
ZO-1 were selected at random in each sample; co-
localization of red and green signals was quantified using
Image-Pro Plus [22].

Statistical Analysis

The results were expressed as means±standard error (SEM)
and five subjects were used for each experiment. The differ-
ences between them were analyzed with one-way analysis of
variance using SPSS v. 11.1 software and differences at the
P<0.05 level were considered significant.

Results

Establishment of an In Vitro BBB Model and the BBB
Permeability Increased Following Microwave Exposure

The epithelial-/endothelial-like human ECV304 cell line and
primary astrocytes were used to establish an in vitro BBB
model. ECV304 cells cultured in non-overlapping continuous
monolayers displayed a cobblestone appearance and showed
tightly apposed, elongated, polygonal, or short fusiform mor-
phology and positive immunostaining for the endothelial
marker, VIII factor (Fig. 1a, b). Following passage and differ-
ential adhesion, primary astrocytes were characterized by glial
fibrillary acidic protein (GFAP) immunostaining (>95 %) and
polygonal morphology with long cell processes resembling
astrocytic endfeet, indicating a differentiated phenotype
(Fig. 1c, d).

The ECV304 cells attached well to the collagen-coated
filter surface of Snapwell cell culture inserts (Fig. 1e). As
shown in Fig. 1f, there was no discernible morphological
difference between the ECV304 cells growing in normal
culture vessels and on the Snapwell cell culture inserts except
for a tighter and more confluent arrangement. The number of
ECV304 cells seeded was varied to obtain optimal confluence
of the cells inside the insert, which was essential for a tight
barrier. Therefore, the liquid level difference between the
donor compartment and acceptor compartment was greater
than 0.5 cm. After 4 h, 5-cm liquid medium levels were
maintained in the in vitro BBB model, which showed that
TJs were established.

The permeability of the cell monolayer to ions and low
molecular weight molecules was assessed by measuring the
TEER at 1–3 days before microwave exposure and 6–48 h
after microwave exposure. At day 3 of co-culture, the BBB
integrity was determined to be suitable by the obviously
increased TEER values compared to that on day 1 (P<0.01)
(Fig. 1g). Following exposure to microwave radiation, TEER
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values of the in vitro BBB model became unstable and de-
creased within 24 h compared to the sham-treated group
(P<0.05). And at 48 h, there was no difference between the
exposed group and the sham-treated group (Fig. 1h).

The permeability of the cell monolayer to low molecular
weight molecules also was assessed by measuring the perme-
ability coefficient of HRP at 2 h before and 6–48 h after
microwave exposure. As shown in Fig. 1i, compared to the

Fig. 1 Establishment of an in vitro BBB model and effect of microwave
exposure on BBB permeability. a ECV304 cells grown in a monoculture
model displayed a cobblestone appearance and tightly apposed, elongat-
ed, polygonal, or short fusiform morphology (IM scale bar 50 μm). b
VIII factor was positively immunostained (green fluorescence) in the
cytoplasm of ECV304 cells (LSCM scale bar 10 μm). c Primary astro-
cytes appeared polygonal with long cell processes resembling astrocytic
endfeet at 17 days in culture and after three passages (IM scale bar
50 μm). d GFAP was strongly positively immunostained (green fluores-
cence) in the cytoplasm of primary astrocytes (LSCM scale bar 50 μm).
e, f ECV304 cells and primary astrocytes were grown in a co-culture

model in the obverse and reverse sides of Snapwell cell culture inserts.
ECV304 cells were arranged tightly with astrocyte stimulation (IM scale
bar 50 μm). g TEER values were increased on days 2 and 3 of co-culture
compared to day 1 (n=5). h TEER values of the in vitro BBB model
decreased at 24 h and returned to normal at 48 h following microwave
exposure (50 mW/cm2) (n=5). i HRP permeability increased at 6 h after
microwave exposure (50 mW/cm2) and then returned to normal levels.
Each value represents the mean±SEM of samples (n=5). *P<0.05,
**P<0.01, compared with corresponding sham-treated controls.
ΔP<0.05, ΔΔP<0.01, compared with corresponding former time controls
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sham-treated group, the HRP permeability increased only at
6 h after microwave radiation (P<0.05).

Abnormal Expression of VEGF/Flk-1-ERK Pathway
Components and Occludin in ECV304 Cells Following
Microwave Radiation

Occludin messenger RNA (mRNA) in the ECV304 cells
was detected by quantitative real-time PCR (qRT-PCR) at
various times (1, 6, 12, and 24 h) following microwave
radiation and was found to be decreased at the 6- and 12-h
time points (P<0.01) (Fig. 2a) compared to the sham-
treated group. Meanwhile, protein expression levels of
VEGF-ERK-occludin signal transduction molecules in
ECV304 cells were detected by Western blot at 1, 6, 12,
and 24 h following microwave radiation at 50 mW/cm2.
Compared with the sham-treated controls, the immunore-
activity of VEGF increased at 1 and 12 h (P<0.05 or
P<0.01) after radiation. In the same condition, Flk-1
increased at 1, 12, and 24 h (P<0.05 or P<0.01), p-c-
Raf increased at 1, 6, and 24 h (P<0.05 or P<0.01), p-
MEK increased at 6 h (P<0.05), p-ERK increased at 1
and 6 h (P<0.05 or P<0.01), and occludin decreased at
1, 6, and 12 h (P<0.05) (Fig. 2b, c). There was no
change in expression of ERK between the exposed and
sham-treated groups. These results indicated that micro-
wave radiation partially activated the VEGF/Flk-1-ERK
signal transduction but inhibited the expression of
occludin.

The tyrosine phosphorylation of occludin in ECV304
cells was detected by immunoprecipitation at 1, 6, and
12 h following microwave radiation (50 mW/cm2) and
found to be increased at the 6 and 12 h time points
(P < 0.01) compared to the sham-t rea ted group
(Fig. 2d, e). The interactions between p-ERK and
occludin in ECV304 cells were analyzed by co-
immunoprecipitation at 1, 6, 12, and 24 h after exposure.
When p-ERK was pulled down, the co-precipitated
occludin was shown to be increased at 1, 6, and 12 h
(P<0.05 or P<0.01) after radiation. When occludin was
pulled down, the co-precipitated p-ERK was increased
similarly at 1, 6, and 12 h (P<0.05 or P<0.01) after
radiation compared with the sham-treated controls. Thus,
microwave exposure enhanced the activity of occludin
and the interaction between p-ERK and occludin in
ECV304 cells.

Inhibition of Flk-1 or ERK Ameliorated the Damage
to the Structure and Function of TJs by Microwave Radiation

An Flk-1 inhibitor (SU5416, 20 μmol/l) or MEK1/2 inhibitor
(U0126, 10 μmol/l) was used at 30 min before microwave
exposure (50 mW/cm2) in the in vitro BBB model, and the

effects of the intervention were detected at 1 and 6 h after
radiation. The structure of ECV304 cells was observed by
SEM at 6 h following microwave exposure. In the sham-
treated group, there were rivet-like connections between the
densely arranged cells, and the intercellular junctions were
clear and continuous with a ridge-like or herringbone zipper
pattern (Fig. 3a, b). At 6 h after radiation, the intercellular TJs
were fractured and broadened (Fig. 3c, d). After SU5416
intervention, the structure of the TJs appeared only slightly
broadened, and there were rivet-like connections in some
areas (Fig. 3e, f). After U0126 treatment, the structure of TJs
returned to normal levels (Fig. 3g, h). At 6 h after microwave
radiation, the TEER values decreased, and the HRP perme-
ability increased (P<0.05) in the ECV304/astrocyte co-
culture model. After SU5416 or U0126 intervention, the
TEER values increased, and the HRP permeability decreased
(P<0.05 orP<0.01), compared to those in the exposed groups
(Fig. 3i, j). Thus, inhibition of Flk-1 or MEK could ameliorate
the damage to the structure and function of TJs by microwave
radiation.

Inhibition of Flk-1 or ERK Increased the Expression
and Activity of Tight Junction Proteins in ECV304 Cells
Following Microwave Radiation

The Flk-1 inhibitor (SU5416, 20 μmol/l) or MEK1/2 inhibitor
(U0126, 10 μmol/l) was used at 30 min before microwave
exposure in the ECV304 cells, and effects of the intervention
were detected at 1 and 6 h after radiation. The increase of Flk-
1 expression following the microwave exposure was inhibited
by SU5416 treatment (P<0.01) (Fig. 4a). As shown in
Figs. 4b–d and 5a, expression levels of p-c-Raf, p-MEK1/2,
and p-ERK were inhibited; the expression and interaction of
occludin with ZO-1were accelerated; and the phosphorylation
and interaction of occludin with p-ERK were down-regulated
(P<0.05 or P<0.01) after SU5416 treatment. Likewise, im-
munoreactivities of p-MEK1/2 and p-ERKwere inhibited, the
expression and interaction of occludin with ZO-1 were accel-
erated, and the phosphorylation and interaction of occludin

�Fig. 2 Effect of microwave radiation on the expression of VEGF-ERK-
occludin signal transduction molecules in ECV304 cells. aAbundance of
occludin mRNA in ECV304 cells relative to the internal control GAPDH
(n=5). b Representative Western blot results showing specific bands for
VEGF, Flk-1, p-c-Raf, p-MEK1/2, ERK1/2, p-ERK1/2, occludin, and
GAPDH in ECV304 cells. c Semi-quantitative levels of VEGF, Flk-1, p-
c-Raf, p-MEK1/2, ERK1/2, p-ERK1/2, and occludin proteins are shown
(n=5). d Results of immunoprecipitation and co-immunoprecipitation
analyses showing specific bands for phosphorylated occludin and the
interactions between p-ERK and occludin in ECV304 cells. e Semi-
quantitative levels of phosphorylated occludin and interactions between
p-ERK and occludin are shown (n=5). *P<0.05, **P<0.01, compared
with sham-treated controls
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with p-ERK were down-regulated (P<0.05 or P<0.01) after
U0126 treatment. The co-localization of occludin and ZO-1
was detected by immunofluorescence at 6 h after radiation as
shown in Fig. 5b–n. In the sham-treated group, expression of
occludin and ZO-1 was overlapped in the ECV304 cell mem-
brane (Fig. 5b–d). After microwave exposure, occludin and
ZO-1 expression levels decreased, and their signals were
discontiguous and mainly not co-localized (P<0.01)
(Fig. 5e–g). After treatment by SU5416 or U0126, the co-
expression of occludin and ZO-1 increased (P<0.05 or
P<0.01), especially after U0126 intervention (Fig. 5h–m).
Thus, inhibition by SU5416 or U0126 muted the increase in
expression of ERK signal transduction molecules, while

Fig. 3 Effect of Flk-1 or ERK on the structure and function of BBB after
microwave exposure (SEM). a, b In the sham-treated group, intercellular
junctions were clear and continuous with a ridge or herringbone zipper
pattern (red arrow) (scale bar 10μm). c, dAt 6 h after microwave radiation
(50 mW/cm2), the intercellular TJs became fractured and broadened (green
arrow) (c scale bar 50 μm; d scale bar 20 μm). e, f After SU5416
intervention and microwave radiation (50 mW/cm2), the structure of TJs
was slightly broadened (green arrow), with rivet-like connections in certain
parts (red arrow) (e scale bar 50 μm; f scale bar 10 μm). g, hAfter U0126
intervention and microwave radiation (50 mW/cm2), the rivet-like connec-

tions were arranged densely, and the intercellular junctions were clear and
continuous with ridges (red arrow) (g scale bar 40 μm; h scale bar
10 μm). i TEER values were decreased in ECV304/astrocyte co-culture
models at 6 h after microwave radiation. After SU5416 or U0126 inter-
vention, the TEER values were increased compared to the exposed groups
(n=5). j HRP permeability was increased at 6 h after microwave radiation
in the ECV304/astrocyte co-culture model (n=5). After SU5416 or U0126
intervention, the HRP permeability was decreased compared to the ex-
posed groups. *P<0.05, **P<0.01, compared with corresponding sham-
treated controls. #P<0.05, ##P<0.01, compared with the exposed groups

�Fig. 4 Effect of Flk-1 or ERK on the expression and activity of TJ
proteins in ECV304 cells followingmicrowave radiation. aRepresentative
Western blot analysis detecting specific bands for Flk-1 and GAPDH
(upper). Semi-quantitative levels of Flk-1 after SU5416 intervention (low-
er, n=5). b Representative Western blot results showing specific bands for
p-c-Raf, p-MEK1/2, ERK1/2, p-ERK1/2, occludin, and GAPDH after
SU5416 or U0126 intervention in ECV304 cells. c Semi-quantitative
levels of p-c-Raf, p-MEK1/2, ERK1/2, p-ERK1/2, and occludin proteins
after SU5416 or U0126 intervention are shown (n=5). d Results of
immunoprecipitation and co-immunoprecipitation analysis showing spe-
cific bands for phosphorylated occludin and interactions between p-ERK
and occludin after SU5416 or U0126 intervention in ECV304 cells (upper
left). Semi-quantitative levels of phosphorylated occludin and interactions
between p-ERK and occludin after SU5416 or U0126 intervention are
shown (upper right and lower, n=5). *P<0.05, **P<0.01, compared with
corresponding sham-treated controls. #P<0.01, ##P<0.05, compared with
the exposed groups
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Fig. 5 Effect of Flk-1 or ERK on
the interaction and co-localization
of occludin and ZO-1 in ECV304
cells following microwave
radiation (LSCM scale bar
10 μm). a Representative co-
immunoprecipitation analysis
showing specific bands for the
interactions between occludin and
ZO-1 after SU5416 or U0126
intervention (upper). Semi-
quantitative levels of co-
immunoprecipitation analysis for
the interactions between occludin
and ZO-1 after SU5416 or U0126
intervention (lower, n=5). b–d In
the sham-treated group, occludin
and ZO-1 signals were
overlapped in the ECV304 cell
membrane. e–gOccludin and ZO-
1 were distributed as dots or
discontiguous signals (green or
red arrow) in the ECV304 cell
membrane after microwave
exposure. h–j After SU5416
intervention and microwave
radiation, the expression of
occludin was discontiguous
(green arrow) and that of ZO-1
was contiguous. k–m After
U0126 intervention and
microwave radiation, the signals
of occludin and ZO-1 were
overlapped. n Semi-quantitative
levels of co-localization of
occludin and ZO-1 after SU5416
or U0126 intervention (n=3).
*P<0.05, **P<0.01, compared
with corresponding sham-treated
controls. #P<0.01, ##P<0.05,
compared with the exposed
groups
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accelerated the expression and activity of occludin, as well as
the interactions of occludin with p-ERK and ZO-1 following
microwave radiation.

Discussion

The BBB prevents the free passage of various molecules from
the blood into the CNS. Previous studies have shown that
exposure to microwaves can increase the permeability of the
BBB to small molecules such as sucrose, Evans-Blue dye,
lanthanum nitrate, and albumin [21, 23, 24]. Although these
studies have focused mainly on thermal effects, microwaves
also exert non-thermal effects on the BBB. In our study, the
microwave exposure to BBB was non-thermal since no tem-
perature change occurred in the culture medium. However,
there were still some negative effects and found that the BBB
permeability did not change after exposure to low-power
2,450 MHz and 1,439 Hz continuous waves, 1.8 GHz and
915 MHz pulses and continuous waves [25–28].

In the current study, we established an in vitro BBB model
using the epithelial/endothelial-like human ECV304 cell line
and primary astrocytes. The BBB integrity was determined to
be suitable for subsequent experiments, as shown by the
increased TEER values and maintenance of culture medium
levels in the transwells at 5 cm. Based on the preliminary work
(data was not shown), we used the microwave dosage,
50mW/cm2 for 5 min at 2.856 GHz, in the mechanism studies
which could induce the ECV304 cell injury but not elevated
temperature in the cell medium. After microwave exposure at
50 mW/cm2, the intercellular TJs of ECV304 cells were
fractured and broadened, while TEER values of the in vitro
BBB model tended to decrease and the HRP permeability
increased. These results indicated that the structure of the
BBB was damaged and the permeability of ions and low-
molecular-weight molecules was increased. Likewise, Zhou
et al. [29] established an in vitro BBB model by co-culturing
brain microvascular endothelial cells and astroglial cells iso-
lated from rat brains which were exposed to electromagnetic
pulses at 100 and 400 kV/m. They found that the TEER level
was lower and the HRP permeability of the BBB model was
increased after the exposure. While the increased permeability
may help therapeutic drugs cross the BBB [30], it also can
allow deleterious molecules into the brain and aggravate the
injury induced by microwave exposure [31]. Although chang-
es induced by microwaves are transient, the mechanism by
which they induce BBB injury requires further study.

Occludin and the claudin family proteins are the most
important membranous components of the BBB TJs that have
been identified. Occludin may play an important role in the
regulation of tight junction integrity rather than in the assem-
bly of tight junction [32, 33]. ZO-1 serves as a critical linker
between peri-junctional actin and the TJ proteins occludin and

claudins [34–37]. There is an association between TJ mor-
phology and the expression of TJ proteins in endothelial cells
of the BBB [38, 39], as well as between the expression of
these proteins and the manifestation of specific characteristics
(low permeability and high TEER) of the barrier in the cere-
bral microvasculature [7, 40–44]. Electromagnetic pulses
(EMP) were found to induce the decrease in gene and protein
expression of occludin and ZO-1 in homogenates of both the
cerebral cortex homogenate and cerebral cortex microvessels
of rats and alter ZO-1 localization; however, they did not
change the distribution of occludin [45]. Other studies showed
that permeation of transporter substrates at the BBB as well as
the localization and integrity of the TJ proteins occludin and
ZO-1 were not affected after EMP exposure [23]. In our
previous study, we found that the mRNA and protein expres-
sion of occludin and ZO-1 decreased, while the level of p-Tyr-
occludin increased in the hippocampus and cerebral cortex
after microwave radiation [46]. In this study, we detected the
expression of TJ proteins in an in vitro BBB model and found
decreased occludin mRNA and protein along with increased
Tyr phosphorylation of occludin in ECV304 cells following
microwave radiation. Other studies have indicated that
occludin is highly phosphorylated on Ser and Thr residues,
while Tyr phosphorylation is kept at minimum in the intact
epithelium. The Tyr phosphorylation of TJ and adherent junc-
tion proteins may play a role in the disruption of these junc-
tional complexes, and the Tyr phosphorylation of occludin
may attenuate its interaction with ZO-1, leading to a disrup-
tion of TJs [32, 33, 47]. Thus, after microwave radiation, the
increased expression and decreased Tyr phosphorylation of
occludin can both aggravate the damage to the structure and
function of TJs.

Many types of extracellular stimuli can initiate intracel-
lular signaling pathways and modulate the expression of TJ
proteins. As a cytokine involved in the inflammatory re-
sponse, VEGF may contribute to the disruption of the BBB
and facilitate the progression of secondary brain damage.
This factor induces Tyr kinase receptor phosphorylation, as
well as internalization and cleavage of VE-cadherin, which
can cause dismantling of adherent junctions and an increase
in vascular permeability. VEGF-A, the prototype VEGF
ligand, binds and activates two Tyr kinase receptors:
VEGFR-1 (F l t -1 ) and VEGFR-2 (KDR/F lk -1 ) .
Endothelial adherent junctions are well known to be a
downstream target of Flk-1 signaling, and it has been sug-
gested that Tyr phosphorylation of its components may be
involved in the loosening of cell–cell contacts in
established vessels to modulate transendothelial permeabil-
ity. Additionally, the overexpression of VEGF and its re-
ceptor Flk-1 corresponds temporally and spatially with the
disruption of the BBB integrity [13, 48–51]. In our previous
study [52], we found that the VEGF and Flk-1 expression in
the cytoplasm of neurons and cell membrane of endothelial
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cells in the hippocampus become augmented at 7 days and
peaked at 14 days or 1 month after microwave exposure at 5
or 10 mW/cm2, respectively. Those results indicated that
VEGF and Flk-1 may participate in the structural and func-
tional damage of the hippocampus, but the role of VEGF in
the permeability of BBB still needed to be examined in
further detail.

In the in vitro BBB model established in the current study,
we found that, among the VEGF-ERK-occludin signal trans-
duction molecules detected, VEGF, Flk-1 p-c-Raf, p-MEK,
and p-ERK were all increased following microwave exposure
(50 mW/cm2). These observations showed that microwave
exposure might partially activate VEGF/Flk-1-ERK signaling
transduction. Basuroy et al. [53] used glutathione S-
transferase (GST) pull-down assays and pairwise binding
studies with ERK recombinant proteins to determine that the
C-terminal tail of occludin binds to p-ERK in Caco-2 cell
extracts and that ERK1 directly interacts with the C-terminal
tail of occludin. To investigate the regulatory role of ERK, we
first performed co-immunoprecipitation experiments and de-
termined that the interaction between p-ERK and occludin
was enhanced after microwave exposure. Subsequently, by
using inhibitors of Flk-1 (SU5416) and MEK1/2 (U0126)
after microwave exposure, expression levels of p-c-Raf, p-
MEK1/2, and p-ERK were found to be inhibited. Meanwhile,
the expression of occludin as well as its interaction and co-
localization with ZO-1 were enhanced, but its phosphoryla-
tion and interaction with p-ERK were down-regulated.
Compared to the exposed groups, the cells of groups treated
with SU5416 or U0126 after radiation showed repaired TJs
structure, increased TEER values, and decreased HRP perme-
ability. Therefore, the inhibition of Flk-1 or p-ERK following
microwave radiation can induce the expression and Tyr

dephosphorylation of occludin as well as its interaction with
ZO-1, which may facilitate the repair of BBB injury. In
conclusion, microwave radiation can activate VEGF-ERK
signal transduction, which accelerates the Tyr phosphoryla-
tion of occludin but partially inhibits occludin expression and
interaction with ZO-1, further aggravating the structural and
functional damage to the BBB (Fig. 6).
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