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a b s t r a c t

The blood–testis barrier (BTB) plays an important role in male reproductive system. Lots of environmental
stimulations can increase the permeability of BTB and then result in antisperm antibody (AsAb) genera-
tion, which is a key step in male immune infertility. Here we reported the results of male mice exposed
to electromagnetic pulse (EMP) by measuring the expression of tight-junction-associated proteins (ZO-1
and Occludin), vimentin microfilaments, and transforming growth factor-beta (TGF-�3) as well as AsAb
eywords:
lectromagnetic pulse
lood–testis barrier
O-1
ccludin
GF-�3

level in serum. Male BALB/c mice were sham exposed or exposed to EMP at two different intensities
(200 kV/m and 400 kV/m) for 200 pulses. The testes were collected at different time points after EMP
exposure. Immunofluorescence histocytochemistry, western blotting, laser confocal microscopy and RT-
PCR were used in this study. Compared with sham group, the expression of ZO-1 and TGF-�3 significantly
decreased accompanied with unevenly stained vimentin microfilaments and increased serum AsAb lev-
els in EMP-exposed mice. These results suggest a potential BTB injury and immune infertility in male

inte
ntisperm antibody mice exposed to a certain

. Introduction

Exposure to electromagnetic fields such as electromagnetic
ulse (EMP) including household appliances is becoming an

nevitable environmental stress and a public concern on health.
he male reproductive system is one of the most sensitive targets
hat may be affected by exposure to electromagnetic fields (Nisarg
t al., 2009). The data from an epidemiological study showed
hat male infertility were associated with increasing self-reported
xposure to radiofrequency electromagnetic fields (Baste et al.,
008). It has been reported that immunological factors are involved
n human infertility and 20–30% of male infertility is associated
ith the generation of antisperm antibodies (AsAb) (Dimitrova

t al., 2002). AsAb generated in men and/or women is able to
ecrease male fertility by inhibiting sperm functions required for

Abbreviations: BTB, blood–testis barrier; AsAb, antisperm antibody; EMP, elec-
romagnetic pulse; TGF-�, transforming growth factor-beta; ZO, zonula occludens
roteins; GTEM, Gigahertz Transverse Electromagnetic; PAGE, polyacrylamide gel
lectrophoresis; ECL, electrochemiluminescence; DMEM, Dulbecco’s modified Eagle
edium; RT-PCR, reverse transcription polymerase chain reaction; EB, evans Blue;

J, tight junction; MDCK, Madin–Darby canine kidney; BBB, blood–brain barrier.
∗ Corresponding authors. Tel.: +86 29 84774873; fax: +86 29 84774873.

E-mail addresses: dingzhao@fmmu.edu.cn (G.-R. Ding), guozhen@fmmu.edu.cn
G.-Z. Guo).
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nsity of EMP.
© 2010 Elsevier Ireland Ltd. All rights reserved.

fertilization (Bohring and Krause, 2005). The blood–testis barrier
(BTB) plays an important physiological role in male reproductive
system. An increase in BTB permeability is known to enhance
AsAb production and then result in infertility in males. A human
population-based prospective cohort study showed that exposure
to some kinds of electromagnetic fields could increase BTB per-
meability (Li et al., 2002; Slama et al., 2004). In addition, it was
also reported that Evans Blue (EB) and lanthanum nitrate may per-
meate the BTB and increase its permeability following exposure
to EMP at certain intensity and high-power microwave exposure
(Li et al., 2002; Wang et al., 2008). EMP is a short high-voltage
pulse with an extremely fast rising time and a broad bandwidth.
EMP signals can be generate by strong electrical field apparatus
such as high pressure gas switch and Tesla transformer genera-
tors in some occupational conditions. About the exposure limit
of this kind of signal, there is big difference in different coun-
tries or associations. For example, in occupational case, the IEEE
(Institute of Electrical and Electronics Engineers) limit exposure
for whole body (including heads) is 100 kV/m (IEEE-SA Standards
Board, 1999), however, the ICNIRP (International Commission on

Non-Ionizing Radiation Protection) reference level for occupational
exposure to time vary electric field is 137 kV/m (ICNIRP, 1998). To
explore the mechanisms of EMP-induced BTB permeability change
and its influence on male reproductivity, we observed the effects
of EMP on tight-junction-associated proteins (ZO-1, Occludin),

dx.doi.org/10.1016/j.tox.2010.07.003
http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:dingzhao@fmmu.edu.cn
mailto:guozhen@fmmu.edu.cn
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imentin microfilaments, and transforming growth factor-beta
TGF-�3), which are associated with the BTB permeability. The
evel of AsAb in mice exposed to EMP was also examined in this
tudy.

. Materials and methods

.1. EMP exposure

The EMP (peak-intensity 200 kV/m and 400 kV/m, rise-time 10 ns, pulse-width
50 ns) was generated by a spark gap pulse generator and transmitted into a Giga-
ertz Transverse Electromagnetic (GTEM) cell. The average specific absorption rate
SAR) used for the animal was 0.04 mW/kg, which was determined according to
he Radiofrequency Radiation Dosimetry Handbook (4th ed.). The EMP generator
nd the GTEM cell were both devised by the Department of Mechanical Engineer-
ng, Southeast University (Nanjing City, Jiangsu Province, China) (Chen et al., 2010).
ach mouse was given an equilibration period of 5 min before EMP exposure in GTEM
ell. Sham exposure was conducted in the same GTEM cell without the generation
f EMP. The animals were sham or exposed to EMP for 200 pulses with 0.5 Hz repeti-
ive rate. The temperature in GTEM cell was kept 26 ± 0.5 ◦C. The rectal temperature
f animals was 38.42 ± 0.33 ◦C and 38.56 ± 0.38 ◦C before and after EMP exposure,
espectively.

.2. Animals

Male BALB/c mice (7–8 weeks old, weighing 21 ± 2 g) were purchased from
he Experimental Animal Center, Fourth Military Medical University. All studies
ere performed with the approval of the experimental animal care committee of

he Fourth Military Medical University. The animals were maintained in standard
aboratory conditions, acclimatized for 1 week, and then used for experimentation.

.3. Experimental groups

For examining AsAb level in the serum after EMP exposure, 360 mice were
ivided randomly into four groups as follows: sham group, positive control group
00 kV/m group and 400 kV/m group, 90 animals in each group. For determining
he expression level of ZO-1, Occludin, vimentin microfilaments and transforming
rowth factor-beta3 (TGF-�3) after 200 kV/m EMP exposure, 24 mice were divided
andomly into four groups (n = 6) as follows: one sham group and three different
ime points groups (1 h, 2 h, and 6 h after EMP exposure).

.4. AsAb induction and detection

AsAb were induced in positive group as previously described with a modification
Stern et al., 1994). Briefly, the mice were immunized by subcutaneously injecting of
.5 ml sperm mixture and booster injections were administered 15 days later. Mice

n other groups were sham exposed or exposed to EMP at two different intensities
200 kV/m or 400 kV/m) for 200 pulses. Peripheral blood were withdrawn from the
yes at 15 days after EMP exposure, then serum was collected and stored at −20 ◦C.
he serum AsAb level was detected using a commercial mouse antisperm anti-
ody ELISA kit (Uscnlife Company, Wuhan, China) according to the manufacturer’s

nstructions.

.5. Immunofluorescence staining

At 1 h, 2 h and 6 h after EMP exposure, six animals from sham or each time
oint group were killed. The testes were quickly dissected and stored at −80 ◦C.
hereafter, testes were embedded in OCT cryostat-embedding compound (Tissue-
ek, Torrance, CA) and 10-�m-thick coronal sections were cut, then fixed in cold
cetone and stored at −20 ◦C. Endogenous peroxidase activity was blocked by incu-
ating the slides in 3% hydrogen peroxide for 15 min and non-specific binding was
locked by incubating with 10% goat serum for 30 min. The sections were then

ncubated overnight at 4 ◦C with primary antibodies (rabbit anti-ZO-1 polyclonal
ntibody 1:40 was obtained from Zymed Lab Inc., USA) followed by incubation with
ITC-labeled secondary antibodies for 1 h (goat anti-rabbit IgG 1:200 was purchased
rom Sino-American Biotechnology Company, China). Immunofluorescence images
ere observed under a fluorescence microscope.

.6. Western blot analysis

Approximately 200 mg of the tissue was lysed in a buffer containing 1%
P-40, 0.2 mol/L Tris–HCl (pH 8.0), 0.15 mol/L NaCl, 0.1% NaN3, and a protease

nhibitor cocktail (0.017 mg/mL aprotinin, 1.0 mmol/L PMSF, 1.0 mmol/L Na3VO4,
nd 0.1 mmol/L CaCl2) and protein was extracted. Aliquots of the lysates were

tored at −80 ◦C for further experiments. The protein concentrations were deter-
ined by a Coomassie blue dye-binding assay (Bio-Rad, Company, USA). For this,

n equal volume of 2× SDS loading buffer was added, and the samples were boiled
or 3 min. SDS-polyacrylamide gel electrophoresis (PAGE) was carried out in a ver-
ical slab gel apparatus (Bio-Rad). 20 �l protein was separated by SDS-PAGE at 80 V
or 1.5 h and transferred to nitrocellulose filters. The filters were blocked with TBST
gy 276 (2010) 58–63 59

buffer (10 mM Tris–HCl at pH 8.0, 0.15 M NaCl, and 0.05% Tween 20) containing
5% skimmed milk and incubated with primary antibody to ZO-1, Occludin (1:150)
(rabbit anti-Occludin polyclonal antibody from Zymed Lab Inc., USA), or vimentin
(1:200) (monoclonal anti-vimentin antibody from Sigma, USA) at room temperature
for 1 h followed by the addition of anti-rabbit IgG and anti-mouse IgG (Amersham-
Pharmacia Biotech). The blots were visualized with electrochemiluminescence (ECL)
kit (PIERCE, Biotechnology, Inc.).

2.7. Confocal microscopy and image analysis of Sertoli cells

Primary Sertoli cells were isolated from 15-day-old BALB/c mice (Cheng et al.,
1986; Grima et al., 1997) and cultured at a cell density of 0.5 × 106 cells/cm2 on
Matrigel-coated 12-well dishes in serum-free Ham F12 nutrient mixture (F12) and
Dulbecco’s modified Eagle medium (DMEM) (1:1, v/v), as previously described (Lui
et al., 2001). Cells were then incubated at 37 ◦C in a humidified atmosphere of 95%
air and 5% CO2 (v/v). Purified cells (>95%) were hypotonically treated with 20 mM
Tris at pH 7.4 for 2.5 min to lyse contaminating germ cells for 36 h (Lipshultz et
al., 1982). Thereafter, the Sertoli cell epithelium was washed twice to remove cel-
lular debris. The media were replaced every 24 h and the cells were incubated for
additional 6 or 7 days. The cultures were terminated at the specified time points
for Sertoli cell identification. The identified Sertoli cells were seeded on coverslips
and exposed to EMP (200 kV/m, 200 pulses). At 1 h, 2 h, and 6 h after EMP expo-
sure, the cells were fixed in 4% paraformaldehyde, followed by double staining for
vimentin and nuclei, and finally were examined under Olympus Fluoview BX61
confocal microscope.

2.8. Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was isolated using Trizol reagent (Invitrogen) from 100 mg testicu-
lar tissue from each group according to the manufacturer’s instructions, dissolved
in diethyl pyrocarbonate-treated water, and quantitated using a spectrophotome-
ter. The purity of the RNA was assessed by spectrophotometry (A260/A280 > 1.8).
Reverse transcription (RT) of the RNA followed by polymerase chain reaction (PCR)
was performed to detect TGF-�3 gene expression (Cantz et al., 2003). cDNA was syn-
thesized from the total RNA samples using an SYBR Green I Real Time PCR Kit (Bioer
Technology Co., Ltd., Hangzhou, China). A quantity of 50 �L of PCR reaction mixture
contained 4 �L of the RT product as the template, 25 �L 2× PCR buffer, 0.3 �L (3U)
Tap DNA polymerase, and 0.5 �L (10 pM) primers. The primers used were synthe-
sized by AuGCT Biotechnology Company (Beijing, China), and their sequences were
as follows: TGF-�3 primers, sense 5′-GCTCTTCCAGATACTTCGAC-3′ and antisense
5′-GTTGGACCTCCTCTTGACGA-3′ (440 bp) (Konrad et al., 2006). The PCR protocol
was as follows: 95 ◦C for 2 min for pre-denaturing; followed by 40 cycles at 94 ◦C
for 20 s, 55 ◦C for 20 s, 72 ◦C for 30 s; and a final extension at 72 ◦C for 10 min. Flu-
orescence measurements were obtained for every cycle. �-Actin was used as the
internal control.

2.9. Statistical analysis

The AsAb data was analysed by �2 test, other data were examined by ANOVA
followed by hoc pairwise comparisons and Dunnett’s t-test. P < 0.05 was considered
to be statistically significant.

3. Results

3.1. AsAb level in the serum

As shown in Fig. 1, AsAb were not detected in serum of
sham-exposed mice, about 90% mice in positive control group
(sperm-immunized group) showed AsAb positive in serum. After
EMP exposure, there were 6.7% and 12.2% mice showed AsAb
positive in serum in 200 kV/m and 400 kV/m group respectively,
which were statistically different from those of the sham-
exposed mice (P < 0.05 and 0.01, respectively). Thus, our results
showed that exposure to EMP could induce AsAb production in
mice.

3.2. ZO-1 and Occludin expression level in EMP-treated mice

The immunofluorescence intensity of ZO-1 in sham, 1 h,

2 h, 6 h group were 17.23 ± 3.06, 14.74 ± 2.65, 11.92 ± 2.61 and
15.36 ± 1.87, respectively. Compared with the sham, ZO-1 expres-
sion level decreased at 1 h, and reached the peak at 2 h (P < 0.05).
Then ZO-1 level began to recover at 6 h after EMP exposure (Fig. 2),
which was consistent with the results from western blot analysis
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Fig. 1. Differences of AsAb production in mouse serum among different treatment
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Fig. 3. Western blot results of ZO-1 in mice testicular tissues at different time points
(1 h, 2 h and 6 h) after exposure to EMP (200 kV/m, 200 pulses). The experiment was
replicated at least twice.

F
w

roups. (�) vs. sham group, P < 0.05; (�) vs. positive control group (sperm-
mmunized group), P < 0.01; (♦) vs. the 200 kV m−1 exposed group, P < 0.05.

Fig. 3). The expression level of Occludin did not change obviously
t different time points after EMP exposure compared with sham
Fig. 4).

.3. Morphological alterations of Sertoli cells

.3.1. Phase contrast microscopy and HE staining
The cell body of Sertoli cells increased in size after 48 h of cultur-

ng, exhibiting a membrane-like covering on the wall of the culture
ask. The nuclei were circular or oval and situated in the center or at

slight deviation. Numerous granules and vacuoles were observed

n the cytoplasm. The number of cell processes increased and they
ere closely interconnected (Fig. 5a and b).

ig. 2. Immunofluorescence results of ZO-1 in mice testicular tissues at different time po
as replicated at least twice (Bar = 40 �m).
Fig. 4. Expression of Occludin in mice testes at different time points after exposure
to EMP (200 kV/m, 200 pulses). The experiment was replicated at least twice.

3.3.2. Feulgen staining
The Sertoli cells cultured for 8 days were subjected to Feul-

gen staining. The results showed that the cytoplasm of Sertoli
cell was not stained, and the nucleus was stained slightly.
Stained granular particles were observed in the nucleus, which
were identified as satellite nucleosomes around the nuclei
(Fig. 5c).

3.3.3. Fas-L expression
Functional Sertoli cells naturally and stably express a high level

of Fas-L (Jiang et al., 2002). Both fibroblasts and sperm cells did not

express Fas-L. Therefore, Fas-L can be used as a marker for identi-
fying Sertoli cells, in this study, we found that the cultured Sertoli
cells were Fas-L immune-positive (Fig. 5d).

ints (1 h, 2 h and 6 h) after EMP exposure (200 kV/m, 200 pulses). The experiment
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Fig. 5. Sertoli cells on day 7 of culture. (a) Pictures were taken under an inverted phase contrast microscope; (b) HE-stained Sertoli cells; (c) Feulgen-stained Sertoli cells;
(d) Fas-L-stained Sertoli cells (Bar = 80 �m).
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ig. 6. Vimentin distribution in Sertoli cells. (a) Sham exposure group; (b) 1 h after E
d) 6 h after EMP exposure (200 kV/m, 200 pulses). All the experiments were replica

.4. Vimentin expression in cultured Sertoli cells
The results showed that the Sertoli cells from the primary cul-
ure in sham group expressed vimentin at a higher level (Fig. 6a) and
howed typical internal vimentin distribution. Vimentin extended
adially from the perinuclear cytoplasm to the surrounding cell
xposure (200 kV/m, 200 pulses); (c) 2 h after EMP exposure (200 kV/m, 200 pulses);
t least twice (Bar = 80 �m).

membranes until it reached the cell membrane. Stained microfil-

aments of vimentin were consistent in length, form, and staining.
In contrast, EMP exposure at 200 kV/m for 200 pulses resulted in
changes in the distribution of vimentin in Sertoli cells. The cells
exhibited a definite disorder and were not as consistent and regular
as those in sham group. The length of the vimentin microfila-
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ig. 7. Expression of vimentin protein in mice testicular tissues at different time
oints (1 h, 2 h and 6 h) after exposure to EMP (200 kV/m, 200 pulses). The experi-
ent was replicated at least twice.

ents was decreased with an uneven staining at 1 h and 2 h after
MP exposure while at 6 h the microfilament length of vimentin
ncreased with staining identical to that of the normal control group
Fig. 6). Western blot results showed the expression of vimentin had
o obvious change after EMP exposure (Fig. 7).

.5. TGF-ˇ3 mRNA expression

Compared with the sham, the TGF-�3 mRNA level in testicular
issue increased at 1 h after EMP exposure and reached 21.63 folds
o the sham level (vs. sham group, P < 0.05), then further increased
nd reached 23.21 folds (vs. sham group, P < 0.05) to the sham
evel at 2 h after EMP exposure. The TGF-�3 mRNA level decreased
t 6 h after EMP exposure and reached 2−1.74 folds to the sham
evel.

. Discussion

The potential effects of EMP exposure on male reproductive sys-
em and fertility have attracted public attention in recent years.

survey of published scientific literature indicated that exposure
o EMP could induce a large range of health problems including:
ysfunction of BTB, decrease the secretion of gonadotropic hor-
one (GnRH), fertility, congenital malformations, perinatal death,

ntrauterine dysplasia; sexual dysfunction, abnormal embryonic
evelopment, etc. (Knve, 2001; Nordstom et al., 1983; Schastnyı̆
t al., 1996; Zagorskata and Rodina, 1990). In this study we found
hat exposure to EMP-induced AsAb production in mice. AsAb has
een shown to be the key factor affecting the reproductive activ-

ty in males (Francavilla et al., 2007). Among the factors causing
nfertility, 30% are related to immunity (Naz, 2004). In addition,
t is suggested that BTB disruption is one of important reasons
f AsAb production. Considering our previous work that EMP-
nduced an increase in BTB permeability, we presume that AsAb
roduction is resulted from BTB disruption after EMP exposure

To explore the mechanism of EMP-induced BTB permeability
hange, we observed the expression of BTB tight-junction (TJ)-
ssociated proteins such as ZO-1 and Occludin. TJ is an important
tructure of BTB, which plays a vital role in maintaining the function
f BTB. ZO-1 is an intracytoplasmic protein that combines TJ mem-
rane protein Occludin and the cytoskeleton. Thus, TJ membrane
rotein and the cytoskeleton are coupled and further correlate with
he degree of tightness of TJs, thereby supporting cell formation.
ccludin is a single-strand polypeptide, with a relative molecu-

ar weight of 60–65 kDa, in the TJ membrane integral protein—an
ntracellular junction molecule that depends on Ca2+ and performs
efensive and barrier functions (Galli and Barbui, 2005). It was
eported that changes in TJ protein expression, posttranslational
odification, subcellular localization, and protein–protein inter-
ctions were associated with increased BTB permeability (Wong et
l., 2010). In this study, we focused on the ‘possible’ alterations of
J proteins as mechanism(s) involved in BTB disruption after EMP
xposure. Both immunofluorescence and western blot data showed
hat the expression of ZO-1 but not Occludin decreased following
gy 276 (2010) 58–63

EMP exposure. It was reported that alterations in Occludin, ZO-
1, and ZO-2 protein localization during hypoxia and post-hypoxic
reoxygenation correlated with the changes in blood–brain barrier
(BBB) permeability (Mark and Davis, 2002). In our study, the per-
meability of BTB increased after EMP exposure concurrently with
decreased ZO-1 protein level, which suggest that the alteration in
protein level of ZO-1 was involved in EMP-induced BTB disruption.
The expression level of Occludin did not change after EMP expo-
sure, probably it was the alteration in Occludin protein localization
but not the protein level was involved in EMP-induced BTB per-
meability increase, to confirm this hypothesis, further research is
needed.

Vimentin constitutes the cytoskeleton of Sertoli cells and plays
a vital role in sperm formation (Snásel et al., 2000), which is dis-
tributed around the nucleus and perform important functions in
intracellular and extracellular activities, including maintaining Ser-
toli cell form, sperm secretion, etc. It was reported that alteration
in intracellular vimentin may result in changes in Sertoli cell form
and can thus induce TJ changes among Sertoli cells and lead to
changes in BTB permeability (Bomont et al., 2000). Therefore, we
observed the distribution and expression of vimentin in Sertoli
cells. It was found that the distribution but not the expression of
vimentin changed after EMP exposure, and vimentin change was
closely related with intensity and pulse number of EMP. Usually,
under normal conditions, the vimentin is mainly distributed around
the cell and nucleus. After the action of mechanical force, the key
to cell morphology changes is cytoskeleton reconstruction; this is
mainly due to the fact that both the distribution and content of
the cytoskeleton are modified. The reconstruction of the cytoskele-
ton is the adaptation targeting the mechanical environment, and
the connection between the cytoskeleton and transmembrane
molecules is an important link for transmembrane force transmis-
sion (White et al., 1983). Our results suggested that the alteration
in vimentin distribution was also involved in EMP-induced BTB
disruption.

TGF-�3 is an important regulating factor of Sertoli cell TJ kinet-
ics (Lui et al., 2001). In vitro models, TGF-�3 has been developed
to evaluate changes in target gene expression during Sertoli cell
TJ assembly, and it has been found that this process is associated
with a temporary decrease in both the mRNA and protein levels
of TGF-�3 (Konrad et al., 2006). Additionally, recombinant TGF-
�3 may interfere with well-formed Sertoli cell TJ barrier in vitro
(Lui et al., 2003). Regarding the study on physiological correlation
between in vivo and in vitro models, it has been found that BTB
damage induced by CdCl2 correlates with an increase in both mRNA
and protein levels of TGF-�3 (Wong et al., 2004). All these results
demonstrate that TGF-�3 is an important cell factor for regulating
Sertoli cell TJ kinetics (Lui et al., 2003). To investigate the role of
TGF-�3 in EMP-induced Sertoli cell TJ damage, we observed the
mRNA level of TGF-�3. The results showed that the TGF-�3 mRNA
level increased in mouse testicular tissue at 1 h and 2 h after EMP
exposure. In addition, the protein level of ZO-1 decreased at the
corresponding time points, therefore, these results support a pos-
sibility by which the increased level of TGF-�3 mRNA decreases the
expression of ZO-1 protein and thus affects BTB permeability.

It was reported that the increase in BTB permeability is closely
correlated with the expression level of TJ-associated proteins, TGF-
�3, and vimentin and free radical content (Siu et al., 2009). In this
study, the alteration of TGF-�3 mRNA level, ZO-1 protein level,
as well as the structure and morphology of vimentin in Sertoli
cells were found after EMP exposure, these may be the part of

the mechanism via which EMP results in increased BTB perme-
ability. Although the intensity of EMP in this study is much more
higher than actual EMP levels in some occupational conditions,
more attention should be paid on the biological effects of such kind
of signal and further work is needed.
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In conclusion, EMP exposure may increase the permeability in
TB through TGF-�3 pathway by lowering the expression of ZO-1,
e-localization of vimentin and finally resulted in AsAb production.
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