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Abstract
Polychlorinated biphenyl (PCB) congeners exhibit a broad range of adverse biological effects
including neurotoxicity. The mechanisms by which PCBs cause neurotoxic effects are still not
completely understood. The blood-brain barrier (BBB) is a physical and metabolic barrier separating
brain microenvironment from the peripheral circulation and is mainly composed of endothelial cells
connected by tight junctions. We examined the effects of several highly-chlorinated PCB congeners
on expression of tight junction proteins in human brain endothelial cells. Treatment for 24 h with
selective PCB congeners disrupted expression of the cytosolic scaffold proteins of tight junctions,
such as zonula occludens (ZO)-1, ZO-2, and AF6. In contrast, PCB exposure did not alter expression
of integral membrane proteins, junctional adhesion molecule-A (JAM-A), and claudin-1. Based on
these data, we suggest that PCB-mediated selective alterations of tight junction protein expression
may contribute to their neurotoxic effects in the central nervous system.
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1. Introduction
Homeostasis of the central nervous system (CNS) microenvironment is essential for normal
functions of the brain and is maintained by the blood-brain barrier (BBB). The BBB is mainly
formed by highly specialized endothelial cells and it protects the brain from blood-borne
substances. At the same time, the BBB ensures the supply of nutrients to the brain by specific
transport systems (Abbott, 2005; Neuwelt, 2004). The BBB acts as a physical and metabolic
barrier because a complex tight junction system between adjacent endothelial cells restricts
most paracellular movement of ions and solutes across the brain endothelium (Pardridge,
2002). Tight junctions (TJ) of the BBB are composed of an intricate combination of at least
three integral membrane proteins (claudins, junctional adhesion molecules [JAMs], and
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occludin) and cytoplasmic accessory proteins, such as zonula occludens (ZO)-1, ZO-2, and
AF6.

ZO-1 was the first tight junction-associated protein identified and characterized among
cytosolic accessory proteins of TJ (Stevenson et al., 1986). The ZO proteins belong to the
family of membrane-associated guanylate kinases (MAGUK), which possess a distinct
modular organization and associate peripherally with the cellular membranes. ZO-1 is essential
for TJ assembly and it forms a scaffold complex with other cytosolic accessory proteins, such
as ZO-2 and AF6, to anchor integral membrane proteins to actin cytoskeleton (Denker and
Nigam, 1998; Wolburg and Lippoldt, 2002). Disruption of ZO-1 at TJ has been observed in
response to bacterial toxins (Chen et al., 2002), drugs (Liu et al., 1999), growth factors
(Hollande et al., 2001), cytokines (Blum et al., 1997), and hypoxia (Fischer et al., 2004) and
correlated with increased permeability and/or decreased electrical resistance. In addition, ZO
proteins are believed to form a complex for transcription factors and signaling proteins involved
in regulation of cell proliferation and differentiation (Balda and Matter, 2000; Ryeom et al.,
2000).

Relatively less information is available on the role of ZO-2 and AF6 in the regulation of
integrity of the brain endothelium. ZO-2 shares with ZO-1 three defined core regions of
MAGUK family proteins: a SH3 domain, a guanylate cyclase and a PDZ domain. SH3-domains
bind signaling proteins and cytoskeletal elements. Guanylate cyclase domains are involved in
the ATP-dependent transformation of GMP to GDP, and PDZ-domains mediate specific
binding to carboxy-terminal cytoplasmic ends of transmembrane proteins (Wolburg and
Lippoldt, 2002). ZO-2 acts as a signaling molecule to communicate the state of cell-cell contact
of the TJ (Hawkins and Davis, 2005.). It appears that ZO-2 can modulate these interactions by
its influence on the transcription factors c-Jun, c-Fos, and C/EBP (Betanzos et al., 2004). ZO-2
expression decreases in response to several pathological conditions, including amyloid beta
treatment (Marco and Skaper, 2006), hypoxia (Fischer et al., 2004), cerebral infarction in
spontaneously hypertensive rats (Hom et al., 2007), and exposure to HIV proteins, such as
gp120 (Kanmogne et al., 2005) or Tat (Andras et al., 2003).

AF6 is a multidomain actin-binding protein that serves as a scaffold protein between
transmembrane proteins and the actin cytoskeleton (Boettner et al., 2000). It interacts with
ZO-1, nectin, Eph receptors, and the actin-regulatory protein profilin (Boettner et al., 2000;
Yamamoto et al., 1997). It binds to Ras-like small GTPases and is suggested to be an effector
of both Ras and Rap. It has been shown that activation of Ras can result from interaction of
AF6 with ZO-1 (Yamamoto et al., 1997). AF6 may regulate adhesion of leukocytes to
extracellular matrix. Indeed, overexpression of AF6 in Jurkat cells increased its adhesion to
fibronectin. In contrast, knockdown of AF6 in T cells results in an enhancement of cell adhesion
(Zhang et al., 2005).

Exposure to polychlorinated biphenyls (PCBs) can contribute to induction of neurological
disorders including morphological changes of neurons (Carpenter, 2006), brain tumor-
promoting effects (Knerr and Schrenk, 2006), and the developmental defects of the nervous
system (Lee and Opanashuk, 2004; Winneke et al., 2002). However, the mechanisms by which
PCBs cause these neurotoxic effects are not fully understood. Because of the role of the BBB
in protecting brain environment, we have explored the hypothesis that exposure of human
cerebrovascular endothelial cells to PCBs can alter expression of TJ proteins and thus impair
BBB integrity.
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2. Materials and Methods
2.1 Materials

PCB congeners were purchased from AccuStandard (New Haven, CT) and dissolved in
dimethyl sulfoxide (DMSO). Collagen type I was obtained from BD Biosciences (Bedford,
MA). Antibodies against ZO-1, claudin-1, and JAM-A were obtained from Invitrogen Zymed
(San Francisco, CA). Anti-ZO-2 antibody was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA) and anti-AF6 antibody was obtained from BD Transduction (Lexington,
KY). All other chemicals and reagents were purchased from Sigma (St. Louis, MO).

2.2 Cell cultures and PCBs treatment
Human brain endothelial cells (hCMEC/D3) are an immortalized cell line derived from a
primary cell culture through co-expression of hTERT and the SV40 large T antigen. This cell
line retains most of the morphological and functional characteristics of brain endothelial cells
(Weksler et al., 2005). hCMEC/D3 were cultured using EBM-2 medium (Cambrex BioScience,
Wokingham, UK) supplemented with growth factors and fetal bovine serum. Prior to each
experiment, the cells were serum-starved in experimental medium containing 0.1% FBS
without supplements for at least 12 h.

In the present study, highly-chlorinated PCBs, including both coplanar and non-coplanar
congeners, were evaluated. As coplanar PCBs, we used PCB 77 (3,3’4,4’-tetrachlorobiphenyl)
and PCB 126 (3,3’,4,4’,5-pentachlorobiphenyl). In addition, PCB104 (2,2’,4,5,5’-
pentachlorobiphenyl) and PCB153 (2,2’,4,4’,5,5’-hexachlorobiphenyl) were employed as non-
coplanar PCBs. PCB118 (2,3’,4,4’,5-pentachlorobiphenyl), which was also included in the
present study, is a major mono-ortho-substituted PCB (mixed-type inducer of cytochrome
P450). Due to its binding affinity to the arylhydrocarbon receptor (AhR), TCDD (2,3,7,8-
tetrachlorodibenzo-p-dioxin) was used as a positive control for coplanar PCBs effects. Stock
solution of PCBs was prepared in DMSO and the same amounts of DMSO as in PCBs-treated
cells were added to control cultures. Levels of DMSO in experimental media were less than
0.05%.

Serum concentration of PCBs can reach approximately 3 µM in people exposed to these
toxicants (Jensen, 1989; Wassermann et al., 1979). However, local micro-environmental levels
of PCBs in the extracellular space are not known. Therefore, in the present study, cells were
treated with specific PCBs at the concentration of 5 µM. Treatment at this concentration did
not show cytotoxic effects over the time course of the experiments as determined by the MTT
conversion assay (data not shown).

2.3 Immunoblotting
To prepare plasma membrane fraction, treated hCMEC/D3 were harvested and were disrupted
by sonication. Cell debris and nuclei were removed by centrifugation at 600 g for 10 min. The
supernatant was centrifuged again at 100,000 g for 1 h. The pellet was resuspended in lysis
buffer (40 mM Tris-HCl, pH 7.4, 1.0% SDS, 1 mM Na3VO4, 1 mM EDTA, 0.5 mM EGTA,
1mM PMSF, and 1 × protease inhibitor cocktail) and used for experiments. For total cell
extracts, treated hCMEC/D3 cells were lysed with same lysis buffer as that used for preparation
of plasma membrane fraction. Protein samples were electrophoresed in SDS-PAGE and
transferred onto a Hybond-ECL membrane (Amersham Biosciences, Piscataway, NJ).
Immunoreactive protein bands were visualized with the enhanced chemiluminescence system
(Amersham).
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2.4 Immunofluorescence
Brain endothelial cells cultured on Type I collagen-coated chamber slide were fixed with
ethanol for 30 min at 4°C and non specific binding was blocked with 3% bovine serum albumin
(BSA) for 30min. Samples were incubated overnight at 4°C with primary antibody and then
incubated with FITC-conjugated secondary antibody. The cells were observed and
photographed using a confocal fluorescence microscope (Olympus FluoView 300; Olympus
America Inc., Center Valley, PA).

2.5 Real-Time RT-PCR
Total RNA was isolated and purified using RNeasy Mini Kit (Qiagen) according to the protocol
of the manufacturer. Then, 1 µg of total RNA was reverse transcribed at 25 °C for 15 min, 42
°C for 45 min and 99 °C for 5 min in 20 µl of 5 mM MgCl2, 10 mM Tris-HCl, pH 9.0, 50 mM
KCl, 0.1% Triton X-100, 1 mM dNTP, 1 unit/µl of recombinant RNasin ribonuclease inhibitor,
15 units/µg of AMV reverse transcriptase, and 0.5 µg of random hexamers. For quantitative
PCR, amplifications of individual genes were performed on ABI PRISM® 7000 Sequence
Detection System (Applied Biosystems, Foster City, CA) using TaqMan® Universal PCR
Master Mix, gene-specific TaqMan PCR probes and primers, and a standard thermal cycler
protocol (50 °C for 2 min before the first cycle, 95 °C for 15 sec and 60 °C for 1 min, repeated
45 times). The primers and probes were obtained from Applied Biosystems. The threshold
cycle (CT) from each well was determined using ABI Prism 7000 SDS software. Relative
quantification, which represents the change in gene expression from real-time quantitative PCR
experiments between PCB-treated group and untreated control group, was calculated by the
comparative CT method as described by Livak and Schmittgen (2001). The data were analyzed
using equation 2−ΔΔCT, where ΔΔCT = [CT of target gene - CT of housekeeping
gene] treated group – [CT of target gene - CT of housekeeping gene] untreated control group. For the
treated samples, evaluation of 2−ΔΔCT represents the fold change in gene expression,
normalized to a housekeeping gene (□-actin) and relative to the untreated control.

2.6 Statistical Analysis
Results are expressed as means ± S.D. Data were statistically analyzed using one-way ANOVA,
followed by Student’s t test. Statistical probability of p<0.05 was considered significant.

3. Results
3.1 PCBs decrease expression of selective tight junction proteins

Tight junctions of the BBB are composed of transmembrane proteins, such as claudins, JAMs,
and occludin, which are linked to the cytoskeleton by the accessory proteins, such as ZO-1,
ZO-2, and AF6. As indicated in Fig. 1A, treatment with both coplanar and non-coplanar PCBs
for 24 h markedly reduced expression of ZO-1, ZO-2 and AF6 in the membrane fractions of
endothelial cells. To exclude the possibility that these effects were caused by translocation of
tight junction proteins, expression of ZO-1, ZO-2, and AF6 was also measured in total extracts
of hCMEC/D3 treated with PCBs. Fig. 1B shows that decreased levels of ZO-1, ZO-2 and AF6
in total cell extracts are similar to those in plasma membrane fraction. In contrast, tight junction
transmembrane proteins, such as claudin-1 and JAM-A, were not affected by PCB treatment
in both fraction of plasma membrane and total cell lysate (Figs. 1A and 1B).

In order to further confirm PCB-induced alterations of tight junction accessory protein levels,
ZO-1 expression was evaluated by immunochemistry in hCMEC/ D3 treated with specific PCB
congeners. In agreement with Western blot results, treatment with both coplanar and non-
coplanar PCBs markedly decreased ZO-1 immunoreactivity (Fig. 2).
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3.2 PCB exposure does not alter steady mRNA level of ZO-1, ZO-2 and AF6
We next evaluated the possibility that PCB-mediated breakdown of tight junction proteins
results from changes at the mRNA levels. hCMEC/D3 were exposed to individual PCB
congeners at the concentration of 5 µM for 6, 12, or 18h and mRNA levels of ZO-1, ZO-2, and
AF6 were analyzed by real-time RT-PCR. As shown in Fig. 3, steady mRNA levels encoding
for these tight junction proteins were not changed in PCB-treated brain endothelial cells. Thus,
PCB-induced alterations of tight junction protein expression are not mediated by changes in
gene expression. Instead, our results suggest that the breakdown of tight junction proteins may
result from the changes at the translational or posttranslational levels.

4. Discussion
There is considerable evidence that exposure to PCBs can induce neurotoxic effects including
morphological changes of neurons and the developmental defects of the nervous system, which
may lead to neurobehavioral and intellectual disorder as well as brain tumor-promoting effects
(Seegal, 2000; Winneke et al., 2002). In several cohort studies, a positive correlation was found
between prenatal or early postnatal PCB-exposure at environmental levels and adverse effects
on neurodevelopmental changes (Carpenter, 2006). However, the mechanisms by which PCBs
may influence the nervous system are largely unknown. In this study, we showed first evidence
which PCBs exposure induces TJ disruption of human brain microvascular endothelial cells,
which may lead to perturbation of the BBB integrity. Since the role of the BBB is to maintain
an intact brain environment, the changes in the BBB may affect neuronal homeostasis and
induce neurotoxic effects.

Loss of TJ proteins is commonly observed in neuroinflammatory and neurodegenerative
disorders that are frequently associated with stroke (Brown and Davis, 2002), Alzheimer’s
disease (Fiala et al., 2002), HIV-1 encephalitis (Persidsky et al., 2006), and traumatic brain
injury (Morganti-Kossmann et al., 2002). Disruption of TJ in brain endothelial cells can
increase serum protein extravasation through impaired BBB and lead to the development of
vasogenic brain edema (Davies, 2002). For example, the CNS accumulation of serum proteins
may increase osmotic load, impair neuronal function, and cause white matter pallor (Kustova
et al., 1999). Perivascular edema, which occurs as the effects of the BBB dysfunction, is likely
to impair the movement of oxygen, nutrients and metabolites across the microvessel wall as
well as induce swelling of astrocyte end-feet (Norenberg, 1994).

The microvasculature of brain tumors characteristically lose their BBB properties and leak
fluid into the brain through opening of microvascular endothelial cell TJ (Groothuis et al.,
1991; Shibata, 1989). Thus, the disruption of TJ between microvascular endothelial cells in
astrocytomas and metastatic cells were proposed to be associated with edema formation
(Davies, 2002). In addition, the formation of brain metastases may be accelerated by disruption
of TJ structures (Jiang et al., 2000).

Several highly-chlorinated PCBs that have both coplanar and non-coplanar structures were
employed in the present study. Coplanar PCBs have dioxin-like activity as arylhydrocarbon
receptor (AhR) agonists. Considerable evidence demonstrates that exposure to this class of
compounds can induce vascular effects. Using an AhR-deficient mouse model, we have
previously indicated that a functional AhR is critical for the proinflammatory events mediated
by coplanar PCBs (Hennig et al., 2002). Other in vivo studies with AhR knockout mice also
demonstrated that AhR activation is involved in the inflammatory response induced by the
AhR ligands (Thatcher et al., 2007). Toxicity of coplanar PCBs has been linked to activation
of the cytochrome P450 1A (CYP1A) subfamily via the interaction with the AhR (Alsharif et
al., 1994; Safe and Krishnan, 1995). It was demonstrated that PCB77 can uncouple the catalytic
cycle of CYP1A1, allowing heme iron within the active site of this enzyme complex to act as
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a Fenton catalyst and generating hydroxyl radicals from hydrogen peroxide (Schlezinger et al.,
2006; Schlezinger et al., 1999). However, non-coplanar PCBs can also exert vascular effects.
We have previously reported that exposure of endothelial cells to highly chlorinated ortho-
substituted PCBs, such as PCB104, increased cellular oxidative stress, the release of VEGF,
and MMP expression in microvascular endothelial cells (Eum et al., 2004; 2006; Toborek et
al., 1995).

Breakdown of endothelial tight junctions and the disturbances in the BBB integrity are
hallmarks of pathological alterations of the CNS, including brain tumors or neuroinflammatory
diseases when homeostasis within the CNS is disturbed (Tsukita et al., 1999). In recent years,
several proteins associated with epithelial and endothelial TJ have been identified. They
include the MAGUK family, such as ZO-1, and ZO-2, as well as other non-MAGUK cytosolic
proteins, such as AF6 that are less characterized (Neuwelt, 2004; Wolburg and Lippoldt,
2002). Expression of these proteins was selectively diminished by treatment with PCBs.
Specifically, PCB exposure disrupted expression and pericellular distribution of ZO-1 (Fig. 1
and Fig. 2) and reduced protein expressions of ZO-2 and AF6 (Fig. 1), which bind ZO-1 to
complete a scaffold complex of TJ plaque. In contrast, integral membrane proteins, JAM-A
and claudin-1, were not changed in response to PCB treatment.

To evaluate possible mechanisms by which PCBs can mediate the breakdown of tight junction
proteins, we examined the steady mRNA levels of TJ cytosolic accessory proteins, ZO-1, ZO-2
and AF6 in hCMEC/D3 exposed to specific PCB congeners. Surprisingly, mRNA levels
encoding for these proteins were not altered as a result of PCB treatment (Fig. 3). Thus, it is
plausible to suggest that PCB-induced disruption of ZO-1, ZO-2 and AF6 expression might
result from the translational or post-translational regulations. One of the possible mechanisms
may be related to proteolysis of tight junction proteins by matrix metalloproteinases (MMPs).
Emerging data implicated MMPs in the regulation of tight junction expression (Hawkins et al.,
2007;Lohmann et al., 2004) and we demonstrated that PCBs can induce expression of MMPs
(Eum et al., 2006). Increased MMP expression may lead to degradation of tight junction
proteins and opening of the BBB as demonstrated in a hypoxia/reperfusion model of stroke in
spontaneously hypertensive rats (Yang et al., 2007).

Another potential mechanism that may play a role in PCB-mediated tight junction degradation
may involve ubiquitination-proteasome systems. It has been demonstrated that the cytoplasmic
NH2 terminus of occludin can bind Itch, an E3 ubiquitin-protein ligase, and UBC4, an
ubiquitin-conjugating enzyme (Lui and Lee, 2005; Traweger et al., 2002). To support these
mechanisms, dibutyl-cAMP-induced degradation of occludin was prevented by MG-132, a
proteasome inhibitor. These effects were associated with accumulation of ubiquitin-conjugated
and Itch-conjugated occludin (Traweger et al., 2002).

Alterations of tight junction protein expression may significantly contribute to PCB pathology.
For example, alterations of ZO-1 expression can adversely affect permeability across
monolayers of brain capillary endothelial cells (Bolton et al., 1998; Fischer et al., 2004;
Youakim and Ahdieh, 1999). In addition, loss of ZO-1 from cerebral vascular endothelium
was observed during CNS inflammation caused by injection of LPS in juvenile rats (Bolton et
al., 1998). Other studies have also demonstrated that a decrease of the ZO-1 level was induced
by pro-inflammatory molecules, such as tumor necrosis factor (TNF) and interferon (Youakim
and Ahdieh, 1999). Thus, these data are in agreement with our reports that treatment with PCBs
can induce endothelial hyperpermeability (Eum et al., 2004; Toborek et al., 1995).

In conclusion, the present study is the first research report indicating that exposure to highly
chlorinated PCBs can diminish expression of tight junction proteins, such as ZO-1, ZO-2 and
AF6 in brain endothelial cells. These effects are specific because the transmembrane tight
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junction proteins, such as JAM-A or claudin-1, were not affected by PCB treatment. Due to
their role in maintaining brain homeostasis, disruption of tight junctions may directly contribute
to the neurotoxic effects of PCBs.
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Fig. 1. PCB congeners decrease expression of tight junction proteins in human brain endothelial
cells
Confluent hCMEC/D3 were treated for 24 h with 5 µM of individual PCB congeners or 10 nM
TCDD. Expression of tight junction proteins was determined by Western blot in plasma
membrane fractions (A) and in total cell extracts (B) using antibodies against ZO-1, ZO-2,
AF6, claudin-1 or JAM-A. The blots are representative images from three independent
experiments.
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Fig. 2. PCB congeners decrease ZO-1 immunoreactivity
Cultures of hCMEC/D3 were grown to confluency on collagen type I-coated chamber slide
and exposed for 24 h to 5 µM of individual PCB congeners or 10 nM TCDD (positive control).
ZO-1 immunoreactivity was analyzed using polyclonal anti-ZO-1 antibody. PCB exposure
resulted in a weaker or absent ZO-1 immunoreactivity at the cell–cell borders. The photographs
are representative images from three independent experiments. Original magnification × 400.
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Fig. 3. PCB-induced disturbances in tight junction protein expression are not associated with
alternation of steady mRNA levels
Confluent hCMEC/D3 cultures were exposed to 5 µM of individual PCB congeners or 10 nM
TCDD (positive control) for 6, 12, or 18 h. Then mRNA levels of ZO-1, ZO-2, and AF6 were
determined by real-time RT-PCR. Data are mean ± SD.
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