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Abstract
Environmental polychlorinated biphenyls (PCBs) are frequently bound onto nanoparticles (NPs).
However, the toxicity and health effects of PCBs assembled onto nanoparticles are unknown. The
aim of this study was to study the hypothesis that binding PCBs to silica NPs potentiates PCB-
induced cerebrovascular toxicity and brain damage in an experimental stroke model. Mice
(C57BL/6, males, 12-week-old) were exposed to PCB153 bound to NPs (PCB153-NPs), PCB153,
or vehicle. PCB153 was administered in the amount of 5 ng/g body weight. A group of treated
animals was subjected to a 40 min ischemia, followed by a 24 h reperfusion. The blood-brain
barrier (BBB) permeability, brain infarct volume, expression of tight junction (TJ) proteins, and
inflammatory mediators were assessed. As compared to controls, a 24 h exposure to PCB153-NPs
injected into cerebral vasculature resulted in significant elevation of the BBB permeability,
disruption of TJ protein expression, increased proinflammatory responses, and enhanced
monocyte transmigration in mouse brain capillaries. Importantly, exposure to PCB153-NPs
increased stroke volume and potentiated brain damage in mice subjected to ischemia/reperfusion.
A long-term (30 days) oral exposure to PCB153-NPs resulted in a higher PCB153 content in the
abdominal adipose tissue and amplified adhesion of leukocytes to the brain endothelium as
compared to treatment with PCB153 alone. This study provides the first evidence that binding to
NPs increases cerebrovascular toxicity of environmental toxicants, such as PCB153.
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INTRODUCTION
Polychlorinated biphenyls (PCBs) are organochlorinated chemicals that were mass produced
for industrial usage in the U.S. for approximately 50 years (Yamada et al., 1997).
Environmental exposure to PCBs is ongoing as a result of continued use and disposal of
products containing these toxicants (Prince et al., 2006), as well as prevalent
bioaccumulation of PCBs in the biosphere and in the food chain (Norstrom et al., 2010).
PCBs present in the environment can bind to organic particles in water, sediments, soil, and
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atmospheric particulates. In contaminated areas in New Bedford Harbor (MA), average PCB
concentration was determined to be 2.3 mg/l in water and 351 μg/kg in sediments (Lake et
al., 1995). The average PCB levels in the air and soil samples collected in Anniston (AL)
were 62.8 ng/m3 and 2.8 mg/kg, respectively (ATSDR, 2000). Importantly, elevated
environmental levels of PCBs were associated with increased levels in serum in the exposed
population and higher prevalence to disease development (Goncharov et al., 2010;
Silverstone et al., 2012). Evidence suggests that exposure to PCBs may increase the
incidence of stroke (Shcherbatykh et al., 2005) and worsen stroke outcome (Dziennis et al.,
2008). Importantly, highly chlorinated ortho-PCBs preferentially accumulate in the brain
and thus induce prominent neurotoxic effects (Saghir et al., 2000). The most representative
compound from this group is 2,2′,4,4′,5,5′-hexachlorobiphenyl (PCB153), which is
common in environmental samples and accounts for 15–30% of total PCB content in most
human samples (Hansen, 1998; Saghir et al., 2000).

When released from environmental sources, PCBs can be adsorbed onto suspended particles
present in the air, such as ultrafine (nano-size particles) or fine particles. It has been reported
that PCBs can bind to indoor and outdoor dust with the particle size ranging from 0.95 μm
to 1.5 μm (Roberts and Dickey, 1995; Chrysikou et al., 2009; Fu et al., 2009). Nanoparticles
(NPs) and fine particles are able to penetrate the alveolar-capillary barrier of the lung to
access circulating blood cells (e.g. erythrocytes) (Valavanidis et al., 2008). Results from
animal experiments indicated that ultrafine particles can translocate into the systemic
circulation (Nemmar and Inuwa, 2008) and the brain (Oberdorster et al., 2004) through
inhalation or nasal instillation. Thus, particulate components from the ambient air may act as
effective carriers for various environmental pollutants entering the brain.

The blood-brain barrier (BBB) is a chemical and physical barrier composed of brain
endothelial cells, which are connected by tight junctions (TJs), and interact with other cells
and basement membrane of the neurovascular units (Alexander and Elrod, 2002; Abbott et
al., 2006). The presence of intact TJs is essential in maintaining a functional BBB
(Alexander and Elrod, 2002). Disruption of the BBB is associated with several acute and
chronic disorders of the central nervous system (CNS), including stroke, ischemia/
reperfusion, hypoxia/reoxygenation and cerebrovascular dysfunction (Fullerton et al., 2001;
Hawkins and Davis, 2005; Abbott et al., 2006). In addition, age and conditions linked to
aging, including hypertension and brain ischemia, can contribute to alterations of BBB
functions. The BBB contains the specialized carriers for glucose, amino acids, purine bases,
nucleosides and other substances, which ensure adequate delivery of nutrients, hormones,
and neurotransmitters. At the same time, the brain endothelium acts as an effective barrier to
prevent the circulating toxic agents entering the brain parenchyma. Thus, age-related BBB
dysfunction may impair the transport of nutrients and metabolites to the brain, whereas the
leaky barrier allows the circulating toxicants access the brain tissue. Moreover, genetic
variances may affect the BBB functions and contribute to the disease etiology. For instance,
heterozygous mutation in the glut1 gene results in glucose transporter (GLUT-1) deficiency
syndrome (Hawkins and Egleton, 2008), which impairs the transport of glucose across the
BBB. The cells composing the BBB can also interact with NPs. It was demonstrated that
NPs have ability to cross the BBB and accumulate in brain parenchyma (Calderon-
Garciduenas et al., 2008).

With the robust development of nanotechnology, nanotoxicity is also gaining increased
attention. Surface modifications of NPs markedly affect their biological and toxicological
properties. For example, neutral and anionic NPs at low concentrations appear to have no
effect on BBB integrity, whereas high concentrations of positively or negatively-charged
NPs disrupted the BBB. Anionic NPs were preferentially taken up by the brains as compared
to neutral or positively-charged NPs (Lockman et al., 2004). Other unique functionalities of
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NPs, including high surface area, make NPs a target for other environmental contaminants,
such as PCBs. Nevertheless, there are no research reports on cerebrovascular toxicity of
PCBs bound to NPs. In the present study, we demonstrate for the first time that such binding
results in increased cerebrovascular toxicity of PCB153, leading to enhanced brain injury in
experimental stroke model.

MATERIALS AND METHODS
Characterization of silica NPs and binding PCB153 to NPs

Silica NPs were purchased from NanoAmor (Houston, TX). In order to determine the effect
of different media on particle size distribution, particles were dispersed in distilled water,
phosphate buffered saline (PBS), or EBM-2. Then, the diameter size and the polydispersity
index (PDI) were assessed by dynamic light scattering (DLS) using a Malvern Instruments
Zetasizer Nano ZS.

In order to assemble PCB153 onto NPs, silica NPs (80 mg) were mixed with 10 mg of
PCB153 (2,2′,4,4′,5,5′-hexachlorobiphenyl, AccuStandard, New Haven, CT) in acetone
and sonicated. Acetone was allowed to evaporate and the mixture of NPs with PCB153 was
resuspended in water PBS or EBM-2. Sonication was applied during the process to
minimize the particles’ aggregation. The suspension was centrifuged at 12,000 rpm for 5
min. The supernatant was collected to analyze the final concentration of PCB153 by gas
chromatography/mass spectrometry (GC/MS). Control NPs were prepared using the same
procedure, without adding PCB153.

Animals and experiment groups
All experiments were performed following the protocol approved by the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. Mice (C57BL/6, 12-week-old,
male) were anesthetized with isoflurane and then infused with: a) PCB153 bound to silica
NPs (PCB153-NPs), b) PCB153 dissolved in 0.01% DMSO (PCB153), c) silica NPs alone,
or d) vehicle (DMSO or PBS). Sham controls were subjected to surgical procedures without
additional treatment. All injections were performed through the internal carotid artery (ICA)
to ensure drug delivery into the brain. PCB153 was administered in the amount of 5 ng/g
body weight. This design simplified the routes of exposure and potential surface
modification of NPs, which may occur when passing the gastrointestinal track, skin, or
airway passages. Direct injections into the bloodstream allowed for precise dosing to
evaluate whether binding of PCB153 to NPs influences their toxicological properties.

In selected experiments, mice were exposed to PCB153-NPs or PCB153 alone by oral
gavage at the dose of 5 ng/g once a day for 30 days. Such treatment mimics chronic
exposure to PCBs through food chain. Adipose tissue was then collected and analyzed for
PCB153 levels.

Surgical procedures
Injections via the internal carotid artery (ICA) and the installation of the vessel port were
performed as described earlier by our group (Chen et al., 2009). The focal ischemia stroke
model was based on a 40 min occlusion of the middle cerebral artery (MCA), confirmed by
a sharp decline in cerebral blood flow, followed by 24 h reperfusion. Then, the brains were
removed, sectioned into 1 mm slides, and the infarct area was visualized by 2,3,5-
triphenyltetrazolium chloride (TTC) staining. The infarct volume was quantified by ImageJ
analysis software as described earlier (Zhang et al., 2010).
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Cranial windows were installed to observe leukocyte interactions with cerebral vessels.
Under anesthesia, the left parietal bone was exposed by a midline skin incision, followed by
a craniotomy (2.5 mm diameter) 2.5 mm posterior from the bregma and 2.5 mm lateral from
the midline. The dura mater was removed to expose the underlying pial vasculature. A glass
coverslip was placed and sealed with dental cement over the exposed brain tissue, which
was suffused with artificial cerebrospinal fluid. Attachment of leukocyte to the brain
endothelium was assessed as described earlier (Chen et al., 2011) using rhodamine 6G
(Rho6G) chloride to label circulating leukocytes.

Monocyte transmigration assay in vivo
Murine monocyte/macrophage cells J774.1 were cultured in DMEM medium (Invitrogen,
Carlsbad, CA) supplemented with 10% FBS and antibiotics (penicillin, 100 U/ml; and
streptomycin, 100 μg/ml, Invitrogen). Monocytes were labeled with 20 μM CFDA-SE
(Vybrant CFDA-SE Cell Tracer Kit, Invitrogen), a dye which passively diffuses into cells
and yields fluorescence when its acetate groups are cleaved by intracellular esterases. Mice
were injected into the ICA with labeled monocytes at a concentration of 0.5×106 cells,
which were then allowed to circulate for 24 h. Brains were sliced (20 μm thick) and stained
to visualize the interaction of labeled monocytes with the brain endothelium. Staining for
claudin-5 was employed to visualize the brain capillaries. Images were acquired using a
Nikon fluorescence microscope (Nikon, Melville, NY) equipped with a SPOT RT camera
and software (Diagnostic Instruments, Sterling Heights, MI).

Analysis of PCB153 levels in adipose tissue
Tissue levels of PCB153 were analyzed as described previously (Sipka et al., 2008). Briefly,
adipose tissue samples (0.2–0.5 g) were spiked with surrogate standards (PCB65 and
PCB166) and mixed with 1.0 g diatomaceous earth. The mixtures were then homogenized
and extracted with ASE 200 accelerated solvent extractor (Dionex Corporation, Sunnyvale,
CA). After extraction with hexane, the extracts were concentrated using Rotavapor, vortexed
thoroughly, left overnight to achieve phase separation, and the hexane layer containing
PCB153 was collected. The extracted aliquots were further concentrated and 10 μl of 1.0 ng/
μl of internal standard PCB209 was added to each sample and transferred to a glass
microvial for analysis. Gas chromatographic analysis was performed with a GC-μECD
system (Agilent GC 6890N, autosampler G2913A, μECD detector) (Agilent Technologies,
Santa Clara, CA). PCB153 was identified on the basis of the retention time relative to
standards. Quantification was achieved based on calibration curves obtained using PCB
standards, the recovery efficiency calculated from the surrogates, and the sample weight.

BBB permeability assay
Animals were injected i.p. with 200 μl 10% sodium fluorescein in PBS. Fifteen minutes
later, blood was collected via cardiac puncture. Animals were transcardially perfused with
0.9% saline, the brains were harvested, and homogenized in PBS (1/10; w/v). Fluorescence
was determined using excitation at 485 nm and emission at 530 nm. The permeability results
were presented as a ratio of brain to plasma fluorescence intensity.

Immunoblotting and immunoreactivity
Brain microvessels were isolated as described previously (Seelbach et al., 2010) and either
lysed for immunoblotting or smeared on the glass slides for immunoreactivity assessments.
Lysed microvessels (50 μg protein per sample) were electrophoresed on 4–15% Tris-HCl
Ready SDS-polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA), transferred onto
PVDF membranes (Bio-Rad Laboratories), and incubated with specific primary antibodies.
Anti-occludin and anti-claudin-5 antibodies were purchased from Invitrogen, anti-actin
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antibody was from Sigma, and all secondary antibodies were from Santa Cruz
Biotechnology.

Brain microvessels smeared on the glass slides were incubated with anti-occludin and anti-
claudin-5 antibodies for tight junction (TJ) immunoreactivity studies.

Real-time RT-PCR
Freshly isolated microvessels were resuspended in 200 μl of TRIZOL reagent (Invitrogen)
and total RNA was extracted according to the manufacturer’s instructions. Then, 1 μg of
RNA was reverse-transcribed using the Reverse Transcription System (Promega, Madison,
WI). PCR amplification was performed using 3 μl of RT product, Taqman Universal PCR
Master Mix (Applied Biosystems, Foster City, CA), and the pre-developed primer pairs and
Taqman probes (Applied Biosystems) in a total volume of 25 μL. Expression of mRNA was
calculated and analyzed by the comparative CT method as described earlier (Lee et al.,
2004).

Cultures of human brain microvascular endothelial cells and in vitro transendothelial
migration

Human brain microvascular endothelial cells (hCMEC/D3 cell line) were cultured as
described previously (Zhong et al., 2008). For transendothelial migration, 1 × 105 hCMEC/
D3 cells were cultured on a Transwell filter until reaching confluency. Treatment factors
were the same as in animal experiments; however, final concentration of PCB153 was 1.6
μM. Human monocytic THP-1 cells were stained with calcein acetoxymethyl (calcein AM)
(5 μM) for 15 min and added in the amount of 2.5 × 105 on top of hCMEC/D3 monolayers
for 4 h at 37 °C. Fluorescence originating from the migrating THP-1 cells was measured in
200 μl aliquots collected in the lower compartment of the Transwell system at 485 nm
excitation and 530 nm emission.

Statistical analysis
Statistical analysis was completed by using Sigma-Stat 2.03 (SPSS, Chicago, IL). One-way
ANOVA, followed by Student-Newman-Keuls post hoc test or two-tailed Student’s t-test,
was used to compare mean responses among the treatments. A statistical probability of p <
0.05 was considered significant.

RESULTS
Characterization of NPs and PCB153-NPs

Nanoparticles are known to agglomerate in aqueous solutions. Both NPs and PCB153-NPs
agglomerated in water PBS and EBM-2 generating aggregates with the average
hydrodynamic diameter of ~250 nm for PCB153-NPs and ~350 nm for silica NPs alone
(Table 1). Data reported here are based on Cumulants analysis. Z-average diameter is the
mean diameter based on the intensity of scattered light, and the PDI describes the width of
the particle size distribution, calculated as PDI=σ2/ZD

2, where σ is the standard deviation
and ZD is the Z average mean size. An increase in the Z-average diameter is an indication of
particle aggregation.

As shown in Table 1, the size and PDI of NPs and PCB153-NPs vary in different media.
Particles dispersed in PBS and EBM-2 displayed higher PDI value than in water, indicating
less uniform dispersion. This may attribute to the ionic strength (IS), pH, or interaction of
particles with serum proteins in cell culture medium. Therefore, during material preparation
NPs were first dispersed in water and then diluted to final concentration in PBS.
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Disruption of TJ protein expression and the BBB integrity is enhanced in mice exposed to
PCB153-NPs

TJs are critical elements that regulate the integrity of the BBB. There was a tendency
towards diminished levels of occludin after exposure to NPs or PCB153 alone; however,
quantified results indicated that these changes did not reach statistical significance.
Importantly, administration of PCB153-NPs resulted in a significant decrease in expression
of occludin and claudin-5 in brain microvessels (Figures 1A and 1B, respectively) as
determined by immunoblotting and immunoreactivity.

Alterations of TJ molecular properties have been associated with disruption of BBB
integrity (Abbott et al., 2006). Therefore, we evaluated the influence of PCB153 and/or NPs
on the BBB function using an assay based on permeability of a fluorescent marker sodium
fluorescein. As indicated in Figure 2, exposure to PCB153-NPs significantly increased the
BBB permeability. Such effects were not observed in animals treated with equimolar
amount of PCB153 or NPs alone.

Exposure to PCB153-NPs potentiates inflammatory responses in brain capillaries
Stimulation of proinflammatory responses is both the prominent feature of PCB-induced
toxicity in the brain (Sipka et al., 2008) and an important element of stroke pathology.
Therefore, we determined the effects of PCB153 and/or NPs on mRNA expression of
proinflammatory cytokines tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) as
well as adhesion molecules intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) (Figure 3). Exposure to NPs alone did not affect expression
of these inflammatory mediators. Treatment with PCB153 alone significantly increased
mRNA levels of TNF-α, IL-1β, and ICAM-1 but not VCAM-1. Importantly, exposure to
PCB153-NPs resulted in significant elevation of mRNA of all proinflammatory mediators
assessed in the present study as compared to both controls and PCB153 alone treated mice.

Exposure to PCB153-NPs induces transcapillary migration of monocytes
Because disruption of the barrier function of the brain endothelium is associated with
migration of inflammatory cells into the brain, we evaluated these effects in mice exposed to
PCB153 and/or NPs. Mice were injected through the ICA with mouse-derived monocytic
J744.1 cells labeled with CFDA-SE. Brain slices were also stained for claudin-5 to visualize
brain microvessels. Figure 4A indicates enhanced numbers of monocytic clusters in brain
microvessels of mice treated with PCB153-NPs as compared to animals exposed to PCB153
alone. No attachment of labeled monocytes was detected in NP- or vehicle-treated animals.

To further confirm these effects, in vitro studies were performed using human brain
endothelial cells co-cultured with human monocytic THP-1 cells. As shown in Figure 4B,
treatment with PCB153-NPs, but not with PCB153 or NPs, enhanced transmigration of
THP-1 cells.

Exposure to PCB153-NPs potentiates brain injury in the experimental stroke model
We next investigated how binding to NPs can affect toxicity of PCB153 in an experimental
stroke model based on middle cerebral artery occlusion (MCAO). Mice were injected with
vehicle, PCB153 and/or NPs, into cerebral circulation. Twenty four hours later, the animals
were subjected to a 40 min MCAO, followed by a 24 h reperfusion. The infarct volume was
evaluated using TTC staining. As indicated in Figure 5, exposure to PCB153-NPs
significantly increased the infarct volume induced by ischemia/reperfusion as compared to
all other treatment groups.
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Long-term exposure to PCB153-NPs stimulates accumulation of PCB153 in adipose tissue
and potentiates leukocyte attachment to the cerebral vessels

In the final series of experiments, we changed the route of exposure and evaluated the
effects of chronic (30 days) oral exposure to PCB153 and/or PCB153-NPs. Treatment with
PCB153-NPs resulted in a significantly higher PCB153 accumulation in adipose tissue
collected from abdominal cavity as compared to exposure to PCB153 alone (Figure 6A).
Importantly, a chronic exposure to PCB153-NPs resulted in enhanced aggregation of
leukocytes in brain vessels and perivascular space as visualized through cranial window
(Figure 6B). In contrast, chronic treatment with subtoxic levels PCB153 alone did not affect
leukocyte aggregation in cerebral vessels.

DISCUSSION
The transport modes of PCBs in the environment are multifarious, including binding of
environmental PCBs to particulate matter (PM) (Nisbet and Sarofim, 1972). In the current
study, we hypothesized that such a binding may change toxicological properties of PCBs
and influence risk assessment. To address this hypothesis, we evaluated cerebrovascular
toxicity of PCB153 bound to silica NPs. The choice of PCB153 was based on the fact that it
is one of the most prominent PCB congeners in the environment. Moreover, ortho-
substituted PCBs, such as PCB153, accumulate in the CNS (Saghir et al., 2000; Sipka et al.,
2008). PM collected and analyzed in environmental samples is physically and chemically
complex, making analyses of the biological effects of air pollution challenging. In contrast,
engineered NPs are mono-dispersed and chemically pure. We used silica NPs as PCB153
carrier due to abundance of silica in the environment. Synthetic silica NPs, being chemically
inert, are generally regarded as safe (Campelo et al., 2009) and have been approved for use
as food or animal-feed ingredient as well as in diagnostic and biomedical research
(Napierska et al., 2009). Importantly, silica NPs employed in the present study were in the
similar size range as particles present in the environment.

Once deposited, the fate of NPs depends on their chemical structure and targeted organs.
NPs can reach the CNS through the sensory nerves embedded in the airway epithelia
(Oberdorster et al., 2004), and/or directly through the BBB (Borm et al., 2006; Peters et al.,
2006). While specific NPs can be biodegraded and/or cleared from tissues via the
gastrointestinal tract, lymphatic system, and blood circulation, we demonstrated that NPs,
such as nano-alumina can still be detected in the brain several days after the initial exposure,
causing long lasting effects (Chen et al., 2012).

Results of the present study indicate that animals exposed to PCB153 bound to silica NPs
exhibit a dramatic increase in BBB permeability and decrease of TJ protein expression,
effects that are not observed in animals exposed to an equal amount of PCB153 alone.
Although specific mechanisms of PCB153-NP-induced disruption of BBB integrity are not
known, redox-responsive reactions might be involved in this event. The brain is an organ
that is highly vulnerable to oxidative stress due to its high content of iron and lipids, high
oxygen consumption, and relatively low capacity of antioxidant defenses (Seelbach et al.,
2010). Such properties make the brain susceptible to PCB-induced injury, as PCBs are
recognized as potent inducers of oxidative stress (Choi et al., 2003; Choi et al., 2010). In
fact, a recent study published by our group indicated that PCB153 can induce cellular
oxidation acting through the NADPH oxidase complex (Eum et al., 2009). Moreover,
exposure to particulate matter can also induce production of reactive oxygen species (ROS)
in rat brain capillaries, resulting in alterations of expression of TJ proteins (Hartz et al.,
2008). An increase in oxidative stress may provide a common trigger for downstream events
that regulate BBB integrity. For example, oxidative stress-induced alterations of TJ proteins
may act through Ras and Rho redox responsive elements (Haorah et al., 2007). Upon
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activation, Rho phosphorylates downstream molecules such as Rho kinase (ROCK), which
then results in increased myosin light chain (MLC) phosphorylation via inhibition of MLC
phosphatases (Pellegrin and Mellor, 2007). Oxidative stress can also lead to the elevation of
chemokine receptors at the brain endothelium, further contributing to MLC phosphorylation
through the activation of myosin light chain kinase (MLCK) (Shiu et al., 2007). MLCK can
modulate actin structure and phosphorylate TJ proteins, which results in the cytoskeletal
reorganization. Under conditions of oxidative stress, activated protein tyrosine kinases
(PTKs) may also trigger activation of matrix metalloproteinases (MMPs), which can
degrade the endothelium basement membrane, leading to the disruption of the BBB
(Rosenberg et al., 1998).

Recent reports from our laboratory implicate the brain endothelium as an important target of
vascular toxicity of PCBs. Indeed, exposure to specific PCB congeners, including PCB153,
stimulate induction of adhesion molecules and induce leukocyte adhesion (Eum et al., 2009;
Sipos et al., 2012). These effects are important because inflammatory responses involving
cerebral vessels contribute to the development of neuroinflammation, constitute the risk of
onset of stroke, and potentiate tissue damage in brain ischemia/reperfusion (Lo et al., 2003).
Upregulation of ICAM-1 and VCAM-1 expression by brain endothelial cells has also been
associated with multiple sclerosis, encephalitis, and other inflammatory conditions in the
brain (de Vries et al., 1997). Therefore, it is of significant clinical relevance that exposure to
PCB153-NPs results in more pronounced expression of proinflammatory mediators as
compared to treatment with PCB153 alone. Overexpression of inflammatory cytokines, such
as TNF-α and IL-1β, can further stimulate production of proinflammatory mediators, impair
BBB functions, and recruit inflammatory cells. Moreover, inflammatory cytokines can
induce expression of adhesion molecules on endothelial cells, facilitating the adherence of
leukocytes to the brain endothelium. A functional BBB is critical in maintaining the
immune-privileged status of the brain. Thus, a strategy targeting inhibition of
proinflammatory mediators may help to protect against PCB- or other environment
pollutant-induced BBB dysfunction.

Increased expression of adhesion molecules results in enhanced adhesive properties of
endothelial cells and stimulation of adhesion of leukocytes to the brain endothelium
(Albelda et al., 1994; Wong et al., 2007). Therefore, we investigated the influence of
PCB153 and/or NPs on leukocyte adhesion using both in vivo and in vitro models.
Visualization of leukocyte-endothelium interaction was accomplished in vivo by detection
of labeled leukocytes by fluorescent microscopy via a cranial window. While this method is
suitable to study the interactions of leukocytes with brain microvessels, in vitro modeling of
transendothelial migration of monocyte allows for quantitative comparison among different
treatments.

Consistent with the effects on expression of pro-inflammatory mediators, both acute and
chronic administration of PCB153-NPs significantly upregulate monocyte attachment to the
brain endothelium, with PCB153 having only a moderate effect. These results indicate that
brain microvessels can recognize and respond to PCB153-NPs by producing pro-
inflammatory molecules. This response may serve as a pro-inflammatory sensor and
ultimately distribute ROS and cytokines, further contributing to the CNS pathology.

Enhanced cerebrovascular toxicity of PCB153-NPs, as compared to PCB153 alone, may
result from more effective bioaccumulation of these toxicants. The properties of NPs as
effective carriers across the BBB are well described and have been used for drug delivery
into the brain (Lockman et al., 2002). Another possibility is lower excretion rate of PCB153-
NPs due to the longer retention of NPs (El-Ansary and Al-Daihan, 2009). Indeed, we
observed a higher PCB153 body burden in animals chronically exposed to PCB153-NPs
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than in PCB153 alone. These measurements were performed in adipose tissue to reflect
lifetime PCB bioaccumulation (Crinnion, 2011). Because chronic exposure to PCB153 and/
or NPs was administered, effects of PCB153 and NPs on intestinal epithelium might also
contribute to increased PCB153 absorption into the blood stream. In fact, we recently
demonstrated that oral exposure to PCBs can disrupt TJ proteins in small intestine and
increase intestinal permeability (Choi et al., 2010).

Epidemiologic studies and laboratory evidence demonstrate that exposure to PCBs may
enhance the risk for stroke and other vascular disorders (Hennig et al., 2005; Shcherbatykh
et al., 2005). Therefore, one aim of the present study was to investigate the effects of
PCB153 and/or NPs on the development and outcome of stroke. We detected a larger stroke
volume in mice exposed to PCB153-NPs, as compared to other treatment groups, which was
consistent with the effects of these toxicants on TJ protein expression and proinflammatory
responses. Indeed, endothelial activation, proinflammatory and prothrombotic interactions
between the vessel wall and circulating blood constituents are known risk factors triggering
the onset of stroke (Stanimirovic and Satoh, 2000).

In summary, we demonstrate for the first time that binding of PCB153 to silica NPs can
increase cerebrovascular toxicity of these toxicants by enhancing proinflammatory responses
and disruption of the BBB integrity. These effects appear to predispose mice to stroke and
potentiate brain injury associated with ischemia/reperfusion. Our results also emphasize the
importance of risk assessment for NPs by demonstrating that even chemically inert silica
NPs can markedly influence toxicity of other environmental chemicals, such as PCBs.
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Figure 1. Treatment with PCB153-NPs disrupts expression of tight junction proteins and BBB
integrity
Mice were exposed to PCB153-NPs by infusion into the internal carotid artery (ICA) at the
dose of 5 ng PCB153/g body weight bound to 1.04 × 105 silica NPs. Control mice were
infused with the same amounts of NPs, PCB153 dissolved in DMSO, or vehicle (PBS or
0.01% DMSO). Brain microvessels were isolated 24 h post treatment and analyzed for
occludin (A) and claudin-5 (B) expression by immunoblotting and immunofluorescence.
Immunoreactivity of occludin and claudin-5 was stained in green and red, respectively; scale
bar=20 μm. The blots in A and B are representative images from all experiments and the
quantified results are depicted in the form of bar graphs. Arrows indicate disrupted
continuity of tight junction proteins. Results are mean ± SEM, n=4. *Significantly different
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as compared to control groups at *p<0.05 or ***p<0.001. †Results in the PCB153-NP group
are statistically different from those in the PCB153 group at †p<0.05 or †††p<0.001.
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Figure 2. Treatment with PCB153-NPs increases permeability of the BBB
Mice were injected with vehicle, PCB153 and/or NPs as in Figure 1. BBB permeability was
evaluated using sodium fluorescein 24 h post treatment. Results are mean ±SEM, n=4.
***Significantly different as compared to other groups at p<0.001.
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Figure 3. Exposure to PCB153-NPs potentiates inflammatory responses in brain capillaries
Mice were treated as in Figure 1, followed by brain microvessel isolation. mRNA levels of
TNF-α (A), IL-1β (B), ICAM-1 (C), and VCAM-1 (D) were determined by real-time PCR.
Results are mean ± SEM, n=6. *Significantly different as compared to control groups at
**p<0.01 or ***p<0.001. †Results in the PCB153-NPs group are statistically different from
those in the PCB153 group at †p<0.05, ††p<0.01, or †††p<0.001.
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Figure 4. Treatment with PCB153-NPs enhances monocyte transmigration
(A) Mice were exposed to vehicle, PCB153, and/or NPs as in Figure 1, followed by
injection with monocytic J774.1 cells labeled with CFDA-SE (green) into the internal
carotid artery. In addition, brain sections were stained for claudin-5 (red) to visualize the
vessels. Closed arrowheads indicate labeled J774.1 cells inside cerebral vessels, while open
arrowheads indicate labeled J774.1 cells that appear to be present in the perivascular space.
Scale bar = 20 μm. (B) Con uent hCMEC/D3 cells cultured on Transwell inserts were
treated with PCB153-NPs (PCB153, 1.6 μM; NPs, 2.08 × 105), PCB153 (1.6 μM), NPs
(2.08 × 105), or vehicle for 24 h. THP-1 monocytic cells were labeled with calcein AM,
added on the top of endothelial monolayers, and their transendothelial migration was
assessed 4 h later. Data are mean ± standard deviation (SD), n=6. *Significantly different as
compared to control groups at p<0.05.
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Figure 5. Exposure to PCB153-NPs increases the infarct volume in the experimental stroke
model
Mice were treated as in Figure 1 and subjected to a 40 min MCAO, followed by a 24 h
reperfusion, and staining with 2,3,5-triphenyltetrazolium chloride (TTC) to visualize viable
tissue. Unstained area (arrows) corresponds to damaged brain tissue. Quantified results of
negative TTC staining are depicted in the form of bar graphs. Results are mean ± SEM,
n=5–7. ***Significantly different as compared to other groups at p<0.001.
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Figure 6. Long-term exposure to PCB153-NPs potentiates PCB153 adipose accumulation and
leukocyte attachment to cerebral vessels
(A) Mice were exposed orally to PCB153-NPs (5 ng PCB153/g body weight bound to 1.04
× 105 silica NPs), the equimolar dose of PCB153, or the appropriate vehicles for 30 days.
PCB153 levels were assessed in adipose tissue. Results are mean ± SEM, n=5–6.
*Significantly different as compared to other groups at p<0.05. (B) Mice were exposed as in
(A), followed by installation of the cranial window. Circulating leukocytes were
fluorescently labeled by i.p. injection with rhodamine 6G and the interactions of labeled
leukocytes with the brain endothelium were detected via cranial window under fluorescent
microscope. Arrows indicate leukocytes inside the cerebral vessels that appear to be attached
to the brain endothelium. Scale bar = 20 μm.

Zhang et al. Page 19

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Zhang et al. Page 20

Table 1

Hydrodynamic particle diameters of NPs in different media as determined by dynamic light scattering.

Particles Z-Average Diameter (nm) PDI

NPs

 Water 346.5 0.246

 PBS 346.3 0.610

 EBM-2 333.6 0.294

PCB153-NPs

 Water 246.7 0.277

 PBS 265.8 0.442

 EBM-2 239.5 0.511
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