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Abstract
Aim—Multiple sclerosis (MS) is an autoimmune disease of the central nervous system (CNS),
characterized by demyelination of white matter, loss of myelin forming oligodendrocytes, changes
in the blood-brain-barrier (BBB), and leukocyte infiltration. Myelin basic protein (MBP) is a
component of the myelin sheath. Degradation of myelin is believed to be an important step that
leads to MS pathology. Transmigration of leukocytes across the vasculature, and a compromised
BBB participate in the neuroinflammation of MS. We examined the expression and regulation of
the chemokine CCL2 and the cytokine IL-6 in human endothelial cells (EC), a component of the
BBB, after treatment with MBP.

Methods—EC were treated with full length MBP. CCL2 and IL-6 protein were determined by
ELISA. Western blot analysis was used to determine signaling pathways. A BBB model was
treated with MBP and permeability was assayed using albumin conjugated to Evan’s blue dye.
The levels of the tight junction proteins occludin and claudin-1, and matrix metalloprotease
(MMP)-2 were assayed by Western blot.

Results—MBP significantly induced CCL2 and IL-6 protein from EC. This induction was
partially mediated by the p38 MAPK pathway as there was phosphorylation after MBP treatment.
MBP treatment of a BBB model caused an increase in permeability that correlated with a decrease
in occludin and claudin-1, and an induction of MMP-2.

Conclusion—These data demonstrate that MBP induces chemotactic and inflammatory
mediators. MBP also alters BBB permeability and tight junction expression, indicating additional
factors that may contribute to the BBB breakdown characteristic of MS.
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INTRODUCTION
Multiple sclerosis (MS), an autoimmune inflammatory demyelinating disease of the central
nervous system (CNS), affects mainly the white matter. This demyelination characteristic of
MS is a result of the breakdown of the myelin sheath [1, 2], resulting in the release of
soluble myelin basic protein (MBP) [3].

MBP is the second most abundant protein in the CNS, and is essential for the formation of
myelin. Immunostaining of tissue from patients with MS revealed the presence of
extracellular myelin proteins, including MBP, in leptomeninges and perivascular spaces,
specifically between the basement membranes of the vessels and glial limitans [4]. Also, we
have previously shown that extracellular MBP can affect CNS cells by inducing their
expression of cell-surface proteins [5]. In an animal model of MS, experimental autoimmune
encephalomyelitis (EAE), demyelination occurred from degradation of myelin, including
cleavage of MBP to smaller peptides for presentation to T cells, thereby sensitizing them to
damage myelin [6-8]. In MS, the cleavage of MBP results in peptides containing the
immunodominant epitope that sensitizes T cells to digest further myelin [8]. Demyelination
may also result from the phagocytosis of MBP. When demyelinated areas of rats induced to
develop EAE were immunostained, MBP expression was found within macrophages which
demonstrated phagocytosis of myelin [9].

MS is characterized by the presence of anti-MBP autoantibodies in sera and CSF of affected
individuals, with anti-MBP levels increasing with disease progression [10, 11]. Individuals
with serum anti-MBP antibodies developed clinically defined MS more often and earlier
than individuals without antibodies, indicating the use of these antibodies as a possible
diagnostic tool for predicting early conversion to clinically defined MS [12, 13]. Also, the
presence of MBP within the cerebrospinal fluid (CSF) has been used as a marker for disease
severity, with increasing concentrations seen during relapse and onset of clinical symptoms
([14-16] and reviewed in [17]). When MBP was injected into the CSF of rats, it was shown
to bind to the luminal surface of endothelial cells of vessel walls, indicating that after MBP
release from the brain, it can be presented on vascular endothelial cells where it can then be
recognized by sensitized T cells [18].

Exacerbated release of chemokines and cytokines are also important in the pathogenesis of
MS and EAE. Chemokines are chemotactic cytokines that can attract and activate cells,
including those of the CNS [19, 20]. Chemokine (C-C motif) ligand 2 (MCP-1; CCL2)
attracts monocytes, activated T cells, and microglia, and is secreted by astrocytes, microglia,
endothelial cells and macrophages. We and others showed that CCL2 is expressed by
astrocytes and macrophages in acute and chronic lesions, as well as in demyelinating
plaques [21-24]. Anti-CCL2 antibodies administered prior to induction of EAE prevented
disease [25, 26]. In rats with EAE, treatment with 7ND, an inhibitor of CCL2, had a
complete suppression of relapse of biphasic and chronic EAE [27]. These studies underscore
the important role of CCL2 in MS and EAE pathogenesis.

Interleukin (IL)-6 induces leukocyte chemoattraction to the endothelium, as well as
lymphocyte activation (reviewed in [28]). It is secreted by activated immune cells,
microglia, astrocytes and endothelial cells [29], and is found in high concentrations in active
MS lesions [30, 31]. In a rat model of EAE, IL-6 was induced in the spinal cord, with
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maximum expression at onset of disease [32]. Mice treated with resveratrol, an anti-
inflammatory agent, were resistant to EAE induction due to diminished IL-6 production
from macrophages [33]. Anti-IL-6 antibodies reduced incidence and severity of EAE [34],
whereas treatment with anti-IL-6 receptor antibodies prevented EAE induction [35].

The blood-brain-barrier (BBB) separates the CNS from the periphery. It is maintained by
tight junction proteins between endothelial cells, as well as by interactions with astrocytic
end feet, pericytes, microglia, and some neuronal elements. The permeability of the BBB is
compromised if tight junctions are disrupted (reviewed in [36]). BBB breakdown has been
associated with active demyelination in rats with EAE [37]. In mice, disease severity in the
acute phase of EAE was directly correlated to the degree of BBB permeability [38]. In MS,
disruption of the BBB precedes formation of demyelinating lesions [39], and development
of clinical signs [40]. A disrupted BBB may be one mechanism by which MBP can leave the
brain and enter the periphery to interact with vascular endothelial cells [18].

As CCL2 and IL-6 are important in the pathogenesis of MS, we addressed the mechanism(s)
by which these proteins are upregulated in EC, a major component of the BBB, and how this
upregulation leads to BBB disruption. We show that EC secrete CCL2 and IL-6 in response
to MBP. Treatment with specific inhibitors demonstrated that production of these proteins in
response to MBP is partially dependent on the p38 MAPK pathway. We also demonstrate
that MBP treatment of either the endothelial cells or astrocytes in our human BBB model
significantly increases permeability of the BBB, and that this may be attributed to decreased
occludin and claudin-1, and increased matrix metalloprotease (MMP)-2 seen in EC after
MBP treatment. Thus, MBP, released during myelin breakdown, may have several effects
that mediate the pathogenesis of MS. It can induce endothelial cells to elaborate factors that
lead to the recruitment of autoreactive T cells and may also actively participate in BBB
breakdown, thereby augmenting the inflammatory cascade characteristic of MS.

MATERIALS AND METHODS
Cell Culture and Reagents

Human umbilical vein endothelial cells (EC) were isolated as previously described [41].
Briefly, umbilical veins were rinsed with sterile saline and digested with 0.1% collagenase.
EC were cultured on 0.2% gelatin-coated tissue culture dishes with M199 media
(Invitrogen), supplemented with 20% newborn calf serum (Biocell, Rancho Dominguez,
California), 25μg/ml heparin (Sigma, St. Louis, Missouri), 50μg/ml ascorbic acid (Sigma),
1.6 mM L-glutamine (Invitrogen), 7.5μg/ml endothelial cell growth factor (Sigma), 2.78μg/
ml bovine brain extract (Clonetics/BioWittaker, Walkersville, Maryland), 1% penicillin-
streptomycin (Invitrogen), 0.16% bicarbonate, and 10mM Hepes (Sigma). Confluent EC at
passage 3 were used for all experiments. The purity of the EC cultures was determined by
immunostaining with factor VIII (>99% positive) as previously described [42]. We have
also performed comparable experiments using brain microvascular EC and found no
differences in cytokine expression or in the coculture model [43]. Total MBP antigen from
human brain was obtained from Sigma. EC were treated with different doses of MBP or left
untreated for 24 hours, or treated with 100μg/ml of MBP or left untreated for 4, 7 and 24
hours, after which supernatants were collected and analyzed for CCL2 and IL-6 protein
secretion. For inhibitor studies, EC were pretreated with 10 μM of the MEK1/2 MAPK
inhibitor, U0126, 10 μM of the p38 α and β MAPK inhibitor, SB203580, or 10 μM of the
phosphatidylinositol-3-kinase (PI3K) inhibitor, LY294002 for one hour. MBP at 100μg/ml
was then added to the cultures without changing the media for an additional 24 hours.
Supernatants were then collected and analyzed for CCL2 and IL-6 protein expression.
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Human fetal CNS tissue was obtained and used as part of an ongoing research protocol
approved by the Albert Einstein College of Medicine. Astrocytes were obtained as
previously described [43]. Briefly, tissue was minced and digested in 0.25% trypsin (Gibco
BRL) and 1% DNase1 at 37°C for 45 minutes. The tissue was then passed through a 250μm
nylon mesh filter, followed by a 150μm filter, and washed. Cells were resuspended in
DMEM plus 25mM Hepes, 10% fetal calf serum, 1% penicillin-streptomycin, and 1%
nonessential amino acids, and plated at 9×107 per 150cm2 flask. The cultures were
maintained at 5%CO2 and 37°C. After 12 days, the cells were removed from the flasks and
plated in 100mm dishes (1 flask per 2 dishes), and passaged when confluent. Purity of
astrocyte cultures was determined by immunostaining with glial fibrillary acidic protein
(>99% positive) and HAM56 (unreactive) as previously described [42]. In early cultures,
there is some neuronal contamination, but after several passages, the neuronal population
dies out, therefore, cells were used at passage 4 for the BBB model to ensure the absence of
contaminating cells.

Chemokine/Cytokine ELISAs
Supernatants were analyzed for CCL2 and IL-6 protein using a sandwich ELISA according
to the manufacturer’s protocol. CCL2 and IL-6 ELISA antibody pairs were purchased from
R&D Systems. The limits of detection for these assays are 4pg/mL and 4.7pg/ml,
respectively.

Western Blot Analysis
Twenty-four hours after plating, EC were treated with 100ng/mL MBP for 120 and 240
minutes, or left untreated. For occludin, claudin-1, and MMP2 analyses, cells were treated
with MBP for 24 hours. EC were washed with 1x PBS and lysed with cell lysis buffer (Cell
Signaling Technologies, Beverly, Massachusetts) supplemented with 1mM PMSF. The cells
were sonicated and protein was quantified using the Bio-Rad Protein Assay (Bio-Rad
Laboratories). The protein was heated at 95°C for 5 minutes and 20 μg of lysate was loaded
onto each lane of a 10% SDS-PAGE gel. Proteins were transferred electrophoretically to
Protran nitrocellulose (Schleicher & Schuell, Keene, New Hampshire). Membranes were
blocked with 5% nonfat dry milk and 3% bovine serum albumin in 0.1% Tween-20/TBS for
1 hour, and incubated with primary antibodies (phospho-p38 MAP kinase Ab, Cell
Signaling Technologies, occludin Ab, Invitrogen, Carlsbad, California, claudin-1 Ab,
Invitrogen, or anti-MMP2 Ab, Cell Signaling Technologies) at a concentration of 1:1000 for
phospho-p38, 1:800 for occludin and claudin-1, and 1:1000 for MMP2, overnight at 4 °C.
After washing, membranes were incubated with anti-rabbit-HRP (phospho-p38, claudin-1,
and MMP2) or anti-mouse-HRP (occludin) secondary antibody (1:2000, Cell Signaling
Technologies) for 1 hour at room temperature. Proteins were visualized using an enhanced
chemiluminescence detection kit (ECL, Amersham-Pharmacia, Piscataway, New Jersey).
For α-tubulin detection, membranes were shaken in stripping buffer (62.5mM tris-HCl pH
6.8, 2% SDS, and 100mM β-mercaptoethanol) for 30 minutes at 50°C, and washed
repeatedly. Membranes were then blocked with 5% nonfat dry milk and 3% bovine serum
albumin in 0.1% Tween-20/TBS for 1 hour, and incubated with α-tubulin (Sigma) at a
concentration of 1:10000, overnight at 4 °C. After washing, membranes were incubated with
anti-mouse-HRP secondary antibody (1:2000, Cell Signaling Technologies) for 1 hour at
room temperature. Protein was visualized using an enhanced chemiluminescence detection
kit (ECL, Amersham-Pharmacia).

Human BBB Model
The BBB was established as previously described [42, 44, 45]. Briefly, EC and astrocytes
were cultured on either side of a 3μm gelatin-coated tissue culture insert (BD-Falcon,
Franklin Lakes, New Jersey). The cocultures were incubated for 3 days to establish BBB
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properties, including EC expression of glucose transporter-1 and γ-glutamyltranspeptidase,
as well as increased expression of tight junction proteins, after which, the EC or the
astrocytes were treated with 100μg/ml MBP for 24 hours. The inserts were rinsed in phenol
red-free DMEM and permeability was tested.

Permeability Assay
Permeability of inserts from the BBB model was assayed as previously described [44].
Briefly, the inserts were rinsed in phenol red-free DMEM and placed in clean 24-well
culture plates containing 200μL albumin (0.45%) conjugated to Evan’s blue dye (EBA) in
the upper chamber and 400μL phenol red-free DMEM+10% FCS in the lower chamber. The
inserts were incubated for 30 minutes at 37°C, after which the media from the lower
chamber was collected and read spectrophotometrically at 620nm in order to determine the
amount of EBA that passed through the cells, where increased OD readings corresponded to
greater disruption of the barrier.

Statistical Analysis
The Student’s t-test (two-tailed) was used to determine significance. A value of p<0.05 was
considered to be significant.

RESULTS
MBP treatment of EC induces CCL2 and IL-6 secretion

EC were treated with MBP (1μg/ml, 10μg/ml, 50μg/ml or 100μg/ml) or left untreated for
24 hours. Since MBP was diluted in HCl, each experiment also included EC treated with
10mM HCl, which was the concentration corresponding to 100μg/ml of MBP. This
treatment did not result in any significant protein induction (data not shown), so the
untreated corresponds to no treatment at all. Additionally, prior to treatment, all MBP
preparations were sterile filtered to ensure endotoxin-free conditions. MBP treatment of EC
resulted in significant secretion of CCL2. MBP at 10μg/ml, 50μg/ml and 100μg/ml
significantly increased CCL2 secretion compared to untreated cells (Figure 1A; *p<0.03;
n=4), where 10μg/ml of MBP resulted in 15.7 ± 3.5ng/ml, 50μg/ml of MBP resulted in 27.2
± 3.6ng/ml, and 100μg/ml resulted in 37.2 ± 3.3ng/ml of CCL2 compared to 13 ± 3ng/ml of
CCL2 for untreated cells. MBP at 50μg/ml and 100μg/ml significantly increased CCL2
secretion compared to MBP at 10μg/ml (Figure 1A; **p<0.03; n=4), however there was no
significant difference in CCL2 secretion between MBP at 50μg/ml or 100μg/ml (Figure
1A). MBP at 50μg/ml and 100μg/ml treatments significantly increased IL-6 compared to
untreated cells (Figure 1B; #p<0.05; n=4), where 50μg/ml of MBP resulted in 4.3 ± 2.5ng/
ml and 100μg/ml resulted in 6.2 ± 1.8ng/ml of IL-6 compared to 2.5 ± 2.1ng/ml of IL-6 for
untreated cells. While MBP clearly increased IL-6, its induction was not significant between
MBP at 50μg/ml and 100μg/ml. Since both MBP at 50μg/ml and 100μg/ml were
significantly increased compared to MBP at 10μg/ml for CCL2 and these doses also induced
IL-6, MBP was used at 100μg/ml for all subsequent experiments. As these are primary cells,
background cytokine levels vary among cultures. To account for varying baseline levels, the
experiments were repeated at least three times and the data were expressed as fold induction.

Kinetics of MBP-induced CCL2 and IL-6 secretion
EC were treated for 4, 7 or 24 hours with 100μg/ml of MBP, or left untreated. Although
CCL2 secretion began to increase at 4 hours and 7 hours, significant CCL2 production
occurred at 24 hours of MBP treatment, with 49.1 ± 4.9ng/ml compared to 18 ± 2.7ng/ml for
untreated cells (Figure 2A; *p<0.006; n=3). Additionally, MBP-induced CCL2 production
was significantly increased at 24 hours compared to MBP-induced CCL2 production at 7
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hours (Figure 2A; **p<0.02; n=3). After MBP treatment, IL-6 secretion was significantly
increased at 4 hours (0.9 ± 0.05ng/ml), 7 hours (2 ± 0.3ng/ml), and 24 hours (5.3 ± 0.2ng/
ml), as compared to untreated cells at each time point (0.2 ± 0.01ng/ml, 0.3 ± 0.08ng/ml, 1.2
± 0.3ng/ml, respectively; Figure 2B; *p<0.006, #p<0.04, †p<0.02; n=3). IL-6 was also
significantly increased at 24 hours compared to MBP-induced IL-6 production at 7 hours
(Figure 2B; ††p<0.003; n=3).

MBP-induced secretion of CCL2 and IL-6 are mediated, in part, through the p38MAPK
pathway

The signal transduction pathways that are activated in EC by MBP treatment resulting in
CCL2 and IL-6 production were examined. Treatment of EC with 100μg/ml of MBP and
either 10μM of the MEK1/2 inhibitor, U0126, 10μM of the p38 inhibitor, SB203580, or
10μM of the PI3K inhibitor, LY294002, for 24 hours demonstrated that only SB203580
significantly inhibited MBP-induced CCL2 protein (reduced by 35 ± 3.3% compared to
MBP treatment only; Figure 3A; **p<0.005; n=4). There was no significant difference in
MBP-induced CCL2 protein after treatment with either U0126 or LY294002. Similarly,
treatment of EC with 100μg/ml of MBP and any of the above described inhibitors for 24
hours demonstrated that SB203580 significantly inhibited MBP-induced IL-6 protein
(reduced by 59 ± 4.9% compared to MBP treatment only; Figure 3B; **p<0.005; n=4).
There was no difference in MBP-induced IL-6 protein after treatment with U0126 or
LY294002. Lysates prepared from EC treated with and without MBP at different time points
were then studied by Western blot analysis to examine MBP-mediated p38 phosphorylation.
As demonstrated in Figure 4, MBP induced phosphorylation of p38 after 120 minutes, and
this phosphorylation remained for 240 minutes (Figure 4 upper panel, lanes 6 and 8). The
lower panel represents the α-tubulin loading control.

MBP treatment increases permeability of a human BBB model
In MS there is increased permeability of the BBB [46, 47]. We therefore determined
whether MBP disrupted our human BBB model as assayed by an increase in permeability to
Evan’s blue dye conjugated albumin. EC were plated on the upper side of a 3μm pore insert
and astrocytes were plated on the under side (Figure 5A). We previously demonstrated that
after three days in co-culture, the cells take on BBB properties, such as increased expression
of tight junction proteins and BBB-specific proteins [42-45]. After three days in culture, the
astrocyte or the EC side was treated with 100μg/ml of MBP for 24 hours, after which
permeability was tested. As shown in Figure 5B, treatment of either the EC (0.147 ± 0.027
OD) or the astrocyte side (0.509 ± 0.036 OD) of the barrier resulted in significantly
increased permeability as compared to the untreated barrier (0.048 ± 0.012 OD; *p<0.006;
n=3). EDTA at 4mM was used as a positive control for barrier disruption (data not shown).

MBP treatment of EC results in a decrease in the tight junction proteins occludin and
claudin-1

BBB EC express increased levels of tight junction proteins. We therefore examined whether
the tight junction proteins occludin and claudin-1 are altered after MBP treatment of EC. As
shown in Figure 6A, Western blot analysis demonstrates that after treatment of EC with
100μg/ml of MBP, occludin is decreased as compared to untreated cells (Figure 6A, upper
panel). Although occludin did not present as a distinct band, the diffuse banding pattern has
been observed by others [48]. The lower panel represents the α-tubulin loading control.
Densitometric analysis was also performed. Occludin was significantly reduced by 33.5 ±
7.6% after MBP treatment (Figure 6B; *p<0.05; n=2). Similar results were obtained with
claudin-1 expression. As shown in Figure 6C, Western blot analysis demonstrates a
reduction of claudin-1 protein expression after treatment of EC with 100μg/ml of MBP
compared to untreated cells (Figure 6C, upper panel). The lower panel represents the α-
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tubulin loading control. Densitometric analysis demonstrated that claudin-1 was
significantly reduced by 23.3 ± 5.4% after MBP treatment (Figure 6D; *p<0.05; n=2).

MBP treatment of EC results in an increase in MMP2 protein
Matrix metalloproteinases (MMPs) have been implicated in the breakdown of the BBB and
in various neuroinflammatory diseases (reviewed in [49, 50]). We demonstrate that MBP
increases BBB permeability of our model (see Figure 5). We therefore determined if the
increase in permeability was due, at least in part, to the production of MMPs. EC were
treated with 100μg/ml of MBP or were left untreated for 24 hours. Figure 7 (n=2)
demonstrates that MBP treatment increases the active form of MMP2, an MMP that
degrades collagen, a component of the basement membrane [51].

DISCUSSION
CNS inflammation, BBB breakdown, and the resulting demyelination and neuronal damage
and loss are characteristics of MS [1, 52]. The breakdown of MBP, one of the major myelin
proteins, is essential to the demyelination process [2]. In addition, individuals with anti-
MBP antibodies in their serum have an increased number of demyelinated lesions [53].
Degradation of MBP has been hypothesized as a mechanism of generating immunodominant
MBP peptides. Others showed that incubation of a charged MBP isomer from normal and
MS tissue resulted in the accumulation of small peptide fragments containing the
immunodominant epitope, and MBP from MS tissue generated 200 fold more peptide than
MBP from normal tissue [8]. Chemokines and cytokines have also been shown to play a
significant role in the pathogenesis of MS. They have been demonstrated in MS lesions and
demyelinating plaques and contribute to the inflammatory cascade seen during disease
(reviewed by [54]). Therefore, since MBP is present in MS tissue and chemokines and
cytokines are essential to inflammation and the developing lesion, we examined the
inflammatory role of MBP in mediating the pathogenesis of MS.

CCL2 is highly expressed in acute and chronic MS lesions and demyelinating plaques
[21-24]. Increased expression of CCL2 by EC in vessels within demyelinating plaques has
been demonstrated [55]. Brain EC, removed from demyelinating plaques of people with MS,
also demonstrated and increase in CCL2 protein production [55] and mRNA expression [56]
after treatment with INFγ and TNFα, two cytokines prevalent in MS brains. The CCL2
receptor, CCR2, has also been implicated in disease, as it has been detected on astrocytes,
macrophages and activated microglia in active MS lesions [24, 57]. CCR2+ cells can
transmigrate across an in vitro BBB model more efficiently that CCR2-cells [58] and a
significantly higher percentage of CCR2+ T cells were present in individuals with secondary
progressive MS (SPMS) compared to control groups [59]. EAE models have also
demonstrated the importance of the CCL2-CCR2 axis in disease development, as KO mice
of either CCL2 or CCR2 failed to develop disease [60-62]. In a TNFα-induced
demyelinating mouse model of MS, CCL2 and CCR2 were both localized to astrocytes and
appeared prior to onset of symptoms [63]. In EAE, CCL2 production by astrocytes was
associated with inflammatory cell infiltrate into the CNS, but when mice were treated with a
fullerene derivative that has neuroprotective effects, CCL2 expression by astrocytes was
downregulated, which resulted in decreased CD11b+ cell infiltrate, and ultimately resulted
in reduced disease progression, axonal loss, and demyelination [64]. Others also
demonstrated that CNS production of CCL2 results in CD11b+ dendritic cells which secrete
iNOS and TNF-producing macrophages, both of which are important in demyelination [65].

IL-6 has been shown to be present in active MS lesions in high concentrations [30, 31]. IL-6
levels in the CSF of individuals with relapsing-remitting MS (RRMS) were significantly
higher as compared to individuals with SPMS or to controls [66]. Also, IL-6 production by
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peripheral blood mononuclear cells of individuals with SPMS after treatment with interferon
β-1b, a therapy for MS, was decreased, and individuals with decreased IL-6 did not progress
[67]. Studies in EAE confirm the importance of IL-6. Treatment of mice with a selective
IL-6 inhibitor reduced symptoms of EAE [68]. Also, IL-6 KO mice are resistant to EAE due
to the inability of leukocytes to enter the CNS [69].

Naïve CD4+ T cells stimulated with IL-6, can be induced to differentiate into Th17 cells
[70-73], that have been shown to be important in MS and EAE. Th17 cells have been found
in the MS lesion, and secrete IL-17. It has been shown that IL-17 stimulates BBB EC to
produce CCL2 [70-73]. These data present an interesting mechanism demonstrating the
importance of IL-6, as well as the relationship of IL-6 and CCL2 in MS.

After treatment of EC with MBP, we demonstrated that there is an increase in secreted
CCL2 and IL-6. Using inhibitors to different MAPK pathways, we demonstrated that both
CCL2 and IL-6 secretion by EC is dependent on the p38 MAPK pathway, and p38 MAPK is
phosphorylated upon MBP treatment of EC. The p38 MAPK pathway has been
demonstrated to be important in CNS disease. In the Theiler’s murine encephalomyelitis
virus (TMEV) model of MS, there is an increase in cyclooxygenase (COX)-2 expression
[74]. Expression of COX-2 has been found in MS tissue, where it was localized to EC [75,
76], and it has been shown to be important in inflammation, apoptosis, and regulation of
BBB permeability [77-79]. Expression of COX-2 in TMEV infected EC was dependent on
the p38 MAPK pathway [74]. Also, inhibition of the p38 MAPK pathway in mixed glial
cells resulted in decreased inducible nitric oxide synthase and survival of oligodrendocyte
progenitors [80].

BBB disruption contributes to CNS invasion by mononuclear cells that perpetuate the
inflammatory cascade and myelin breakdown seen in MS and EAE [46, 47, 81, 82]. Several
mediators have been hypothesized to be involved in this breakdown [83-86]. We treated our
human BBB model with MBP to determine its effects on permeability. We found a
significant increase in permeability of the barrier, indicating disruption, when either the EC
or the astrocyte side was treated with MBP. This indicates that soluble MBP can directly
interfere with the integrity of the barrier to facilitate the influx of inflammatory cells that
may enhance the damage occurring in the CNS.

Tight junction proteins are a critical component in BBB integrity. Occludin and claudin-1
are important proteins that maintain the BBB [87, 88]. In MS, breakdown of the BBB is one
of the earliest events that occurs in the formation of new lesions, and it precedes other
abnormalities, and thereby, with subsequent inflammation, could be a critical event in the
pathogenesis and development of new lesions [89]. It has been shown that there are
abnormal or open tight junctions in active plaques of individuals with MS [90]. Serum from
individuals with MS can decrease the expression of occludin in endothelial cells [39]. In an
EAE model, it was demonstrated that occludin was dephosphorylated, and this preceded
signs of disease. This decrease in phosphorylation was associated with an increase in CNS
accumulation of albumin that paralleled the clinical score, implicating occludin in BBB
breakdown [48]. Also, mice that expressed claudin-1 had reduced disease severity compared
to wildtype mice [91].Based on these previous studies, we investigated decreases in
claudin-1 and occludin proteins as a potential mechanism by which MBP increased
permeability in our BBB model. Our preliminary studies demonstrated that MBP treatment
of EC decreases both occludin and claudin-1 expression. This suggests that a reduction of
occludin and claudin-1 mediated by interactions of MBP with EC in the CNS may therefore
lead to a compromised BBB, possibly resulting in formation of new lesions.
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Proteases also function in the maintenance/destruction of BBB integrity. MMP2, degrades
denatured collagen as well as intact collagen type IV, a major component of the basement
membrane. MMP2 has two forms, the 72 kDa pro, inactive, form, and the 64 kDa active
form that results from proteolytic cleavage of the inhibitory peptide from the pro-form [51].
Immunohistochemical analysis of rats with EAE demonstrated an increase in MMP2
expression [92]. A metalloprotease inhibitor can reduce the sequelae associated with EAE
[93-95]. Our preliminary results demonstrate that MBP treatment of EC increases active
MMP2. A decrease of claudin-1 and occludin proteins, along with an increase in active
MMP2 demonstrates the potential for a direct MBP-mediated mechanism of BBB
disruption.

Although the mechanism by which MBP interacts with EC and astrocytes is unknown, it has
been shown that rat astrocytes, microglia, and oligodendrocytes express the low-density
lipoprotein receptor-related protein (LRP) 1 and this receptor was essential in phagocytosis
of myelin vesicles from rat brain, specifically by interacting with MBP [96]. Others have
demonstrated that LRP1 is expressed by human astrocytes [97] and EC [98] as well, so this
may be one possible mechanism by which MBP is able to interact with these cells. Even
though LRP is thought to be a receptor involved in endocytosis, whose ligands are degraded
in lysosomes, it has been demonstrated that when certain ligands bind LRP, intracellular
signal transduction events are initiated, and among them is permeability of the BBB [99].

Our data suggest a mechanism whereby soluble MBP, which is present in demyelinating
lesions associated with MS, alters EC function. We demonstrate that MBP induces EC to
elaborate inflammatory factors that participate in the pathogenesis of MS and EAE. MBP
also results in disruption of the BBB, which may be due to reduction of tight junction
proteins (occludin and claudin-1) and production of a proteolytic enzyme (MMP2). Once the
BBB is compromised, this facilitates the influx of inflammatory cells which enhances the
inflammatory cascade. This will result in further damage and demyelination of the axons of
neurons, exacerbating the pathogenesis of MS.
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BBB blood-brain-barrier

CCL-2 chemokine (C-C motif) ligand-2

CNS central nervous system

CSF cerebrospinal fluid

EAE experimental autoimmune encephalomyelitis

EC human endothelial cells

IL-6 interleukin-6

MBP myelin basic protein

MMP-2 matrix metalloprotease-2
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Figure 1. MBP induces CCL2 and IL-6 secretion by EC
MBP treatment of EC induces (A) CCL2 and (B) IL-6 protein secretion. EC were treated
with different concentrations of MBP or untreated for 24 hours, after which the supernatants
were collected and assayed for CCL2 or IL-6 as described in Materials and Methods. Shown
are the means of 4 separate experiments ±SEM. *p<0.03 compared to untreated; **p<0.03
compared to MBP at 10μg/ml; #p<0.05 compared to untreated.
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Figure 2. MBP induces CCL2 and IL-6 secretion by EC in a time dependent manner
MBP treatment of EC induces (A) CCL2 and (B) IL-6 protein secretion. EC were treated for
4 hours, 7 hours or 24 hours with 100μg/ml of MBP or were left untreated, after which the
supernatants were collected and assayed for CCL2 or IL-6 as described in Materials and
Methods. Shown are the means of 3 separate experiments ±SEM. *p<0.006 compared to
untreated; **p<0.02 compared to MBP at 100μg/ml for 7 hours; #p<0.04 compared to
untreated; †p<0.02 compared untreated; ††p<0.003 compared to MBP at 100μg/ml for 7
hours.
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Figure 3. MBP-induced CCL2 and IL-6 are mediated, in part, by the p38 MAPK pathway
(A) CCL2 and (B) IL-6 proteins were determined as percent difference compared to MBP
(set to 100%). EC were pretreated with 10μM of the MEK1/2 MAPK inhibitor, U0126,
10μM of the p38 MAPK inhibitor, SB203580, or 10μM of the phosphatidylinositol-3-kinase
(PI3K) inhibitor LY294002 for 1 hour, then treated with or without 100μg/ml MBP for an
additional 24 hours Shown are the means of 4 (CCL2) and 3 (IL-6) separate experiments
±SEM. *p<0.003, #p<0.04 compared to untreated; and **p<0.005 compared to MBP.
U0=U0126 at 10μM, LY=LY294002 at 10μM, SB=SB203580 at 10μM.
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Figure 4. MBP treatment of EC induces phosphorylation of p38 MAPK
EC were treated with 100μg/ml of MBP for different time points, after which cell lysate was
collected and analyzed. Western blot analysis of MBP treated EC shows phosphorylated p38
(upper panel) and α-tubulin expression (lower panel). Shown is a representative blot of 2
separate experiments. Lane 1: untreated 30 minutes; lane 2: 100μg/ml of MBP 30 minutes;
lane 3: untreated 60 minutes; lane 4: 100μg/ml of MBP 60 minutes; lane 5: untreated 120
minutes; lane 6: 100μg/ml of MBP 120 minutes; lane 7: untreated 240 minutes; lane 8:
100μg/ml of MBP 240 minutes.
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Figure 5. MBP treatment of the human BBB model increases permeability
(A) EC (rectangles) were plated on the upper side of a 3 μm pore insert and astrocytes
(stars) were plated on the under side of the insert, which was placed into one well of a 24
well plate. EC or astrocytes were treated with 100μg/ml of MBP (small circles) for 24
hours. (B) After the 24 hour treatment, permeability of the barrier was assayed with albumin
conjugated to Evan’s blue dye (EBA). Shown are the means of 3 separate experiments
±SEM. *p<0.006 compared to untreated inserts.
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Figure 6. MBP treatment of EC decreases expression of the tight junction proteins occludin and
claudin-1
EC were treated for 24 hours with 100μg/ml of MBP or untreated (untx), after which the
lysate was collected and analyzed. (A) Western blot analysis of MBP treated EC shows
expression of occludin (upper panel) and α-tubulin (lower panel). (B) Densitometric
analysis was used to determine significance in changes of occludin expression. (C) Western
blot analysis of MBP treated EC shows expression of claudin-1 (upper panel) and α-tubulin
(lower panel). (B) Densitometric analysis was used to determine significance in changes of
claudin-1 expression. Shown is a representative blot of 2 separate experiments. *p<0.05
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Figure 7. MBP treatment increases MMP2 expression by EC
EC were treated for 24 hours with 100μg/ml of MBP or left untreated, after which the
supernatants were collected and Western blots were performed. Shown is a representative
blot of 2 separate experiments.
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