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Abstract 

Occludin is one of the key tight junction (TJ) proteins in endothelial cells and it plays an 
important role in modulating blood brain barrier (BBB) function. This protein (65kDa) 
has been shown to engage in many signaling pathways and subjected to phosphorylation 
by a number of protein kinases. Activation of endothelial cells by pro-inflammatory 
cytokines and endotoxin (lipopolysaccharides, LPS) may alter TJ proteins and BBB 
functions. Here we describe the responses of occludin in immortalized human cerebral 
endothelial cells (hCMEC/D3 cells) stimulated by TNFα, IL-1β and LPS. Exposing cells 
to TNFα resulted in a rapid and transient band shift of occludin suggesting an increase in 
phosphorylation whereas IL-1β and LPS produced significantly less effects on the band 
shift.  TNFα also caused transient stimulation of p38MAPK and ERK1/2 in hCMEC/D3 
cells, and TNFα-induced occludin phosphorylation was suppressed by SB202190, 
inhibitor for p38MAPK. Cells treated with TNFα for 24h resulted in cell morphology 
changes, a decrease in the expression of occludin, and enhanced endothelial permeability, 
as determined by the FITC-dextran assay and TEER measurement with cells grown in 
transwell inserts. In addition, TNFα-induced reduction of occludin was abrogated by 
SB202190. Collectively, these data demonstrate effects of TNFα on occludin and cerebral 
endothelial cell function through the activation of p38MAPK pathway.   
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I. Introduction 

I-1. Blood-Brain Barrier  

The blood–brain barrier (BBB) is a highly selective permeability barrier for protecting the 

brain from harmful substances circulating in the bloodstream and for supplying the brain 

with  nutrients required for proper brain function (Obermeier et al., 2013).  

I-1-1. The structure of BBB 

The neurovascular unit forming the BBB is composed of three major cell types - 

endothelial cells (ECs), pericytes and astrocytes. The basement membrane is polarized 

and attached by ECs, which are encircled by pericytes. Astrocytes, the major glial cells in 

the brain, can extend end-feet to  endothelial cells and pericytes, and this contact is an 

important mechanism for providing nutrient  support to the brain (Obermeier et al., 

2013)(Figure 1).  (Abbott et al., 2006). In vitro studies illustrated that the brain pericytes 

can secret multimeric angiopoietin-1 which can induce occludin mRNA (Hori et al., 2004). 

Recent report indicated that pericytes guide astrocyte end-feet toward endothelial 

tubes and induce their polarization (Armulik et al., 2010). As the members of 

neurovascular unit (NVU), neurons, microglia, and peripheral immune cells can also 

influence barrier functions. For example, leukocytes can modulate BBB functions by 

inducing inflammation responses (Obermeier et al., 2013).  

http://www.sciencedirect.com/science/article/pii/S0969996103002833#200010291
http://www.sciencedirect.com/science/article/pii/S0969996103002833#200006623
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Figure 1.Cellular interplay at the neurovascular unit (Figure 1, 

http://www.nature.com/nm/journal/v19/n12/full/nm.3407.html), referred from (Obermeier et 

al., 2013) 
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ECs are important components of the cerebral blood vessels. They  are unique as they 

have continuous intercellular TJs and low expression of leukocyte adhesion molecule, 

and thus the ability to avoid immune cells to pass through the BBB and enter into the 

healthy central nervous system (Ransohoff and Engelhardt, 2012). Recently, a human 

immortalized endothelial cell line (hCMEC/D3) derived from human temporal lobe 

microvessels was used as a model to study BBB. These cells were immortalized with 

lentiviral vector transduction using the catalytic subunit of human telomerase (hTERT) 

and SV40 large Tantigen into preconfluent primary brain endothelial cell cultures 

(Weksler et al., 2005). This cell line revealed characteristics of brain endothelial 

phenotype.  When observed under microscope, hCMEC/D3 showed an elongated, 

spindle-shaped morphology similar to the primary cultures of brain endothelial cells. 

Besides, this cell line expresses a substantial number of brain endothelial markers such 

as VE-cadherin, claudin-3,-5, occludin and ZO1 and 2.  Upon removal of  vascular 

endothelial growth factor (VEGF), presence of basic fibroblast growth factor (bFGF) can 

enhance the expression of TJ proteins in these cells (Weksler et al., 2013). Based on the 

comparison to primary human brain microvascular endothelial cells (HBMEC's), 

hCMEC/D3 cells show  remarkable fidelity in immune migration profiles, barrier 

resistance, and responsiveness to inflammatory cytokines (Daniels et al., 2013).  

hCMEC/D3 cells are stable and can maintain a non-transformed phenotype over 33 

passages  (Weksler et al., 2005). Therefore, we choose hCMEC/D3 as a cell model to 

study occludin response to inflammatory stimuli. 
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I-1-2. Dysfunction of tight junctions (TJ) in neurodegenerative diseases 

Many neurodegenerative diseases, such as multiple sclerosis, epilepsy, Alzheimer's 

disease, diabetes, show abnormality of the TJs.  Multiple sclerosis (MS) is a 

neuroinflammatory disease with  lesion pathogenesis of blood vessels and BBB 

hyperpermeability (Liu et al., 2012b). Kirk et al (2003) examined the expression of ZO-1 

in frozen sections from MS and control white matter, and observed tight junctional 

abnormality in MS white matter. The TJ dysfunction is associated with BBB leakage and 

active demyelination (Kirk et al., 2003). Similarly,  a reorganization of the actin 

cytoskeleton and disruption of occludin and ZO-1 was detected in MS tissue, and this 

abnormality was thought to associate with abnormal leukocyte migration (Forster, 

2008). 

Epilepsy, a chronic neurological disorder manifested by repeated seizures over time, 

affects more than 1% of the population worldwide. These seizures are the consequence 

of abnormal hypersynchronous neuronal activity in the brain (Bednarczyk and Lukasiuk, 

2011). Over 30 years ago, BBB disruption was proposed to cause seizures in rats.  BBB 

dysfunction can cause abnormal neuronal activity by inducing an imbalance of ions, 

neurotransmitters and metabolic products (Nitsch and Hubauer, 1986).  In a recent 

study, capillary ECs in rats with cortical dysplasia during hyperthermia-induced seizures 

revealed a decrease of occludin immunoreactivity and this abnormality was correlated 

with occasional opening of tight junctions. Interestingly, these changes could be 

reversed by levetiracetam, an antiepileptic drug (Ahishali et al., 2010). 
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Disruption of the blood-retinal barrier is associated with the progression of diabetic 

retinopathy.  Increased VEGF levels was detected in the vitreous of diabetic patients and 

thought to be responsible for the increased permeability. Study by Felinski and 

Antonetti (2005) showed  that diabetes and VEGF alter retinal vascular permeability and  

disruption of  TJ complexes, including a decrease in occludin expression and an increase 

in occludin phosphorylation in the retinas (Felinski and Antonetti, 2005). Diabetes 

mellitus contributes to the changes of the barrier function in cerebral microvessels by 

altering the expression of TJ proteins (Prasad et al., 2014). Streptozotocin-induced 

diabetes was shown to downregulate the occludin and ZO-1 expression in cerebral 

microvasculature; insulin treatment for diabetes can attenuate BBB disruption. In 

addition, diabetes-induced dysfunction of BBB can contribute to central nervous system 

(CNS) complications of diabetes mellitus, such as vascular dementia, hemorrhage, and 

may be a predisposing factor of Alzheimer's Disease (AD) (Liu et al., 2012b). 

AD is a progressive neurodegenerative disorder with a gradual loss of memory, 

cognition, and activity. A study revealed subtle abnormalities of endothelial TJ in brain 

biopsies from AD patients (A morphometric study of the blood–brain barrier in 

Alzheimer’s disease).  Magnetic resonance imaging (MRI) studies in human subjects also 

indicated presence of BBB hyperpermeability at an early phase of AD. These studies 

suggest that AD is associated with the damage of BBB. Amyloid-β (Aβ) accumulation on 

blood vessels is a remarkable pathological hallmarks of capillary amyloid angiopathy 

(CAA) which is a subset of AD. In vitro study showed  Aβ to decrease the mRNA and 

expression of ZO-1 and occludin (Bednarczyk and Lukasiuk, 2011). Examination of 157 
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AD patients showed BBB dysfunctional and that the dysfunction may be associated with 

the progress of AD (Algotsson and Winblad, 2007). 

 

I-2. Tight Junction  

I-2-1. History of Tight Junction 

Schron was the first to discover spinous projections on the surfaces of epithelia in 1863, 

but those projections were considered as pores on the surface of membrane. In 1864, 

Schultze and Bizzozero simultaneously obtained the same conclusion that the spinous 

processes were intercellular construction contributing to the mutual adherence (Odland, 

1958). In the following decades, studies were focused on the morphology of this 

intercellular attachment which  was regarded as the channel allowing intracellular fibrils 

to pass through from one cell to another(SHAPIRO, 1924). In the middle of the 20th 

century, with the advance in technology, electron microscope was applied to 

investigating the fine structure of intercellular attachments. In 1954, it was the first time 

that the intercellular structure was described as "small regions of contact shared by 

contiguous epidermal cells." by Porter. During this period, the intercellular construction 

was defined as adhesion plate or attachment zones.  Some laboratories believed that 

these structures were beneficial to cell to cell adhesion (Odland, 1958). Until 1960s, a 

new aspect was proposed that the junctional structure has an effect on epithelial 

permeability. In 1963, Farquhar identified this junctional complex as “zonula occludens 

(tight junction), zonula adhaerens (intermediary junction), and macula adhaerens 
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(desmosome)” and this was the first time the concept of tight junction been raised and 

indicated. The zonula occludens were functioned as a diffusion barrier and the zonula 

adhaerens were thought to serve as intercellular attachment device (Farquhar and 

Palade, 1963).  

Fromter and Diamond (1972) discovered “leaky” epithelia due to junctional shunting, 

showed lower trans-epithelial electrical resistances (TEER) and the “leaky” also could be 

regarded  as the faster passive leakage of ions which defined as apparent permeability 

coefficient (Papp) (Fromter and Diamond, 1972). Nowadays, TEER is considered as a 

significant parameter of permeability of monolayer cell. 

In 1973, Claud utilized the freeze-fracture technique to reveal the correlation between 

intercellular permeability and tight junctional anatomy. He examined junctional 

ultrastructure in freeze-fractured material from various tight and leaky epithelia, and 

discovered that very tight epithelia have deep and complex zonula occludens, while 

leaky epithelia have shallow zonula occludens composed of fewer branching strands 

(Claude and Goodenough, 1973). Zonula occludens (ZO-1) was the first identified tight 

junction protein in 1986 (Stevenson et al., 1986). Since then tight junctions were 

described at the molecular level, and more and more tight junction proteins were found 

and demonstrated. 

Besides the epithelia, intercellular junctions are found in many kinds of cell, and 

depending upon the specialized properties, they are classified as Tight Junction (Zonulae 
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Occludens), Adherens Junction (Zonulae Adherens), Gap Junction and desmosome 

(Macula Adherens)(Figure 2).  

The morphology of Tight Junctions is like ridges and grooves, with numerous fusion sites 

to anchor cytoplasmic membranes from two cells, and form a barrier to prevent the 

transport of materials between cells. Adheren Junction provides adhesion between cells 

by producing numerous actin filaments in the junctional part. However, they have no 

fusion sites and cannot completely seal off the paracellular space. Gap junction plays an 

important role in intercellular communication, and extensively exists in the nervous 

system for information transmission. The protein unit of Gap junction is called connexin 

(a hexamer: polymer made of six monomers with a hydrophilic pore) to form a channel 

allowing various molecules, ions and electrical impulses to transport between two cells. 

Desmosome form circular attachment plaques or spots between two cell membranes to 

provide adhesion function. Unlike Adherens Junction, it does not surround the cell 

(Animalcellbiology, 2011). 

 

 

 

 

 

https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Ion
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Figure 2. Intercellular Junction, referred from 

(https://animalcellbiology.wordpress.com/2011/08/08/chapter-3-biomembrane-and-cell-surface-
extracellular-matrix-and-intercellular-junctions/). 

 

 

 

 

 

https://animalcellbiology.files.wordpress.com/2011/08/intercellular-junctions-summary-classification.png
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I-2-2. Tight junction proteins 

Tight junctions (TJ) of the BBB are composed of two kinds of protein: integral membrane 

proteins like occludin, claudins, and cytoplasmic accessory proteins, such as zonula 

occludens (ZO)-1, ZO-2. (Figure 3) 

Occludin 

Occludin is a major component of the TJ, which is embedded in both plasma membranes, 

with extracellular domains joining one another directly. In 1993, M Furuse  showed an 

approximately 65-kD membrane protein exclusively localized at tight junctions of both 

epithelial and endothelial cells by immunofluorescence and immunoelectron 

microscopy, and designated this protein as "occludin" (Furuse et al., 1993).  Furese also 

claimed that occludin can be localized at TJ and directly associate with ZO-1 through the 

COOH-terminal cytoplasmic domain. Occludin is also specifically bound to a complex of 

ZO-1 among various membrane peripheral proteins (Furuse et al., 1994). More 

description about signaling pathways regulating occludin can be found in Section 3. 

ZO-1  

Zonula occludens (ZO)-1 belongs to a family of multi-domain proteins known as the 

membrane-associated guanylate kinase homologs (MAGUKs), and is located on the 

intracellular side of plasma membrane. This 225-kD tight junction-associated 

polypeptide was first identified by B R Stevenson in 1986, who found that this protein 

was potentially a ubiquitous component of all mammalian tight junctions (Stevenson et 

http://jcb.rupress.org/search?author1=M+Furuse&sortspec=date&submit=Submit
http://jcb.rupress.org/search?author1=B+R+Stevenson&sortspec=date&submit=Submit
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al., 1986). Fanning indicate that the N-terminal (MAGUK-like) half of ZO-1 interacts with 

both ZO-2 and occludin, whereas the unique proline-rich C-terminal half of ZO-1  

 

Figure 3. The structure of TJ, referred from (http://kovallab.org/ic.html) 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Fanning%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=9792688
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combines with F-actin. These results suggest that one functional role of ZO-1 is to 

organize components of the tight junction and link them to the cortical actin 

cytoskeleton (Fanning et al., 1998) . 

Claudin 

Furuse (1993) found a novel integral membrane protein in TJ from chicken liver, and 

identified as “occludin” in 1993. Then he re-examined the same isolated junction 

fraction from chicken liver, and obtained another integral components of TJ, two ~22 

kDa proteins named claudin-1 and 2, respectively. Even both proteins have four 

transmembrane domains, similar to  occludin, they do not show any sequence similarity 

to occludin (Furuse et al., 1998).  

 Claudin family has been  expanded to 24 members and all claudins possess four 

transmembrane regions, a short intracellular loop, two extracellular loops (ELCs) where 

ELC1 is significantly longer than ELC2 (Gonzalez-Mariscal et al., 2003). The expression 

patterns of claudin species varies depending on type of tissue. For example,  claudin-3 is 

primarily expressed in the lung and liver, and only slightly in the kidney and testis; 

Claudin-6 is only expressed in embryos and could not be detected in adult tissues; 

claudin-11 is specifically distributed in the brain and testis; claudin-5 is specifically 

expressed in endothelial cells of some segments of blood vessels, but not in epithelial 

cells, indicating that claudin-5 is an endothelial cell–specific component of TJ strands 

(Tsukita and Furuse, 2000) (Morita et al., 1999). In the brains of claudin-5–deficient mice, 

the development and morphology of blood vessels were not altered. However, the BBB 
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permeability of small molecules, but not larger molecules, was affected, suggesting 

claudin-5 may play a key role in the regulation of BBB permeability (Nitta et al., 2003).  

I-2-3. Regulation of TJ 

It is reported that many factors can increase the permeability of BBB.  Antonetti 

demonstrated that VEGF can enhance phosphorylation of ZO-1 and occludin, which 

could further contribute to modulating changes in permeability in endothelial cells 

(Antonetti et al., 1999) . Others also showed that VEGF can down-regulate occludin 

expression and increase permeability of endothelial cells (Wang et al., 2001)(Zhang et al., 

2015). Initially the HIV accessory protein TAT (Trans-Activator of Transcription) was 

shown to reduce and redistribute specific tight junction protein expression in brain 

endothelium (Andras et al., 2003). Following studies uncovered that activation of 

vascular endothelial growth factor receptor-2 (VEGFR-2) and multiple redox-regulated 

signal transduction pathways are involved in Tat-induced alterations of claudin-5 

expression (Andras et al., 2005). 

Amyloid beta denotes peptides of 36-43 amino acids that are crucially involved in AD 

and is regarded as the main component of the amyloid plaques found in AD brains.  

Amyloid beta could alter blood-brain barrier integrity by disrupting transmembrane 

tight junction proteins like ZO-1, ZO-2, and claudin-5, and claudin-1 (Marco and Skaper, 

2006). Amyloid beta was reported to initially bind to RAGE (Abeta transporter receptor 

for advanced glycation endproducts), which stimulates signaling pathways leading to 
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ROS production and ultimately results in a disruption of tight junction and loss of BBB 

integrity (Carrano et al., 2011). 

I-3. Occludin  

I-3-1. The structure of occludin 

Occludin is originally discovered by Furuse from chick liver in 1993. This 65-kD protein 

was identified as an integral membrane protein localized at the tight junction (Furuse et 

al., 1993). Later cDNAs studies revealed the high mammalian homologues of occludin 

with ~ 90% identity among the amino acid sequences of human, murine and canine 

occludin (Ando-Akatsuka et al., 1996). Human occludin is comprised of 522 amino acids, 

possessing a short intracellular loop, two ELCs, four transmembrane regions and N-& 

COOH- terminus which are cytosolic (Figure 4). Both ECLs are rich in tyrosine residues  

and up 50% of the first loop residues are tyrosine and glycine residues. Tyrosine residues 

were thought to contribute to H-bonds and hydrophobic interactions, whereas Glycine 

residues are for flexibility (Gonzalez-Mariscal et al., 2003) (Blasig et al., 2011). Bamforth 

introduced an N-terminally and extracellular truncated occludin into a murine epithelial 

cell line. Their results showed that  dominant mutant of occludin decreased the TEER 

values, increased the permeability and induced gaps in the protoplasmic leaflet 

associated tight junction strands, demonstrating a significant role of N-terminus and 

extracellular domain in maintaining permeability and TJ assembly (Bamforth et al., 1999). 

Furthermore, it was demonstrated that ELC2 is necessary for occludin localization  
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at the TJ. In MDCK cell monolayers, occludin lacking ELC2 was absent in TJ. Full-length 

occludin or occludin lacking ECL1 were localized at the TJ through interacting with ZO-1,  

while occludin lacking ELC2 was absent in TJ (Medina et al., 2000). 

The COOH-terminal cytoplasmic domain is essential for occludin interactions with ZO-1 

and to steady the localization at TJ (Furuse et al., 1994). However, this carboxyl tail of 

150 amino acids also can directly interact with F-actin (Wittchen et al., 1999). 

Many studies have focused on the coiled-coil structure within the occludin COOH- 

terminus. This coiled-coil structure contained 27-amino acid is rich in hydrophobic 

residues.  Crystallography study showed that it has one longer a-helix antiparallel to two 

shorter a-helices. (Blasig et al., 2011) (Feldman et al., 2005) Occludin can self-associate 

and bind ZO-1 via its coiled-coil structure, suggesting that both occludin dimerization 

and interaction between ZO-1 and occludin are relevant to this same domain (Walter et 

al., 2009). Studies demonstrated that the coiled-coil domain also has signaling function, 

e.g., as a site for specific interactions of regulatory proteins, the protooncogene TyrK c-

Yes, Ser/Thr kinase atypical Protein kinase C (PKC), and the gap junction component, 

connexin 26, phosphoinositol-3 kinase (PI3). (Chen et al., 2002) (Blasig et al., 2011).  
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Figure 4. The structure of human occludin (Figure 1, 

http://mcb.asm.org/content/32/2/242.figures-only), referred from  (Cummins, 2012) 
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I-3-2. The function of occludin 

 Occludin is important in maintaining TJ stability and barrier function. Overexpression of 

occludin in Madin-Darby canine kidney (MDCK) cells led to increase in the TEER value. In  

Xenopus kidney epithelial cell line A6, treatment with synthetic peptides corresponding 

to occludin EC2 enhanced the paracellular permeability  due to disruption of  occludin 

extracellular loop-loop interaction (Wong and Gumbiner, 1997). However, expression of 

occludin in rat lung endothelial cells which is occludin-free but containing ZO-1, leads to 

junctional localization change without effects in paracellular permeability (Blasig et al., 

2011). Similarly, in TJ-free cell, such as L-fibroblasts, TJ-like structure can be induced 

when occludin was over expressed (Cummins, 2012).  

As a major component in TJ, occludin is especially important for neural tissue.  

Immunoblotting and immunocytochemistry show distribution of occludin continuously 

at cell-cell contacts in brain ECs. In contrast, occludin expression was considerably lower 

and was  discontinuous  at the interface of ECs in non-neural tissue (Feldman et al., 

2005). Recently, by using transmission electron microscopy, Vorbrodt observed the 

molecular anatomy of TJ proteins in the BBB. Compared with the ECs in capillaries of 

mouse heart and skeletal muscle, endothelial junctions of BBB-type brain capillaries 

were shown to have higher expression of occludin. On the contrary, ZO-1 showed 

positive immunostaining in capillaries of both BBB-type and non-BBB-type  (Vorbrodt 

and Dobrogowska, 2003). These findings suggest that occludin could be used as a 

consistent and sensitive marker of TJs at the BBB.  
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It was also observed that occludin is highly dynamic within the TJs, compared with other 

integral membrane proteins such as claudin-1, which is much more stably localized at 

the TJ. There is a strong possibility that occludin has a more regulatory and supportive 

role, besides a tightening function (Blasig et al., 2011). In occludin deficient mice 

carrying a null mutation in the occludin gene, they were born with no obvious 

phenotype, although they showed gross postnatal growth retardation. TJs in the mutant 

mice showed intact morphology, however, histological abnormalities were seen in 

several tissues, such as chronic inflammation, calcification in the brain, loss of 

cytoplasmic granules in striated duct cells of the salivary gland. Even though the 

mechanism remains elusive, these phenotypes suggest that the functions of occludin 

are more complex than previously supposed (Saitou et al., 2000). 

I-3-3. Occludin phosphorylation 

Occludin can be phosphorylated at different residues, and are related with different 

consequences. The reversible phosphorylation controls occludin localization and 

function, and regulates the TJ barrier integrity. Saitou showed a relationship between 

phosphorylation of occludin and the paracellular permeability based on measurement 

of the TEER values. Their results showed that during hyperpermeability, occludin was 

dephosphorylated at Thr residues, while hyperphosphorylated at the Tyr-site (Saitou et 

al., 2000).  Study by Elias (2009) demonstrated that phosphorylation of specific Tyr 

residues in occludin may regulate its interactions with ZO-1 and other tight junction 

proteins.  Phosphorylated of Tyr-398 and Tyr-402 can lead to  delocalization of occudin 
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from the membrane  and weaken its interaction with ZO-1 and ZO-2/3, but not F-actin 

(Elias et al., 2009).  

In intact epithelium, occludin is hyperphosphorylated on Ser and Thr residues, 

suggesting Ser/Thr-phosphorylation of occludin is crucial in maintaining tight junction 

integrity. Incubating MDCK cells with low calcium medium induced a rapid 

dephosphorylation of occludin at Ser/Thr residues, and subsequently resulting in 

disruption of TJs. Furthermore, calcium depletion induced by EGTA caused reduction of 

p-Thr without changes on Ser residues, and simultaneously led to a rapid disassembly 

of TJ in Caco-2 cells. Likewise, reassembly of TJs by calcium replacement restored the p-

Thr of occludin. These studies indicate assembly and disassembly of TJs are more 

associated with Thr-phosphorylation rather than Ser-phosphorylation. Protein 

phosphatases PP2A and PP1 are involved in the regulation of Ser/Thr phosphorylation 

of occludin. It was reported PP2A dephosphorylated occludin primarily at Thr residues, 

whereas dephosphorylation by PP1 was more active at the Ser residues.  There is a 

good possibility that occludin phosphorylation at Ser and Thr residues play an essential 

role in regulating TJ barrier function, although the exact mechanism remains to be 

investigated (Rao, 2009).  

Ca2+ or ATP depletion can induce a reduction in p-Tyr occludin levels, followed by 

enhanced paracellular permeability in MDCK cells. Increased occludin phosphorylation 

on Ser/Thr residues was also linked to barrier dysfunction in encephalitic mouse and 

human brain (Cummins, 2012). There is evidence that VEGF can induce occludin 
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phosphorylation and subsequently increase permeability of endothelial cells. Through 

studies using  mass spectrometry and bioinformatics, VEGF-induced phosphorylation 

sites were mapped on human occludin, including Thr-168, Thr-404, Ser-408, Ser-471, 

and Ser-490 (Sundstrom et al., 2009). Moreover, similar study reported that occludin 

phosphorylation at Ser-408 was associated with CK2-mediated barrier dysfunction 

(Raleigh et al., 2011).  

In addition to regulating occludin localization, phosphorylation is also involved in 

homodimerization of the protein. In brain endothelium, redox can induce occludin 

dimerization by forming disulfide bond in Cys-409. Latter study showed that occludin 

homodimerzation is necessary for the interaction between ZO-1 and plasma membrane. 

Since Cys-409 is close to Tyr-398/402, phosphorylation may  prevent occludin’s 

interaction with ZO-1, suggesting occludin dimerization may impact its 

localization(Cummins, 2012).  

I-3-4. Signaling pathway related occludin 

Mitogen-activated protein kinases (MAPKs) 

MAPKs represent a highly conserved family of Ser/Thr protein kinases (ERK, p38/MAPK, 

and JNK), which are involved in a variety of fundamental cellular processes, such as 

proliferation, differentiation, apoptosis, and survival (Dorfel and Huber, 2012).  There is 

evidence that MAKPs is involved in protein kinase C (PKC) pathway and tight junction 

disruption. Human corneal epithelial cells exposed to phorbol 12-myristate 13-acetate 

(PMA), an agonist for activation of PKC,  
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Figure 5. Signaling pathway related occludin (Figer 4, 

http://online.liebertpub.com/doi/full/10.1089/ars.2010.3542), referred from (Blasig et al., 2011) 
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resulted in decrease in TEER. However, pretreating cells with PD98059, an ERK1/2 

inhibitor, before exposure to PMA, can prevent the barrier characteristics change. 

Furthermore, transfecting constitutively activated Mitogen-activated protein kinase 

kinase (MEK1) into cells resulted in alteration of ZO-1 and occludin distribution, and 

reducing TEER. Cells with activated MEK1 also showed high levels of phosphorylated 

ERK1/2. On the other hand, cells containing dominant-negative MEK1 showed lower 

levels of p-ERK and significantly higher TEER when compared to control. These results 

suggest that ERK1/2 MAPK pathway may play an important role in tight junction 

function in human corneal epithelial cells (Wang et al., 2004). 

Intermittent hypoxia (IH) can induce endothelial barrier dysfunction, decrease TEER and 

redistribution of TJ proteins. Inhibiting either ERK or JNK prevented the IH-induced 

barrier dysfunction, demonstrating that ROS-dependent activation of MAPKs is 

associated with IH-mediated reorganization of TJ proteins (Makarenko et al., 2014). 

 ERK may play a positive role in the epithelial growth factor (EGF)-mediated attenuation 

of TJ disruption induced by acetaldehyde. In this study, pretreatment of Caco-2 cells 

with EGF prevented acetaldehyde-induced redistribution of occludin, ZO-1, E-cadherin, 

and β-catenin and increase in permeability. U-0126 (ERK inhibitor), but not SB-202190 

and SP-600125 (p38 MAPK and JNK inhibitors), significantly attenuated EGF-mediated 

prevention of hyperpermeability of cell monolayer, Tyr-phosphorylation, and 

redistribution of occludin and ZO-1, but not claudin-3, E-cadherin, or β-catenin (Samak 

et al., 2011). 
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Similarly, EGF also prevented H2O2-induced disruption of TJs in Caco-2 cells. In this study, 

Basuroy at al. (2006) showed that H2O2-induced increase in paracellular permeability is 

associated with Tyr-phosphorylation, Thr-dephosphorylation and redistribution of 

occludin and ZO-1.  PD98059 (MEK inhibitors) and U0126 abolished the protective effect 

of EGF. Moreover, pair-wise binding studies showed direct interact of ERK with the 

occludin C-terminal, suggesting that ERK mediates EGF-mediated protection of tight 

junctions (Basuroy et al., 2006). 

In another study, overexpressing matrix metalloproteinase 9 (MMP-9) can significantly 

upregulate p38 MAPK phosphorylation in mouse brain endothelial bEnd3 cells, and 

decrease the expression of occludin and ZO-1. Interestingly, SB203580 (P38 inhibitor) 

and P38siRNA but not PD98059 could abolish the reduction of TJ protein.  Moreover, 

overexpression P38 resulted in suppression of mRNA levels of occludin and ZO-1, and 

this  mechanism was associated with IκBα degradation and NFκB activation induced by 

P38 (Chen et al., 2011). 

Protein kinases C (PKCs)  

PKCs are a family of serine/threonine kinases, consisting of nine isoforms, and are 

classified into three subgroups: the conventional PKCs (cPKCs: PKCα, βI/βII, andγ), the 

novel PKCs (nPKCs: PKCδ, ε, η, andθ), and the atypical PKCs (aPKCs: PKCζ and ι/λ). 

Several reports have described regulation of occludin by PKC. Using different PKC 

inhibitors or activators provided clear evidence that various PKC isoforms paly different 

role in the regulation of TJs (Steinberg, 2008). 



24 
 

Cultivating MDCK cells in low Ca2+-medium or treating cells with the PMA or 1, 2-

dioctanoylglycerol, PKC activators, both can induce disruption of TJs, while PKC inhibitor 

can block these effects.  In vitro experiments revealed that purified PKC (a mixture of α, 

βI, βII, and γ isoforms of PKC) can phosphorylated Ser-338 residues of recombinant 

occludin in COOH-terminal domain (Andreeva et al., 2001). Following study 

demonstrated that cPKC was involved in  TJ disruption induced by  switching to low 

Ca2+ medium, however, nPKC was associated with TJ assembly after changing to normal 

Ca2+ medium (Andreeva et al., 2006). 

In Caco-2 and MDCK cells, inhibition or knockdown of PKCη could disrupt cell barrier 

function and dephosphorylate occludin at Thr residues, whereas constitutively active 

PKCη enhanced the TJ integrity and elevated phosphorylated occludin. Moreover, PKCη 

phosphorylates occludin at T403 and T404 which are highly conserved, can contribute to 

occludin localized at the TJs (Suzuki et al., 2009). In addition, PKCζ, atypical PKC, can 

directly bind to the C-terminal domain of occludin and phosphorylates it on T403, T404, 

T424 and T438. PKCζ inhibition caused a reduction in TEER and an increase in inulin 

permeability (Jain et al., 2011). 

There is evidence suggesting that PKC may not directly affect the TJ, and the activation 

of PKC is upstream and may result in either the inhibition or activation of a Ser/Thr 

phosphatase.  Inhibition of Phospholipase C-γ (PLC-γ) with 3-nitro-coumarin enhanced 

paracellular permeability and produced simultaneous hyper-phosphorylation of occludin 
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in MDCK cells. PLC may indirectly regulate the occludin phosphorylation via PKC 

(Feldman et al., 2005). 

Matrix metalloproteinases (MMPs)  

MMPs belong to a group of zinc-dependent endopeptidases responsible for the 

degradation of extracellular matrix proteins.  These enzymes have a wide range of 

functions, including regulation of cell growth, altering cell motility, regulating apoptosis, 

affecting immune responses.  According to the extracellular matrix substrate specificity, 

MMPs are divided into five classes: collagenases, gelatinases, stromelysins, elastases 

and membrane type MMPs. However, nowadays, MMPs have been extended from 

MMP1 to MMP28 (Al-Dasooqi et al., 2014).  

Phenylarsine oxide (PAO), tyrosine phosphatase inhibitor can induce MMP activity in 

primary porcine brain capillary endothelial cells (PBCEC). This is paralleled by severe 

disruption of paracellular contacts and degradation of the occludin, but not ZO-1 and 

claudin-5. MMP inhibitors can prevent occludin proteolysis induced by PAO, giving the 

evidence that MMPs play a role in endothelial occludin proteolysis (Lohmann et al., 

2004). 

Recent studies demonstrated that MMP-2 and MMP-9, also known as gelatinase A and 

gelatinase B, were involved in signaling pathway of occludin degradation. Study by Ren 

(2015) reported that adult male Sprague Dawley (SD) rats showed BBB breakdown and 

this led to brain edema after 90-min of middle cerebral artery occlusion (MCAO). 

However, ischemic preconditioning abolished BBB disruption, and increased the 
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expression of occludin, but not claudin-5 and ZO-1. Moreover, the content of MMP9 

was decreased and pERK1/2, an upstream of MMP-9 signaling, was obviously reduced 

after preconditioning, suggesting that ischemia preconditioning inhibited MMP-9-

mediated occludin degradation (Ren et al., 2015).  

In similar studies, inhibition the expression of TIMP-1 promoted by MMP-9 interrelated 

to the suppression of occludin reduction induced by MCAO (Zhang et al., 2013); 

inhibition of MMP-9 by MMP-inhibitor, BB1101 or NBO (normobaric hyperoxia), 

significantly blocked occludin protein loss in ischemic microvessels (Liu et al., 2009).   

In vitro study, exposure of mouse brain endothelial bEND3 monolayer to oxygen-

glucose deprivation (OGD) significantly enforced the monolayer permeability and led to 

rapid degradation of occludin and dislocation of claudin-5 from the cytoskeleton. The 

inhibitor treatment demonstrated MMP-2 was involved in occludin proteolysis and 

caveolin-1 mediated claudin-5 redistribution (Liu et al., 2012a).   

In a recent  study, Ulitzky (2016) reported that activation of MMP-9 initiated the 

cleavage of occludin in estrogen treatment of liver cells and the occludin cleavage site in 

second extracellular loop (Ulitzky et al., 2016). 

I-4. Proinflammatory cytokines and LPS 

I-4-1. Cytokines 

Cytokines are small secreted proteins that are important in the interactions and 

communications between cells. They can act on the cells mainly in three manners:  
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autocrine action (act on the secretory cell), paracrine action (act on close proximity), or 

endocrine action (act on distant cells). Various cell types can secrete same cytokine and 

a single cytokine may act on several different cell types. Interestingly, similar functions 

can be induced by different cytokines. Cytokines are often produced in a cascade 

pattern, one cytokine stimulates target cells then induce the secretion of additional 

cytokines.  

Even the predominant producers are helper T cells (Th), such as macrophages, cytokines 

are also made by a broad range of cells. In or near peripheral nerve tissue during 

physiological and pathological processes, cytokines may be produced by mast cells, as 

well as endothelial cells, fibroblasts and Schwann cells (Zhang and An, 2007).  

Cytokines are different from hormones. Hormones, like insulin, thyroid tends to be 

constitutively synthesized by highly specialized tissues and consistently circulate in 

nanomolar (10-9 M) concentrations. In contrast, cytokines are expressed by nearly every 

cell and the amount of the synthetic output would be in a high level only if cells were 

specifically stimulated by noxious events. For example, IL-6 is normally present in 

picomolar (10-12 M) concentrations, but it can increase up to 1,000-fold during trauma 

or infection (Dinarello, 2000).  

Today, the term “cytokine” encompasses the interleukins, interferons, the tumor 

necrosis factor family, mesenchymal growth factors, the chemokine family, and 

adipokines. However, according to the function, cytokines can be classified into more 

complicated groups (Vilcek and Feldmann, 2004).  

https://en.wikipedia.org/wiki/Macrophage
https://en.wikipedia.org/wiki/Fibroblast
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Figure 6. Functional classes of cytokines (Figure 1, 

http://www.cell.com/trends/pharmacological-sciences/fulltext/S0165-6147(04)00062-8), 

(Vilcek and Feldmann, 2004) 
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I-4-2. Proinflammatory cytokines 

 Cytokines that can  promote systemic inflammation are called proinflammatory 

cytokines;they are produced principally by activated macrophages (Zhang and An, 2007). 

These cytokines can induce the transcription of proinflammatory genes, such as 

cyclooxygenase (COX)-2, enzyme responsible for synthesis of platelet-activating factor 

and prostanoids. However, anti-inflammatory cytokines, IL-4, IL-10, and IL-13, are a 

series of immunoregulatory molecules that inhibit the pro-inflammatory cytokine 

responses. A “balance” between the effects of proinflammatory and anti-inflammatory 

cytokines may play an important role in regulating progression of disease (Dinarello, 

2000).  

Interleukin-1 beta (IL-1β) and Tumor necrosis factor alpha (TNFα) are examples of 

proinflammatory cytokines. IL-1β, a 17.5 kDa cytokine, is also known as '"leukocytic 

pyrogen"'. It is released predominantly by macrophages and monocytes as well as by 

nonimmune cells, such as endothelial cells and fibroblasts. Moreover, IL-1β expression is 

increased in microglia and astrocytes in the CNS after trauma and crush injury to 

peripheral nerve (Dinarello, 2000). 

TNFα is also known as cachectin. Same as IL-1β, TNFα is produced chiefly by activated 

macrophages, and also by many other kinds of cell. Human TNFα is expressed as a 26-

kDa on the plasma membrane. By cleaving the extracellular domain through the action 

of matrix metalloproteinases, the pro-TNFα is then released as a mature soluble 51 kDa 

trimeric TNF (Palladino et al., 2003). However, when concentrations below the 

https://en.wikipedia.org/wiki/TNF_alpha
https://en.wikipedia.org/wiki/Macrophages
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nanomolar range, the soluble homotrimers could dissociate and thus losing its 

bioactivity (Wajant et al., 2003).   

 TNFα acts on several different signaling pathways via two cell surface receptors, TNFR1 

and TNFR2.  Similar to the apoptotic pathways, TNFα can stimulate NF-κB inflammatory 

pathway. Even though IL-1β and TNFα have apparently distinct receptors, the post-

receptor events are similar, activating the same portfolio of genes. In addition, IL-1β  

and TNFα  can induce the expression of endothelial adhesion molecules, contributing to 

the leukocytes emigration into the tissues by adhering to the endothelial surface (Zhang 

and An, 2007). 

TNFα and IL-1β have been reported to link to diseases associated with BBB dysfunction. 

For example, TNF-α has been identified in serum in MS patients. Its up-regulation  in 

peripheral blood mononuclear cells (PBMC) is associated with disease activity and 

secondary progression (Sharief and Thompson, 1992). The level of IL-1β concentrations 

in first-episode patients with schizophrenia were markedly elevated compared with 

healthy people (Soderlund et al., 2009).  

Not all parts of the cerebral capillary and vasculature react to inflammation in the same 

pattern and timing. However, it is likely that a universal mechanism of BBB permeability 

change exists through elevated cytokine production. Activated monocytes  secrete 

cytokines like TNF-α and IL-1β , and these proinflammatory cytokines can directly or 

systemically interact with other cells residing in the CNS and modulate or change the 
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function and phenotype of brain endothelial cells, increasing passive permeability of the 

BBB and leucocyte migration (Stolp and Dziegielewska, 2009).  

In late 1980s, TNF-α was shown to induce increase in permeability in epithelial and 

endothelial cells (Mullin and Snock, 1990; Royall et al., 1989). Studies also showed that 

IL-1β can regulate BBB permeability. In both epithelial and endothelial in-vitro culture 

systems, IL-1 directly increases paracellular permeability to small molecules and 

ions(Capaldo and Nusrat, 2009). In human astrocytes, IL-1β could modulate BBB 

permeability (Argaw et al., 2006). 

I-4-3. LPS 

LPS (lipopolysaccharide) is an inherent gram-negative bacteria outer wall component, 

which can trigger innate immune responses in host cells. Upon exposure to host cells, 

LPS is initially recognized by its receptor, Toll-like receptor (TLR4) localized on cell 

surface. This process requires interaction of three extracellular molecules: LPB (LPS 

binding protein), CD14 and MD-2 (Myeloid differentiation protein 2), to initiate a 

signaling cascade and thus lead to the activation of NF-κB and concomitant production 

of proinflammatory cytokines.  

LPS  together with  other cytokines such as  IL-1β have been shown to initiate 

intracellular signaling cascades  resulting in increased expression of COX-2 and   

production of  prostaglandins (Matsumura and Kobayashi, 2004). These stimuli could 

lead to fever responses. LPS treated cerebral vessels showed compromised integrity and 

concomitant elevated expression of TNFα and IL-1β levels in serum.  The ability for 
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Evans Blue dye to transfer across BBB was attenuated due to disruption of tight junction 

proteins ZO-1 and occludin (Ahishali et al., 2005). Similarly, Ghosh et al. (2014) showed 

that a single peripheral administration of LPS in mice rapidly increased TNFα in serum 

and brain, and this coincided with BBB dysfunction (Ghosh et al., 2014). It remains to be 

determined how LPS triggers signaling cascades in endothelial cells and alter adhesion 

molecules. There is evidence that LPS can trans-across the BBB and elicit more 

inflammatory responses in the brain. However, whether LPS modulates BBB integrity 

through altering tight junction proteins, such as ZO-1 and occluding remains to be 

studied. .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



33 
 

II. Method 

II-1. Cell Culture:  

The Human Cerebral Microvascular Endothelial Cell Line (hCMEC/D3) was obtained from 

Cellutions Biosystems (CLU512, Ontario, Canad) and maintained at complete EBM-2 

medium at 37°C in 5% CO2. Complete medium (final concentration) EBM-2: EBM-2 

Endothelial basal medium (Lonza, #190860, Basel, Switzerland), 5% Fetal Bovine Serum 

(Life technologies, #14190, Carlsbad, CA); 1% Penicillin-Streptomycin (Life technologies, 

#15140-122); 1.4 μM Hydrocortisone (Sigma, #H0135); 5 μg/ml Acid Ascorbic (Sigma, 

#A4544); 1/100 Chemically Defined Lipid Concentrate (Life technologies, # 11905031); 

10 mM HEPES (Life Technologies, #15630-080); 1 ng/ml bFGF (Sigma, #F0291, St. Louis, 

MO). 

 Inserts and flasks/Petri dishes are pre-recovered with the rat Collagen I lower viscosity 

(R&D Systems, #3443-100-01). Cells were passaged twice a week and seeded on Petri 

dishes or flasks at a density of 25 000 cells per cm2. Three-Four days after seeding on 

flasks or petri dishes, cells reached confluence and can be trypsinized, and used until 

passage 35 without loss of BBB properties. 

II-2. Collagen coating 

Dilute rat collagen in 0.02M acetic acid to get a final protein concentration at 5 μg/ml. 

Add enough solution to recover the culture surface and incubate at 37°C for at least 1 

hour. Wash with PBS (Life technologies, 1653508) three times and replace with culture 

medium. 

https://www.google.com/search?biw=1301&bih=620&q=Basel+Switzerland&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCqrKjQyV-IAsQ2zTdK0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUABHbPFEQAAAA&sa=X&ved=0ahUKEwiVzrCqyPvLAhVosYMKHS2gDM0QmxMIkgEoATAT
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II-3. Inhibitor treatment 

Confluent HCMEC/D3 cells were starved l with EBM-2 Endothelial basal medium for 3h. 

Inhibitors SB202190 (cell signaling, #8158S, Michael Comb, President), U0126 (cell 

signaling, #9903S) were used at concentration of 10 μM, and were added to cells  15 

min prior to  adding 10ng/mL TNFα (Thermofisher, PHC3015, Waltham, MA), 10ng/mL 

IL-1β (R&D Systems, AD1414092, Minneapolis, MN) or 100ng/mL LPS (Sigma, L6893) and  

incubated at different times.  Finally, cells were washed with PBS once, and ready for 

further analysis.  

II-4. Co-immunoprecipitation  

After treatment protocol, hCMEC/D3 were washed with PBS and  lysed with  RIPA buffer 

(50 mM Tris-Cl, pH7.4, 150mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS and 1% NP-

40, Boston Bioproducts, BP-115) together with  phosphatase /protease inhibitor cocktail 

(Cell signaling, 5872S) for 20 min. After mixing 10 ul Protein A beads (Santa Cruz, United 

States)  with 5 ug P-Thr (H-2) (Santa Cruz, sc-5267) or P-Tyr(PY99) antibdoy (Santa Cruz, 

sc-7020) for 2 hours,  200 μl lysates  were diluted  with 1xPBS buffer to 1 ml, and 

followed by  addition of premixed antibody-protein A mixture. After overnight 

incubation at 4 degrees, beads were washed with 1x PBS for 3 times and centrifuged at 

8000 rpm, 2 min at 4 degrees. Finally, beads were suspended in 60 μl 1X PBS, and SDS-

loading buffer was added to denature the protein sample.  

II-5. SDS polyacrylamide gel electrophoresis 

hCMEC/D3 cells were washed with PBS, and lysed in 300 ul RIPA buffer (10 mM Tris-Cl 

(pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% 

https://www.google.com/search?biw=1301&bih=620&q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwihzba2yfvLAhXC1CYKHev7DzYQmxMIjwEoATAV
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SDS, 140 mM NaCl) (Abcam, Cambridge, UK) per dish on ice for 15 min. Cells were 

scraped from dish to EP tube, and centrifuged at 100,000 × g for 1 min to obtain 

supernatants. The supernatants were mixed with 2x Laemmli buffer supplemented with 

10% β-mercaptoethanol (Thermofisher, #35602) and heated for 5 min. Protein 

concentration was determined by using a Pierce™ BCA Protein Assay Kit (Thermofisher, 

#23225). Equivalent amounts of protein (10 μg) for each sample were resolved inSDS-

polyacrylamide gels for electrophoresis, and run at 110V for 120min.For bloting occludin, 

ERE1/2 and β-actin, 7.5% SDS-polyacrylamide gels were applied and 12% SDS-

polyacrylamide gels were used for claudin-5 and p38MAPK. 

II-6. Western Blot: 

PAGE-gels were stacked with methanol-activated polyvinylidene difluoride (PVDF) 

membrane (Bio-rad) under constant voltage 100 V for 100 min. PVDF membrane is then 

blocked with 5% BSA (M/V) (Sigma,#SLBD7265V) for 1h in room temperature and 

followed by  incubation with the primary antibody (1:1000) overnight at 4°C. Primary 

antibodies p-P44/42 MAPK (T202/Y204) (4377S), p44/42 MAPK (ERK 1/2,) (9107S), p-

p38 MAPK (T180/Y182) (9211S), p38 MAPK (9212S) (Cell Signaling) and claudin-5 

antibody (35-2500) were from Thermofisher. HRP-conjugated secondary antibody: Anti-

rabbit IgG (Cell signaling, 7074s) and anti-mouse IgG (Cell signaling, 7076s) was diluted 

in 5% milk at 1:5000 ratio. HRP- anti-occludin (331520) was purchased from Life 

technologies. HRP-conjugated β-actin (Sigma, 111M4793) was used as loading control. 

Unbound proteins were washed off by 0.05% (v/v) Tween 20 in TBS (Bioexpress, 

0283C285, Kaysville, UT). Protein expression level was examined by using enhanced 
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chemifluorescence (Thermofisher) by using FujiFilm machine (Tokyo, Japan) for 

exposure.  

If necessary, stripping buffer (Thermofisher, #21059) was used to remove bound 

antibody at room temperature for 20 min, and samples were reblotted the same as 

indicated above. 

II-7. Dextran Assay for cell permeability: 

hCMEC/D3 cells were cultured on 24 well 3.0 μm pore size trans-well insert (Falcon, 

353096) for 7days (until confluent). Each insert was washed with 1x HBSS once, and 

then transferred to another fresh 24-well plate. Then, 200 μl of HBSS containing 1μg/mL 

FITC-Dextran were added to upper chamber and 600 μl of HBSS into lower chamber. The 

24-well plate with transwell inserts was incubated for 1 h at 37 °C at 5% CO2 with slight 

shaking.  The concentration of FITC-Dextran transferred to the lower chamber was 

determined using Microplate Reader (Biotek, 258632, Winooski, VT) with excitation and 

emission wavelengths of 492 nm and 520 nm, respectively (Figure IA). 

II-8. Measurement of TEER 

hCMEC/D3 cells were cultured on 12 well 3.0 μm pore size transwell insert (Falcon, 

353096) for 7days (until confluent). An epithelial volt/ohm meter for TEER-EVOM2 

(World precision instruments, Sarasota FL) was used to measure the TEER value. Here 

we used the EndOhm electrode to obtain TEER value, by transferring transwell insert 

into the Endohm chamber. The concentric pairs of electrodes above and beneath the 

membrane caused a coincident current density flow across the membrane. Then, 

https://www.google.com/search?biw=1301&bih=620&q=Winooski+Vermont&stick=H4sIAAAAAAAAAOPgE-LSz9U3SDJLz0kxUuIEsQ0NssxLtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAOFXb9JFAAAA&sa=X&ved=0ahUKEwj12NeTy_vLAhVIRyYKHepzCWgQmxMIhAEoATAS
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EVOM2 offered the transmembrane electrical resistance according to the current. All 

the TEER values were determined after subtracting the background and timing the area 

of insert membrane (Figure IB).   
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Figure 7. Transwell Assay 
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II-9. Cell viability assay 

Cell viability was measured by WST-1 assay. hCMEC/D3 cells were cultured in 96-well 

plate at a density of 25 000 cells per cm2. After 3days, culture medium was replaced 

with   EBM-2 Endothelial basal for 3 hours. Cells were then treated with agents. Then, 

hCMEC/D3 cells were washed with PBS once time and incubated with 25 μl/well WST-1 

(Sigma-Aldrich, 5015944001, St. Louis, MO) for 1hour. After incubation and shaking 

1min, the formazan dye formed is quantitated with microplate reader at 570 nm. All the 

optical density value was determined after subtracting the background. 

II-10. Data analysis 

All statistical analyses were carried out in GraphPad Prism 6, with student t-Tests or 

one-way analysis of variance (ANOVA) used unless otherwise noted. Western blotting 

band intensity was quantified by software Quantity One. All experiments are performed 

at least four times. 

 

 

 

 

 

 

 

https://www.google.com/search?biw=1607&bih=713&q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&ved=0ahUKEwiK97D9vIDMAhUEQyYKHf_SAs8QmxMIugEoATAa
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III. Results 

III-1. TNFα, IL-1β but not LPS caused occludin rapid and transient 

band shift 

Proinflammatory cytokines such as TNFα and IL-1β and endotoxins such as LPS have 

been shown to stimulate oxidative and inflammatory responses in immune active cells 

and alter cell functions. Since tight junction proteins are important for endothelial cell 

functions, the goal for this study is to investigate whether cytokines and endotoxins 

alter occludin function in the hCMEC/D3 cells. Cells were treated with or without  10 

ng/ml TNF-α, 10 ng/ml IL-1β and 100 ng/ml LPS at 15, 30 min or 1, 2, 4, 6 hours. Cell 

lysates were collected and occludin expression pattern was analyzed by immunoblotting 

assay. Initially, we used 10% gel and observed a band shift of occludin upon incubation 

of cells with TNFα. Later, the band shift was better resolved by using 7.5% gel. 

Subsequent Western blots for occludin were carried out using 7.5% gel.  

In this study, TNFα exposure triggered a transient band shift for occludin noticeable at 

15 and 30min (Figure 1A). This shift from the lower band to upper band readily returned 

to normal within 1 hour.  Quantification of the proportion of upper band versus total 

revealed significant increase of 65.2% (15 min exposure) and 59.3% (30 min exposure) 

as compared with the control group (Figure 1B). Treatment with IL-1β (10 uM) also 

resulted in  band shift at 15 and 30 min  (Figure 1C,D), but the changes were much less 

potent as compared with TNFα, displaying only 15.8% and 11.9% increase in 15 and 30 

min respectively. In contrast, addition of LPS at 100 ng/mL did not show apparent band 

shift (Figure 1E, F).  
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Figure 1 

 
 
 

Fig. 1 Effects of TNFα, IL-1β and LPS induced occludin band shift in hCMEC/D3 

Human cerebral microvascular endothelial cells/D3 (hCMEC/D3) were treated with or 

without  10 ng/ml TNFα (A, B) 10 ng/ml IL-1β (C, D) and 100 ng/ml LPS (E, F) for 15, 30 

min and 1, 2, 4, 6 hours. Cell lysates were collected and occludin and β-actin expression 

pattern was analyzed by immunoblotting assay. Quantification of the proportion of 

upper band were determined through PIupper/PItotal/PIβ-actin (Protein intensity) and then 

normalized by control group. Results are mean   SD from 4 or more experiments 

(*P<0.05, **P<0.01, ***P<0.001 compared with no treatment control).  
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III-2. TNFα, IL-1β and LPS mediated stimulation of ERK1/2 and 

p38MAPK in hCMEC/D3 cells.  

We speculate that the observed effects ofr cytokines to cause band shift for occludin is 

due to post translational modifications such as phosphorylation. Since these cytokines 

have been shown to activate the MAPK pathways (Kant et al., 2011), an experiment was 

carried out to examine time course for TNFα to stimulate ERK1/2 and p38MAPK in 

hCMEC/D3 cells.  

As shown in Figure 2A,  treatment  with TNFα stimulated a transient increase in 

phosphorylation of  ERK1/2 (p-ERK1/2 ) and p38MAPK  (p-p38MAPK) as early as 15 min, 

and this event correlated well with the time for occludin band shift (Figure 2A). In this 

experiment, both p42 and p44 p-ERK showed similar activation pattern (Figure 2A, D). 

TNFα-induced increase in p-P38MAPK peaked at 15 min but levels remained above 

control levels even after exposure for 6 hours (Figure 2A, F).  

 IL-1β at 10 ng/mL also caused transient increases in p-ERK1/2 and p-p38MAPK at 15-30 

min (Fig. 2B), and with increasing time, the levels gradually decreased but were 

maintained at a slightly higher level than non-treated controls up to 6 hours (Figure 2B). 

Similar to occludin, LPS elicited no obvious changes in levels of pERK1/2 and p-p38MAPK 

(Figure 2C). These results suggest a possible correlation between the occludin band-shift 

and phosphorylation of ERK1/2 and p38MAPK in hCMEC/D3 cells.   
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Figure 2 

 
 

 

 

Fig. 2 Effects of TNFα, IL-1β and LPS mediated stimulation of ERK1/2 and p38MAPK   in 
hCMEC/D3 cells. 

hCMEC/D3 cells were treated with or without  10 ng/ml TNFα (A, D, E), 10 ng/ml IL-1β (B) 
and 100 ng/ml LPS (C) for 15, 30 min and 1, 2, 4, 6 hours. Cell lysates were collected and 
phospho-ERK1/2 (P- ERK), total ERK1/2 (T-ERK), phospho-p38MAPK (P-38), total 
p38MAPK (T-p38) and β-actin expression pattern were analyzed by immunoblotting 
assay. Quantification of the proportion of phosphorylation for TNFα were determined 
through PIphospho/PItotal/PIβ-actin and then normalized by control group. Results are mean 
  SD from 4 experiments (*P<0.05, **P<0.01, ***P<0.001 compared with no treatment 
control).  
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III-3. TNFα – induced phosphorylation of p38MAPK revealed a 

better temporal correlation of occludin band shift than p-ERK1/2 

In order to better pinpoint the signaling events and occludin band-shift at early time 

points, cells were stimulated with TNFα and cellular p38MAPK and ERK1/2 expression 

were investigated at 5, 10, 15, 30 and 60 min after TNFα treatment. We noticed that 

TNFα induced increase in p-p38MAPK as early as 5 min treatment and then rapidly 

declined after 10 min. Meanwhile, increase in p-ERK1/2 was not detected until 10 min 

and peaked at 15 min prior to the decrease.  Detection of occludin band-shift appeared 

to start at 5 min after TNFα exposure, and reached a maximum at 15 min (Figure 3A and 

B). Consistently, these data show a better temporal relationship between p-p38MAPK 

and occludin than p-ERK1/2 and occludin. 
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Figure 3 

 

Fig. 3 Effects of TNFα mediated occludin band shift and stimulation of ERK1/2 and 
p38MAPK in hCMEC/D3 cells. 

hCMEC/D3 cells were treated with or without  10 ng/ml TNFα (A, B) at 5, 10, 15, 30, 

60min. Cell lysates were collected and occludin, P- ERK, T-ERK, P-38, T-p38 and β-actin 

expression pattern was analyzed by immunoblotting assay. Quantification of the 

proportion of occludin upper band were determined through PIupper/PItotal/PIβ-actin and 

then normalized by control group. Results are mean   SD from 4 experiments (*P<0.05, 

**P<0.01, ***P<0.001 compared with no treatment control).  
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III-4. Inhibition of p-ERK1/2 and p-p38MAPK reduces occludin 
band shift 

In order to further determine whether TNFα-induced phosphorylation of ERK1/2 and 

p38MAPK is involved in occludin band shift, specific inhibitors were used, i.e., U0126 for 

MEK1/2/ERK1/2 and SB202190 for p-p38MAPK. In this experiment, hCEMEC/D3 cells 

were incubated with specific inhibitors for 15 min prior to stimulation with TNFα for 0, 

15, 30, and 60 min. As indicated before, occludin band shift was observed when cells 

were treated with TNFα for 15 min and returned to control levels by 1 h (Figure 4A, C).  

Pre-incubation of the ERK1/2 inhibitor, U0126 (10 uM), for 15 min followed by 

stimulation of TNFα prevented the increase in p-ERK1/2 (Figure 4A, Lane 5-7), indicating 

that the inhibitor is functional. However, although preincubation of the p38MAPK 

inhibitor, SB202190 (10 uM), this inhibitor could only partial inhibit p-p38MAPK induced 

by TNFα. On the other hand, SB202190 and to a much smaller extent, U0126, was able 

to blocking the band shift induced by TNFα.  (Figure 4A, C). Incubation with inhibitors 

alone did not cost band-shift (Figure 4B). Together, these results show that suppression 

p38MAPK and partially ERK1/2 could decrease TNFα-induced occludin band shift.  These 

results also reflect a critical role for p38MAPK in phosphorylation of occludin. 

In the above study, SB202109 at 10uM inhibited occludin band shift but only partially 

decrease p-p38MAPK expression.  We further tested the dose-dependent effect of 

SB202109 on p-p38MAPK as well as occludin band shift. As shown in Figure 4D and A, 

SB202109 ranging from 5, 10, to 20 μM partially suppressed p38MAPK phosphorylation 

and reduced occludin band-shift. Subsequent information about SB202190 indicated 
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multiple forms of p38MAPK and that SB202190 apparently inhibits only one specific 

form. Taken together, these results demonstrate an effective link between occludin 

band shift and induction of p-p38MAPK by TNFα.  

III-5. Immunoprecipitation to assess tyrosine and threonine 

phosphorylation of occludin   

Since a number of kinase pathways and different kinases have been shown to 

phosphorylate occludin, we performed immunoprecipitation assay to test 

phosphorylation at the tyrosine and threonine residues. In this study, anti-tyrosine or 

anti-threonine antibodies conjugated with protein A beads were used to pull down 

phosphorylated proteins in cell lysates, and subsequently detected by Western blot for 

occludin. As shown in Figure 5, exposure to TNFα for 15 min increased the upper band 

intensity of occludin in total cell lysates. After immunoprecipitation, occludin appeared 

only in the upper bands regardless of with or without TNFα exposure for 15 min. Under 

this condition, both anti-tyrosine and anti-threonine antibody interacted with and 

pulled down phosphorylated occludin (p-occludin), suggesting that occludin can be 

phosphorylated by either type of kinase, and that phosphorylation by tyrosine kinases 

appeared to be higher than threonine kinases.   
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Figure 4 

 

 
 

 
 
Fig. 4 Actions of p-ERK1/2 and p-p38MAPK inhibitors on occludin band shift in 
hCMEC/D3 cells. 
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hCMEC/D3 cells were pretreated with or without 10μM U0126 and 10μM SB202190 for 

15min and then  treated with or without  10 ng/ml TNFα at 15, 30 , 60min (A) (B) Testing 

effects of inhibitor alone. (D) Testing effects of different doses of SB202190. Cell lysates 

were collected and occludin, P- ERK, T-ERK, P-p38, T-p38 and β-actin expression pattern 

was analyzed by immunoblotting assay. Quantification of the proportion of occludin 

upper band were determined through PIupper /PItotal/PIβ-actin and then normalized by 

control group. Results are mean   SD from 4 experiments (*P<0.05, **P<0.01, 

***P<0.001 compared with no treatment control).  

 

 

Figure 5 

 

Fig. 5 Effects of TNFα mediated tyrosine and threonine phosphorylation of occludin. 

hCMEC/D3 cells were treated with or without  10 ng/ml TNFα for 15 min. Cell lysates 
were mixed with  anti-tyrosine or anti-threonine antibody conjugate with protein A 
beads and then phosphorylated proteins in cell lysates were pulled down. Occludin and 
β-actin expression pattern was analyzed by immunoblotting assay. 
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III-6. Long-term exposure to TNFα, IL-1β and LPS differentially 

modulate occludin and claudin-5 expression and change cellular 

morphology 

Studies so far indicate ability for TNFα to induce phosphorylation of p38MAPK and 

ERK1/2 and a temporal relationship between increased p-p38MAPK and occludin band-

shift.  A major function for occludin is to mediate TJ activity among endothelial cells 

which may further lead to regulation of BBB.  Therefore, studies were carried out to test 

whether TNFα and the early signaling changes may lead to subsequent physiological and 

morphology changes. In this study, hCMEC/D3 cells were exposedto TNFα, IL-1β and LPS 

for 24 hours and changes in TJ protein expression as well as cell morphology and cell 

viability were determined.  In addition, we also tested whether effects of TNFα and 

other cytokines may result in alteration of endothelial membrane barrier function.  

In this study, hCMEC/D3 cells were incubated with TNFα (10 ng/mL), IL-1β (10 ng/mL) 

and LPS (100 ng/mL) for 24 h and cell lysates were obtained for Western blot analysis on 

occludin and claudin-5, another TJ protein.  Quantification of protein intensity revealed 

TNFα induced a significant decrease in occludin (40.87%) as compared with the control 

group. Treatment with IL-1β also reduced occludin expression (27.53%) but the changes 

were less than that for TNFα. In contrast, addition of LPS did not show apparent change 

(Figure 6A and B). On the other hand, while TNFα did not alter claudin-5, this protein 

was significantly decreased upon incubation with IL-1β and LPS, displaying 50.35% and 

33.90% decrease, respectively (Figure 6A and C).  
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Exposure of cells to cytokines and LPS could also result in changes in cell morphology 

upon examined with bright field microscopic imaging. Results showed that control 

hCMEC/D3 cells are spindle like shape while TNFα treated cells showed a more tightly 

packed, narrow and elongated morphology. One the other hand, no obviously changes 

in cell morphology was observed after incubation with IL-1β or LPS (Figure 6D). 
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        Figure 6 
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Fig. 6 Effects of TNFα, IL-1β and LPS on occludin and claudin-5 expression and cell 
morphology. 

Human cerebral microvascular endothelial cells/D3 (hCMEC/D3) were treated with or 

without  10 ng/ml TNFα, 10 ng/ml IL-1β and 100 ng/ml LPS at 24 hours (A). Cell 

morphology was observed by bright field microscopic imaging (D). Cell lysates were 

collected and occludin (B), claudin-5 (C) and β-actin expression pattern was analyzed by 

immunoblotting assay. Quantification of the protein intensity were determined through 

PItotal/PIβ-actin and then normalized by control group. Results are mean   SD from 4 or 

more than 4 experiments (*P<0.05, **P<0.01, ***P<0.001 compared with no treatment 

control).  
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III-7. Long-term exposure to TNFα, IL-1β and LPS differentially 

enhanced endothelial permeability 

There is evidence that tight junction is related to paracellular permeability, which can be 

measured using the Dextran and TEER assay protocols. After 24 hours treatment, 10 

ng/ml TNFα reduced TEER by 22.27%, 10 ng/ml IL-1β reduced 23.21% whereas 100 

ng/ml LPS reduced 15.85% (Figure 7A). In parallel, we examined paracellular 

permeability to 7 kD FITC-Dextran of cells with cells  treated with TNFα , IL-1β  and LPS 

for 24 h. Results show increase in Dextran transfer across the cells with all three 

treatments and the potency ranking IL-1β>TNFα>LPS (Figure 7B). 
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Figure 7 

 
 
Fig. 7 Effects of TNFα, IL-1β and LPS on endothelial permeability. 

hCMEC/D3 were treated with or without  10 ng/ml TNFα, 10 ng/ml IL-1β and 100 ng/ml 

LPS at 24 hours (A, B). Paracellular permeability was measured using the Dextran and 

TEER assay. TEER was determined through T24h/T0min. Permeability were determined 

through FI24h/FI0min (Fluorescence Intensity) and then normalized by control group. 

Results are mean   SD from 4 experiments (*P<0.05, **P<0.01, ***P<0.001 compared 

with no treatment control).  
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III-8. Inhibition of p38MAPK abrogated reduction of occludin- 

induced by TNFα  

In short term TNFα treatment, we observed that suppression p38MAPK could elicit 

TNFα-induced occludin band-shift by preincubating the p38MAPK inhibitor, SB202190.  

Since exposure of TNFα for 24h resulted in reduction occludin expression, it is 

reasonable to test whether the early band shift event is related to the decrease in total 

occludin after exposure with TNFα for 24 h.  

 In this study, hCEMEC/D3 cells were incubated with p38MAPK inhibitors, SB202190 

(2μM) for 15 min prior to stimulation with TNFα for 24h. As indicated in Figure 8, 

pretreatment with SB202190 abrogated the reduction due to TNFα (Figure 8A, B). 

Interestingly, even though claudin-5 was not altered by TNFα, this protein was 

significantly increased upon pre-incubation of SB202190 with TNFα (Figure 8A, C). 
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Figure 8 

 
       
 
Fig. 8 Effects of p-p38MAPK inhibitor on occludin and claudin-5 expression in 
hCMEC/D3 cells. 

hCMEC/D3 cells were pretreated with or without 2μM SB202190 for 15min and then  

treated with or without  10 ng/ml TNFα for 24h (A, B, C). Cell lysates were collected and 

occludin (B), claudin-5(C) and β-actin expression pattern was analyzed by 

immunoblotting assay. Quantification of the protein intensity were determined through 

PItotal/PIβ-actin and then normalized by control group. Results are mean   SD from 6 

experiments (*P<0.05, **P<0.01, ***P<0.001 compared with no treatment control).  
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III-9. Inhibition of p38MAPK did not abrogate endothelial 

permeability change induced by TNFα   

In III-7, we observed that treatment of 10 ng/ml TNFα for 24 h reduced TEER and 

enhanced endothelial monolayer permeability to 7 kD FITC-Dextran.  Further study 

indicated ability for SB202190, p38MAPK inhibitor, was able to abrogate the decrease in 

occludin due to TNFα. 

In this experiment, we tested whether pre-treatment of SB202190 could also abrogate 

paracellular permeability as determined by TEER and 7 kD FITC-Dextran. As shown in Fig 

9, it was interesting that pretreatment of SB202190 did not alter the paracellular    

permeability induced by TNFα.    
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        Figure 9 

 
Fig. 9 Effects of SB202190 on TNFα-induced endothelial permeability. 

hCMEC/D3 cells were pretreated with or without 2μM SB202190 for 15min and then 

treated with or without  10 ng/ml TNFα for 24h (A, B). Paracellular permeability was 

measured using the Dextran and TEER assay. TEER was determined through T24h/T0min. 

Permeability were determined through FI24h/FI0min (Fluorescence Intensity) and then 

normalized by control group. Results are mean   SD from 3 or more thatn 3 

experiments (*P<0.05, **P<0.01, ***P<0.001 compared with no treatment control).  
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IV. Discussion 

IV-1.  TNFα induces phosphorylation of occludin in hCMEC/D3 

endothelial cells  

In this study, we demonstrated effects of TNFα to cause upward band shift of occludin 

in hCMEC/D3 endothelial cells. This band shift was noticeable as early as 5min, and 

reaching a maximum around 15 min before returning to basal level within 1 hour. The 

band shift is regarded as increase in molecular weight of the compound, most likely due 

to phosphorylation. Indeed, several studies have demonstrated increase in 

phosphorylation for occludin in different cell systems.  In MDCK cells, occludin was 

resolved into several bands between 62 and 82 kD in SDS-PAGE, and these bands were 

converged into the lowest molecular weight band by alkaline phosphatase treatment, a 

protocol known to remove the phosphate groups. Phosphoamino acid analyses 

indicated that the higher occludin bands were comprised of phosphoserine and 

phosphothreonine. These findings demonstrated that an upward shift of occludin bands 

can be used to represent  phosphorylation of this molecule (Sakakibara et al., 1997). In 

another study,  injecting VEGF into the vitreous cavity of  rat eye caused a retinal 

occludin modification, with  a band shift from 60 to 62 kDa by 15 min post-injection and 

reached a maximum at 45min (Antonetti et al., 1999). The extent of band shift was 

similar to ours with the hCMEC/3 cells.  However, whether other endothelial cells may 

similarly show band shift upon stimulation remains to be further investigated. 

Phosphorylation and dephosphorylation play essential roles in regulating organism 

metabolism, such as protein-protein interaction, protein degradation, enzyme inhibition. 
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The transient nature of band shift after stimulation with TNFα in hCMEC/3 cells suggests 

the presence of phosphatase in dephosphorylation of this molecule.   

In the absence of specific antibodies, it is difficult to assess the type of protein kinases 

responsible for the band shift. Several studies have provided evidence for multiple 

phosphorylation sites in occludin through different signaling pathways (Blasig et al., 

2011).  In this study, we used antibodies against phosphotyrosine and phosphothronine 

for immunoprecipitation assay. Our results demonstrated phosphorylation in both 

tyrosine and theonine residues upon treatment of hCMEC/D3 cells with TNFα for 15 min.  

Tyrosine residues are abundant  in occludin extracellular loop domain, and these 

residues were thought to contribute to hydrogen bonds and subsequently protein 

flexibility (Blasig et al., 2011). However, it is not clear whether residues within these 

loops are phosphorylated.  On the other hand, phosphorylation of Tyr-398 and Tyr-402 

in the cytoplasmic domain was shown to promote occludin membrane localization and 

its interaction with ZO-1 and ZO-2/3 (Elias et al., 2009). In intact epithelium, occludin is 

hyper-phosphorylated on Ser and Thr residues, which was regarded to play a role in 

stabilizing occludin in a membrane-bound state, and thus helping the molecule to 

assemble and maintain intact tight junction structure (Rao, 2009). Increased occludin 

phosphorylation on Ser/Thr residues was also linked to barrier dysfunction in 

encephalitic mouse and human brain (Cummins, 2012). In another study by Antonetti et 

al. (1999), Ca2+ depletion and VEGF  induced a rapid occludin band shift, and the VEGF -

induced occludin phosphorylation was marked by endothelial permeability increase 

(Antonetti et al., 1999). In another study, prolonged Ca2+ starvation was shown to cause 
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a rapid occludin band shift.  This change was associated in a shift in distribution of 

occludin between the cytoplasmic compartment and the cell borders (Farshori and 

Kachar, 1999). Taken together, there are ample evidence indicating increase in 

phosphorylation of occludin through different stimuli and that this event is associated 

with functional changes.   

IV-2. TNFα-induced occludin band shift is correlated with increase in 

MAPK activity 

Mitogen-activated protein kinases (MAPKs) are involved in a variety of fundamental 

cellular processes, such as proliferation, differentiation, apoptosis, and survival (Dorfel 

and Huber, 2012).  As a highly conserved family of Ser/Thr protein kinases, MAPKs 

family contain three groups of kinases:  the p38 MAP kinases; the extracellular signal-

regulated kinases 1 and 2 (ERK1/2); and the cJun NH2-terminal kinases (JNK), all of which 

can be activated by TNFα (Sabio and Davis, 2014). MAPKs activation is mediated by 

several members of the MAP kinase kinase kinase (MAP3K) group, including ASK1, 

MEKK1, TAK1 and TPL2. However, each group of MAPKs is differently activated by 

various MAP kinase kinase (MAP2K) isoforms. TNF-stimulated activation of JNK is 

mediated by MKK7 and MKK4, p38 MAPK activation requires both MKK3 and MKK6, and 

ERK1/2 activation requires MKK1 and MKK2. These pathways further activate ERK1/2, 

JNK, and p38 MAPK by a dual phosphorylation (Thr and Tyr) mechanism (Kant et al., 

2011). Then, MAPK phosphatases reverse the phosphorylation and return those MAPKs 

to their inactive state (Cuenda and Rousseau, 2007).  
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Under different conditions, different MAPKs pathways are activated by pro-

inflammatory cytokines and LPS in endothelial cells. For example, TNFα induces rapidly 

ERK1/2, p38MAPK, JNK activation in Human umbilical vein endothelial cells (Modur et al., 

1996). Similar to our study, endothelium-derived permanent human cell line (EA.hy926) 

cellsshowed increase phosphorylation of p38MAPK by TNFα within 5 min and quickly 

dephosphorylated within 30 min.   Maximum p38 MAPK phosphorylation was achieved 

with 10 ng/ml TNFα (Grethe et al., 2004). 

In our study, hCMEC/3 cells exposured to 10ng/mL TNFα showed transient increase in 

phosphorylation of ERK1/2 and p38MAPK. We further noticed slight difference in time 

for phosphorylation between ERK1/2 and p38MAPK. TNFα-induced p-p38MAPK 

increased as early as 5 min and rapidly declined after 10 min, whereas TNFα-induced 

increase in p-ERK1/2 was not detected until 10 min and peaked at 15 min prior to the 

decline.  In the same experiment, occludin band-shift became obvious at 5 min after 

TNFα exposure, and reached a maximum at 15 min. Taken together, the time profile for 

TNFα to stimulate occludin band shift appears to show a better precursor relationship 

with p-p38MAPK than p-ERK1/2. 

In our study, IL-1β at 10 ng/mL also caused a small band shift of occludin and this 

cytokine also transiently increases in p-ERK1/2 and p-p38MAPK at 15-30 min.  On the 

other hand, LPS at 100ng/mL elicited no obvious changes in occludin band shift and this 

level of LPS also did not cause trainsient increase in p-pERK1/2 and p-p38MAPK (Fig. 1). 

In a recent study by Qing et al. (2015),  LPS at 10μg/mL was shown to enhance p38MAPK 
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and JNK phosphorylation in hCMEC/D3 cells (Qin et al., 2015). The rationale for using 

such high levels of LPS in Qin’s study was not clearly stated. In our study, the levels of 

LPS used were based on our experience with BV-2 microglial cells, where LPS at 100 

ng/ml could induce a rapid increase in phosphorylated p38MAPK and ERK 1/2 (Sun et al., 

2015). Taken together, these data suggest that endothelia cells, at least the hCMEC/D3 

cells, are less responsive to LPS as compared to microglial cells.   

IV-3. Inhibition of occludin band shift by SB202190 

In order to further link TNFα-induced phosphorylation of p38MAPK and ERK1/2 with 

occludin band shift, inhibitors for these MAPKs were applied.  While pretreatment with 

U0126, the inhibitor for MEK1/2 that phosphorylate ERK1/2, p-ERK1/2 expression was 

completely abrogated, indicate effective of this inhibitor (Fig 4A).   Interestingly, 

phosphorylation of p38MAPK was only partially inhibited upon pretreatment of 

SB202190 (10 uM) prior to stimulation with TNFα. Upon further examine p38MAPK, it 

became obvious that there are four p38 MAP kinases  in mammals: α, β, γ and δ, also 

known as stress-activated kinase 2a (SAPK2a), SAPK2b, SAPK3 and SAPK4, respectively 

(Cuenda and Rousseau, 2007). Previous study by Davies et al (2000) demonstrated that 

SB202190 only inhibit p38α and p38β, whereas p38γ and p38δ were completely 

unaffected by this compound. Furthermore, SB202190 is primarily for inhibition of p38α 

and only can inhibit p38β at  higher doses (DAVIES et al., 2000). Therefore, the 

incomplete inhibition of p-p38MAPK by SB202190 can be explained by presence of 

other isoforms of p38MAPK in our cells. Our data are consistent with results suggesting 

p38MAPK in mediating TNFα-induced occludin band shift.  

http://atlasgeneticsoncology.org/Genes/MAPK12ID41290ch22q13.html
http://atlasgeneticsoncology.org/Genes/MAPK13ID41291ch6p21.html
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IV-4. Long time TNFα treatment decrease occludin expression 

and alter endothelial cell barrier function 

A number of studies, including those in our laboratory, observed a decrease in total 

occludin expression after treating endothelial cells with TNFα for 24h. It is important to 

understand mechanism leading to this change and how depletion of occludin alters 

structure of TJ structure and BBB function in the endothelium.  Occludin expression was 

decreased in human epithelial cells T84 upon exposure to TNFα.  Cui et al. (2007) 

observed  a reduction of occludin mRNA in mice after treatment with TNFα for 6 h, 

suggesting of possible transcriptional regulation (Cui et al., 2007). Besides mRNA, 

occludin expression can be regulated by other mechanisms, e.g., post-translational 

mechanism such as ubiquitination, phosphorylation and degradation by extracellular 

proteases. TNFα is known to activate nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB), a transcription factor, involved in inflammatory responses.  

Inhibition of NF-κB prevented the increase of T84 intestinal epithelial TJ permeability 

and depletion of occludin induced by INFγ (Boivin et al., 2009). However, how alteration 

of the NF-κB pathway led to down-regulation of occludin and subsequently TJ disruption 

in endothelial cells is still not clear and thus is an important area worthy of further 

investigation 

There is recent evidence that occludin can be degraded by extracellular proteases such 

as MMP (Liu et al., 2012a) (Ren et al., 2015).  In cerebral ischemia (stroke), disruption of 

BBB has been attributed to an increase in MMP-9 along with pro-inflammatory 

cytokines (Cui et al., 2012). Therefore, it would be of interest to test whether TNFα 
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decrease occludin in endothelial cells is due to activation of MMP-9 and whether 

specific MMP-9 inhibitors may mitigate the decrease in occludin.   

 

IV-5. Long time TNFα treatment alter endothelial cell barrier 

function 

Results in this study show that TNFα stimulated decrease in occludin expression in 

hCMEC/D3 cells is linked to increased paracellular permeability and decreased TEER. In 

agreement to our observations, Lopez-Ramirez et al (2012) using the same cell line 

treated with 1ng, 10ng and 100ng/mL TNFα and revealed a significant increase in 

parecellular permeability to 70kD FITC-dextran at 24h.  Interestingly, maximal response 

was observed upon treatment with 10ng/mL TNFα (Lopez-Ramirez et al., 2012).  

Another possibility to explain the TNFα-induced decrease in  occludin is perturbation at 

the cytoplasm-membrane recycling, i.e., more occludin remained in the cytoplasm and 

less in the membrane (Clayburgh et al., 2005). However, occludin internalization is 

probably related to occludin (Farshori and Kachar, 1999). Hence, the regulation of 

occludin could be more complicated than we thought.IV-6. Inhibition of TNFα induced 

occludin reduction by SB202190. 

In agreement with our findings, study by Chen et al. (2011) showed that SB203580 

(p38MAPKinhibitor) and P38siRNA could abolish the reduction of TJ protein occludin 

and ZO-1.  Moreover, overexpression p38MAPK resulted in suppression of mRNA levels 

of occludin and ZO-1, and this mechanism was associated with IκBα degradation and 

NFκB activation induced by p38MAPK (Chen et al., 2011). In our study, we noticed that 



67 
 

p38 not only actively engaged in occludin transient phosphorylation, but also 

orchestrates occludin long-term expression. Similar to results from Chen et al. (2011), 

our results also show that TNFα induced reduction of occludin can be abrogated by 

SB202190, the p38MAPK inhibitor.  

TNFα and IL-1β is released predominantly by macrophages and also by endothelial cells 

(Palladino et al., 2003). Response to cytokines could induce the transcription of a huge 

number of inflammatory-related protein, including TNF-α itself (Shen). p38MAPK 

potentially play a role in inducing TNFα and IL-1β production. It was demonstrated 

p38MAPK enhanced expression by regulation of TNFα mRNA stability and translation 

initiation (O'Keefe et al., 2007).   
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V.Future directions 
 In conclusion, this study unveiled new and interesting results linking between TNFα and 

occludin in endothelial cells and highlighted the role of p38MAPK on phosphorylation of 

occlusion. This study also generated questions for further studies to better understand 

mechanisms whereby TNFα signaling pathways lead to alteration of TJ proteins and BBB 

functions.  A list of possible future studies are summarized as follows:  

1. During the study, we observed a rapid and transient band shift of occludin 

starting at 5 min after TNFα exposure.  Although we have attributed the band 

shift to increase phosphorylation and link it to p-p38MAPK, it is not known 

whether the phospho-occludin is related to a change in its cellular localization, 

e.g., cytoplasm versus membrane. By using immunofluorescent microscopy, we 

would label occludin with specific antibody, and determine effects of TNFα on 

occludin distribution in plasma membrane, cytoplasm and nucleus.  Since long 

term exposure of hCMEC/D3 cells to TNFα resulted in an obvious decrease in 

occludin, immunofluorescent miscroscopy can also be used to test whether the 

reduction is associated with membrane or other subcellular compartments.  In 

addition, this study can be carried out in the presence and absence of the 

p38MAPK inhibitor, SB202190, since pretreatment with SB202190 was shown to 

abrogate TNFα-induced decrease in occludin.  

2. Since occludin is phosphorylated by tyrosine kinases, it is important to identify 

the kinases involved in this phosphorylation. TNFα has shown to target PI-3-

kinase and initial study can use known pharmacological agents to test.  
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3. TNFα is known to stimulate NF-κB pathway, which leads to production of more 

pro-inflammatory factors and subsequently cell death.   Our study shows 

phosphorylation of MAPKs but how these kinases alter NF-κB pathway is not 

known.  Future study can use known inhibitor of NF-κB to test how inhibition of 

NF-κB pathway can rescue cells from decrease in occludin and changes in 

membrane barrier function. Along this line, many botanical compounds are 

known to inhibit NF-κB pathway and will be useful to test. 

4. There is evidence that MMP2/9 may be involved in degradation of TJ proteins 

including occludin. . Therefore, studies can test the role of MMP2/9 on TNFα 

mediated changes in occludin and whether MMP alters TJ proteins and BBB 

function.  In this study, although IL-1β and LPS did not show initial changes in 

occludin band shift, they show change in other TJ proteins (claudin-5) and alter 

endothelial membrane permeability similar to effect of TNFα.  Therefore, more 

studies are needed to elicit other cellular changes induced by IL-1β and LPS.  
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