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Abstract 
 

Loss of endothelial barrier integrity is of key importance in a number of 

neuropathological conditions. Blood-Brain barrier (BBB) disruption, in part 

driven by cytokines, is an early event in the pathogenesis of Multiple Sclerosis 

(MS), an inflammatory autoimmune disorder caused by the presence of 

multifocal demyelinating lesions within the CNS. Astrocyte-derived sonic 

hedgehog (Shh) promotes BBB formation and a reduction in Shh levels has 

been reported in MS patients. Low circulating levels of Vitamin D3 are 

associated with an increased risk of MS although the molecular pathways 

underlying Vitamin D3 effects on MS pathogenesis remain elusive. Interplay 

between Shh and Vitamin D3 pathways has been reported in other cell types 

but this has not been yet studied in the context of the BBB. Several microRNAs 

are regulated in MS but their function is not always clear. 

The hypothesis that under inflammatory conditions, Shh and Vitamin 

D3 signalling pathways may interact in order to promote endothelial barrier 

stability and/or prevent cytokine-driven BBB disruption was tested. A murine 

and a human endothelial barrier model were established and explored in the 

context of inflammation.  Shh and Vitamin D3 treatment prevented cytokine-

induced endothelial barrier disruption, in both model systems, possibly through 

the regulation of metalloproteinase expression and/or localisation.  In addition, 

analysis of the human endothelial BBB barrier model suggested that miR125b 

is a possible candidate to exacerbate cytokine-driven loss in barrier integrity. 

Analysis of microarray data with the human BBB model revealed that Shh and 

Vitamin D3 treatment could prevent cytokine-driven tissue factor (TF/F3) 

expression, suggesting that this could be an additional mechanism by which 

Shh and Vitamin D3 can mediate their protective synergy against cytokine-

driven barrier dysfunction.  

Overall the data suggests that cross-talk between Shh and Vitamin D3 

may provide a new approach to reducing loss off BBB integrity.  
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1.1. The Blood-Brain Barrier 

The Blood-Brain Barrier (BBB) is a tightly regulated interface between the 

Central Nervous System (CNS) and the circulating blood that ensures a highly 

selective paracellular and transcellular exchange of molecules between the 

two compartments. Structurally, the BBB is formed by a wall of highly 

specialised capillary endothelial cells (ECs) discontinuously wrapped by a 

cellular layer of pericytes (it is this discontinuous wrapping that allows a 

continuous interaction between the different cellular levels). Together, ECs 

and pericytes synthesise a basement lamina (comprising extracellular matrix 

components including collagen IV, laminin and heparan sulphate 

proteoglycan) that provide structural support and contribute to barrier 

formation.  Astrocyte foot processes externally cover this basement 

membrane acting as intermediates between the blood vessels and the CNS 

and promoting BBB stability through the secretion of trophic factors (Park et 

al., 2003; Pla-Navarro et al., 2018; Seo et al., 2012) (Figure 1.1.)  

The presence of close contacts between neighbouring ECs results in a 

polarized phenotype and very limited transcellular diffusion, resulting in the 

BBB’s limited permeability. Tight (TJ) and adherens (AJ) junctions link 

adjacent ECs together (Kniesel & Wolburg, 2000). TJs comprise 

transmembrane proteins such as occludins, junctional adhesion molecules 

(JAMs) and claudins which are anchored to actin filaments via adaptor proteins 

including cingulin, zona occludens proteins (ZO-1, -2 and -3) and Ca2+-

dependent serine protein kinase (CASK). Endothelial AJs link to the 

cytoskeleton through transmembrane proteins including vascular-endothelial 

(VE)-cadherin and catenins (α, β and p120) (Dejana et al., 2000; Kniesel & 

Wolburg, 2000) (Figure 1.1). For a detailed review of endothelial tight 

junctions, see Stamatovic et al. (Stamatovic et al., 2016). 
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Figure 1.1 - Schematic representation of the architecture of 
the blood-brain barrier (BBB). Endothelial Cells (ECs) forming 
the capillaries establish intercellular contacts known as tight 
junctions. ECs and pericytes are surrounded by a basement 
membrane, which in turn is also wrapped by astrocyte foot 
processes. Astrocytes play a major role in BBB maintenance 
through the secretion of several factors including Shh (not 
shown) (Image from Pla-Navarro et al., 2018). 
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The development of the BBB is a tightly regulated process. In the 

developing brain, neural progenitor cells secrete Vascular Endothelial Growth 

Factor (VEGF), which guides embryonic ECs migration into the developing 

brain (Raab et al., 2004).  Sprouting, angiogenesis and BBB maturation are 

promoted by Wnt secreted by neural progenitor cells, which induces 

transcription of genes implicated in BBB maintenance, such as TJ molecules 

(Liebner et al., 2008). ECs from emerging vessels release Platelet Derived 

Growth Factor-b (PDGF-b), promoting pericyte recruitment to the vessels 

surface (Hellström et al., 1999). Transforming Growth Factor-β (TGF-β)-

mediated cross-talk between ECs and surrounding pericytes promotes VE-

cadherin upregulation in ECs (increasing pericyte adhesion) and pericyte 

deposition of ECM components (Hill et al., 2014). Once vessels are formed, 

neighbouring astrocytes support BBB maturation through the secretion of 

Sonic Hedgehog (Shh), a trophic factor responsible for increased TJ protein 

expression in ECs (Alvarez, Dodelet-Devillers, et al., 2011). 

Although the BBB is a tightly regulated barrier, a low flow of selective 

transendothelial transport across this barrier has been described (reviewed in 

De Bock et al., 2016). During transcytosis, a cargo-packed endocytosed 

vesicle moves across the cell cytoplasm towards the opposite membrane of a 

polarised cell. The cargo-packed vesicle will eventually fuse with the target 

membrane releasing its cargo into the extracellular environment, transporting 

the cargo molecule from one side of a polarised monolayer to the other 

(reviewed in De Bock et al., 2016). Interestingly, studies conducted within the 

context of hypoxia/ischemia point at altered transcytosis as one of the possible 

mechanisms responsible for the increase in barrier permeability observed in 

these conditions. In a murine model of stroke, Reeson et al. 2015 described 

an increase in transcytosis vesicles that accounted for the observed increase 

in BBB permeability since junctional integrity was preserved at the 

ultrastructural level (Reeson et al., 2015). 

1.2. Multiple Sclerosis, histopathological aspects 

Under physiological conditions, the central nervous system (CNS; 

composed of the brain and spinal cord) depends on a high level of connectivity 
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achieved through axonal myelination. The myelin sheath is comprised of a 

highly modified plasma membrane (including specific components such as 

myelin basic protein) that wraps around axonal segments, insulating them and 

increasing the speed of axonal conduction (reviewed in Abu-Rub & Miller, 

2018). Multiple Sclerosis (MS) is an inflammatory autoimmune disorder 

caused by the presence of multifocal demyelinating lesions within the CNS. 

There are a great variety of clinical symptoms associated with this pathology 

that will depend on the neurological region affected. Regardless of their 

location, pro-inflammatory lesions are characterized by the presence of 

immune cell infiltrates which initiate a neuro-inflammatory process that will 

lead to myelin degradation and, eventually, neuronal loss (Hafler, 2004; 

Larochelle et al., 2011; Lassmann et al., 2007). In physiological conditions, the 

entry of pro-inflammatory cells into the CNS is tightly regulated by the BBB. 

During MS pathogenesis, a reduction in the levels of TJ proteins expressed by 

ECs will lead to the formation of small gaps that will diminish the BBB isolating 

properties. In patients, the location and degree of this disruptions can be 

measured by gadolinium-enhanced magnetic resonance imaging (MRI), 

showing that BBB breakdown is usually located near new active demyelinating 

lesions, but not near old ones (active or inactive). Thus, supporting the idea 

that BBB disruption is an early event in MS pathogenesis that facilitates the 

entrance of activated inflammatory cells into the CNS (Daneman, 2012). Thus, 

the pathological entry of self-reactive immune cells (such as T cells) into the 

CNS can be triggered by a breakdown of the BBB, which has been described 

as a crucial early event in the development of MS (Abbott et al., 2010; 

Larochelle et al., 2011).  

It has been described that 85% of patients with MS exhibit acute 

neurological syndrome followed by a series of remission events that will 

eventually lead to a partial recovery and a period of clinical stability, known as 

relapsing remitting MS (RRMS). However, as the pathology evolves, recovery 

periods becomes rarer, generating an elongation of the clinical episode known 

as secondary progressive MS. The remaining 15% of MS patients will 

experience primary progressive MS (PPMS), characterised by an absence of 

remissions and relapses leading to a gradual clinical progression from the 
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initial stages of the disease (Nylander & Hafler, 2012). The majority of 

available treatments are effective for the RRMS form of the disease, including 

the disease modifying interferon β (IFN-β) and the immunomodulatory 

glatiramer acetate (GA) treatment. IFN-β treatment is effective against RRMS 

and in some PPMS patients since it modulates the immune system at several 

levels: reduced ability of activated immune cells to cross the BBB, enhanced 

regulatory T-cell and B-cell activation, impaired expression of pro-

inflammatory cytokines (Kieseier, 2011; Kasper & Reder, 2014). GA (synthetic 

polymer of four myelin basic protein amino acids; Caporro et al., 2014)) has 

only shown efficient action in the treatment of RRMS, primarily by inducing the 

secretion of anti-inflammatory cytokines by reactive T cells and by preventing 

major histocompatibility complex class II molecule-mediated recognition of 

myelin antigens (Caporro et al., 2014). Thus, there is a need for treatments to 

delay neurodegeneration in PPMS patients (Feinstein et al., 2015). Non-

specific suppressors of the immune system are able to rapidly decrease 

progression in PPMS patients, but their efficiency is drastically reduced in long 

term treatments (Feinstein et al., 2015). The secondary effects derived from 

immune-suppressive treatments leaded to the development of a new 

generation of treatments such as Natalizumab; a humanized monoclonal 

antibody that inhibits the entry of activated immune cells into the CNS by 

physically blocking the interaction between the endothelial vascular cell 

adhesion molecule-1 (VCAM-1) and the Very Late Antigen-4; VLA-4) protein 

expressed in transmigrating leukocytes (Pilz et al., 2012; Yednock et al., 

1992). VLA-4 (or α4β1 integrin) is composed by a α4 chain (CD49d) 

associated with a β1 chain (CD29). When activated, VLA-4 undergoes a 

conformational change that allows it to bind to its natural ligand VCAM-1. 

However, Natalizumab’s ability to target the α4chain of integrins can prevent 

the VLA-4/VCAM-1 interaction blocking the extravasation of activated 

leukocytes across the BBB. Natalizumab also targets the interaction of α4-

expressing leukocytes with the connecting segment (CS)-1 isoform of 

fibronectin and osteopontin, further limiting leukocytes’ recruitment into the 

CNS (Abram & Lowell, 2009; McCormack, 2013).  
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Despite Natalizumab’s high efficiency in preventing disability progression 

and relapse rates, natalizumab-treated patients can generate neutralising 

antibodies (NAB) against this drug, developing resistance to this therapy 

(Calabresi et al., 2007).  More recently, oral administration of the sphingosine 

1-phosphate (S1P) receptor modulator Fingolimod (or FTY720) has been 

shown to be an efficient therapy against RRMS: Fingolimod prevents T cells 

release from lymphoid organs into the bloodstream by promoting the 

internalization of the S1P1-receptor, and it can also be sensed by astrocytes, 

oligodendrocytes and microglia, possible promoting remyelination and repair 

within the CNS (Kipp & Amor, 2012). However, despite all the available 

treatments previously mentioned, there is an urgent need for more efficient 

MS therapies, particularly for PPMS.  

1.3. Vitamin D and Multiple Sclerosis 

Although the aetiology of MS remains unknown, recent observations 

suggest that the development of this disease may be determined by a 

combination of genetic susceptibility and environmental risk factors 

(Oksenberg et al., 2001; Marrie, 2004). Epidemiological studies have reported 

a strong association between low levels of Vitamin D and increased MS 

susceptibility (Munger et al., 2006). Additionally, experimental autoimmune 

encephalomyelitis (EAE, the murine and most common model for MS) can be 

treated and completely prevented by the bioactive form of Vitamin D; 1,25-

dihydroxyviatamin D3 (1,25-(OH)2D3) (Lemire & Archer, 1991; Pedersen et 

al., 2007), although treatment termination leads to prompt onset of disease 

symptoms (Grishkan et al., 2013). Further supporting these ideas, some 

polymorphisms present in the Vitamin D receptor have been correlated with 

enhanced risk of MS (Niino et al., 2000; Tajouri et al., 2005).   

1.4. Modelling Multiple Sclerosis 

MS is a highly complicated disease with an extremely variable clinical 

hallmark. Hence, suitable experimental models are needed in order to clarify 

the pathological mechanisms underlying this disease and to generate effective 

therapies. 
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The most common animal model of MS is known as experimental 

autoimmune encephalomyelitis (EAE) and, although it can be induced in 

multiple animal species, is mostly studied in rodents previously immunised 

with CNS antigens combined with an adjuvant to enhance the immune 

response. Clinically, it is characterised by inflammation, neurological 

impairment and myelin damage leading to paralysis and reduced activity. 

However, there is a broad spectrum of clinical symptoms determined by the 

genetic context of the recipient and the autoantigen inoculated - the most 

common of which are purified myelin or myelin proteins such as myelin binding 

protein (MBP), myelin oligodendrocyte glycoprotein (MOG) and proteolipid 

protein (PLP) ( Wekerle & Kurschus, 2006; McCarthy et al., 2012; van der Star 

et al., 2012). Additionally, it is been proposed that virus or toxin-induced 

damage in individuals with a specific susceptibility can activate an 

inflammatory response that will eventually lead to the formation of a MS lesion. 

Thus, some animal models, like Theiler’s virus-induced encephalitis, have 

been developed in order to assess the bases of the relationship between CNS 

autoimmunity and the pathogenic effect of viral antigens or toxins (Altmann & 

Boyton, 2004; Kipp et al., 2012; McCarthy et al., 2012).  

However, despite the invaluable information provided by animal models, 

the complexity of this syndrome generates a need for a more simplistic 

approach, in which particular and specific pathological aspects can be 

assessed independently and in a more controllable environment. This is why 

in vitro models have been developed, among which BBB models are of great 

importance due to the central role of BBB breakdown in the pathogenesis of 

MS. Some models consist of a single culture of endothelial cells, and others 

incorporate co-cultured endothelial cells together with astrocytes in collagen-

coated membranes, allowing the study of the BBB’s dynamics and physiology 

(Naik & Cucullo, 2012; van der Star et al., 2012). 

1.5 Immune-mediated injury mechanisms during Multiple Sclerosis 

The sequence of events underlying the origin of MS’s pathological 

cascade is largely unknown. It has been broadly accepted that Multiple 

Sclerosis could be originated by the de-regulated entry of autoreactive T 
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lymphocytes into the CNS, triggering lesion formation in an outside-in pattern. 

However, other studies have suggested that MS could be initiated by a 

neuronal alteration or primary infection within the CNS, which could result in 

the activation of an inflammatory response. Thus, the inflammatory response 

responsible for tissue damage would be generated in an inside-out fashion 

(Mahad et al., 2015) (Figure 1.2 & Figure 1.3).  

Genetic and/or environmental factors can enhance the ability of 

circulating autoreactive T cells to cross the BBB and enter the CNS. Adhesion 

molecules of the selectin family (such as P-selectin, L-selectin or E-selectin) 

expressed by circulating activated lymphocytes can interact with their 

respective ligands presented on the vascular side of ECs comprising the BBB 

(Arpino et al., 2016; Engelhardt & Ransohoff, 2012; Man et al., 2007). The 

close interaction with the ECs allows circulating leukocytes to detect a 

signature of chemokines and cytokines (released by the damaged tissue) 

which enhances leukocyte tethering via the expression of integrins. In the 

absence of any stimuli, integrins exist in a bent conformation in which the 

cytoplasmic tails of their α and β subunits are kept together by a salt bridge 

between residues located in the membrane proximal region. Upon 

chemokines activation, GTP-bound Rap1 and activated talin are recruited to 

the integrin’s cytoplasmatic tail, leading to the separation of the α and β 

subunits. This conformational change in the cytoplasmic region is transmitted 

through the transmembrane domain to the extracellular region, leading to an 

open or activated state capable of high-affinity ligand binding (Abram & Lowell, 

2009; Engelhardt, 2006; Prendergast & Anderton, 2009). 

The increased affinity between the immune cell and the endothelium 

strengthens leukocyte adhesion to the vascular wall, leading to a crawling 

process mainly mediated by alpha L (Leukocyte Function-associated Antigen-

1; LFA-1) and alpha 4 integrins (expressed at the leukocyte cell surface) and 

their respective endothelial partners Intercellular Adhesion Molecules (ICAMs) 

and Vascular Cell Adhesion Proteins (VCAMs) (Man et al., 2007; Hauser & 

Goodin, 2008; Engelhardt & Ransohoff, 2012). During this stage, crawling 

immune cells scan the endothelial surface looking for a permissive site for 

extravasation (or diapedesis), where protrusions from the endothelium’s 
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membranes surround the adherent leukocyte helping it to migrate across the 

BBB. This extravasation can take place through two different routes: 

paracellular diapedesis and transcellular diapedesis. Whereas the molecular 

mechanisms underlying transcellular diapedesis are less understood, during 

paracellular diapedesis the activated leukocyte disrupts the endothelial 

junctions between adjacent ECs, generating a gap in the BBB that allows its 

transmigration (Man et al., 2007; Hauser & Goodin, 2008; Engelhardt & 

Ransohoff, 2012). Once the circulating autoreactive T cells have entered the 

CNS, they secrete proinflammatory cytokines such as interferon-γ (INF-γ) and 

tumour necrosis factor-α (TNF-α) (Engelhardt, 2006; Man et al., 2007; 

Engelhardt & Ransohoff, 2012). The released cytokines can then activate 

antigen-presenting cells (APCs) and further promote the migration of T cells 

across the BBB by increasing the expression of adhesion molecules in both 

circulating lymphocytes and ECs (reviewed in Vestweber (Vestweber, 2015)). 

These activated APCs then express class II major-histocompatibility-complex 

(MHC) molecules containing the presumed “MS antigen” (myelin basic protein, 

myelin oligodendrocyte glycoprotein (MOG), or myelin-associated 

glycoprotein among others), which can be recognised by the T-cell receptor 

complex located in the autoreactive T cell surface. Interestingly, this interaction 

results in an enhanced or reduced (anergy) immune response against the MS 

antigen depending on the combination of co-stimulatory molecules expressed 

at the APC and T cell surfaces: T cell activation leads to differentiation into 

CD4+ type 1 helper (Th1) or type 2 helper (Th2) cells, which can enhance or 

impair the immune response through the secretion of pro-inflammatory or anti-

inflammatory cytokines respectively. Whereas Th2 cells can induce the 

production of B cells (characterised by their antibody production) and send 

anti-inflammatory signals to APCs, Th1 cells orchestrate a myelin and 

oligodendrocyte immune-mediated injury trough the secretion of pro-

inflammatory cytokines such as TNF-α and INF-γ. These pro-inflammatory 

cytokines can in turn trigger macrophage activation, which damage myelin 

membranes and oligodendrocytes via phagocytic mechanisms, secretion of 

proteases and production of reactive oxygen species (ROS). However, APCs 

can also interact with CD8+ T cells, leading to the activation of CD8+ T cells 

or cytotoxic T cells, triggering apoptosis of cells expressing the targeted 
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antigen via the Fas-ligand signalling pathway (reviewed in Noseworthy et al., 

2000). Thus, cytokines play a crucial role initiating and promoting the entry of 

pro-inflammatory cells into the CNS. 
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Figure 1.2 - Schematic representation of the different events implicated in 
the migration of activated circulating leukocytes across the blood-brain 
barrier in the context of Multiple Sclerosis. Activated leukocytes adhere to the 
vascular side of the endothelial cells (EC) composing the blood-brain barrier 
(BBB) through the expression of adhesion molecules and their respective 
endothelial ligands (triggering stage). Leukocytes are now in close contact with 
the endothelium, which allows them to detect a signature of cytokines and 
chemokines released by the activated microglia in the damaged tissue. This 
enhances leukocyte adhesion via the expression of integrins, leading to a crawling
process (strong adhesion stage) mainly mediated by alpha L (Leukocyte 
Function-associated Antigen-1; LFA-1) and alpha 4 integrins (expressed at the 
leukocyte cell surface) and their respective endothelial partners Intercellular 
Adhesion Molecules (ICAMs) and Vascular Cell Adhesion Proteins (VCAMs). 
Through the secretion of gelatinases (and other metalloproteinases), activated 
leukocytes degrade the tight cell-to-cell contacts between adjacent ECs and basal 
lamina components, helping them to migrate across the BBB (extravasation). 
Once they have entered the central nervous system (CNS), activated leukocytes  
enhance the recruitment of additional activated immune cells through the 
secretion of chemokines and cytokines into the extracellular environment, 
stablishing a pro-inflammatory feedback loop (Image from Hauser & Goodin, 
2008). 
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Figure 1.3 Graphic representation of the injury and repair mechanisms 
taking place during the pathogenesis of Multiple Sclerosis (MS). Genetic 
and environmental factors (such as viral infection) can activate and promote 
the movement of autoreactive T cells from the blood stream into the central 
nervous system (CNS) across the blood-brain barrier (BBB) through the 
upregulation endothelial adhesion molecules such as Intercellular adhesion 
molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1) and E-
selectin. Proteases, such as matrix metalloproteinases (MMPs), can enhance 
the trans migration of activated T cells across the BBB by degrading 
extracellular matrix components. Once in the CNS, pro-inflammatory cytokines 
released by activated T cells (interferon-γ [INFγ] and tumour necrosis factor β 
[TNF-β]), may trigger an increase in cell-surface molecules on surrounding
lymphocytes and antigen-presenting cells. Binding of putative multiple 
sclerosis (MS) antigens (such as myelin basic protein among others) by the 
class II major-histocompatibility-complex (MHC) and the T-cell receptor (TCR) 
may trigger an enhanced immune response through the differentiation of T 
cells into Th1 (pro-inflammatory) or Th2 (anti-inflammatory) cells depending on 
the signature of costimulatory molecules present (e.g. CD28 or CTLA-4). Th2 
cells can promote an anti-inflammatory response (anergy) through production 
of anti-inflammatory cytokines (e.g. interleukin [IL]-1, -4 or -10) and the 
consequent activation of antibody-producing B cells. However, if the signature 
of costimulatory molecules triggers an enhancement of inflammation, T cells 
will differentiate into Th1 cells through the secretion of pro-inflammatory 
cytokines (e.g. INFγ, TNFα or IL-12), triggering a cascade of signalling events 
that will result in the proliferation of Th1 cells and activation of macrophages 
(microglia in the CNS) that will ultimately lead to immune-mediated 
degeneration of oligodendrocytes and myelin. Several mechanisms of 
immune-mediated injury have been suggested: macrophages-mediated 
degradation of myelin antigens; complement-mediated injury; or direct injury 
by activated T cells (CD4+ or CD8+). Injury to the myelin membrane will result 
in denuded axons no longer capable of transmitting action potentials, which 
will lead to neurological symptoms. Additionally, denuded axons will be 
susceptible to further injury by soluble mediators (such as cytokines, 
chemokines, complement and/or proteases), leading to irreversible axonal 
damage. However, before axonal damage occurs, several mechanisms of 
myelin repair have been described: resolution of the inflammatory response 
followed by remyelination; restored conduction by an increased expression of 
sodium channels that will recover denuded axon segments and restore 
conduction; antibody-mediated remyelination; and proliferation, migration and 
differentiation of resident oligodendrocyte precursor cells (image from 
Noseworthy et al., 2000). 
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Release of pro-inflammatory mediators is widely-agreed to be an early 

event in MS pathology, leading to BBB disruption (Minagar & Alexander, 2003; 

Abbott et al., 2010; Larochelle et al., 2011). This immune-mediated damage 

will result in enhanced demyelination and impaired axonal conduction (axons 

are no longer transmit axon potentials and saltatory conduction is lost) 

resulting in characteristic neurological symptoms. These denuded axons 

become highly susceptible to damage by soluble factors (e.g. proteases or 

chemokines), resulting in some instances, in irreversible axonal transection. 

However, more frequently partial remyelination may occur following resolution 

of the inflammatory response with proliferation and differentiation of 

oligodendrocyte precursor cells resulting in the generation of a substitutive thin 

myelin sheet; and increased density of sodium-channels in the demyelinated 

regions in an attempt to restore a normal axonal conduction (reviewed in 

Noseworthy et al., 2000). 

Many studies have reported the role of cytokines in BBB disruption, not 

only in MS but also in other neuroinflammatory disorders. Cytokines released 

by activated microglia (TNFα, IL-1 and -6) can lead to increased BBB 

permeability in Hepatic Encephalopathy (Butterworth, 2015; Jayakumar et al., 

2015).  During ischemic stroke activated perivascular astrocytes and microglia 

release cytokines such as TNFα and IL-1 triggering BBB breakdown (Amantea 

et al., 2015). Meningitis and BBB breakdown in rat can be induced by elevated 

levels of IL-1 (Quagliarello et al., 1991). In particular, increased levels of IL-1α 

have been associated with increased BBB permeability in in vitro studies with 

brain ECs (Al-Obaidi & Desa, 2018; Ravindran, Agrawal, Gupta, & Lakshmana 

Rao, 2011) and combined secretion of IL-1α and TNFα by activated leukocytes 

can trigger an increase in BBB’s paracellular permeability, transcellular 

migration and loss of junctional stability (Afonso et al., 2007). Elevated levels 

of circulating TNFα, IL-17A and decreased levels of circulating IL-10 were 

reported in Multiple Sclerosis patients (Trenova et al., 2018). Although the 

exact mechanisms by which cytokines trigger BBB disruption are incompletely 

understood, reduced levels of TJ proteins (such as ZO-1, claudin-5 and 

occludin) have been reported (Forster et al., 2008; Aslam et al., 2012; Cohen 

et al., 2013; Labus et al., 2014). Despite the generally accepted effect of 



16 
 

cytokines on BBB stability, a small number of studies have reported TNFα 

stimulation had no effect on TJ protein levels such as ZO-1 (Labus et al., 2014) 

or VE-cadherin (Forster et al., 2008). In some instances, IL-1β disrupts TJs 

and can mediate up-regulation of other cytokines including TNFα and IL-6 

(Cohen et al., 2013). Additionally, TNFα stimulation increased occludin levels 

in bovine retinal ECs (Aveleira et al., 2010) while increased levels of claudin-

5 were reported after IL-6 stimulation in ovine microvessels (Cohen et al., 

2013). Taken together, the detrimental effects of cytokines on BBB stability 

seems compelling, although there may be exceptions in certain complex 

environmental conditions: overexpression of anti-inflammatory cytokines such 

as IL-4 and IL-10 was capable of ameliorating brain lesions and cellular 

infiltration in a murine model of Multiple Sclerosis (Hosseini et al., 2017), and 

termination of inflammation together with repair mechanisms can be promoted 

by microglial secretion of IL-10, transforming growth factor β (TGFβ) and 

insulin-like growth factor 1 (IGF1) (Amantea et al., 2015). For an overview of 

factors controlling BBB permeability, see Almutairi et al. (Almutairi et al., 2016). 

Proving the importance of auto-reactive immune cells in the pathology 

of MS, autologous hematopoietic stem cell transplantation (HSCT) has been 

shown to ameliorate MS progression particularly in RRMS patients (Radaelli 

et al., 2014). Prior to HSCT, patients undergo an immunosuppressive 

conditioning regimen that temporarily eradicates auto-reactive T cells. 

Additionally, autologous hematopoietic stem cells (HTS) collected from the 

patient (either directly from the bone marrow or by leukapheresis from the 

peripheral blood) are re-infused following a conditioning regimen with high-

dose chemotherapy by which the remaining auto-reactive T cells are depleted. 

Thus, a combination of high-dose immune ablation and autologous HSCT has 

been reported to be efficacious in the treatment of MS through the elimination 

of pathogenic T cells and renewal of the immune system repertoire (for a 

review on HSCT and its clinical efficacy in the treatment of MS please see 

(Radaelli et al., 2014). 
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1.6. Matrix Metalloproteinases play a key role during Blood Brain Barrier 

disruption 

Metzincins, comprising Matrix Metalloproteinases (MMPs), A Disintegrin 

And Metalloproteinases (ADAMs) and A Disintegrin And Metalloproteinase 

with Thrombospondin motifs (ADAMTS), are a family of proteinases widely 

implicated in the biology of the nervous system (reviewed in Rivera et al., 

2010).  

MMPs are synthesized as inactive enzyme precursors containing a signal 

peptide, directing secretion or localisation to the plasma membrane. Thus, 

MMP catalytic activities are mainly restricted to the extracellular environment 

and the cell surface (Fanjul-Fernandez et al., 2010). MMP activity, (as well as 

activation in some cases), is inhibited by the four Tissue Inhibitors of 

Metalloproteinases (TIMPs) (Larochelle et al., 2011). In humans, 23 different 

MMPs have been identified and classified according to differences in their 

domain structure and substrate specificity (Figure 1.4) (reviewed in Yong, 

2005). MMPs are tightly regulated at three main levels: firstly, at the 

transcriptional level (e.g. cytokine-induced transcription); by proteolytic 

activation of their initial inactive form exposing their active catalytic domain; 

and through inhibition by TIMPs. Additionally, MMP activity can also be 

controlled by post-translational modifications, substrate availability and cellular 

localization (reviewed in Yong, 2005).  
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Figure 1.4 - Schematic representation of Metzincin structural domains. Metalloproteinases exhibit a high structural homology 
with a catalytic domain followed by a highly conserved methionine residue; a linker or hinge peptide; and a hemopexin domain with 
a calcium binding site. Differences in this consensus structure have been used to classify this family members in the above specified 
subgroups. The presence of a signal peptide (SP) directs their secretion or transmembrane anchorage. These metalloproteinases
are activated proteolytically through cleavage of the pro-domain. Although MMPs are secreted, the presence of a transmembrane or 
glycosyl phosphatidylinositol (GPI) domain allows some members of this family to anchor to the cellular membrane. ADAMs have a 
disintegrin-like domain involved in cell adhesion together with a cysteine-rich region and Epidermal Growth Factor (EGF-) like repeats. 
Structurally similar to ADAMs, ADAMTS also contain a disintegrin-like and cysteine-rich regions (separated by a thrombospondin 
motive) but lack a transmembrane domain and are thus secreted (image from Pla-Navarro et al., 2018). 
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A major consequence of neuroinflammation is the up-regulation of MMPs 

(Rempe et al., 2016). Components of endothelial cell TJs and AJs as well as 

the extracellular matrix surrounding ECs and pericytes, can be degraded by 

members of this large family of zinc-dependent endoproteinases (Fanjul-

Fernandez et al., 2010; Eisenach et al., 2012; Liu et al., 2012). Additionally, 

several studies using broad spectrum metalloproteinases inhibitors revealed 

metzincins to be major mediators of BBB pathological disruption: 

administration of a broad spectrum (M)MP inhibitor in a rat model of meningitis 

(Paul et al., 1998) or stroke (Pfefferkorn & Rosenberg, 2003), and a murine 

model of multiple sclerosis (Gijbels et al., 1994) impaired the increase in BBB 

permeability. Interestingly, studies conducted by Rosenberg et al. reported 

that the ability of LPS to trigger BBB damage and the ability of the tested broad 

spectrum (M)MP inhibitors to block LPS-induced BBB disruption could depend 

on murine strain, suggesting that genetic background could be playing an 

important role (Rosenberg et al., 2001). In any case, metzincins are prime 

candidates to for study in order to gain a better understanding of BBB integrity.  

MMPs induction is associated with inflammation and brain injury: high 

levels of MMP9 together with a reduction in inhibitor levels (TIMP1) are seen 

in serum from Multiple Sclerosis (MS) patients (an autoimmune disorder in 

which early BBB breakdown is likely to precede invasion of autoreactive 

immune cells into the CNS) (M. A. Lee et al., 1999; Waubant et al., 1999). A 

prospective study in MS patients showed a reduction in MMP2, -3, -8, -9 and 

-10 after Natalizumab treatment (proven to reduce clinical and MRI signs of 

BBB disruption), with MMP12, -13 and particularly -9 serum levels correlating 

with relapses and disease score (Balasa et al., 2018). During ischemia MMP3 

expression levels can be elevated triggering loss of BBB integrity (Rosenberg 

et al., 2001; Gurney et al.,  2006). Observed dysregulation of MMP levels may 

initiate BBB damage since several members of this family are capable of 

degrading TJ and basement membrane elements. Claudins, occludins and 

ZO-1 proteins can be directly degraded by MMP1 (K. Wu et al., 2015), -2 (Yang 

et al., 2007), -9 (Yang et al., 2007; Bauer et al., 2010) and -13 (Lu et al., 2009) 

amongst others. Using a murine model of Multiple Sclerosis Membrane 

anchored MMPs also activate other MMPs, as well as degrading basement 
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membrane elements such as collagen IV and laminin (Y. Itoh, 2015). In the 

same murine model, MMP2 and -9 were reported capable of targeting 

dystroglican (a transmembrane receptor responsible for astrocyte foot 

processes anchorage to the basement membrane) promoting leukocyte 

infiltration (Agrawal et al., 2006).  Additionally, pro-inflammatory cytokines can 

also be proteolytically activated by mentzincins, suggesting the existence of a 

feedback loop mechanisms between (M)MPs and pro-inflammatory agents: 

TNFα can be cleaved and activated by ADAM17 together with MMP7, -12, -

14 and -17; IL-1β can be proteolytically activated by MMP2, -3 and -9; whereas 

MMP9 can mediate interferon-β inactivation (reviewed in Rodriguez et al., 

2010). For further discussion of MMPs in brain disease see Rempe et al. 

(Rempe et al., 2016). 

The ADAM family shares great structural similarities with MMPs 

(Figure 1.4) and has also been implicated in BBB disruption (reviewed in 

Reiss & Saftig, 2009). ADAMs have major roles in shedding molecules from 

the cell surface (for a new comprehensive sheddome database see Tien et al. 

2017). Within the ADAM family, ADAM10 and ADAM17 are the principal 

shedding enzymes and during inflammatory conditions may be capable of 

promoting BBB leakage through the shedding of adhesion molecules 

expressed by ECs (reviewed in Dreymueller et al., 2012). Interestingly, TNFα 

receptor can be shed by ADAM8 or -17, releasing its soluble form which can 

sequester extracellular TNFα ameliorating inflammation (Reddy et al., 2000; 

Bartsch et al., 2010). IL1R and IL6R can be shed by ADAM10 and/or -17, 

releasing a soluble fraction capable of stabilising IL1 or IL6 exacerbating 

inflammation (Reddy et al., 2000; Schumacher et al., 2015). In addition, the 

expression of ADAM17 has been found to be up-regulated in active lesions 

during MS (Plumb et al., 2006). Recent evidence indicates that Natalizumab 

(and anti-alpha 4 integrin antibody) treatment in patients with multiple sclerosis 

results in reduction in circulating soluble Vascular Cell Adhesion Molecule 1 

(sVCAM-1) levels (Petersen et al., 2016), whose shedding from endothelial 

cells is ADAM17-dependent (Garton et al., 2003; R. J. Singh et al., 2005). If 

Natalizumab effects on VCAM-1 levels are ADAM17 mediated remains to be 

studied, although it could be speculated that Natalizumab blockade of 
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activated immune cells recruitment could lead to a local decrease in secreted 

cytokines, leading to a downregulation in ADAM17 activation and a possible 

reduction in VCAM-1 shedding.  

A Disintegrin and Metalloproteinase with Thrombospondin motifs 

(ADAMTS) proteinases are secreted extracellular enzymes with a 

characteristic thrombospondin type 1 sequence repeat (TSR) motif that share 

the same catalytic domain as MMPs and ADAMs (Kelwick et al., 2015). 

Several members of this family have been implicated in BBB disruption: 

genetic linkage studies in Multiple Sclerosis patients have associated 

ADAMTS14 (a procollagen aminopropeptidase) with this disease (Goertsches 

et al., 2005) whereas studies in an ischemic murine model have reported that 

ADAMTS13 blocks tissue Plasminogen induced BBB disruption after cerebral 

stroke (L. Wang et al., 2013) (Table 1.1). 

Despite recent advances in our understanding of metalloproteinases, 

the precise underlying mechanisms by which metzincins regulate BBB stability 

remain uncertain. Many pathways can regulate BBB integrity during 

adulthood. In this thesis we aim to highlight signalling pathways which are 

already implicated in metzincin-mediated regulation of BBB integrity as well as 

those which are deserving of further study. 
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Table 1.1 Key findings regarding metalloproteinases effects in BBB integrity and BBB related disease (adapted from Pla-
Navarro et al., 2018 

 OBSERVATION STUDIED IN REFERENCES 

MMP1 Capable of degrading claudins and occludins but not ZO-1 proteins 
Co-culture of mBMEC with 

human breast cancer cells 
Wu et al., 2015 

MMP2 

Required by monocytes, dendritic cells and activated T cells to induce BBB breakdown EAE Graesser et al., 2000 

Resistance to EAE in MMP-2 and MMP-9 in double knockout mice  EAE Agrawal et al., 2006 

Positive feedback mechanism: cytokines produced by leukocytes induce MMP-9 and -2, 

which in turn can promote further infiltration of immune cells 
EAE Agrawal et al., 2006 

Capable of claudin-5 degradation  
Cerebral artery occlusion and 

reperfusion in rats 
Song et al., 2015 

Increase susceptibility to EAE in MMP2-/- mouse due to a compensatory increase in MMP9 

levels 
EAE  Yang et al., 2007 
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 OBSERVATION STUDIED IN REFERENCES 

MMP3 

LPS intracerebral injection showed reduced BBB opening and neutrophil infiltration in 

MMP3-/- mouse 
Knockout mouse Esparza et al., 2004 

Increased expression during brain ischemic insult Ischemic rat brain  Gurney et al., 2006 

mRNA levels elevated during Relapsing Remitting Multiple Sclerosis MS patients Rosenberg et al., 2001 

Increased transcriptional up-regulation in a murine virus induced model of Multiple Sclerosis Murine MS model Reviewed in Larochelle et al., 2011 

MMP7 
Increased in lesions from post-mortem Multiple Sclerosis brains Post-mortem brain  Hansmann et al., 2012 

mRNA levels elevated during Relapsing Remitting Multiple Sclerosis MS patients Lindberg et al., 2001 

MMP8 
Serum levels increased in Multiple Sclerosis patients MS patients Reviewed in Larochelle et al., 2011 

Up-regulated expression levels in the CNS of a mouse model of Multiple Sclerosis (EAE) EAE Reviewed in Larochelle et al., 2011 

MMP9 

Required by monocytes, dendritic cells and activated T cells to induce BBB breakdown EAE Toft-Hansen et al., 2004 

Resistance to EAE in MMP-2 and MMP-9 in double knockout mice  EAE Agrawal et al., 2006 

Positive feedback mechanism: cytokines produced by leukocytes induce MMP-9 and -2, 

which in turn can promote further infiltration of immune cells 
EAE Graesser et al., 2000 
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 OBSERVATION STUDIED IN REFERENCES 

Higher levels in MS patients and associated with relapse 

High serum levels correlated with BBB disruption in MS patients 
MS patients Agrawal et al., 2006 

Gene knockout is associated with a reduction in infarction and attenuation of BBB opening 

after focal cerebral ischemia 
Transient focal ischemia in mice Song et al., 2015 

ZO-1, occludin and claudin-5 degradation 
Cerebral hypoxia mice 

Brain artery occlusion rats 
Lee et al., 1999 

Reduced susceptibility to EAE, BBB damage and infarcts susceptibility in MMP9-/- mouse Knockout mouse Waubant et al., 1999 

Polymorphisms in its promoter have been linked to increased susceptibility to Multiple 

Sclerosis 
MS patients Asahi et al., 2001 

MMP10 Up-regulated expression levels in the CNS of a mouse model of Multiple Sclerosis (EAE) EAE Bauer et al., 2010 

MMP12 
Up-regulated expression levels in the CNS of a mouse model of Multiple Sclerosis (EAE) EAE Yang et al., 2007 

Increased susceptibility to EAE in MMP12-/- mouse EAE Asahi et al., 2001 
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 OBSERVATION STUDIED IN REFERENCES 

MMP13 Can enhance BBB permeability through ZO-1 fragmentation 
Primary rat astrocytes and 

ARBECs co-culture 
Dubois et al., 1999 

MT-MMPs 
Can degrade BBB basement membrane components such as laminin and collagen IV In vitro studies Fiotti et al., 2004 

Serum levels (MT-MMP1) can be elevated in Multiple Sclerosis patients MS patient’s serum Toft-Hansen et al., 2004 

TIMP1 Low serum levels correlated with BBB disruption in Multiple Sclerosis (MS) patients MS patient’s serum Toft-Hansen et al., 2004 

ADAM10 Promote BBB leakage through the shedding of adhesion molecules HUVECs Weaver et al., 2005 

ADAM15 
ADAM15 depletion can decrease endothelial permeability. This can be reversed by its 

overexpression 
HUVECs Lu et al., 2009 

ADAM17 
Promote BBB leakage through the shedding of adhesion molecules 

Expressed in blood vessels of MS lesions 

HUVECs 

MS patients 
Reviewed in Itoh, 2015 

ADAMTS13 Capable of blocking tPA induced BBB disruption after cerebral ischemia in mice Ischemia mouse model Reviewed in Larochelle et al., 2011 

ADAMTS14 Associated to Multiple Sclerosis through genetic linkage MS patients Waubant et al., 1999 
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1.7. Vitamin D, a dual protective effect in the pathology of Multiple 

Sclerosis 

Despite the implication of Vitamin D3 in protection against MS 

pathogenicity, the molecular pathways underlying its effect have not been yet 

elucidated. Vitamin D3 (or cholecalciferol) is synthesised in the skin from its 

precursor 7,8-dehydrocholesterol through a photolytic conversion induced by 

the action of ultraviolet light. Vitamin D3 is transported through the blood 

stream by the Vitamin D Binding Protein (DBP) to the liver, where it is 

hydroxylated into 25-hydroxyVitamin D3 (25(OH)D3) by one or more 

cytochrome P450 Vitamin D 25 hydroxylases. Once 25(OH)D3 is synthesised, 

it is transported to the kidney by DBP, where it undergoes a second 

hydroxylation step, generating the hormonally active form of Vitamin D3: 1,25-

dihydroxyVitamin D3 (1,25(OH)2D3). Interestingly, the enzyme responsible for 

this latter hydroxylation (cytochrome P450 monooxygenase 25(OH)D 1α 

hydroxylase) is not only found in the kidney, but also in monocytes and 

macrophages. This final metabolite is once again carried by DBP to the target 

tissues or cells, where it is responsible for most of the biological actions of 

Vitamin D (Figure 1.5) (Brown et al., 1999; Dusso et al., 2005; Christakos et 

al, 2010).  

When Vitamin D3 enters the cell, it binds to the cytoplasmic vitamin D receptor 

(VDR), and moves to the nucleus where a heterodimer forms with the retinoid 

X receptor (RXR) to target genes that contain Vitamin D3 response elements 

(VDRE) in their regulatory regions (Figure 1.6) (Dusso et al., 2005). Some of 

these genes are involved in the up-regulation of CD4+ T cells apoptosis (L B 

Pedersen et al., 2007), the inhibition of cytokine synthesis (Pedersen et al., 

2007; Joshi et al., 2011), and the blockade of leukocyte transmigration into the 

CNS (Grishkan et al., 2013), suggesting several mechanisms by which vitamin 

D could exert its anti-inflammatory effects. 
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Figure 1.5 - Synthesis, activation and catabolism of Vitamin D3. 7,8-
dehydrocholesterol is photolytically cleaved and isomerised in the skin, generating  
Vitamin D3. Vitamin D3 is then transported into the liver, where it will undergo an 
hydroxylation and will be converted into 25-hydroxyvitamin D3 Finally,25-
hydroxyvitamin D3 is transported into the kidneys, where a final hydroxylation step 
takes place, forming 1,25-dihydroxyvitamin D3 (the active form of Vitamin D3). In the 
target tissues, a series of oxidation steps (catabolic steps) result in the cleavage of 
the side chain and the formation of calcitroic acid (image adapted from Dusso et al., 
2005). 
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Figure 1.6 - Vitamin D3 mediated regulation of gene transcription. (A) Vitamin D3 binds to the vitamin D 
receptor (VDR) triggering its heterodimerization with the retinoid X receptor (RXR) and translocation into the 
nucleus, and activates the expression of those genes with a vitamin D responsive element (VDRE). Co-regulator 
molecules participating in the regulation of gene transcription mediated by VDR: co-activator molecules (B) and co-
repressor molecules (C) are shown. Image from Dusso et al., 2005. 
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1.7.1. Vitamin D reduces leukocyte’s ability to enter the CNS 

Leukocyte trafficking into the CNS involves a coordinated interaction 

between the endothelial cells (ECs) of the BBB and the circulating leukocytes. 

As previously mentioned, under inflammatory conditions activated innate 

immune cells release cytokines into the neighbouring environment, inducing 

the expression of adhesion molecules on the surface of ECs and circulating 

leukocytes, allowing leukocyte anchoring and extravasation across the BBB 

(Engelhardt, 2006; Man et al., 2007; Palmer et al, 2013). Thus, Vitamin D3 

could hinder the migration of leukocytes into the CNS by hindering the 

expression of adhesion molecule and/or chemokine receptors. In this regard, 

TNFα-mediated increase in ICAM-1 and VCAM-1 was blocked by 1,25-

(OH)2D3 addition in an in vitro culture of human umbilical vein endothelial cells 

(HUVEC) (Martinesi et al, 2006). However, oral administration of Vitamin D3 

in patients with end-stage renal disease triggered a decrease in ICAM’s and 

VCAM’s serum levels (Naeini et al., 2017). In the presence of 1,25-(OH)2D3, 

the expression of the chemokine receptor CXCR3 on Th circulating cells is 

significantly reduced, and this can be rapidly reversed on cessation of 

treatment (Grishkan et al., 2013). Interestingly, a great proportion of the Th 

cells present in MS active demyelinating lesions are CXCR3R+ (Balashov et 

al., 1999; Simpson et al., 2000) and in EAE their migration into the CNS can 

be effectively blocked by CXCR3R antagonists or antibodies, reducing 

pathogenesis (J. Ni et al., 2009; Sporici & Issekutz, 2010).  

1.7.2. Vitamin D increases the stability of the Blood Brain Barrier 

Alternatively, Vitamin D3 could also impair MS development by 

enhancing the BBB isolating properties since 1,25(OH)2D3 treatment has been 

shown to increase the expression of claudins (H. Fujita et al., 2008), occludins 

(Kong et al., 2008; Yin et al., 2011), and ZOs proteins (Palmer et al., 2001) in 

several endothelial cell types (although there is no data available on brain 

microvascular ECs). In a human colon carcinoma epithelial cell line the 

presence of 1,25(OH)2D3 increased translocation of nuclear ZO-1 and β-

catenin to the plasma membrane has been described (Palmer et al., 2001). In 
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intestinal epithelial cells Vitamin D3 treatment triggers an increase in TEER (S 

Chen et al., 2015; Chirayath et al., 1998), whereas in airway epithelial cells no 

TEER effects were reported (R. Zhang et al., 2016). 

Vitamin D3 can also protect BBB integrity by inhibiting the degradation 

of its extracellular matrix components and junctional complexes. During 

inflammation, the generation of a cytokine stimuli induces the secretion of the 

afore mentioned MMPs (Unemori et al., 1991), by activated pro-inflammatory 

cells. In this context, population studies have described that vitamin D 

deficiency can be associated with increased serum levels of MMP2 and 

MMP9, which could be revoked by Vitamin D3 dietary supplementation. 

Additionally, circulating levels of TIMP-1 (and therefore MMP activity) can be 

strongly influenced by the VDR haplotype (Timms et al., 2002). Although not 

in the context of the BBB, Vitamin D3 has been reported to reduce MMP3 and 

TIMP1 expression levels in mice susceptible to myocarditis (Szalay et al., 

2009), reduce MMP1 protein levels in rats with chronic renal failure (Panizo et 

al., 2013), increase MMP2 secreted levels in porcine aortic endothelial cells 

(Molinari et al., 2013), protect against VEGF-mediated increase in ADAM33 in 

airway smooth muscle cells (Kim et al., 2017) and promote MMP9 gene 

expression in a rat chondrogenic cell line (Lin et al., 2002). Thus, it is possible 

that Vitamin D3 can mediate changes in BBB stability through metzincin 

regulation.  

Taken together, these observations suggest various mechanisms by 

which Vitamin D3 could be enhancing the structural stability of the BBB and, 

therefore, ameliorating neuro-inflammation. 

1.8. Shh plays an anti-inflammatory role during Multiple Sclerosis 

pathogenesis 

In ECs, the primary cilia are microtubule-based sensory organelles that 

extend from the cell surface and protrude into the lumen of the blood vessels, 

allowing ECs to sense and respond to external stimuli such as blood-flow 

variations, converting mechanosensory information into an intracellular signal 
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(Luu et al, 2018; Mohieldin et al., 2016). It is in these primary cilia where most 

components of the Hedgehog pathways localise (Ribes & Briscoe, 2009). 

Sonic Hedgehog (Shh) is a small protein (20 kDa) that can remain 

associated to the external face of the cell membrane signalling adjacent cells, 

or it can be released into the extracellular environment and function as a long-

range signalling molecule. Shh binds to a 12-pass transmembrane protein 

similar to the Niemann-Pick disease type C1 protein, involved in cholesterol 

trafficking, named Patched (Ptch). In the absence of Shh, Ptch works as an 

inhibitor of Smoothened (Smo), a 7-pass transmembrane protein that 

resembles a G-protein coupled receptor. However, upon Shh-Ptch binding, 

Smo is activated (often termed depressed), moves to the primary cilium 

initiates the Shh signalling cascade, which will result in the activation of the Gli 

family of transcription factors (Gli1, Gli2 and Gli3) (Figure 1.7) (Benson et al., 

2004; Ribes & Briscoe, 2009; Choudhry et al., 2014).  
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Figure 1.7 - Schematic representation of the molecular elements 
involved in the intracellular cascade of the Shh pathway. (A) In 
the absence of Sonic Hedgehog (Shh), the receptor Patched 1 (Ptc1) 
constitutively represses the activity of the transmembrane protein 
Smoothen (Smo) and the consequent translocation of Smo to the 
primary cilium of the cell. In context, active protein kinase A (PKA) 
promotes the proteasomal degradation of the Gli family of
transcription factors, originating the truncated forms of these proteins 
(GliR). GliR can then translocate to the nucleus and repress the 
transcription of Shh signalling targets. Additionally, any full-length Gli 
proteins that could have escaped proteasomal degradation will then 
be repressed by SuFu. (B) When Shh is present, it will bind and 
inactivate Ptc1, releasing Smo from its repression and allowing 
Smo’s translocation to the cell's primary cilium.  Active Smo can then 
inhibit PKA-mediated proteolytic processing of Gli proteins. Active Gli 
transcription factors (GliA) can then translocate into the nucleus and
activate target gene expression. Image modified from Ribes & 
Briscoe, 2009. 
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1.8.1. Shh pathway enhances Blood Brain Barrier maintenance 

Under normal physiological conditions, astrocyte end-feet play a central 

role in the maintenance of the BBB integrity through direct physical contacts 

and the secretion of trophic factors such as Shh (Luissint et al., 2012).  Thus, 

it has been reported that abrogation of the Shh pathway in ECs can trigger an 

acute disruption of the BBB integrity mediated by a diminished expression of 

junctional proteins (Alvarez, Dodelet-Devillers, et al., 2011). Shh can increase 

ZO-1 and occludin expression through the up-regulation of angiogenic 

cytokines principally in astrocytes, but also in ECs (Xia et al., 2013). One of 

these angiogenic cytokines is angiotensin-1 (Ang-1), whose production by 

ECs could potentially be impaired by the blockage of Smo. However, Smo 

abrogation had no effect in the levels of Ang-1 secreted by astrocytes, 

suggesting that the intracellular pathways underlying Shh effects on BBB 

integrity could vary depending on the cell type (Xia et al., 2013). Supporting 

this idea, studies in astrocytes have described Shh’s ability to activate COUP 

transcription factor II (COUP-TFII also known as NR2F2); a transcription factor 

that contains a Shh response element different from that described for Gli and 

that is capable of inducing Ang-1 expression (Y. Li et al., 2013; Xia et al., 

2013). Additionally, Shh could also impact on BBB stability through the 

regulation of metalloproteinases since Shh has been proven to increase 

MMP9 levels in in human ECs (Renault et al., 2010) and human tissue 

samples from oral squamous cell carcinoma (Fan et al., 2014) and elevate 

MMP2 and -9 levels in human hepatoma and hepatocytes cell lines (Chen et 

al., 2013; Wang et al., 2015). 

Regardless of the mechanism underlying Shh effects in the 

maintenance of the BBB, a reduction in the levels of Shh has been described 

in MS patients (Mastronardi et al., 2003). During inflammation, activated pro-

inflammatory cells secrete interleukin-1β, which impairs Shh production in 

astrocytes leading to the previously mentioned disruption of the BBB (Wang 

et al., 2014). Although there are probably more mechanisms involved, the 

latter observation reinforces the idea that Shh may be implicated in the 

pathological disruption of the BBB during inflammatory conditions. 
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1.8.2. Shh pathway modulates the infiltration of pro-inflammatory cells 

As in the case of vitamin D, Shh can also modulate MS immunogenicity 

by altering leukocyte infiltration. It has been shown that when CD4+ T cells 

polarized into Th1 and Th17 lymphocytes in the presence of Shh, the latter 

exhibit a reduced capacity to adhere to the ECs forming the BBB (Alvarez, 

Dodelet-Devillers, et al., 2011).  In agreement with this observation, abrogation 

of the Shh pathway in the EAE model led to a higher localization of activated 

lymphocytes to the CNS without affecting their proliferation (Alvarez, Dodelet-

Devillers, et al., 2011). Thus, Shh appears to play a protective role by impairing 

the infiltration of pro-inflammatory cells into the CNS. Interestingly, in active 

demyelinating MS lesions, an increased secretion of Shh by the astrocyte end-

feet was found, together with an enhanced expression of Ptch by ECs and 

infiltrating leukocytes (Alvarez, Dodelet-Devillers, et al., 2011). Taken 

together, these findings suggest that under inflammatory conditions, 

astrocytes increase their secretion of Shh in an attempt to restore physiological 

conditions by preventing leukocyte infiltration and promoting BBB repair.   

In contrast to the protective role above, Shh has also been reported to 

be a potent chemoattractant for circulating monocytes since it can activate cell 

migration pathways in a Smo-dependent way (Dunaeva et al., 2010). 

However, as it has been stated above, Shh could exert its effects via different 

intracellular pathways depending on the cell type as well as environmental 

conditions. Thus, Shh ability to regulate the transmigration of pro-inflammatory 

cells across the BBB should be studied in this context. 

1.9. Shh and Vitamin D, a regulatory cross-talk 

As it has been stated above, in the absence of Shh, Ptch functions as 

a constitutive inhibitor of Smo. However, it seems unlikely that Ptch blockade 

of Smo occurs via a direct physical interaction, since Ptch is able to inhibit Smo 

in a sub-stochiometrical manner and no physical association among them has 

ever been unambiguously proved (Taipale et al. 2002). Interestingly, Ptch 

bears a high structural homology with the Niemann-Pick disease type C1 

(NPC1) protein, whose cholesterol trafficking and pump functions have been 
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previously described (Davies et al., 2000). Additionally, culture medium 

conditioned by Ptch-transfected cells was found to be enriched in 3β-

hydroxysteroids, suggesting that Ptch overexpression lead to an increased 

translocation of these compounds (Bijlsma et al., 2006). Taken together, these 

observations lead to the idea that Ptch could translocate a small cholesterol-

like molecule across the cellular membrane that will act as a Smo antagonist 

(Bijlsma et al., 2006). The idea that a 3β-hydroxysteroid is responsible for Smo 

inactivation is supported by the observation that Smo antagonists, like 

cyclopamine (a broadly known inhibitor of Gli activation), bear high structural 

resemblances with steroids (Incardona et al., 1998). Specifically, it is likely that 

the 3β-hydroxysteroid translocated by Ptch is (pro)-Vitamin D3 (either 7-

dihydroxycholesterol (7-DHC) or its metabolite Vitamin D3) or a precursor that 

is metabolised in the extracellular medium into a Smo repressor (Bijlsma et 

al., 2006) (Figure 1.8).  

Ptch and Smo are not always expressed in the same cell, but 

depending on the biological context, Ptch-expressing cells are located in the 

vicinity of Smo-expressing cells. Thus, Ptch can mediate an autocrine or 

paracrine repression of Smo depending on the biological circumstance. 

However, Vitamin D3 is a highly hydrophobic molecule with an extremely 

reduced diffusion capacity in aqueous environments. Thus, in those cases of 

paracrine inhibition, a molecule able to transport this hydrophobic antagonist 

through the extracellular environment is needed. This is the case of the low-

density lipoprotein (LDL), a carrier molecule that has been proven to be 

essential for intercellular blockage of Smo (Bijlsma et al., 2006). In any case, 

when the extracellular Vitamin D3 interacts with Smo, binds to the same site 

than the antagonist cyclopamine (which has been reported to have a higher 

affinity for Smo) (Bijlsma et al., 2006). Additionally, studies in hematopoietic 

stem and progenitor cells showed a specific ability of the Vitamin D3 

cholecalciferol (but not active 1,25-dihydroxy vitamin D3) to antagonise Hh 

pathway through extracellular binding of Smo, triggering a loss in Gli-reporter 

activation (Cortes et al., 2015). However, despite this shared ability to repress 

Shh-signalling, these molecules should not be considered biologically 
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equivalent, since cyclopamine is incapable of activating VDR signalling 

(Uhmann et al., 2012).  

Taking the above observation into consideration, Shh effects should 

perhaps not only be considered in terms of Smo activation but also in terms of 

Ptch blockade, since this will lead to an inhibition of Ptch-mediated export and 

an increase in the intracellular levels of Vitamin D3.  

Smo inhibition is not the only point where the signalling pathways of 

Shh and Vitamin D3 converge. Once Smo is released from Ptch repression, it 

transduces a signal that ends with the activation of the Gli family of 

transcription factors. Although the exact mechanisms underlying this 

intracellular transduced signal are not well understood, previous studies have 

shown that upon Smo activation, Akt (or Protein Kinase B, PKB) becomes 

phosphorylated in a phosphoionositide 3-kinase (PI3K)-dependent manner 

(Kanda et al., 2003; Riobo et al., 2006). The initiation of the Akt pathway leads 

to the phosphorylation and inhibition of the Protein Kinase A (PKA) and the 

Glycogen Synthase Kinase 3ß (GSK-3), two kinases that sequentially 

phosphorylate and repress Gli transcriptional activity (Riobo et al., 2006; Yoo 

et al., 2011). Despite the reported capacity of Akt to mediate Shh signalling, it 

remains to be clarified if Akt effects on the activity of the Gli transcription 

factors equally impacts in all the members of this family and, if this modulation, 

is maintained among different cellular types and biological contexts. 

Remarkably, Vitamin D can also regulate Akt phosphorylation, although the 

effect on Akt activity depends on the studied cell type: Akt phosphorylation is 

promoted by Vitamin D in osteoblasts (Zhang & Zanello, 2008) whereas it is 

inhibited in keratinocytes by the Vitamin D synthetic analogue 1α,25-dihydroxy 

Vitamin D3-3-bromoacetate (BE) (Datta Mitra et al., 2013). Thus, although it 

is not fully understood how vitamin D-mediated regulation of Akt may impact 

on the transcriptional activity of the Gli family members, or different 

transcription factors, these data support the existence of a possible cross-talk 

between Vitamin D and Shh signalling pathways (Figure 1.8). 
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Interestingly, the members of the Gli family are not the only transcription 

factors that can respond to Shh signalling, since Shh-response element has 

been identified in the promoter region of the Nuclear Receptor subfamily 2 

group F member 2 (NR2F2 or COUP-TFII) transcription factor (Krishnan et al., 

1997). NR2F2 is implicated in the up-regulation of various angiogenic factors 

after Shh activation (Y. Li et al., 2013), but it is also involved in the inhibition 

of VDR on three different stages: direct transcriptional inhibition; competition 

for the DNA binding region; formation of non-functional heterodimers with 

Retinoid X Receptor (RXR), a VDR co-regulator that enhances VDR’s 

transcriptional activity and DNA affinity (Cooney et al., 1993). However, the 

biological significance of NR2F2 regulation of VDR and Shh’s role on this 

interaction remains to be elucidated.  

Therefore, these observations lead to the possibility that the Shh 

pathway could integrate a great variety of positive and negative signals from 

the surrounding environment in order to generate a final cellular response 

through the function of the Gli family members or even another transcription 

factors not yet identified. 
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Figure 1.8 - Schematic representation of Hh and Vitamin D3 
pathways cross-talk. In the absence of Sonic Hedgehog (Shh), 
Patched (Ptch) works as an inhibitor of the transmembrane 
protein Smoothened (Smo), which becomes activated and able 
to initiate a signalling cascade that will result in the activation of 
the Gli family of transcription factors. Hh pathway can be 
pharmacologically inhibited through cyclopamine-mediated 
blocage of Smo. When Vitamin D3 (VitD3) enters the cell binds 
to Vitamin D Receptor (VDR), which upon activation (depicted in 
green) can dimerize with the Retinoid X Receptor (RXR) forming 
an heterodimer capable to target a those genes with a  Vitamin 
D3 response element. . Patched can work as a Vitamin D3 (or 
direct metabolite) translocator. Once in the extracellular 
environment, Vitamin D3 (or its metabolite) can directly bind and 
innactivate Smo, truncating Hh signalling. Addtionally, both Hh 
and Vitamin D3 pathways converge on the activation of Akt. Hh 
and Vitamin D3 pathways showed in blue and green respectively. 
Grey circles indicate innactive transcription factors. (Note that the 
primary cilium has been omited for simplicity). 
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1.10. miRNAs dysregulated in Multiple Sclerosis  

MicroRNAs (miRNAs) are a group of non-protein coding RNAs with a 

length comprised between the 19 and 25 nucleotides. miRNAs play a central 

role in the regulation of gene expression since they are capable of promoting 

post-transcriptional gene silencing: miRNAs can block the translation of 

specific target messenger RNAs (mRNAs) or induce their degradation through 

the selective binding of their nucleotide sequences. Thus, miRNAs are 

capable of regulating protein synthesis in a specific manner, without altering 

the transcription of target mRNAs, allowing them to play a central role in 

several biological functions (reviewed in Cui et al., 2006; Friedman et al., 

2009).  

The miRNAs ability to regulate such a wide range of cellular processes 

has led to the idea that their function, regulation and/or expression patterns 

may be altered during pathological conditions. This is the case of MS, where 

several studies showed that the expression of several miRNAs were up- or 

down-regulated in samples from patients as well as in EAE mice, suggesting 

that this pathogenesis may be characterised by a particular signature of 

altered miRNAs (Table 1.2) (reviewed in Ma et al., 2014). 
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Table 1.2 - miRNAs and Multiple Sclerosis. Key miRNA reported 
in the literature to be up-regulated and /or down-regulated in samples 
from MS patients and EAE mice. PBMCs refers to Peripheral Blood 
Mononuclear Cells. Table modified from Ma et al., 2014. 
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According to the literature, there is a wide range of miRNAs with an 

altered expression during MS pathogenesis and, interestingly, a great 

proportion of this deregulated population is implicated in the modulation of 

components of the immune response (reviewed in Ma et al., 2014).  This is the 

case of miR326, a miRNA with increased expression in MS patients and 

whose silencing or overexpression is capable of ameliorating or enhancing 

EAE pathology, respectively. Mechanistically, miR326 can promote 

inflammation by targeting Ets-1, a negative regulator of Th17 differentiation 

(another subset of T cells as critical in MS pathogenesis alongside Th1 cells) 

(C. Du et al., 2009). Remarkably, miR326’s expression was found to be 

reduced in a cohort of patients after glucocorticoid treatment, indicating that 

overall, this miRNA could be a potential biomarker for diagnosis and evaluation 

of drug responses in patients with MS (C. Du et al., 2009). Additionally, 

analysis of peripheral blood mononuclear cells of RRMS patients (Waschbisch 

et al., 2011) and active MS lesions (Junker et al., 2009) showed an 

upregulation of miR326. Another miRNA capable of modulating immune 

responses in the context of MS is miR125b, whose expression is increased in 

samples of peripheral blood T-cells from RRMS patients (assessed by analysis 

of Gene Expression Omnibus database; Sheng et al., 2015) and can promote 

macrophage activation (reviewed in Essandoh et al., 2016). 

However, not all the miRNAs altered during MS pathogenesis are 

involved with the direct modulation of the immune response, since some of 

them have been described to be able to modulate the permeability of the BBB 

under inflammatory conditions (Eadon et al., 2014). Studies of mRNAs 

expression in brain capillaries isolated from MS patients showed a reduction 

in the expression levels of miR-125a-5p (among others), corroborated by 

analysis of ECs from MS active lesions (Reijerkerk et al., 2013). In addition to 

miR-125a-5p role modulating inflammatory processes (Chen et al., 2009; 

Zhao et al., 2010), this miRNA can enhance BBB formation: silencing of miR-

125a-5p leads to a reduction in the density and continuity of tight junction 

complexes, whereas its overexpression triggers the opposite effect (Reijerkerk 

et al., 2013). Another miRNA capable of alter BBB structure is miR155, one of 

the most elevated miRNAs in acute lesions of MS (Junker et al., 2009) and 
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partially protective against EAE when silenced (O’Connell et al., 2010; 

Murugaiyan et al., 2011). At the functional level, miR155 can enhance 

inflammation by promoting Th17 differentiation (Yao et al., 2012) and impairing 

Th2 responses (Rodriguez et al., 2007; Thai et al., 2007) but also reduce BBB 

permeability by targeting annexin-2, claudin-1 (both of them involved in the 

maintenance of cell-cell contacts between adjacent ECs), syntenin-1 and 

dedicator of cytokinesis-1 (equally responsible for the maintenance of cell-to-

extracellular matrix contacts) (M A Lopez-Ramirez et al., 2014). 

Taken together, these observations lead to the idea that perhaps a 

cohort of deregulated miRNAs could be underlying MS pathogenesis by 

principally targeting the integrity of the BBB and components of the immune 

response, and result in a signature of altered miRNAs that could be used with 

diagnostic purposes. However, it is important to consider that miRNAs exhibit 

redundancy when interacting with their targets (Lim et al., 2005) and that some 

of them are capable of binding to a promoter stimulating gene expression (Fazi 

& Nervi, 2008). Thus, further research is needed in order to fully understand 

miRNAs biological mechanisms and how these can be used as diagnostic 

markers or possible therapeutic targets.   

1.10.1 miR125b and miR326 target Hedgehog and Vitamin D pathways  

Previous data from the literature and from our laboratory had identified 

two key miRNAs that could be intimately related with the regulation of MS 

pathogenesis: miR125b and miR326. Particular interest has been taken in 

miR125b and miR326 also because of their reported ability inhibit Hedgehog 

signalling. Using a medulloblastoma cell line, Ferretti et al. demonstrated that 

miR125b and miR326 (together with miR324-5p) could inhibit Hedgehog 

signalling pathway through the targeting of Smo (Ferretti et al., 2008). 

Additionally, miR125b and miR326 have been also associated with Vitamin D 

signalling: although not yet validated, miR326 has been predicted to target 

Vitamin D Receptor (VDR) (Sebastiani et al., 2011); treatment with Vitamin D3 

active form can increase miR125b levels in epithelium from patient prostate 

tissue (Giangreco et al., 2013); overexpression of miR-125b significantly 

decreased the endogenous VDR protein level in a breast adenocarcinoma cell 
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line (Mohri et al., 2009), although no miR125b-dependent regulation of VDR 

was observed in a melanoma cell line (Essa et al., 2012) suggesting some cell 

type-dependent variations.  
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1.11. Thesis Aims 

 To develop an in vitro model for endothelial barrier formation using 

murine endothelial cells to enable the study of vitamin D3 and the Shh-

pathway interactions to modulate B endothelial barrier integrity under 

physiological and inflammatory conditions, with a focus on metzincin 

expression/function.  

 To exploit a human brain endothelial cell model of the BBB to assess 

the Shh/Vitamin D3 link and to understand mechanisms underpinning 

their effects 

 To explore expression, modulation and function of key MS-relevant 

miRNAs in response to Shh and Vitamin D treatment in the human 

endothelial BBB model.  

 To expand knowledge of gene expression modulated by these miRNAs 

and by inflammatory cytokines through an analysis of genome-wide 

RNA expression in the human brain microvascular endothelial cells 

model system. 
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 2. Materials and Methods 
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2.1. Cell culture 

2.1.1. MCEC-1 

The murine endothelial cell line MCEC-1 (Lidington et al., 2002) was grown 

on surfaces previously coated with 1% Type A Gelatin from Porcine Skin 

(Sigma) for 1h at 37oC. MCEC-1 cells were cultured in Dublecco’s Modified 

Eagle Medium (DMEM) liquid medium with high glucose (4.5g/L) (Invitrogen), 

containing a mix of Penicillin (50u/ml) and Streptomycin (50μg/ml) antibiotics 

(Life Technologies), L-Glutamine (2mM) (Life Technologies), supplemented 

with 10% (v/v) Fetal Bovine Serum (FBS) (PAA) and Endothelial Cell Growth 

Supplement (ECGS; 30μg/ml) (Sigma). Cells were incubated at 33oC, 5% CO2 

and passaged at a 1:5 ratio approximately every four days. The MCEC-1 cell 

line was previously established from transgenic mice expressing a 

thermolabile strain (tdA58) of the simian virus (SV) 40 large T antigen, 

meaning that cell proliferation was only possible at the reduced temperature 

of 33oC (Lidington et al., 2002). For experiments cells were transferred to 37oC 

24h prior to treatment addition. 

2.1.2. hCMEC/D3 

The human cerebral microvascular endothelial cell line hCMEC/D3 

(Weksler et al., 2005) (CELLutions Biosystems) was grown in surfaces 

previously coated with 150µg/ml Rat Collagen I Low Viscosity (R&D Systems) 

for 1h at room temperature. hCMEC/D3 cells were cultured in Endothelial 

Basal Medium (EBM-2) (Lonza) containing a mix of Penicillin (50u/ml) and 

Streptomycin (50μg/ml) antibiotics (Life Technologies), L-Glutamine (2mM) 

(Life Technologies), supplemented with 5% (v/v) Fetal Bovine Serum (FBS) 

(A15-104 PAA), Chemically Defined Lipid Concentrate (1/100; Life 

Technologies), Ascorbic Acid (5µg/ml; Sigma), human Basic Fibroblast 

Growth Factor (bFGF; 1ng/ml; Sigma), HEPES (10mM; Life Technologies) 

and Hydrocortisone (1.4µM; Sigma). Cells were incubated at 37oC, 5% CO2 

and passaged at a 1:5 ratio approximately every four days. 
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2.2. Treatments 

All experiments performed in either MCEC-1 or hCMEC/D3 cells were 

performed in the relevant cell culture media as described in 2.1 until treatment 

addition. For hCMEC/D3s, treatments were added in media without foetal 

bovine serum (0% FBS). 

2.2.1. Cytokines 

Human recombinant Interleukin-1α (IL-1α; R&D Systems) and mouse 

recombinant Tumour Necrosis Factor-α (TNFα; Life Technologies) purified 

from E. Coli were combined as described below. Due to availability of 

resources and since IL-1α has been described capable of modulating BBB 

integrity (Afonso et al., 2007; Al-Obaidi & Desa, 2018; Ravindran et al., 2011) 

and metalloproteinase expression in the context of the CNS (Giraudon et al, 

1996) this interleukin (instead of IL-1β) will be used throughout this thesis. 

IL1α was dissolved to a 4µg/ml stock solution in Phosphate Buffer Saline 

(PBS) with Bovine Serum Albumin (BSA; 0.1% (w/v)) as a carrier protein for 

storage at -20oC until later use. TNFα was dissolved to a 100µg/ml stock 

solution in ddH2O for storage at -20oC until later use. TNFα stock solution was 

later diluted to 100ng/ml in the appropriate culture media. IL1α or TNFα when 

then added to adherent MCEC-1, hCMEC/D3 or the top of a cell culture insert 

containing either of the mentioned cell lines. MCEC-1 or hCMEC/D3 remained 

exposed to the cytokines mixture for the duration of the experiment before 

assessing Transendothelial Electrical Resistance (TEER), imaging, collection 

of conditioned media, RNA or protein extraction.  

2.2.2. Cyclopamine 

The Hedgehog pathway pharmacological inhibitor cyclopamine (Zhu et al., 

2014; PromoKine) was dissolved in Ethanol (100% (v/v)) to a 1mM stock 

solution for storage at -20oC until later use. This stock solution was added to 

adherent MCEC-1, hCMEC/D3 or the top of a cell culture insert containing 

either of the mentioned cell lines. MCEC-1 or hCMEC/D3 remained exposed 
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to cyclopamine treatment for the duration of the experiment before assessing 

TEER imaging, collection of conditioned media, RNA or protein extraction. 

2.2.3. Sonic Hedgehog 

Human recombinant Sonic Hedgehog (Shh; PromoKine) purified from E. 

Coli was dissolved to a 50µg/ml stock solution with double distilled water 

(ddH2O) and bovine serum albumin (BSA) (0.1% (w/v)) as a carrier protein for 

storage at -20oC until later use.  This stock solution was added to adherent 

MCEC-1, hCMEC/D3 or the top of a cell culture insert containing either of the 

mentioned cell lines. MCEC-1 or hCMEC/D3 remained exposed to Shh 

treatment for the duration of the experiment before assessing TEER, imaging, 

collection of conditioned media, RNA or protein extraction. 

2.2.4. Vitamin D3 

Vitamin D3 active form 1α,25-Dihydroxyvitamin D3 (Sigma) was used in the 

experiments described in this thesis and referred to hereafter as Vitamin D3.  

Vitamin D3 was dissolved in Ethanol (95% (v/v)) to a 1mM solution that was 

then aliquoted and stored in amber glass ampules under an inter gas (N2) at -

20oC until later use. Vitamin D3 stock solution was later diluted to 100µM in 

the appropriate culture media and then added to adherent MCEC-1, 

hCMEC/D3 or the top of a cell culture insert containing either of the mentioned 

cell lines. MCEC-1 or hCMEC/D3 remained exposed to Vitamin D3 treatment 

for the duration of the experiment before assessing TEER imaging, collection 

of conditioned media, RNA or protein extraction. 

2.2.5. MK-2206 

Akt pharmacological inhibitor MK-2206 (Shelleckchem) was dissolved in 

Dimethyl Sulfoxide (DMSO) to a 5mM stock solution stored at -80oC until later 

use. The inhibitor was added at the indicated final concentrations to adherent 

MCEC-1, hCMEC/D3 or the top well of a cell culture insert containing either of 

the cells. MCEC-1 or hCMEC/D3 remained exposed to MK-2206 treatment for 
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the duration of the experiment before assessing TEER, imaging, collection of 

conditioned media, RNA or protein extraction. 

2.2.6. GM6001  

The broad-spectrum metalloproteinase inhibitor GM6001 and its negative 

control (Merck Millipore) were dissolved to a 5mg/ml stock solution in DMSO 

and stored at -20oC until later use.  GM6001 and control were independently 

added to adherent MCEC-1, hCMEC/D3 or the top well of a cell culture insert 

containing cells. MCEC-1 or hCMEC/D3 remained exposed to GM6001 

treatment for the duration of the experiment before assessing TEER, imaging, 

collection of conditioned media, RNA or protein extraction. 

2.2.7. hTIMP3 

Human recombinant TIMP3 (kindly provided by Prof Gill Murphy) (Lee et 

al., 2003) at a stock concentration of 50.4µM and stored at -80oC until later 

use. hTIMP3 was added at the indicated final concentrations to the top well of 

a cell culture insert containing MCEC-1 confluent monolayers 30min (at 37oC) 

prior to addition of the remaining treatments. MCEC-1 remained exposed to 

the added treatments for the duration of the experiment before assessing 

TEER values. 

2.2.8. Cytochalasin D  

The broad-spectrum endocytosis inhibitor cytochalasin D (Sigma) was 

dissolved in DMSO to a 1mg/ml stock solution stored at -20oC in the dark until 

later use. Cytochalasin D stock solution was after diluted to 10mM in the 

appropriate culture media and added to the top hCMEC/D3 confluent 

monolayers. hCMEC/D3 cells remained exposed to cytochalasin D3 treatment 

for the duration of the experiment before conditioned media collection and 

protein extraction.  
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2.3. Cell viability assay 

Cell viability of MCEC-1 or hCMEC/D3 confluent monolayers was determined 

with Presto Blue (ThermoFisher), following manufacturer’s instructions. Eight 

thousand cells were plated in a previously coated 96-well together with 200µl 

of the appropriate media and allowed to reach confluence for 24h. Once 

confluence was reached, treatments were added and incubated for further 

24h. At this point, 1/10th volume (20µl) of cell viability reagent (Presto Blue 

10X; room temperature) was added directly to the cells and incubated at 37oC 

and in the dark for 2h as assay sensitivity is greater at longer incubation times. 

Fluorescence was measured at 560nm and results analysed. 

2.4. Immunocytochemistry 

Immunocytochemistry was carried out essentially as described in (Gomez 

et al., 2013); unless otherwise stated, 100,000 cells were plated in a 50µl drop 

of the appropriate culture media onto 13mm glass coverslips (VWR) coated as 

previously indicated: with 1% Type A Gelatin from Porcine Skin (Sigma) for 1h 

at 37oC for MCEC-1 cells or with 150µg/ml Rat Collagen I Low Viscosity (R&D 

Systems) for 1h at room temperature for hCMEC/D3. Seeded cells were then 

allowed to adhere for 4h before addition of 450µl of the relevant culture media 

to flood the coverslips. Cells were incubated overnight at 33oC (for MCEC-1) 

or 37oC (for hCMEC/D3), 5% CO2. After 24h, treatments were added and cells 

were incubated for further 24h at 37oC, 5% CO2. Coverslips were then fixed 

and permeabilised in 90% (v/v) ice-cold methanol solution at -20oC for 30min 

and washed three times in PBS. Non-specific binding was blocked by a 30min 

incubation in Normal Goat Serum (NGS; 10% (v/v)) followed by a 1h 

incubation with a rabbit anti-ZO1 primary antibody diluted 1:100 (Invitrogen) 

without washing. Coverslips when then washed three times with PBS and 

incubated with an anti-rabbit Alexa Fluor-488 (Abcam) conjugated secondary 

antibody diluted at 1:1000 for 45min before washing three times with PBS. 

Coverslips when then incubated with 4′,6-diamidino-2-phenylindole (DAPI) 

1:10,000 and quickly washed with PBS before mounting on microscope slides 

with Hydromount mounting solution (National Diagnostics). Samples were left 

to set at 4oC overnight and stored at 4oC in the dark until ready to use. 
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Coverslips were viewed with the AxioCam ICm1 monochrome CCD 

camera attached to Widefield microscope Zeiss AxioPlan 2ie (exposing the 

entire sample to the light source) using the AxioVision 4.8.2 software (all Carl 

Zeiss Ltd, Herts, UK). A 20x objective was used for visualisation of a wider 

field of view and instrument parameter settings (contrast and intensity) were 

kept the same between experiments for comparability. A detailed explanation 

of the procedure followed in the quantification of fluorescence can be found in 

Section 3.2.1.1, 

2.5. Total RNA purification 

Total RNA purified from MCEC-1 or hCMEC/D3 cell lysates following 

RNeasy Minikit (Quiagen) according to manufacturer’s instructions. 

Conditioned cultured media was collected from cells at the end of experiments 

and stored at -20oC until later use. Cells were washed with PBS before being 

lysed with the provided buffer RLT (a cell lysis buffer containing guanidium 

isothiocyanate and supplemented with 10% (v/v) β-mercaptoethanol). Cell 

lysates were homogenised by vortexing before being transferred to a gDNA 

eliminator column. After centrifugation, an equal volume of 70% (v/v) ethanol 

was added to the sample to promote RNA precipitation and binding to the 

membrane of the RNeasy mini-spin column. RNA was further purified by 

repeated washing of the spin-column with high salt buffers. Using RNase-free 

ddH2O, RNA was eluted and stored at -20oC. RNA yield was measured using 

the Nanodrop 2000 spectrophotometer (Thermo Scientific). RNA 

concentration was measured at 260nm and the rations of absorbance at 

260/280 (used to assess the presence of contaminant proteins), and 260/230 

(used to assess the presence of organic contaminants) were used to ensure 

RNA quality. 

In Chapter 5, mirVana miRNA isolation kit (Life Technologies) kit was used 

to isolate total miRNA following manufacturer’s instructions. Conditioned 

cultured media was collected and stored at -20oC until later use. Cells were 

kept on ice and washed with PBS before being lysed with buffer Lysis/Binding 

solution. Cell lysates were homogenised by vortexing before adding 1/10 

volume of miRNA Homogenate Additive and incubate on ice for 10min. A 
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volume of Acid-Phenol:Chloroform equal to the lysate volume was added 

before vortexing and carefully centrifuging the samples in order to retrieve the 

aqueous phase. 1.25 volumes of 100% (v/v) ethanol were added to the 

aqueous phase before transferring into a filter cartridge.  miRNA was further 

purified by repeated washing of the filter cartridge with various washing 

solutions. Using RNase-free ddH2O, miRNA was eluted and stored at -20oC. 

RNA yield was measured using the Nanodrop 2000 spectrophotometer 

(Thermo Scientific). miRNA concentration was measured at 260nm and the 

rations of absorbance at 260/280, and 260/230 were used to ensure miRNA 

quality. 

2.6. Reverse Transcription 

500ng of the isolated RNA was diluted with RNase-free ddH2O to a final 

volume of 15µl. Samples were then incubated with random primers (1µg; 

Invitrogen) at 70oC for 10min. After denaturation, samples were immediately 

kept in ice to allow random primers annealing. Following annealing, samples 

were reversed transcribed to complementary DNA (cDNA) using dNTP mix 

(0.8mM; Bioline), RNase inhibitor (0.8u/µl; Promega), Maloney Murine 

Leukaemia Virus (M-MLV; 4u/µl; Promega) and MMLV Buffer (Promega) in a 

25µl reaction. Samples were then incubated at 42oC for 50min. Enzime activity 

was stopped by a 10min incubation at 70oC. Samples were stored at -20oC 

until further use.  

For miRNA extracted samples, 10ng of the isolated miRNA was diluted with 

RNase-free ddH2O to a final volume of 5µl. Samples were then incubated with 

3µl of primers specific to each miRNA of interest (5x; Applied Biosystems) at 

80oC for 5min and at 60oC for 5min. After denaturation, samples were 

immediately kept in ice to allow random primers annealing. Following 

annealing, samples were reversed transcribed to complementary DNA (cDNA) 

using dNTP mix (2mM; Applied Biosystems), RNase inhibitor (0.5u/µl; Applied 

Biosystems), MultiScribe™ Reverse Transcriptase (7u/µl; Applied 

Biosystems) and Reverse Transcription Buffer (Applied Biosystems) in a 12µl 

reaction. Samples were then incubated at 16oC for 30min followed by 30min 
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at 42oC. Enzime activity was stopped by a 5min incubation at 85oC. Samples 

were diluted 1/3 with RNase-free ddH2O and stored at -20oC until further use.  

2.7. Quantitative Reverse Transcription Polymerase Chain Reaction 

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-

PCR) was performed using a 7500 RT-PCR system (Applied Biosystems) 

following manufacturer’s instructions. 5ng of each cDNA sample were loaded 

into each well of a TaqMan® plate (Applied Biosystems) together with 8.3µl of 

2x qRT-PCR MasterMix (Applied Biosystems), 100nM of probe and 250nM of 

forward and reverse primers in a final volume of 20µl (a full list of the primers 

and probes employed is provided in Table 2.1 & Table 2.2). Samples were 

then incubated at 95oC for 10min in order to activate the polymerase 

component of the MasterMix, followed by 40 cycles of 15sec melting at 95oC 

and 1 minute of annealing. Data was collected using the 7500 Software (v2.0.5 

Applied Biosystems). 
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Table 2.1 Murine primer and probe sequences used for qRT-PCR. Probes 
designed by the Universal Probe Library (UPL) are indicated. All the probes 
were labelled with FAM (5’) and TAMRA (3’). Primer Forward (PF); Primer 
Reverse (PR). 

NAME SEQUENCE (5’ - 3’) 

18s 

PF: GCCGCTAGAGGTGAAATTCTTG 

PR: CATTCTTGGCAAATGCTTTCG 

Probe: ACCGGCGCAAGACGGA 

MMP3 

PF: GGAAATCAGTTCTGGGCTATACGA 

PR: TAGAAATGGCAGCATCGATCTTC 

Probe: AGGTTATCCTAAAAGCATTCACACCCTGGGTCT 

MMP10 

PF: CCTGCTTTGTCCTTTGATTCAGT 

PR: CGGGAT TCCAATGGGATCT 

Probe: TCCTATTCTTTAAAGACAGGTACTTCTGGCGCA 

MMP13 

PF: GGGCTCTGAATGGTTATGACATTC 

PR: AGCGCTCAGTCTCTTCACCTCTT 

Probe: AAGGTTATCCCAGAAAAATATCTGACCTGGGATTC 

TIMP1 

PF: CATGGAAAGCCTCTGTGGATATG 

PR: AAGCTGCAGGCACTGATGTG 

Probe: CTCATCACGGGCCGCCTAAGGAAC 

TIMP3 

PF: GGCCTCAATTACCGCTACCA 

PR: CTGATAGCCAGGGTACCCAAAA 

Probe: TGCTACTACTTGCCTTGTTTTGTGACCTCCA 

ZO-1 

PF: ATGCAGACCCAGCAAAGGT 

PR: TGACCAAGAGCTGGTTGTTTT 

Probe: UPL Probe #12 

Shh 

PF: CCAATTAAACCCCGACATC 

PR: GCATTTAACTTGTCTTTGCACCT 

Probe: UPL Probe #32 

Dhh 

PF: CACGTATCGGTCAAAGCTGA 

PR: TAGTTCCCTCAGCCCCTTC 

Probe: UPL Probe #75 
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NAME SEQUENCE (5’ - 3’) 

Ihh 

PF: TGCATTGCTCTGTCAAGTCTG 

PR: GCTCCCCGTTCTCTAGGC 

Probe: UPL Probe #83 

Ptch1 

PF: TGACAAAGCCGACTACATGC 

PR: GTACTCGATGGGCTCTGCTG 

Probe: UPL Probe # 64 

Smo 

PF: GCAAGCTCGTGCTCTGGT 

PR: GGGCATGTAGACAGCACACA 

Probe: UPL Probe #3 

Gli1 

PF: CAGGGAAGAGAGCAGACTGAC 

PR: CGCTGCTGCAAGAGGACT 

Probe: UPL Probe #84 

Gli2 

PF: GCAGACTGCACCAAGGAGTA 

PR: CGTGGATGTGTTCATTGTTGA 

Probe: UPL Probe #68 

Gli3 

PF: ACCGTTCAAAGCCCAGTACA 

PR: GGCTTTTGTGCAACCTTCA 

Probe: UPL Probe #7 
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Table 2.2 - Human primer and probe sequences used for qRT-PCR. 
Probes designed by the Universal Probe Library (UPL) are indicated. All the 
probes were labelled with FAM (5’) and TAMRA (3’). Primer Forward (PF); 
Primer Reverse (PR). 

NAME SEQUENCE (5’ - 3’) 

18s 

PF: GCCGCTAGAGGTGAAATTCTTG 

PR: CATTCTTGGCAAATGCTTTCG 

Probe: ACCGGCGCAAGACGGA 

MMP1 

PF: AAGATGAAAGGTGGACCAACAATT 

PR: CCAAGAGAATGGCCGAGTTC 

Probe: CAGAGAGTACAACTTACATCGTGTTGCGGCTC 

MMP2 

PF: AACTACGATGACGACCGCAAGT 

PR: AGGTGTAAATGGGTGCCATCA 

Probe: CTTCTGCCCTGACCAAGGGTACAGCC 

MMP3 

PF: TTCCGCCTGTCTCAAGATGATAT 

PR: AAAGGACAAAGCAGGATCACAGTT 

Probe: TCAGTCCCTCTATGGACCTCCCCCTGAC 

MMP10 

PF: GGACCTGGGCTTTATGGAGATAT 

PR: CCCAGGGAGTGGCCAAGT 

Probe: CATCAGGCACCAATTTATTCCTCGTTGCT 

MMP12 

PF: CGCCTCTCTGCTGATGACATAC 

PR: GGTAGTGACAGCATCAAAACTCAA 

Probe: TCCCTGTATGGAGACCCAAAAGAGAACCA 

MMP14 

PF: AAGGCCAATGTTCGAAGGAA 

PR: GGCCTCGTATGTGGCATACTC 

Probe: CAACATAATGAAATCACTTTCTGCATCCAGAATTA 

ADAM8 

PF: AAGCAGCCGTGCGTCATC 

PR: AACCTGTCCTGACTATTCCAAATCTC 

Probe: AATCACGTGGACAAGCTATATCAGAAACTCAACTT 

TIMP1 

PF: GACGGCCTTCTGCAATTCC 

PR: GTATAAGGTGGTCTGGTTGACTTCTG 

Probe: ACCTCGTCATCAGGGCCAAGTTCGT 
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NAME SEQUENCE (5’ - 3’) 

TIMP2 

PF: GAGCCTGAACCACAGGTACCA 

PR: AGGAGATGTAGCACGGGATCA 

Probe: CTGCGAGTGCAAGATCACGCGC 

TIMP4 

PF: CACCCTCAGCAGCACATCTG 

PR: GGCCGGAACTACCTTCTCACT 

Probe: CACTCGGCACTTGTGATTCGGGC 

ZO-1 

PF: CATGAAGATGGGATTTCTTCG 

PR: GCCAGCTACAAATATTCCAACA 

Probe: UPL Probe #20 

LRP1 

PF: GATGAGACACACGCCAACTG 

PR: CGGCACTGGAACTCATCA 

Probe: UPL Probe #83 

F3 

PF: GCCAACTGGTAGACATGGAGA 

PR: GCTGCCACAGTATTTGTAGTGC 

Probe: UPL Probe #15 

Notch 

PF: CCAAGGGTGAGAGCCTGAT 

PR: CCATGCCTGGCTCCTCTA 

Probe: UPL Probe #10 

RORC 

PF: GAGGCTCTCAGGCTTTATCC 

PR: AACCAGCACCACTTCCATTG 

Probe: UPL Probe #53 

SMAD6 

PF: TTAGGTTTTGTTTGGGATTTCCT 

PR: AAGGCAGGCTTGTTGATACC 

Probe: UPL Probe #24 
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2.8. Dextran Extravasation assay 

Hundred thousand MCEC-1 cells were plated on the inner chamber of 

0.3μm PET cell culture inserts (Greiner Bio-One) together with 200μl of the 

appropriate media. Each insert was then placed in a 24 well plate already 

containing 800μl of the same culture media and incubated at 33oC for 48h to 

promote a high confluence. After 48h incubation, 150μl of the media from the 

insert inner chamber was aspirated, to avoid disturbance of the endothelial cell 

monolayer, and replaced with 150μl of fresh culture media containing Dextran-

FITC (Life Technologies) to a final concentration of 10μg/ml together with the 

appropriate treatment. The cellular inserts were then transferred to a new 24 

well plate containing 800μl of fresh culture media and MCEC-1 cells were then 

incubated during 24h (37oC, 5% CO2). After 24h, a 100μl aliquot from the 

cellular insert lower chamber was taken, placed in a 96 well white plate and 

measured using Wallac EnVision spectrophotometer with an excitation of 

492nm and an emission of 530nm. A cell-free coated-insert was used as a 

negative control. 

Preliminary Dextran extravasation experiments in non-treated and 

cytokine-treated MCEC-1 monolayers showed no differences between 

conditions (Figure 2.1). However, as it will discussed in the following chapters, 

cytokines did seem to affect endothelial barrier integrity. This apparent 

controversy could be explained by the fact that conjugated dextran was added 

in combination with the treatments and incubated for 24h. Dextran 

extravasation assays reported in the literature typically measure concentration 

of transmigrated dextran between 30min and 2h after addition (Mark & Miller, 

1999; Trickler et al., 2005; Sajja et al., 2014; Ni et al., 2017) as longer 

incubations could allow for diffusion and transcytosis mechanisms to take 

place and increase dextran concentrations on the lower compartment 

chamber, obscuring any possible differences in actual barrier function. Due to 

this, an alternative method (Transendothelial Electrical Resistance 

measurements) will be used to assess modulations in endothelial barrier 

stability. 
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Figure 2.1 - Cytokines treatment does not alter barrier 
permeability to Dextran-FITC at 4h and 24h. MCEC-1 cells 
were cultured on cell culture inserts (0.3µm porous). Upon 
confluency, MCEC-1 monolayers were treated with a cytokines 
mix (TNFα and IL1α at 100pg/ml) and Dextran-FITC (4kDa) was 
loaded onto the luminal side of the insert. At 4h and 24h after 
treatment addition Dextran-FITC levels on the albumnal side 
were analysed. Statistically significant differences were 
assessed via t-test. Each bar represents the mean ±SEM for 3 
wells. ns p > 0.5. Representative experiment depicted. 
Experiment replicated 2 times. 
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2.9. Transendothelial Electrical Resistance assay 

Hundred thousand cells (MCEC-1 or hCMEC/D3), together with 200μl of 

the appropriate media, were plated on the inner chamber of 0.3μm PET cell 

culture inserts (Greiner Bio-One) coated as previously indicated: with 1% Type 

A Gelatin from Porcine Skin (Sigma) for 1h at 37oC for MCEC-1 cells or with 

150µg/ml Rat Collagen I Low Viscosity (R&D Systems) for 1h at room 

temperature for hCMEC/D3. Each insert was then placed in a 24 well plate 

already containing 800μl of the same culture media and incubated for 48h at 

33oC (for MCEC-1) or 37oC (for hCMEC/D3), 5% CO2 to promote a high 

confluence. After 48h incubation, treatments were added into the inner 

chamber of the cell culture insert and incubated for further 24h at 37oC, 5% 

CO2. 24h after treatment addition Transendothelial Electrical Resistance 

(TEER) was measured across the generated endothelial barrier using an 

EVOM & EVOMX system equipped with chopstick electrodes (World Precision 

Instruments). A cell-free coated-insert was used as a negative control. To 

minimise cell exposure to variable conditions outside the incubator, TEER 

measurements were taken in intervals of 24h. 

2.10. Protein detection by Western Blotting 

Western Blotting (WB) was performed essentially as described in Baker et 

al. (Baker et al., 2012). Further details are given below. 

2.10.1. Preparation of cell lysates 

Confluent hCMEC/D3 monolayers treated for 24h were washed in ice cold 

PBS and lysed in RIPA buffer: 50mM Tris-Hydrochloride (Tris-HCl; pH 8), 

150mM NaCl, 1% (v/v) Triton X100, 0.5% (w/v) Sodium Deoxycholate, 0.1% 

(w/v) SDS containing Halt™ Protease and Phosphatase Inhibitor Cocktail 

(Pierce). Protein extraction was performed on ice for a total of 30min with one 

intermediate scraping step at 15min. Cell lysates were then cleared to remove 

debris by centrifugation at 4oC (13,000rpm) for 10min after which, supernatant 

was transferred to a new tube.  
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2.10.2. Protein quantification 

Protein concentration in the lysed samples was determined using a Pierce 

Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Fisher) following 

manufacturer’s instructions. 10µl of protein standards of known concentrations 

of Bovine Serum Albumin (BSA; ranging from 0 to 2000µg/ml) were prepared 

and plated in duplicate into a 96 well clear plate. 5µl of the lysed samples 

together with 5µl of ddH2O were also plated. 200µl of Working Reagent (50:1; 

Reagent A; Reagent B) were prepared and added to each standard or cell 

lysate sample and incubated at 37oC for 30min. Absorbance at 562nm was 

then measured using a Wallac EnVision spectrophotometer.  

In order to calculate protein concentration in the cell lysed samples, the 

absorbance reading from the 0µg/ml BSA standard (control) was subtracted 

from all measurements. The average values of known BSA standards were 

plotted against their absorbance values and used to generate a standard 

curve, which trendline equation was then used to interpolate the concentration 

of the unknown samples.  

After quantification, the volume corresponding to 30µg of protein was taken 

from each sample and mix with 4x Reducing Sample Buffer: 625mM Tris-HCl 

(pH 6.8); 2% (w/v) SDS; 10% (v/v) glycerol; bromophenol blue; 12.5% (v/v) β-

mercaptoethanol. Samples were then stored at -80oC until needed. 

2.10.3. Trichloroacetic Acid Precipitation 

Before RNA or protein extraction, conditioned media from hCMEC/D3 

treated monolayers was collected and incubated with 5% (v/v) Trichloroacetic 

Acid (TCA) overnight at 4oC under agitation. Media was then centrifuged and 

the protein pellet was thoroughly washed with acetone, let to air dry and further 

washed with 0.5M Tris-Hydrochloride (Tris-HCl; pH 9). Pellet was then 

resuspended in Reducing Sample Buffer followed by denaturation at 95oC for 

5min. 
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2.10.4. Protein resolution by SDS-PAGE 

Quantified protein samples or total TCA-precipitates of conditioned media 

were loaded onto polyacrylamide gels (7% or 10% resolving gels and 5% 

stacking gel). The pre-stained molecular weight marker (10kDa to 250kDa) 

Precision Plus Protein™ Ladder (Bio-Rad) was also loaded onto each gel. 

Gels were run (BioRad mini gel apparatus) at a constant 30mAmp per gel until 

the dye front reached the lower end of the gel.  

2.10.5. Semi-dry transfer of polyacrylamide gels onto PVDF membranes 

Polyvinylidene fluoride (PVDF) membranes (Bio-Rad) were activated in 

100% (v/v) methanol for 10min at room temperature. After activation, PVDF 

membranes together with thick filter paper (Bio-Rad) and the polyacrylamide 

gels were equilibrated in semi-dry transfer buffer for another 10min at room 

temperature. Proteins were then transferred at constant 15V for 50min using 

a Transblot SD Semi-Dry Transfer Cell (Bio-Rad).  

2.10.6. Proteins immunodetection  

PVDF membranes containing the transferred proteins were blocked under 

different conditions depending on the primary antibody: 1h at room 

temperature in 5% (w/v; dried, skimmed) milk for F3, β-actin and GADPH 

antibodies; 2h at room temperature in 5% (w/v; dried, skimmed) milk for ZO-1 

antibody; and 3h at room temperature in 5% (w/v; dried, skimmed) milk with 

3% BSA for MMPs antibodies. After blocking, membranes were incubated 

overnight at 4oC with primary antibody diluted in 2% (w/v; dried, skimmed) milk 

(for F3 or ZO-1) or 5% (w/v; dried, skimmed) milk with 3% BSA (for MMPs). 

Membranes were then washed with TBS-T (0.1% (v/v) Tween-20) and 

incubated with the secondary antibody conjugated with horse radish 

peroxidase (HRP) diluted in 2% (w/v; dried, skimmed) milk for 60min at room 

temperature. After washing again with TBS-T, membranes were incubated in 

ECL (Pierce) for 5min and developed using the ChemiDoc™ Imaging System 

(Bio-Rad). A full list of primary and secondary antibodies can be found in 

Table 2.3 & Table 2.4. 
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2.10.7. Membrane stripping 

In order to re-probe the membranes for different proteins, membranes 

were incubated with 10ml of ReBlot Plus Strong (Merck Millipore) stripping 

buffer for 15min before re-incubating with the appropriate blocking buffer for 

5min (twice). Membranes were then incubated with the desired primary 

antibody followed by the previously described immunodetection protocol.   
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Table 2.3 - Details of primary antibodies used in Western Blotting. List of primary antibodies used in protein immunoblotting 
together with their most relevant details. Metalloproteinase antibodies were provided by Dr Gavrilovic. 

 

  

Target Supplier Product Number Host Species Clonality Isotype Dilution 

MMP1 In-house made Limb et al., 2005 Sheep Polyclonal IgG 50µg/ml 

MMP3 In-house made Bord et al.,1998 Sheep Polyclonal IgG 50µg/ml 

MMP10 In-house made Bord et al.,1998 Sheep Polyclonal IgG 50µg/ml 

F3 R&D Systems MAB2339 Mouse Monoclonal IgG 1:250 

ZO-1 Invitrogen 61-7300 Rabbit Polyclonal IgG 1:500 

β-Actin Abcam ab8227 Rabbit Polyclonal IgG 1:10000 

GADPH Abcam ab70699 Rabbit Polyclonal IgG 1:2000 
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Table 2.4 - Details of secondary antibodies used in Western Blotting. List of secondary antibodies used in protein immunoblotting 
together with their most relevant details. 

 

Target Supplier Product Number Host Species Clonality Isotype Dilution 

α-Rabbit  

(HRP) 
Sigma 12-348 Goat Polyclonal IgG 1:10000 

α-Sheep 

(HRP) 
R&D Systems HAF016 Donkey Polyclonal IgG 1:10000 

α-Mouse 

(HRP) 
Sigma 12-349 Goat Polyclonal IgG 1:10000 



66 
 

2.11. Transfection of hCMEC/D3 cells 

hCMEC/D3 cells were transfected with 200nM of hsa-miR125b-5p 

(Exiqon), hsa-miR125b-5p miRCURY LNA microRNA mimics Negative 

Control 4 (Exiqon), hsa-miR125b-5p miRCURY LNA Power Inhibitor (Exiqon), 

or the fluorescently labelled hsa-miR125b-5p miRCURY LNA Power Inhibitor 

Control (Exiqon). 500,000 hCMEC/D3 cells in PBS were transfected using 

programme V-001 of the Nucleofector™ 2d Device (Lonza), although other 

transfection media were trialled as part of the optimization process including 

serum-free cell culture media and Nucleofector™ Kit V (Lonza). Immediately 

after transfection, cells were transferred to a 6 well cell culture insert 

(previously coated as described) containing the appropriate cell culture media 

previously equilibrated at 37oC. Transfected cells were then incubated at 37oC 

(5% CO2) for 48h prior to treatment addition.  

2.12. Microarray analysis 

RNA was extracted (as described above) from transfected hCMEC/D3 

cells stimulated with cytokines for 24h. Extracted RNA was checked for quality 

(A260/A280 and A260/A230 ratios above 1.8 with a minimum concentration of 

50ng/µl) before sending 10µl to Cambridge Genomic Services (Cambridge, 

UK) for microarray analysis using the Genechip WT Plus Kit from Affymetrix. 

Each condition consisted of three biological replicates and were confirmed to 

pass the quality control requirements.  Initial statistical analysis was performed 

by Cambridge Genomic Services. 

Bioinformatic cumulative plot analysis for miR125 targets between mimic 

and inhibitor transfected cells was performed by Dr Simon Moxon. Additionally, 

genes showing a significant change (adjusted p value <0.05) greater than1.5-

fold were inputted into Genomatix© NGS Analysis and Pathway System in 

order to visualise regulated pathways, networks and processes.  
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2.13. Statistical analysis 

Statistical analysis was performed with two-tailed Students’ t test for two-

sample unequal variance using Microsoft Office Excel 2010. Alternatively, 

statistical analysis for multiple comparisons were performed with one-way 

ANOVA followed by Tukey’s post hoc test using GraphPad Prism (v. 6). 

Significance was only accepted for p-values of less than 0.05.   
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3. Development of an in vitro murine 
endothelial cell barrier model 
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3.1. INTRODUCTION 

3.1.1. Endothelial barriers 

Endothelial barriers are not only found in the Blood-Brain barrier (BBB) but 

widely spread across the body, including the lung and cardiac systems. The 

cardiac endothelium or endocardium, forms  a blood-heart barrier maintaining  

the correct ionic homeostasis needed for cardiomyocyte contractility (Kuruvilla 

& Kartha, 2003). Thus, endocardial dysfunction has been reported to underline 

several cardiac pathologies such as congestive heart failure, myocardial 

infraction or myocarditis among others (Kuruvilla & Kartha, 2003). Thus, 

cardiac endothelial cells can serve as a useful model for endothelial barrier 

studies. 

3.1.2. MCEC-1: an endothelial cell line 

A murine cardiac endothelial cell line (MCEC-1) was previously 

established from transgenic mice (expressing a thermolabile strain (tdA58) of 

the simian virus (SV) 40 large T antigen, meaning that cell proliferation is only 

possible at the reduced temperature of 33oC (Lidington et al., 2002). MCEC-1 

cells, are capable of tubule formation, express the endothelial marker CD31 

together with E-, P-selectin, intercellular adhesion molecule (ICAM)-2 and 

vascular cell adhesion molecule (VCAM)-1 corroborating their endothelial 

phenotype (Lidington et al., 2002).   

3.1.3. Endothelial barriers are disrupted under inflammatory conditions 

Endothelial barrier disruption under inflammatory conditions has been 

broadly described in the literature (Mark & Miller, 1999; Trickler et al., 2005; 

Forster et al., 2008; Sajja et al., 2014; Ni et al., 2017). In vitro studies in 

endothelial monolayers have shown that one of the mechanisms by which 

cytokines may be mediating endothelial barrier disruption is through a 

reduction in the levels of tight junction proteins (such as ZO-1, claudin-5 and 

occludin) (Forster et al., 2008; Aslam et al., 2012; Cohen et al., 2013; Labus 

et al., 2014).  Junctional proteins provide endothelial barriers with close 

contacts between neighbouring ECs, resulting in a polarized phenotype and 
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very limited transcellular diffusion (Kniesel & Wolburg, 2000). Thus, cytokine-

mediated loss of junctional proteins could disrupt these cell-cell contacts 

resulting in increased endothelial permeability. To model these events, 

cytokine-dependent modulation of the tight junction protein ZO-1 will be 

explored and correlated with overall measurements of barrier integrity. 

An alternative mechanism by which cytokines can mediate endothelial 

barrier disruption is through increased levels of metzincins (reviewed in 

Rempe et al., 2016).  Some members of the metzincin family (which comprises 

Matrix Metalloproteinases (MMPs), A Disintegrin And Metalloproteinases 

(ADAMs) and A Disintegrin And Metalloproteinase with Thrombospondin 

motifs (ADAMTS)) can degrade junctional proteins and basal lamina elements, 

leading to loss of cell-cell contacts and endothelial barrier opening (Yang et 

al., 2007; Lu et al., 2009; Bauer et al., 2010; Wu et al., 2015). For these 

reasons, the role of metalloproteinases (and their inhibitors TIMPs) in barrier 

permeability under inflammatory conditions will be explored in our in vitro 

model of an endothelial barrier.  

In this thesis, inflammatory conditions will be mimicked through the addition 

of a cytokines mix consisting of TNFα (100pg/ml) and IL1α (100pg/ml). MCEC-

1 cells have been previously stimulated with similar cytokines combinations 

(TNFα and IL1β at 10ng/ml) in the published literature (Gomez et al, 2017; R. 

J. Singh et al., 2005). However, preliminary analysis of cell viability (Presto 

Blue) revealed a slight decrease in cell viability when high doses of cytokines 

similar to those used in previously published literature (10ng/ml) were used 

(Figure 3.1). Additionally, a significant decrease in MCEC-1 viability was seen 

when a combination of cytokines (10ng/ml) and cyclopamine (an inhibitor of 

the Hedgehog pathway that will be further discussed in the following sections) 

was used (Figure 3.1). Since an experimentally chosen lower concentration 

of cytokines (100pg/ml) was able to trigger changes in gene expression (see 

sections 3.2.2.1 and 3.2.2.2) and MCEC-1 monolayer’s integrity (see section 

3.2.1.4) without compromising cell viability (Figure 3.1) this will be the 

concentration used through the following chapter (Chapter 3).  



71 
 

 

Figure 3.1 – Cell viability assay in MCEC-1 cells. Confluent MCEC-1 
monolayers untreated (CTRL) and treated with a mixture of cytokines (TNFα 
and IL1α) (100pg/ml or 10ng/ml), the hedgehog pathway inhibitor cyclopamine 
(4µM) or a combination of both during 24h. Following treatment, cells were 
incubated with Presto Blue reagent for 2h and fluorescence measured. Each 
bar represents the mean ±SEM for 4 wells measured. ** p < 0.01. Statistically 
significant differences were assessed via t-test. Preliminary experiment 
(1 replica).  
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3.1.4. Shh as an endothelial barrier promoting agent 

In order to understand potential roles of hedgehog pathway signalling in 

vascular endothelial barrier integrity (see Chapter 1 for details) a 

pharmacological approach was taken to explore the effect of Shh in this murine 

endothelial cell barrier model. Shh is a small secreted protein that can be 

released into the extracellular environment, where it can target a 

transmembrane protein named Patched (Ptch). In the absence of Shh, Ptch 

works as an inhibitor of the transmembrane protein Smoothened (Smo), which 

becomes activated and able to initiate a signalling cascade that will result in 

the activation of the Gli family of transcription factors (Gli1, Gli2 and Gli3) 

(Luissint et al., 2012). The importance of the Hedgehog (Hh) pathway in the 

maintenance of endothelial barrier integrity will be tested in our in vitro model 

in the presence or absence of inflammation. 

3.1.5. Vitamin D3 and endothelial barrier integrity 

Vitamin D3 is a steroid hormone capable of crossing the cell membrane 

and bind to the intracellular vitamin D receptor (VDR), which interacts with the 

retinoid X receptor (RXR) in order to form a heterodimer able to target genes 

that contain the vitamin D3 response elements (VDRE) in their regulatory 

regions (Dusso et al., 2005). Although the underlying mechanisms by which 

Vitamin D3 may promote endothelial barrier integrity remain unknown, 

treatment with Vitamin D3 active form (1,25(OH)2D3) has been shown to 

increase the expression of several tight junction proteins such as claudins (  

Fujita et al., 2008), occludins (Kong et al., 2008; Yin et al., 2011), and ZOs 

proteins (Palmer et al., 2001) in several endothelial cell types. Due to this, 

Vitamin D3 effects on the tight junction protein ZO-1 will be explored and 

correlated with overall measurements of barrier integrity. 

Another mechanism by which Vitamin D3 could be promoting 

endothelial barrier integrity is through the impairment of the degradation of its 

extracellular matrix components and junctional complexes. As it has been 

previously mentioned, inflammatory cytokines can promote metalloproteinase 

secretion (Unemori et al., 1991). In this context, Vitamin D3 deficiency has 
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been associated with increased metalloproteinase serum levels, which could 

be revoked by Vitamin D3 dietary supplementation (Timms et al., 2002). 

Additionally, circulating levels of TIMP-1 (and therefore MMP activity) can be 

strongly influenced by the VDR haplotype (Timms et al., 2002). For this 

reasons, Vitamin D3 effects on metalloproteinase levels (in the presence and 

absence of inflammation) will be also explored. 

3.1.6. Shh and Vitamin D3, an unexplored cross-talk 

It has been suggested that Ptch-driven inhibition of Smo could be mediated 

by a Ptch-dependent translocation of Vitamin D3 (or a precursor) across that 

will act as a Smo antagonist once in the extracellular environment (Bijlsma et 

al., 2006). Thus, according to Bijlsma et al, these two endothelial barriers 

promoting signalling pathways could be opposing each other. Shh and Vitamin 

D3 possible cross-talk will be explored in the context of endothelial barrier and 

inflammatory conditions, together with its possible impact on 

metalloproteinase regulation.  

3.1.7. Transwell Cell Culture System 

In this model, a monolayer of ECs is grown in a previously coated transwell 

insert. Cell polarization is achieved through the existence of two separated 

chambers: the inside of the insert mimics the capillary lumen whereas the well 

containing the insert represents the brain parenchyma. The presence of 

microporous (typically 0.3-0.4μm) on the insert membrane prevents cell 

migration between the different compartments while allowing the exchange of 

small molecules (Figure 3.2) (reviewed in He et al., 2014)). It is very common 

to co-culture ECs together with other cell types that impact on BBB 

maintenance such as astrocytes, providing the model with a more accurate 

physiological environment. However, a monolayer reductionist approach could 

be an ideal first step in the study of raw barrier responses to different stimuli.  
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Figure 3.2 – In vitro modeling of the Blood-Brain Barrier (BBB). 
Endothelial cells (ECs) are seeded onto the microporous membrane of a 
culture insert and grown to confluence to promote barrier formation. The 
insert membrane is typically coated with extracellular matrix components to 
mimic the basal lamina. EC polarization is achieved through the presence 
of two separated chambers: the upper and lower chambers, representing 
the luminal and parenchymal sides respectively. Any excange between 
these two chambers will be tightly regulated by the cultured  endothelial 
barrier.  
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3.1.8. Aims 

1. Using a Mouse Cardiac Endothelial Cell Line (MCEC-1) we aim to take 

the first approach to the establishment of an in vitro model of an 

endothelial barrier.  

2. The model will be then exposed to barrier-enhancing (Hh pathway and 

Vitamin D3 stimulation) and barrier-impairing conditions (cytokine 

stimulation to model inflammation and Hh pathway pharmacological 

inhibition through cyclopamine) conditions in order to explore function.  

3. Different methods to assess barrier integrity, such as dextran 

permeability and TEER measurements, will be tested. Additionally, ZO-

1 junctional levels in response to the afore mentioned stimuli will be 

also assessed and correlated with overall barrier functional dynamics.  

4. Metalloproteinase role in endothelial barrier impairment under 

inflammatory conditions, and its response to Shh and/or Vitamin D3 will 

be also studied.  

After optimization, this model will be used to further our study of BBB 

dynamics by using a brain microvascular EC line. 
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3.2. RESULTS 

3.2.1. Tight Junction modulation in MCEC-1 confluent monolayers 

3.2.1.1. MCEC-1 cells form a monolayer with responsive tight junctions when 
grown to confluence 

As a first approach, MCEC-1 ability to form structured tight junctions in 

confluent monolayers was tested. As shown in bright field images, MCEC-1 

cells grown for a period of 24h form confluent single-cell monolayers (Figure 

3.3). Confluent MCEC-1 cells’ ability to form structured tight junctions (a 

marker of endothelial barrier integrity) after 24h culture was also assessed 

through the staining of the junctional protein ZO-1. MCEC-1 cells grown in 

these conditions formed structurally viable tight junctions in which ZO-1 

localization was restricted to the cell membrane (with very little detectable 

cytoplasmic staining) originating a continuous and homogeneous staining 

around the cellular periphery (Figure 3.3). Non-treatment dependent variation 

in cell size was reported in different areas of the studied coverslips (Appendix 

3.A), we aimed to take images from equivalent areas of the coverslip in order 

to minimise this effect.  
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Figure 3.3 - MCEC-1 cells form confluent monolayers with tight 
junctions. (A) Bright field image of MCEC-1 confluent monolayers cultured 
for 24h. (B) Confluent MCEC-1 monolayers were immunolabelled forZO-1 
protein to visualise tight junctions.  
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An unbiased approach was developed in order to quantify ZO-1 junctional 

levels. Bright field images of MCEC-1 monolayers were used to draw lines 

between adjacent cells, assuring that the point of cell-to-cell contact (where 

junctions are expected to be found) would be located approximately in the 

middle of the line. Maintaining this line, bright field images would be replaced 

by the corresponding fluorescent image, stained against ZO-1. The usage of 

bright field images during the line placement instead of the ZO-1 stained 

images assured an unbiased placement of the draw lines across the whole 

image, making sure that the measurements were not concentrated on cells 

with more obvious or prominent signal. Now, the fluorescent intensity across 

the draw line could be quantify, originating bell curves with a peak 

corresponding with the centre of a particular junction. This way, loss or 

delocalization of junctional ZO-1 would produce curves with lower peaks than 

those with higher ZO-1 levels (Figure 3.4). Andor IQ2 software was used for 

this analysis. In order to facilitate the understanding of the following sections, 

the differences between the curves’ peaks will be represented using bar 

graphs, but the original bell curves can be found in the appendix (Appendix 

3.B to 3.G). For comparability, contrast and brightness parameters were kept 

constant between experiments. However, in order to incorporate a 

normalisation procedure in ZO-1 staining, future analysis could consider a 

normalisation of ZO-1 signal based in the intensity levels of DAPI.  
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Figure 3.4 – Analysis of ZO-1 junctional levels. Bright field images 
of MCEC-1 monolayers were used to draw a line between adjacent 
cells, assuring that the expected junction would be included in the draw 
line in an unbiassed manner. Bright fields images were replaced by the 
fluorescent image (stained against ZO-1) and fluorescence intensity 
across the line was quantified. Bell curves were originated, the peak of 
which was used to assess ZO-1 junctional levels and, thus, junctional 
integrity.  
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3.2.1.2. Treatment with Shh or Vitamin D3 enhances Tight Junction protein 
expression/integrity formation  

The effects of Shh or Vitamin D3 on tight junction protein expression in 

MCEC-1 cells was explored. Confluent MCEC-1 monolayers were treated with 

either Shh or Vitamin D3 for 24h. After treatment, MCEC-1 monolayers were 

immunolabelled for ZO-1 and fluorescence intensity was measured as 

previously described. Monolayers exposed to Shh showed significantly 

enhanced levels of ZO-1 when compared with controls (1.58±0.20 vs 

1.00±0.00, p<0.05). Similarly, treatment with Vitamin D3 significantly 

increased ZO-1 levels when compared with untreated monolayers (1.50±0.18 

vs 1.00±0.00, p<0.05) (Figure 3.5). Treatment with either Shh or Vitamin D3 

did not alter ZO-1 subcellular localization when compared with controls as in 

all cases ZO-1 signal was restricted to the cellular membrane (with nearly 

undetectable cytoplasmic staining). Additionally, a continuous and 

homogeneous staining around the cellular periphery was described for all the 

treatments (Figure 3.5).   
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Figure 3.5 – Shh or Vitamin D3 enhance tight junction integrity. (A) 
Confluent MCEC-1 monolayers untreated (CTRL) and treated with either 
Shh (100ng/ml) or Vitamin D3 (100nM) for 24h. Cells were stained against 
ZO-1 to visualise tight junction integrity. Representative images shown. (B) 
Quantification of junctional ZO-1 signal intensity showed a significant 
increase in ZO-1 levels after Shh or Vitamin D3 exposure. Analysis 
performed with Andor IQ2 software. Each bar represents the mean ±SEM 
for 3 independent experiments. Statistically significant differences were 
assessed via t-test. * p < 0.05; ** p < 0.01.  
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3.2.1.3. Abrogation of Hedgehog pathway (cyclopamine) has no effect on 
tight junction integrity 

To test the important of Hedgehog signalling in tight junction maintenance, 

a confluent monolayer of MCEC-1 cells was treated for 24h with a Hedgehog 

pathway pharmacological inhibitor known as cyclopamine. As before, 

monolayers were immunolabelled for ZO-1 to visualise tight junction integrity. 

No significant differences in ZO-1 levels or subcellular localization were 

observed between cyclopamine-treated and untreated monolayers (0.98±0.18 

vs 1.00±0.00) (Figure 3.6). This observation suggests that an absence of 

endogenous Hedgehog signalling. Additionally, several molecules with 

potential implications in barrier functions were also explored and will be 

discussed (Figures 3.6 to 3.9).   
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Figure 3.6 – Hedgehog pathway abrogation has no effect in tight 
junction stability. (A)  Confluent MCEC-1 monolayers untreated (CTRL) 
or treated with the Hedgehog pathway inhibitor Cyclopamine (4µM) for 24h. 
Immunolabelling for ZO-1 to visualise tight junction integrity. Representative 
images shown. (B) Quantification of junctional ZO-1 signal intensity showed 
no variation ZO-1 levels after cyclopamine treatment. Statistically significant 
differences were assessed via t-test. Analysis performed with Andor IQ2 
software. Each bar represents the mean ±SEM for independent 
experiments.  
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3.2.1.4. Tight junction integrity is compromised under inflammatory 
conditions  

Inflammation has major effects on endothelial barrier integrity. 

Inflammatory conditions were simulated by addition of a cytokines mix 

containing TNFα and IL1α at 100pg/ml. After 24h treatment, monolayers were 

immunolabelled for ZO-1 to study junctional integrity. Addition of cytokines 

significantly reduced junctional ZO-1 levels when compared with untreated 

conditions (0.80±0.04 vs 1.00±0.00, p<0.01) (Figure 3.7). In the presence of 

cytokines, ZO-1 junctional immunostaining was disrupted, losing the 

continuous peripheral distribution characteristic of untreated monolayers and 

promoting the appearance of “gaps” between adjacent cells (Figure 3.7). 

While no cytoplasmic signal was detected in untreated monolayers, in the 

presence of cytokines a fraction of the cellular ZO-1 localised in the cytoplasm 

(Figure 3.7). 
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Figure 3.7 – Tight junction stability is compromised under 
inflammatory conditions. (A)  Confluent MCEC-1 monolayers treated with 
a combination of cytokines (TNFα and IL1α) (100pg/ml) for 24h or untreated 
(CTRL). Cells immunolabelled for ZO-1 to visualise tight junction integrity. 
Representative images shown (B) Quantification of junctional ZO-1 signal 
intensity showed a significant reduction in ZO-1 levels after cytokines 
exposure. Analysis performed with Andor IQ2 software. Statistically 
significant differences were assessed via t-test. Each bar represents the 
mean ±SEM for 3 independent experiments. * p < 0.05.  
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3.2.1.5. Cytokine driven loss of junctional ZO-1 can be synergistically 
enhanced by Hedgehog pathway abrogation (cyclopamine)  

The addition of cyclopamine (pharmacological inhibitor of the Hedgehog 

pathway), under inflammatory conditions was explored. After 24h treatment, 

monolayers were immunolabelled for ZO-1 to study junctional integrity. As 

before, the addition of a combination of cytokines significantly reduced ZO-1 

junctional levels when compared with untreated monolayers (0.80±0.04 vs 

1.00±0.00, p<0.01) (Figure 3.8). As previously reported, abrogation of 

Hedgehog pathway had no effect in ZO-1 junctional levels (0.91±0.04 vs 

1.00±0.00). Abrogation of Hedgehog pathway in the presence of cytokines 

also reduced ZO-1 junctional levels when compared with untreated 

monolayers (0.59±0.08 vs 1.00±0.00, p<0.001), and when compared with the 

previously reported cytokines-driven decrease (0.59±0.08 vs 0.80±0.04, 

p<0.05) (Figure 3.8). Cytokine-driven loss of ZO-1 junctional staining was 

further enhanced by abrogation of the Hedgehog pathway: ZO-1 subcellular 

localization was mainly cytoplasmic, losing nearly all junctional staining 

(Figure 3.8). This suggests that cytokine-driven loss of tight junction stability 

can be synergistically enhanced by the addition of cyclopamine (Hedgehog 

pathway abrogation).  
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Figure 3.8 – Hedgehog pathway abrogation in the presence of 
cytokines can further reduce tight junction stability.  (A) MCEC-1 
monolayers incubated with a mixture of cytokines (TNFα and IL1α) 
(100pg/ml), the hedgehog pathway inhibitor cyclopamine (4µM) or a 
combination of both during 24h.  CTRL, untreated cells. Monolayers 
immunolabelled for Z0-1 as described in Methods. (B) Quantification of 
junctional ZO-1 signal intensity. Analysis performed with Andor IQ2 
software. Statistically significant differences were assessed via One-way 
ANOVA with post-hoc Tukey. Each bar represents the mean ±SEM for 3 
independent experiments. ** p < 0.01; *** p < 0.001.  
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3.2.1.6. Preliminary observations show that a combination of Shh and 
Vitamin D3 may be needed to rescue cytokine and cyclopamine driven loss 
of junctional integrity 

Following the interesting observations with cyclopamine treatment the 

effect of Shh and Vitamin D3 on junctional integrity was explored. After 24h 

treatment, confluent MCEC-1 monolayers were immunolabelled for ZO-1 to 

visualise tight junction integrity. As before, the addition of a combination of 

cytokines and cyclopamine reduced ZO-1 junctional levels when compared 

with untreated monolayers. Individual addition of Shh or Vitamin D3 did not 

trigger any observable changes in cytokines and cyclopamine driven loss of 

ZO-1 junctional levels. However, combined addition of Shh and Vitamin D3 (in 

the presence of cytokines and cyclopamine) seemed to increased ZO-1 

junctional levels not only when compared with cytokine-cyclopamine treated 

monolayers but also when compared with untreated conditions (Figure 3.9). 

A combination of Shh and Vitamin D3 not only rescued cytokine/cyclopamine-

induced ZO-1 cytoplasmic accumulation but also restored ZO-1 homogeneous 

distribution around the cellular periphery, contrasting with the discontinuous 

distribution characteristic of cytokine/cyclopamine-treated monolayers 

(Figure 3.9). These effects were observed in two independent preliminary 

experiments (Appendix 3.D and 3.E). 
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Figure 3.9 – Shh and Vitamin D3 synergistically rescue cytokines and 
cyclopamine driven loss of junctional stability. MCEC-1 monolayers 
incubated with a mixture of cytokines (TNFα and IL1α) (100pg/ml) and the 
hedgehog pathway inhibitor cyclopamine (4µM) in the absence and presence 
of Shh (100ng/ml) and/or Vitamin D3 (100nM) for 24h. Untreated monolayers 
are represented as controls (CTRL). Monolayers were immunolabelling for 
ZO-1 to visualise tight junction integrity (n=2).  
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3.2.1.7.  Akt activation in the Cytokine, Vitamin D3 and Hedgehog pathways  

A pharmacological approach was taken to investigate if cytokines, Vitamin 

D3 or Hedgehog pathways signal through Akt in MCEC-1 monolayers with the 

Akt specific inhibitor MK-2206. As previously described, treatment with Shh 

(1.33±0.07 vs 1.00±0.00, p<0.05) or Vitamin D3 (1.28±0.05 vs 1.00±0.00, 

p<0.01) triggered a significant increase in junctional ZO-1 levels when 

compared with untreated monolayers whereas treatment with a mixture of 

cytokines triggered a significant decrease in junctional ZO-1 levels (0.55±0.08) 

compared to untreated monolayers (vs 1.00±0.00, p<0.01) (Figure 3.10). 

Remarkably, Akt inhibition with MK-2206 significantly reduced junctional ZO-

1 levels when compared with untreated controls (0.70±0.03 vs 1.00±0.00, 

p<0.05) suggesting that a basal level of Akt activation is needed to maintain 

tight junctions (Figure 3.10).  

Addition of an Akt inhibitor in the presence of Shh (0.84±0.22), or cytokine 

(0.81±0.08) abrogated the effect of these treatments, restoring ZO-1 junctional 

levels to similar values of those observed in untreated monolayers (Figure 

3.10), suggesting a possible role of Akt in the activation of these pathways. 

Inhibition of Akt in the presence of Vitamin D3 significantly reduced junctional 

ZO-1 levels to values below those reported for untreated (0.66±0.06 vs 

1.00±0.00, p<0.01) and Vitamin D3-treated monolayers (0.66±0.06 vs 

1.28±0.05, p<0.001) (Figure 3.10), suggesting that Akt could be also playing 

a role in the activation of the Vitamin D3 pathway in MCEC-1 monolayers. 

However, it is important to take into account that this reduction was similar to 

the one observed for MK-2006 alone (0.66±0.06 vs 0.70±0.03, p>0.05), 

suggesting that MK-2206’s effects could be obscuring any other subtle 

modulations.
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Figure 3.10 - Cytokine, Shh and Vitamin D3 driven modulation of junction 
stability is Akt dependent. (A) MCEC-1 monolayers incubated with a mixture of 
cytokines (TNFα and IL1α) (100pg/ml), Shh (100ng/ml) and Vitamin D3 (100nM) alone 
or in combination with the Akt inhibitor MK-22016 (5µM) for 24h. Untreated monolayers 
are represented as controls (CTRL). Monolayers were stained against ZO-1 to 
visualise tight junction integrity. (B) Corresponding bright field images of MCEC-1 
confluent monolayers. (C) Quantification of junctional ZO-1 signal intensity. Analysis 
performed with Andor IQ2 software. Statistically significant differences were assessed 
via One-way ANOVA with post-hoc Tukey. Each bar represents the mean ±SEM for 3 
independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001.  
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3.2.1.8. Cytokine/cyclopamine driven loss of junctional stability could be 
metalloproteinase-dependent 

Metalloproteinases are implicated in endothelial barrier disruption. To test 

whether an increase in metalloproteinase activity could underlie 

cytokine/cyclopamine the observed effects on tight junction integrity, MCEC-1 

monolayers were incubated with GM6001 (broad spectrum metalloproteinase 

inhibitor). However, due to high variability between the compared experiments, 

no significant changes were reported despite the clear differences in ZO-1 

junctional levels (Figure 3.11): addition of a combination of cytokines and 

cyclopamine reduced ZO-1 junctional levels by 20-40% (normalised average 

values ranged from 0.81±0.06 to 0.43±0.03 between experiments) when 

compared with untreated monolayers (normalised to 1); whereas addition of 

GM6001 seemed to reverse cytokine/cyclopamine driven reduction in 

junctional ZO-1 levels (normalised averaged values ranged from 1.52±0.08 to 

0.72±0.05 between experiments). Although no statistically significant, addition 

of GM6601 to cytokines and cyclopamine treated monolayers induced a 

reversal in cytokines/cyclopamine-driven loss of ZO-1 staining that ranged 

from approximately 20% (0.68±0.06 vs 0.84±0.05) to 70% (0.81±0.06 vs 

1.52±0.08) between experiments. Addition of a GM6001 negative control to 

the cytokine/cyclopamine combination retrieved similar values to those 

observed for cytokine/cyclopamine in its absence (normalised average values 

ranged from 0.71±0.05 to 0.44±0.03 between experiments) (Figure 3.11). In 

any case, treatments triggered similar trends between experiments, following 

the same increases or decreases, regardless of the high variability observed 

in the range of these modulations. 

Although no significant changes were reported following quantification of 

ZO-1 junctional levels due to the great variation between experiments, 

visualisation of ZO-1 junctional staining seemed to suggest that in the 

presence of cytokines and cyclopamine, GM6001-mediated metalloproteinase 

inhibition not only increased ZO-1 junctional levels but also reduced 

cytoplasmic ZO-1 immunolabelling and favouring continuous junctional 

localisation between adjacent cells (Figure 3.11).  
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Figure 3.11 – Cytokines and cyclopamine driven loss of tight junction 
stability could be metalloproteinase dependent. (A) MCEC-1 
monolayers incubated with a mixture of cytokines (TNFα and IL1α) 
(100pg/ml) and the hedgehog pathway inhibitor cyclopamine (4µM) in the 
presence or absence of a broad-spectrum metalloproteinase inhibitor 
(GM6001) for 24h. GM6001 negative control (NC) and untreated 
monolayers (CTRL) were used as controls. Monolayers immunolabelled for 
ZO-1 to visualise tight junction integrity. (B) Quantification of junctional ZO-
1 signal intensity. Analysis performed with Andor IQ2 software. Statistically 
significant differences were assessed via One-way ANOVA with post-hoc 
Tukey. Each bar represents the mean ±SEM for 3 independent 
experiments. ns p > 0.05.  
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3.2.2. Gene expression changes which may underly cytokine- and 

cyclopamine-driven effects 

3.2.2.1. Cytokines and cyclopamine synergistically increase 
metalloproteinase expression 

As seen above, cytokines and cyclopamine mediated disruption of tight 

junction stability is at least partially metalloproteinase-dependent. In order to 

explore metalloproteinase expression under the test conditions of interest 

steady state mRNA levels of a range of metalloproteinases selected from the 

literature (including MMPs, ADAMSs and ADAMTSs) and their inhibitors 

(TIMPs) were assessed in MCEC-1 treated monolayer cultures.   

Cyclopamine treatment significantly increased the mRNA levels of 

MMP3, -10 and -13 when compared with untreated monolayers (3.62±0.70 vs 

1.05±0.23, p<0.05; 11.26±1.25 vs 1.01±0.10, p<0.01; 6.33±0.30 vs 1.05±0.25, 

p<0.001) (Figure 3.12). Following cytokine treatment, MMP3 expression 

levels were upregulated when compared with untreated controls (2.50±0.30 

vs 1.05±0.23, p<0.05) (Figure 3.12). Interestingly, the cytokine/cyclopamine 

combination triggered a further increase in MMP3, -10 and -13 expression 

levels when compared with untreated monolayers (9.34±1.23 vs 1.05±0.23, 

p<0.01; 382.97±69.09 vs 1.01±0.10, p<0.01; 86.82±16.33 vs 1.05±0.25, 

p<0.001) which appeared to be a synergistic effect for MMPs -10 and 13 

(Figure 3.12) (raw Ct values can be found in Appendix 3.H). No changes in 

metalloproteinase gene expression were observed after treatment with Shh 

and/or Vitamin D3 (data not shown).  
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Figure 3.12 - Hedgehog pathway abrogation in the presence of 
cytokines can further reduce tight junction stability.  MCEC-1 cells 
confluent monolayers incubated with a mixture of cytokines (TNFα and 
IL1α) (100pg/ml), cyclopamine (4µM) alone or in combination. 
Untreated monolayers (CTRL) were used as control. After 24h 
treatment, MMP3, 10 and 13 steady-state mRNA levels were 
determined by qRT-PCR with normalisation to 18s expression. Fold-
change is depicted relative to untreated control. Statistically significant 
differences were assessed via t-test. Each bar represents the mean 
±SEM for 3 wells. * p < 0.05; ** p < 0.01; *** p < 0.001. Representative 
experiment depicted. Experiment replicated 3 times. 



96 
 

Addition of cytokines triggered contrasting effects on TIMP levels with a 

significant increase in TIMP1 (2.26±0.03 vs 1.14±0.04, p<0.01) and a 

significant decrease in TIMP3 (0.66±0.04 vs 1.15±0.04, p<0.05) mRNA levels 

when compared with untreated monolayers (Figure 3.13). Treatment with 

cyclopamine alone had no significant effect. However, when treated with a 

combination of cytokines and cyclopamine TIMP3 expression levels were 

further reduced, reaching significantly lower values than those seen for 

cytokine-treated (0.34±0.05 vs 0.66±0.04, p<0.05) and untreated monolayers 

(0.34±0.05 vs 1.15±0.04, p<0.05) (Figure 3.13) (raw Ct values can be found 

in Appendix 3.H). Thus, cyclopamine treatment in the presence of 

inflammatory conditions can synergistically downregulate TIMP3 expression 

levels. No changes in gene expression levels were observed for TIMP2 or -4 

(data not shown). Treatment with Shh and/or Vitamin D3 triggered no 

significant changes (data not shown).   
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Figure 3.13 – Cytokine and cyclopamine effects in TIMPs 
gene expression.  MCEC-1 cells confluent monolayers 
incubated with a mixture of cytokines (TNFα and IL1α)
(100pg/ml), cyclopamine (Hedgehog pathway abrogation)
(4µM), or a combination of both during 24h. Untreated 
monolayers (CTRL) were used as control. After treatment, 
TIMP1 and -3 mRNA steady-state levels were determined by 
qRT-PCR with normalisation to 18s expression. Fold-change 
is depicted relative to untreated control. Statistically 
significant differences were assessed via One-way ANOVA 
with post-hoc Tukey. Each bar represents the mean ±SEM 
for 3 wells. * p < 0.05; ** p < 0.01. Representative experiment 
depicted. Experiment replicated 3 times. 
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3.2.2.2. Cytokine-driven decrease in ZO-1 gene expression can be 
synergistically enhanced by cyclopamine  

In order to explore if variations in gene expression were observed 

alongside changes in junctional stability, ZO-1, claudin-5, occludin or VE-

cadherin mRNA steady-state levels were measured in MCEC-1 confluent 

monolayers. Cells were treated with a mixture of cytokines (TNFα and IL1α at 

100pg/ml), the Hedgehog pathway inhibitor cyclopamine (4µM), Shh 

(100ng/ml) and Vitamin D3 (100nM) (individually or in combination) before 

measuring steady state mRNA levels by qRT-PCR. All measurements were 

normalised to 18S endogenous control. Treatment with either Shh or Vitamin 

D3 did not trigger any significant changes in ZO-1 mRNA levels (Appendix 

3.I). Addition of cytokines significantly diminished ZO-1 mRNA levels when 

compared with untreated controls (0.71±0.03 vs 1.05±0.03, p<0.01) (Figure 

3.14), suggesting that this decrease in gene expression could be at least 

partially responsible for the observed reduction in ZO-1 junctional levels. 

Although addition of cyclopamine alone had no effect on ZO-1 expression 

levels, ZO-1 expression levels were further reduced by a combination of 

cytokines and cyclopamine, reaching significantly lower values than those 

reported for cytokine-treated (0.43±0.05 vs 0.71±0.03, p<0.05) and untreated 

monolayers (0.43±0.05 vs 1.05±0.03, p<0.001) (Figure 3.14) (raw Ct values 

can be found in Appendix 3.H). This seems to indicate that 

cytokine/cyclopamine driven decrease in junctional ZO-1 levels could also be 

mediated by a reduction in ZO-1 gene expression levels, explaining why 

GM6001-dependent metalloproteinase inhibition failed to restore junctional 

ZO-1 levels back to control values. No changes in gene expression levels were 

reported for either claudin-5, occluding or VE-cadherin (data not shown).  
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Figure 3.14 - Cytokines-driven decrease in ZO-1 gene 
expression can be synergistically enhanced by 
cyclopamine. MCEC-1 cells confluent monolayers 
incubated with a mixture of cytokines (TNFα and IL1α)
(100pg/ml), cyclopamine (Hedgehog pathway abrogation)
(4µM), or a combination of both during 24h. Untreated 
monolayers (CTRL) were used as control. After treatment, 
ZO-1 mRNA steady-state levels were determined by qRT-
PCR with normalisation to 18s expression. Fold-change is 
depicted relative to untreated control. Statistically significant 
differences were assessed via One-way ANOVA with post-
hoc Tukey. Each bar represents the mean ±SEM for 3 wells.
** p < 0.01; *** p < 0.001. Representative experiment 
depicted. Experiment replicated 3 times. 
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3.2.2.3. Regulation of steady state mRNA levels of Hedgehog pathway 
components  

To study the implication of Hedgehog pathway in the regulation of tight 

junction stability in MCEC-1 confluent monolayers, mRNA steady-state levels 

of the following Hedgehog signalling pathway components were measured by 

qRT-PCR: Ptch, Smo, Gli1, -2 and -3.  Cells were treated with a mixture of 

cytokines (TNFα and IL1α at 100pg/ml), the Hedgehog pathway inhibitor 

cyclopamine (4µM), Shh (100ng/ml) and Vitamin D3 (100nM) (individually or 

in combination). All measurements were normalised to 18S endogenous 

control. Gli1 was undetected in MCEC-1 monolayers (data not shown) while 

Ptch and Gli3 were expressed but unmodulated by any added treatment 

(Appendix 3.J).  

Addition of a cytokines mix, Shh and/or Vitamin D3 (with/without 

cytokines) had no effect in Gli2 or Smo gene expression levels 

(Appendix 3.K).  However, cyclopamine treatment significantly reduced Gli2 

(0.25±0.04 vs 1.04±0.21, p<0.05) and Smo (0.54±0.14 vs 1.02±0.15, p<0.05) 

mRNA levels when compared with untreated cells (Figure 3.15). Although 

addition of cytokines did not enhance cyclopamine-driven decrease of Smo 

gene expression, it did significantly reduce Gli2 mRNA levels under those 

reported for cyclopamine-treated (0.11±0.03 vs 0.25±0.04, p<0.05) and 

untreated monolayers (0.11±0.03 vs 1.04±0.21, p<0.05) (Figure 3.15) (raw Ct 

values can be found in Appendix 3.H). Thus, cyclopamine and cytokines 

could be synergistically reducing Hedgehog signalling through a decrease in 

Gli2 gene expression.    



101 
 

  

Figure 3.15 – Cyclopamine reduces gene expression levels of 
Hedgehog pathway components. MCEC-1 cells confluent monolayers 
incubated with a mixture of cytokines (TNFα and IL1α) (100pg/ml), 
cyclopamine(4µM), or a combination of both during 24h. Untreated 
monolayers (CTRL) were used as control. After treatment, Smo and Gli2 
mRNA steady-state levels were determined by qRT-PCR with normalisation 
to 18s expression. Fold-change is depicted relative to untreated control. 
Statistically significant differences were assessed via One-way ANOVA with 
post-hoc Tukey. Each bar represents the mean ±SEM for 3 wells. * p < 0.05; 
** p < 0.01. Representative experiment depicted. Experiment replicated 3 
times. 
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3.2.2.4. Barrier formation in the MCEC-1 in vitro model 

MCEC-1 ability to form a functional barrier in our in vitro model was tested 

by TEER. A significant increase in TEER was detected at 24h and 48h after 

seeding, suggesting that the cultured MCEC-1 monolayer is forming a 

functional barrier. A cell-free coated-insert was used as a negative control 

(Figure 3.16).  

Interestingly, monolayers cultured for 24h and 48h reached similar TEER 

levels, suggesting the formation of a stable and sustained barrier 

(Figure 3.16). This supports the idea that the previously discussed increase 

in dextran extravasation (Figure 3.16) between 4h and 24h measurements 

could be due to a diffusion effect between the insert compartments rather than 

a less functional barrier, as if this was the case it would have an impact on 

TEER levels.   
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Figure 3.16 – Barrier formation was achieved in MCEC-1 
confluent monolayers. Transendothelial Electrical Resistance 
(TEER) measurements of MCEC-1 monolayers cultured for 24h and 
48h. Statistically significant differences were assessed via t-test. 
Each bar represents the mean ±SEM for 3 wells. * p < 0.05; *** p < 
0.001. Representative experiment depicted. Experiment replicated 
>3 times. 
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3.2.2.5. Barrier integrity is compromised after cytokine treatment in our in 
vitro model 

In order to assess TEER sensitivity to cytokine-driven barrier disturbances, 

cells were incubated with a mix of cytokines (TNFα and IL1α at 100pg/ml and 

10ng/ml) for a total of 24h. A significant cytokines-dependent reduction in 

TEER values was detected at 24h after stimulation (26.03±0.97 vs 35.02±0.73 

Ω/cm2, p<0.01) (Figure 3.17). Thus, it seems that cytokines can mediate 

barrier disruption, supporting the previously observed effect in ZO-1 junctional 

stability.   
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Figure 3.17 - Cytokine treatment induces MCEC-1 barrier 
permeability. MCEC-1 were seeded onto cell inserts (0.3µm 
porous) and grown for 48h until confluent in order to promote 
barrier formation. MCEC-1 monolayers when then treated with a 
cytokines mix (TNFα and IL1α at 100pg/ml). Untreated monolayers 
(CTRL) were used as control. Transendothelial Electrical 
Resistance (TEER) was measured to assess barrier integrity at 24h 
after seeding and at 24h after treatments addition.  Statistically 
significant differences were assessed via t-test. Each point 
represents the mean ±SEM for 3 wells. * p < 0.05; ** p < 0.01. 
Representative experiment depicted. Experiment replicated >3 
times. 
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3.2.2.6. Cyclopamine synergises with cytokines to further compromise barrier 
integrity 

In order to determine whether the effects seen on ZO-1 junctional 

integrity have a functional outcome in barrier stability, the cells were treated 

with cyclopamine in the presence and absence of cytokines. Abrogation was 

achieved through cyclopamine (4μM) exposure, a pharmacological inhibitor of 

the Hedgehog pathway. TEER measurements were taken at after 24h 

treatment in order to assess barrier responses. As previously reported, 

cytokines addition significantly lowered TEER values when compared with 

untreated monolayers (26.03±0.97 vs 35.02±0.73 Ω/cm2, p<0.01) 

(Figure 3.18). Cyclopamine treatment had no measurable effect on TEER 

levels when compared with controls (36.12±0.49 vs 35.02±0.73 Ω/cm2) 

(Figure 3.18). However, addition of cyclopamine in the presence of cytokines 

synergistically enhanced the cytokine effect, triggering a significant reduction 

in TEER values when compared with cytokines-treated (16.32±1.02 vs 

26.03±0.97 Ω/cm2, p<0.01) and untreated monolayers (16.32±1.02 vs 

35.02±0.73 Ω/cm2, p<0.001) (Figure 3.18).  
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Figure 3.18 – Cytokine-driven reduction in MCEC-1 barrier 
permeability can be further enhanced by addition of 
cyclopamine. MCEC-1 were seeded onto cell inserts (0.3µm 
porous) and grown for 48h until confluent in order to promote barrier 
formation. MCEC-1 monolayers when then treated with a cytokines 
mix (TNFα and IL1α at 100pg/ml), the Hedgehjog pathway inhibitor 
cyclopamine (4µM) or a combination of both for 24h. Untreated 
monolayers (CTRL) were used as control. Transendothelial 
Electrical Resistance (TEER) was measured to assess barrier 
integrity. Statistically significant differences were assessed via One-
way ANOVA with post-hoc Tukey. Each bar represents the mean 
±SEM for 3 wells. ** p < 0.1; *** p < 0.001. Representative 
experiment depicted. Experiment replicated >3 times. 



108 
 

3.2.2.7. Cytokine/cyclopamine mediated loss of barrier integrity is 
metalloproteinase-dependent 

To test if cytokines and cyclopamine effect in barrier stability was 

metalloproteinase-dependent, confluent MCEC-1 monolayers were incubated 

with GM6001 (broad spectrum metalloproteinase inhibitor) in the presence 

and absence of the cytokines and cyclopamine combination. TEER 

measurements of confluent MCEC-1 monolayers were taken 24h after 

treatment addition in order to assess barrier stability. As before, the presence 

of a combination of cytokines and cyclopamine significantly reduced TEER 

values when compared with untreated monolayers (26.77±1.28 vs 78.28±0.66 

Ω/cm2, p<0.001) (Figure 3.19). Addition of GM6001 fully reversed cytokines 

and cyclopamine driven impairment of barrier stability (26.77±1.28 vs 

71.13±1.20 Ω/cm2, p<0.001) (Figure 3.19). Addition of GM6001 negative 

control (NC) had no detectable effect in cytokines and cyclopamine driven 

barrier disruption (26.03±1.63 vs 26.77±1.28 Ω/cm2) (Figure 3.19). These 

results agree with the previously described protective effect of GM6001 

against cytokines and cyclopamine mediated loss of ZO-1 junctional stability. 
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Figure 3.19 – Cytokines and cyclopamine driven loss in barrier 
stability is metalloproteinase-dependent. MCEC-1 were seeded 
onto cell inserts (0.3µm porous) and grown for 48h until confluent in 
order to promote barrier formation. Monolayers were incubated with 
a mixture of cytokines (TNFα and IL1α) (100pg/ml) and cyclopamine 
(4µM) in the presence or absence of a broad-spectrum 
metalloproteinase inhibitor (GM6001) for 24h. GM6001 negative 
control (NC) and untreated monolayers (CTRL). Transendothelial 
Electrical Resistance was measured 24h after treatment to assess 
barrier integrity. Statistically significant differences were assessed 
via One-way ANOVA with post-hoc Tukey. Each bar represents the 
mean ±SEM for 3 wells. * p < 0.5; *** p < 0.001. Representative 
experiment depicted. Experiment replicated 3 times. 
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3.2.2.8. Addition of hTIMP3 partially reverses cytokine/cyclopamine driven 
barrier disruption 

Cytokine/cyclopamine mediated effects on barrier stability seem to be 

accompanied not only by an upregulation in MMP3, -10 and -13 gene 

expressions but also by a downregulation in TIMP3 mRNA levels. Thus, it is 

possible that metalloproteinase-dependent impairment in barrier structure 

could be mediated by an increase in metalloproteinase activity through a 

downregulation of their inhibitor TIMP3. To test the hypothesis, that TIMP3 

may play an important role in barrier integrity, confluent MCEC-1 monolayers 

were pre-treated with human recombinant TIMP3 (hTIMP3) (0.5µM) before the 

addition of a combination of cytokines (TNFα and IL1α at 100pg/ml) and 

cyclopamine (4µM) with TEER measurements 24h later. Although only 

performed once, preliminary results show the previously seen reduction in 

TEER values in the presence of a combination of cytokines and cyclopamine 

when compared with untreated monolayers (26.77±1.28 vs 78.28±0.66 Ω/cm2, 

p<0.001) (Figure 3.20). Pre-treatment with hTIMP3 partially reversed the 

cytokine/cyclopamine driven reduction in TEER values (52.8±1.38 vs 

26.77±1.28 Ω/cm2, p<0.001) although control levels were not fully restored 

(52.8±1.38 vs 78.28±0.66 Ω/cm2, p<0.001) (Figure 3.20). No effect in barrier 

stability was reported for monolayers pre-treated with hTIMP3 in the absence 

of any other stimuli (77.55±1.38 vs 78.28±0.66 Ω/cm2) (Figure 3.20). Thus, it 

seems TIMP3 plays an important role in cytokine/cyclopamine driven barrier 

disruption. 
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Figure 3.20 – hTIMP3 can partially block cytokine/cyclopamine 
driven barrier disruption. MCEC-1 were seeded onto cell inserts 
(0.3µm porous) and grown for 48h until confluent in order to 
promote barrier formation. Upon confluency human recombinant 
TIMP3 (hTIMP3) (0.5µM) was added for 30min prior to a 
combination of cytokines (TNFα and IL1α) (100pg/ml) and 
cyclopamine (4µM). Untreated monolayers (CTRL) were used as 
control.  Transendothelial Electrical Resistance (TEER) was 
measured 24h after treatment to assess barrier integrity. 
Statistically significant differences were assessed via One-way 
ANOVA with post-hoc Tukey. Each bar represents the mean ±SEM 
for 3 wells. * p < 0.5; *** p < 0.001. Representative experiment 
depicted. Preliminary data from experiment replicated 1 time. 
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3.2.2.9. Shh and Vitamin D3 synergistically protect against cytokines and 
cyclopamine driven barrier dysfunction 

To further test our barrier in vitro model, the responsiveness to 

previously described barrier promoting agents was tested through exposure to 

Shh (100ng/ml) and Vitamin D3 (100nM).  After 24h treatment, both Shh 

(115.32±1.43 vs 98.63±0.66 Ω/cm2, p<0.001) and Vitamin D3 (114.95±0.84 vs 

98.63±0.66 Ω/cm2, p<0.001) were capable of promote barrier integrity by 

significantly increasing TEER when compared to untreated cells (Figure 3.21). 

No further enhancement was obtained by a Shh and Vitamin D3 combination 

(115.68±0.80 vs 98.63±0.66 Ω/cm2, p<0.001) (Figure 3.21). Thus, it seems 

that both Shh and Vitamin D3 can enhance barrier stability in this in vitro 

model. This confirms not only their previously described role in the literature 

as barrier promoting agents but also agrees with the previously reported 

individual ability of Shh and Vitamin D3 to enhance tight junction formation. To 

further challenge Shh and Vitamin D3 protective effect, in a single experiment 

the individual effects of Shh and VitD3 to protect against cytokines and 

cyclopamine synergistic barrier disruption were explored. Although only 

repeated once, after 24h treatment exposure neither Shh nor Vitamin D3 were 

capable of rescue cytokines and cyclopamine disruptive effect on barrier 

stability (48.95±1.14 or 50.42±1.20 vs 98.63±0.66 Ω/cm2, p<0.001) 

(Figure 3.22). However, when combined, Shh and Vitamin D3 were not only 

completely reversed the cytokine/cyclopamine synergistic impairment of 

barrier integrity but also significantly increased TEER measurements above 

untreated levels (113.48±1.75 vs 98.63±0.66 Ω/cm2, p<0.01) (Figure 3.22). 

Hence, in this preliminary experiment and agreeing with the effects on seen 

ZO-1 junctional stability, it seems that Shh and Vitamin D3 can synergise to 

protect against cytokines and cyclopamine driven barrier disruption. It should 

be mentioned that it seems that TEER measurements reach a maximum level, 

in which barrier structure cannot be further enhanced.   
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Figure 3.21 – Shh and Vitamin D3 promote MCEC-1 barrier 
formation. MCEC-1 were seeded onto cell inserts (0.3µm porous) 
and grown for 48h until confluent in order to promote barrier 
formation. Upon confluency human recombinant Sonic Hedgehog 
(hShh)(100ng/ml) and Vitamin D3 (100nM) were added alone or in 
combination. Untreated monolayers (CTRL) were used as control. 
Transendothelial Electrical Resistance (TEER) was measured 24h 
after treatment to assess barrier integrity. Statistically significant 
differences were assessed via One-way ANOVA with post-hoc 
Tukey. Each bar represents the mean ±SEM for 3 wells. * p < 0.5; 
*** p < 0.001. Representative experiment depicted. Experiment 
replicated >3 times. 
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Figure 3.22 – Shh and Vitamin D3 can synergisticaly rescue 
cytokines and cyclopamine driven barrier dysruption. MCEC-1 were 
seeded onto cell inserts (0.3µm porous) and grown for 48h until confluent 
in order to promote barrier formation. Upon confluency combinations of 
the following treatments were added: human recombinant Sonic 
Hedgehog (hShh)(100ng/ml), Vitamin D3 (100nM), the Hh pathway 
pharmacological inhibitor cyclopamine (4µM) and a cytokines mix (TNFα 
and IL1α at 10ng/ml). Untreated monolayers (CTRL) were used as control. 
Transendothelial Electrical Resistance (TEER) was measured after 24h 
treatments to assess barrier integrity. Statistically significant differences 
were assessed via One-way ANOVA with post-hoc Tukey. Each bar 
represents the mean ±SEM for 3 wells. * p < 0.5; *** p < 0.001. 
Representative experiment depicted. Experiment replicated 3 times. 
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3.3. DISCUSSION 

3.3.1. Mimicking an inflammatory environment reduces barrier stability 

Previous studies using brain microvascular endothelial cells have 

shown an ability of cytokines to impair cellular barrier stability in similar in vitro 

settings (Mark & Miller, 1999; Trickler et al., 2005; Forster et al., 2008; Sajja 

et al., 2014; Ni et al., 2017). Addition of cytokines to endothelial monolayers 

triggers reduced levels of tight junction proteins (such as ZO-1, claudin-5 and 

occludin) (Forster et al., 2008; Aslam et al., 2012; Cohen et al., 2013; Labus 

et al., 2014). Both Z0-1 junction localisation and steady state mRNA levels 

were down-regulated by cytokine treatment of MCEC-1 cells suggesting that 

effects of cytokines on barrier disruption, through junctional impairment, could 

be conserved in our model. 

These data suggested that barrier integrity may have been modulated 

and this was apparent when TEER was assessed. Correlating with the 

observed reduction in ZO-1 junctional levels, TEER measurements revealed 

a significant lost in barrier properties in the presence of cytokines 

(Figure 3.17). As previously mentioned, other tight or adherens junction 

components are susceptible to cytokine-mediated regulation and could be 

playing a role in the observed loss of barrier integrity. However, no changes in 

gene expression were observed for claudin-5, occludin or VE-cadherin at 24h 

after treatment, but mRNA variations at earlier time-points and changes in their 

protein levels and subcellular localisation should also be studied to be 

completely certain of their role in the observed cytokine-mediated barrier 

disruption.  

A major consequence of inflammation is the up-regulation of 

metalloproteinases (reviewed in Rempe et al., 2016), which can degrade 

junctional and basement membrane elements such as claudins, occludins, 

ZO-1 proteins and laminins (Yang et al., 2007; Lu et al., 2009; Bauer et al., 

2010; Wu et al., 2015) among others. From all the measured 

metalloproteinases, only MMP3 was significantly increased 24h after 

cytokines addition (Figure 3.11). In a murine model of Parkinson’s disease (a 
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pathology associated with neuroinflammation) BBB disruption was 

ameliorated after MMP3 genetic ablation, suggesting that MMP3 could play an 

important role in BBB breakdown under inflammatory conditions (Chung et al., 

2013).  Many MMPs have been described to be up-regulated under 

inflammatory conditions but different time-points and cytokine concentrations 

may need to be studied in our endothelial barrier model to observe a wider 

range of cytokines-mediated responses in MMPs gene expression. Regarding 

TIMP expression, cytokine treatment triggered a significant increase in TIMP1 

and a significant decrease in TIMP3 when compared with untreated controls 

(Figure 3.13). TIMP3 expression has previously been shown in our lab to be 

down-regulated by cytokines in MCEC-1 cells (Singh et al. 2005). TIMP3-/- 

mice showed an increased pulmonary microvascular leakage when compare 

with controls, and isolated pulmonary microvascular ECs from TIMP3 null mice 

exhibited a lower TEER and increased permeability to fluorescently labelled 

dextran and albumin (Arpino et al., 2016). In this regard, it is important to 

consider that TIMP3 not only inhibits MMPs, but also several members of the 

ADAM family. Thus, the reported cytokine-mediated loss of endothelial barrier 

integrity could be exerted not only through a direct regulation of 

metalloproteinases production/distribution but also through disinhibition of 

their proteinase activities mediated by a reduction in TIMP3 protein levels, 

although this was not explored here. TIMP1, low serum levels of TIMP1 have 

been previously correlated with endothelial barrier disruption in various clinical 

studies (Lee et al., 1999; Waubant et al., 1999; Toft-Hansen et al., 2004). 

However, more recent studies showed an increase in TIMP-1 serum from HIV-

patients under inflammation (Xing et al., 2017) and previous data from our 

laboratory indicates cytokine-mediated elevation of TIMP1 in expression 

MCEC-1 cells (Singh et al., 2005). Additionally, studies in TIMP1-deficient 

mice showed an increased in activated immune cells transmigration across 

the BBB during viral encephalomyelitis (Savarin et al., 2013). This study 

reported no compensatory expression of other TIMPs, altered MMP 

expression or impaired chemokine production when compared with WT mice, 

and a possible MMP-independent role of TIMP1 has been postulated (Savarin 

et al., 2013). In any case, the observed loss in ZO-1 junctional levels and 

barrier properties after cytokines stimulation could be mediated by a broad 
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dysregulation of metalloproteinases activities. It should be also be noted that 

low serum levels of TIMP1 have been previously correlated with endothelial 

barrier disruption in various clinical studies (Lee 1999; Waubant 1999; Toft-

Hansen 2004).  

3.3.2.  Shh and Vitamin D3 promote barrier structure 

To test responses to barrier promoting agents, confluent MCEC-1 

monolayers were treated with Shh or Vitamin D3. Incubation with either Shh 

(Alvarez et al., 2011; Xia et al., 2013) or Vitamin D3 (Palmer et al., 2001; Zhang 

et al,. 2013) triggered an increase in ZO-1 junctional levels (Figure 3.5) as 

previously described in the literature. Correlating with these observations, Shh 

exposure triggered an increase in electrical resistance (Figure 3.21), 

indicative of an enhanced barrier structure as previously described in the 

literature (Alvarez et al., 2011; Wang et al., 2014). Incubation with Vitamin D3 

significantly enhanced barrier structure (Figure 3.21). Although Vitamin D3 

ability to promote TJ formation in ECs has been previously reported (Palmer 

et al., 2001; Fujita et al., 2008; Yin et al., 2011), its impact on barrier 

functionality has only been studied on epithelial cells. Supporting our 

observations, in intestinal epithelial cells Vitamin D3 treatment triggers an 

increase in TEER (Chirayath et al., 1998; Chen et al., 2015), whereas in airway 

epithelial cells no TEER effects were reported (Zhang et al., 2016). Overall, 

Vitamin D3 seems a very well-established promoter of barrier integrity, and 

some of the mentioned discrepancies may be due to cell line associated 

variations. Shh and Vitamin D3 combined effects on modulation of barrier 

permeability have not been as yet reported in the literature, but deserved to 

be assessed. A combination of Shh and Vitamin D3 increased TEER but this 

did not exceed effects seen with the individual stimuli (Figure 3.21). It is 

possible that, in order to trigger a greater increase in barrier structure, a higher 

dosage is required. However, the fact that individual and combined Shh and 

Vitamin D3 treatments trigger such similar increases could be indicative of a 

limit in TEER, above which no further enhancement can be reached regarding 

barrier structure. Additionally, this could be also suggestive of shared 
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mechanisms/pathways between Shh and Vitamin D3, but further studies are 

needed to clarify this point.  

Both Shh and Vitamin D3 have been reported to modulate 

metalloproteinase expression in endothelial cells: Shh can promote 

angiogenesis through the up-regulation of MMP2 protein levels and MMP9 

gene expression (Renault et al., 2010; Yi et al., 2016). Conversely, Vitamin D3 

blocked LPS-mediated increase in MMP14 expression in human umbilical vein 

endothelial cells (Stach et al., 2011). Clinical studies showed that Vitamin D 

deficiency can be associated with increased serum levels of MMP2 and 

MMP9, which were reversed by Vitamin D3 dietary supplementation (Timms 

et al., 2002). Intriguingly, in the current study, no alteration in 

metalloproteinase gene expression levels was observed after 24h of Shh or 

Vitamin D3 treatment. Thus, gene expression at earlier time-points should be 

studied to fully clarify Shh and Vitamin D3 effects on metalloproteinase gene 

expression in our in vitro model of an endothelial barrier.  

No changes were reported after incubation with either Shh or Vitamin 

D3 in the gene expression of junctional proteins (data not shown). However, 

previous data from the literature show that addition of Shh can induce mRNA 

levels of ZO-1 and occludin in a rat model of cerebral artery occlusion and 

brain microvessel endothelial cells (Xia et al., 2013). These differences in 

response could be due to higher concentration of Shh used by Xia et al. 

(1µg/ml or 3µg/ml) or due to tissue origin of endothelial cells since the studies 

of Xia et al. (2013) were performed in brain slices or primary brain 

microvascular endothelial cells (Xia et al., 2013). Regarding Vitamin D3, 

studies performed in human airway epithelial cells showed no effect on ZO-1 

gene expression levels (Zhou et al., 2011). Overall, it does not seem likely that 

the observed effects of Shh and Vitamin D3 in junctional and barrier stability 

could be mediated by the modulation of junctional protein gene expression 

although further studies at earlier time-points should be performed for 

confirmation.  
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3.3.3. Hedgehog pathway abrogation (cyclopamine) furthers inflammation-

driven barrier disruption. 

Evidence from several models suggests that astrocytes and pericytes 

secrete Shh amongst other trophic factors to promote formation and maintain 

of the BBB (Luissint et al., 2012). Thus, in order to test Hedgehog pathway 

effects in barrier stability a Hedgehog pathway pharmacological inhibitor 

(cyclopamine) was added. No significant changes were reported after addition 

of cyclopamine alone either on ZO-1 junctional levels or TEER measurements 

(Figure 3.6 and 3.18). Studies performed in vitro models of the BBB (including 

a co-culture of astrocytes and endothelial cells) have shown a reduction in ZO-

1 protein levels and TEER values in the presence of cyclopamine (Alvarez et 

al., 2011; Zhen et al., 2018). However, it has to be considered that in these 

studies endothelial cells were co-cultured with astrocytes, a physiological 

source of Shh (Alvarez et al., 2011; Zhen et al., 2018). Taking this into account, 

the absence of cyclopamine effect in our model could be due to a lack of 

endogenous Shh signalling and the presence of a constitutively inactive 

Hedgehog pathway. To test this hypothesis expression levels of all the 

members of the Hedgehog family (Shh, Ihh and Dhh) were assessed but 

mRNA expression was not detectable for any of these ligands. Interestingly, 

cyclopamine treatment did trigger a significant decrease in expression levels 

of Smo and Gli2 (Figure 3.15). Thus, this seems to indicate that there could 

be an endogenous basal activation of the Hedgehog pathway although 

Hedgehog ligands were undetectable (only assessed at gene expression 

level). Interestingly, it has been previously reported that addition of 

cyclopamine can promote ciliary accumulation of Smo, priming cells for Hh 

pathway hyper-responsiveness after compound withdrawal (Peluso et al., 

2014). Although Hh hyper-responsiveness does not seem to be relevant in our 

model (since no Hh ligands were detected), no Hh ligand was detected in our 

model, cyclopamine ability to modulate Smo subcellular localization certainly 

indicates that cyclopamine effects could be more complex than simple Smo 

inhibition.  
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However, abrogation of basal Hedgehog signalling does not seem to be 

sufficient to drive an effect in barrier stability (assessed by ZO-1 junctional 

levels or TEER measurements) although a significant increase in MMP3, -10 

and -13 expression levels was observed (Figure 3.12). The observed 

cyclopamine-driven up-regulation of metalloproteinase expression could be 

related with the reported reduction in Gli2 mRNA levels. Previous studies have 

described a relationship between Gli2 and metalloproteinase expression as 

Gli2 could enhance metastasis through an increased expression of MMP2 and 

-9 (Dennler et al., 2007; Zhao et al., 2013). Although in a metastatic context 

Gli2 seems to enhance metalloproteinase expression, this does not need to 

be the case for endothelial cells or other metalloproteinases. Thus, further 

research is needed to fully clarify the relationship between Gli2 and 

metalloproteinase expression in endothelial cells. In any case, it needs to be 

mentioned that the observed increase in MMP3, -10 and -13 after cyclopamine 

addition was not sufficient to impact in endothelial barrier stability (measured 

as junctional ZO-1 and TEER levels) as perhaps a higher amount of time was 

required.  

Cyclopamine synergistically enhanced cytokine-driven barrier disruption 

(measured as junctional ZO-1 levels and TEER values) (Figure 3.8 and 3.18) 

together with an enhanced reduction in Gli2 and ZO-1 gene expression 

(Figure 3.14). Thus, Hedgehog abrogation under physiological conditions may 

not be enough to trigger any detectable variations in barrier stability. However, 

if barrier integrity is already compromised by an inflammatory environment, the 

cyclopamine-driven reduction in Hedgehog signalling (decreased Gli2 and 

Smo gene expression) could then be enough to further enhance cytokines 

detrimental effect, synergistically reducing TEER values and ZO-1 junctional 

and expression levels (Figures 3.18, 3.8 and 3.14).  

Cytokines and cyclopamine can also synergise in order to up-regulate 

MMP3, -10 and -13 gene expression (Figure 3.12). As it has been mentioned 

before, previous studies have described an ability of Shh to enhance 

angiogenesis (Renault et al., 2010) or metastasis (Dennler et al., 2007; Zhao 

et al., 2013) through the enhanced expression of MMP2 and -9. Thus, it may 

seem a little counterintuitive that abrogation of Hedgehog pathway enhances 
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cytokines-driven increase in metalloproteinase expression levels 

(Figure 3.12). However, the effects of Hedgehog signalling in 

metalloproteinase expression could vary depending on the studied cell type or 

the physiological environment and endothelial cells could respond in different 

manners under pro-angiogenic or inflammatory conditions.  

In any case, the observed results seemed to suggest that the 

cytokine/cyclopamine driven increase in metalloproteinase expression could 

be underlying the reported loss of barrier integrity (measured as TEER levels). 

Thus, in order to explore this hypothesis, cytokine/cyclopamine effects on 

barrier integrity were assessed in the presence of a broad-spectrum 

metalloproteinase inhibitor GM6001, revealing a partial restoration of ZO-1 

junctional distribution. However, as it has been previously discussed, when 

quantified this partial restoration of ZO-1 junctional distribution was not 

reported to be significant due to a high variability between experiments, 

regardless of the clear visual differences in ZO-1 junctional levels (Figure 

3.10). Future experiments should explore the effects of broad 

metalloproteinase inhibition using an alternative tight or adherent junction 

protein with more constant modulations. Regarding TEER measurements, 

GM6001 addition fully protected against cytokines/cyclopamine driven loss of 

barrier properties (Figure 3.19). As TEER values account for the integrity of 

both tight and adherens junctions, it is possible that the described reduction in 

ZO-1 gene expression does not account for a measurable effect in overall 

barrier integrity. Supporting these observations, Alluri et al. showed GM6001 

ability to attenuate IL-1β induced barrier permeability in rat brain microvascular 

endothelial cells (Alluri et al., 2016). GM6001 is a broad-spectrum 

metalloproteinase inhibitor thus, although MMP3, -10 and -13 cytokines and 

cyclopamine mediated up-regulation makes them good candidates to mediate 

the observed barrier disruption, other metalloproteinases may be involved.  

Regarding metalloproteinase inhibition, abrogation of Hedgehog pathway 

also accentuated cytokine-driven reduction of TIMP3 gene expression levels 

and prevented the cytokine-mediated increase in TIMP1 expression levels 

(Figure 3.13). The effects of Hedgehog pathway abrogation on TIMP’s 

regulation in the presence or absence of inflammation have not been studied. 
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In vivo/in vitro deletion of TIMP3 results in a reduction in pulmonary endothelial 

barrier stability (Arpino et al., 2016). In our model, cytokines/cyclopamine 

driven barrier disruption was partially reversed by addition of hTIMP3 

(Figure 3.20). In this regard, it needs to be considered that TIMP3 does not 

inhibit all metalloproteinases with the same affinity, as it has been reported to 

be a weaker inhibitor of MMP3 and -7 (reviewed in Brew & Nagase, 2010). 

Additionally, hTIMP3 may not be as efficient as GM6001 in its inhibition of 

metalloproteinases and different hTIMP3 concentrations and incubation times, 

together with siRNA experiments, should be tested in order to determine 

hTIMP3 relevance in the reported results.  

3.3.4. Shh and Vitamin D3 synergistically rescue cytokines and cyclopamine 

driven barrier disruption.  

In order to study Shh and Vitamin D3 role as barrier promoters, their 

ability to protect barrier integrity in the presence of cytokines and cyclopamine 

was tested. Shh protection against inflammatory-mediated loss of barrier 

stability has been recently reported in a murine model of Human 

Immunodeficiency Virus (a disorder characterized by chronic neuro-

inflammation), where treatment with a pharmacological agonist of the 

Hedgehog pathway rescued claudin-5 expression, a marker of barrier integrity, 

to WT levels (Singh et al., 2016). Regarding Vitamin D3, no previous protective 

effect has been described in the context of ECs. However, in vitro studies with 

intestinal epithelial cells showed a Vitamin D3 barrier-protective effect 

(measured as TEER and dextran extravasation) against TNFα (Chen et al., 

2015a), LPS (Chen et al., 2015b) and ethanol (Chen et al., 2015c) driven 

barrier dysfunction. Additionally, TNFα-driven loss in colonic barrier 

permeability was enhanced in mice carrying VDR deletion in colonic epithelial 

cells, which could not be rescued by treatment with the Vitamin D3 analogue 

paricalcitol (Du et al., 2015). Nonetheless, no Vitamin D3 protective effect 

against cytokines and cyclopamine associated lost on barrier integrity was 

reported in our in vitro model (measured either as ZO-1 junctional levels or 

TEER) (Figure 3.9 and 3.22).  
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Interestingly, when combined, Shh and Vitamin D3 were able not only 

to completely abrogate cytokine/cyclopamine driven loss in barrier integrity but 

also to promote barrier formation above control levels (measured either as ZO-

1 junctional levels or TEER) (Figure 3.9 and 3.22). No changes in gene 

expression levels were detected in the presence of Shh and Vitamin D3 

(Appendix 3.J). This protective synergy between Shh and Vitamin D3 has not 

yet been reported in the literature, but it supports the previously described 

existence of a cross-talk between the Hedgehog and Vitamin D3 pathways in 

the context of endothelial barriers (Bijlsma et al., 2006). It needs to be 

mentioned that Shh and Vitamin D3 protective synergy takes place despite the 

presence of cyclopamine, suggesting that Shh could be cooperating with 

Vitamin D3 in a non-canonical manner. In this regard, Bijlsma et al. observed 

that Ptch could be functioning as a translocator of Vitamin D3 (or one of its 

metabolites) (Bijlsma et al., 2006). Additionally, studies in hematopoietic stem 

and progenitor cells showed a specific ability of the Vitamin D3 cholecalciferol 

(but not active 1,25-dihydroxy vitamin D3) to antagonise the Hh pathway 

through extracellular binding of Smo, triggering a loss in Gli-reporter activation 

(Cortes et al., 2015). These observations open the possibility that Shh and 

Vitamin D3 synergy is operated though an Shh-mediated inhibition of Ptch, no 

longer able to work as a translocase, increasing intracellular levels of Vitamin 

D3 and decreasing extracellular Vitamin D3 concentrations together with its 

availability to inhibit Hh signalling through Smo binding. Further studies 

regarding the effects of Ptch inhibition in the presence of Vitamin D3, 

cyclopamine and cytokines are needed to test this hypothesis.  

Alternatively, Shh and Vitamin D3 could be mediating their synergistic 

protective effects through modulation of Akt signalling. As it has been 

previously discussed (Section 1.9), Akt phosphorylation (and consequent 

activation) is a shared element between the cytokine (reviewed in Alvarezet 

al, 2011), Shh (Kanda et al., 2003; Riobo et al., 2006) and Vitamin D3 (Datta 

Mitra et al., 2013;  Zhang & Zanello, 2008) signalling routes, pointing towards 

Akt as a possible molecular switch capable of integrating all these pathways. 

Experiments with the Akt inhibitor MK-2206 seem to support this hypothesis 

since cytokine, Shh and Vitamin D3 individual effects on MCEC-1 junctional 
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stability seem to be abrogated upon Akt’s inhibition (Figure 3.10). Regarding 

MK-2206 blockage of Shh’s or Vitamin D3’s driven increase in ZO-1 junctional 

levels, it is important to mention that this not only involved a disruption in ZO-

1 continuous peripheral staining but it was accompanied but an increase in of 

ZO-1’s cytoplasmatic (delocalised) levels (Figure 3.10). Inhibition of Akt in the 

absence of any other stimuli also triggered a reduction in ZO-1 junctional levels 

(Figure 3.10), suggesting an Akt-endogenous control of ZO-1 that will be 

further explored and discussed in Section 6.1.  

In any case, future experiments should study Shh and Vitamin D3’s 

ability to abrogate cytokine/cyclopamine driven loss in barrier integrity when 

the different treatments are added sequentially. Thus, by adding Shh and 

Vitamin D3 in a sequential manner following cytokine/cyclopamine stimulation 

it could become apparent if the described Shh/Vitamin D3 protective synergy 

is mediated by a Shh-driven priming of the cell that increases intracellular 

levels of Vitamin D3 through the inhibition of Ptch or it is due to an overall 

modulation of Akt signalling.  
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3.4. KEY FINDINGS 

 Barrier stability is compromised under inflammation. Measured as 

TEER and ZO-1 gene expression and junctional levels. This is 

accompanied by an increase in MMP3 and TIMP1 together with a 

decrease in TIMP3 gene expression, suggesting a possible 

dysregulation of metalloproteinase activities.  

 Shh and Vitamin D3 promote barrier stability, measured as TEER and 

ZO-1 junctional levels. 

 Hedgehog abrogation (cyclopamine) furthers inflammation-driven 

barrier disruption. This enhanced cytokine-driven reduction in ZO-1 and 

TIMP3 gene expression and cytokine-driven increase in MMP3 gene 

expression. An increase in MMP10 and -13 gene expression was also 

reported with a combination of cytokine and cyclopamine. This was 

accompanied by an overall decrease in Hh pathway components (Smo 

and Gli2) gene expression levels.   

 Cytokines and cyclopamine driven loss of barrier integrity is 

metalloproteinase dependent since the observed loss of barrier integrity 

(measured as TEER) could be blocked by addition of the broad 

metalloproteinase inhibitor GM6001. Cytokines and cyclopamine driven 

loss of barrier integrity could also be partially blocked by a pre-treatment 

with exogenous hTIMP3. 

 Shh and Vitamin D3 synergistically rescue cytokines and cyclopamine 

driven barrier disruption, measured as TEER and ZO-1 junctional 

levels. 

A summary of the reported key findings can be found in Figure 3.23. 
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Figure 3.23 – Schematic representation of Chapter’s 3 key findings. 
Cytokines can lead to endothelial barrier disruption through reduction of ZO-1 
gene expression and junctional levels, deregulation of metalloproteinase 
expression (increased MMP3 and TIMP1 together with a reduction in TIMP3 gene 
expression levels) and reduction in barrier stability (measured as transendothelial 
electrical resistance [TEER]) in a metalloproteinase-dependent manner. 
Cytokines effects can be synergistically enhanced by abrogation of the Hedgehog 
pathway (cyclopamine) triggering a further reduction in ZO-1 gene expression and 
junctional levels, further deregulation in metalloproteinase gene expression 
(further reduction in TIMP3 together with increased MMP3, -10 and -13 gene 
expression levels) and a further reduction in TEER levels also in a 
metalloproteinase-dependent manner. A combination of Shh and Vitamin D3 
(VitD3) not only increased ZO-1 junctional levels but also increased TEER 
measurements leading to enhanced endothelial barrier properties. Additionally, 
Shh and Vitamin D3 combined were capable of synergistically rescue cytokines 
and cyclopamine driven barrier disruption (measured as TEER and ZO-1 
junctional levels; dotted lines). 
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3.5. FUTURE STUDIES   

 No effects were reported for Shh and/or Vitamin D3 dependent 

modulation of metalloproteinase gene expression despite some 

examples being previously described in the literature. Future 

experiments should assess gene expression changes at earlier time-

points as well as changes in protein expression.  

 Similarly, no changes in gene expression levels of claudin-5, occluding 

and VE-cadherin under any of the used treatments. Future experiments 

should assess gene expression changes at earlier time-points.  

 GM6001 and hTIMP3 are broad inhibitors of metalloproteinase activity. 

To determine if one, or more, of the cytokines/cyclopamine upregulated 

metalloproteinases (MMP3, -10 or -13) are behind the observed 

changes in barrier stability siRNA experiments could elucidate their 

roles. 

 Potential endogenous roles for TIMP3 role, could be explored through 

loss of function studies with siRNA experiments.  

 Shh and Vitamin D3’s combined ability to rescue cytokine/cyclopamine 

driven loss in barrier stability should be further studied through 

sequential addition of the different treatments.  

 Future experiments will focus in the optimization of dextran 
extravasation as an alternative method to corroborate the observed 
changes in barrier function. 

Although contrast and brightness parameters were kept constant between 
experiments, future experiments could incorporate a normalisation procedure 
for ZO-1 staining based in the non-changing intensity levels of DAPI. 
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4. Establishing an in vitro model with a human 
brain endothelial cell line 
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4.1. INTRODUCTION 

4.1.1. The Blood-Brain Barrier  

The Blood-Brain barrier (BBB) is formed by endothelial cells (ECs) 

wrapped on their abluminal side by a cellular layer of pericytes and a basement 

membrane (comprising extracellular matrix components), all in turn externally 

covered by astrocyte foot processes (Seo et al., 2012; Park et al., 2003). The 

ECs forming the BBB are form very tight cell-to-cell contacts, resulting in the 

BBB’s limited permeability. Tight (TJ) and adherens (AJ) junctions link 

adjacent ECs together (Kniesel & Wolburg, 2000). TJs comprise 

transmembrane proteins such as occludins, junctional adhesion molecules 

(JAMs) and claudins which are anchored to actin filaments via adaptor proteins 

including cingulin, zona occludens proteins (ZO-1, -2 and -3) (reviewed in 

Stamatovic et al., 2016). Thus, ZO proteins can be considered the structural 

core of the junctional complex and, as such, modulations in their levels and 

cellular localization have been broadly used to assess junctional (and barrier) 

integrity.  

4.1.2. hCMEC/D3: a brain endothelial cell line  

The hCMEC/D3 cell line was developed from human temporal lobe 

microvessels isolated from tissue excised during surgery for control of epilepsy 

(Weksler et al., 2005). hCMEC/D3 cells express many endothelial markers 

characteristic of the brain endothelium such as: Platelet endothelial cell 

adhesion molecule (PECAM-1), VE-cadherin, β- and γ-catenins, ZO-1, JAM-

A, claudin-5 and CD31 (among others) and no expression was detected for 

CD36 (which is absent from the brain endothelium) (Weksler et al., 2005). 

Additionally, hCMEC/D3 characterization showed that when grown to 

confluence in semi-permeable filters, these cells can form an endothelial 

barrier highly restrictive to a wide range of molecular sized (4 to 70 kDa) 

(Weksler et al., 2005).  Thus, hCMEC/D3 is a well-characterised brain 

endothelial cell line that has been used in the in vitro modelling of the BBB 

(Forster et al., 2008; Eigenmann et al., 2013; Ni et al., 2017). 
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4.1.3. The BBB is disrupted under inflammatory conditions 

Endothelial barrier disruption under inflammatory conditions has been 

previously established in a number of model systems (Mark & Miller, 1999; 

Trickler et al., 2005; Forster et al., 2008; Sajja et al., 2014; Ni et al., 2017). In 

this regard, the effects of pro-inflammatory conditions in in vitro in hCMEC/D3 

mono-cellular models of the BBB have been previously reported, showing a 

cytokine-mediated reduction of barrier properties (Forster et al., 2008; Ni et 

al., 2017). One of the mechanisms by which cytokines may mediate 

endothelial barrier disruption is through a reduction in the levels of tight 

junction proteins (such as ZO-1, claudin-5 and occludin) (Forster et al., 2008; 

Aslam et al., 2012; Cohen et al., 2013; Labus et al., 2014). Thus, cytokine-

mediated loss of junctional proteins could disrupt cell-cell contacts resulting in 

increased endothelial permeability.  

As discussed in the previous chapter, an alternative mechanism by 

which cytokines can mediate endothelial barrier disruption is through 

metalloproteinase induction (reviewed in Rempe et al., 2016).  Several studies 

using broad spectrum metalloproteinase inhibitors point to metalloproteinases 

as main mediators of BBB disruption both in vivo and in vitro (Gijbels et al., 

1994; Paul et al., 1998; Pfefferkorn & Rosenberg, 2003; Alluri et al., 2016), 

and cytokine modulation of a wide range of metalloproteinases has been 

shown in the context of the BBB (reviewed in Leppert et al., 2001). For these 

reasons, the role of metalloproteinases (and their inhibitors TIMPs) in barrier 

permeability under inflammatory conditions will be explored in our in vitro 

model of the BBB.  

4.1.4. Shh enhances BBB integrity 

In order to understand potential roles of hedgehog pathway signalling in 

the BBB barrier integrity (see Chapter 1 for details) a pharmacological 

approach was taken to explore the effect of Shh in hCMEC/D3 monolayers. 

Shh is a small secreted protein that can be released into the extracellular 

environment, where it can target a transmembrane protein named Patched 

(Ptch). In the absence of Shh, Ptch works as an inhibitor of the transmembrane 
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protein Smoothened (Smo), which becomes activated and able to initiate a 

signalling cascade that will result in the activation of the Gli family of 

transcription factors (Gli1, Gli2 and Gli3) (Luissint et al., 2012). The importance 

of the Hedgehog (Hh) pathway in the maintenance of endothelial barrier 

integrity will be tested in our in vitro model in the presence or absence of 

inflammation. 

4.1.5. Vitamin D3 promotes BBB integrity 

Vitamin D3 is a steroid hormone capable of crossing the cell membrane 

and bind to the intracellular vitamin D receptor (VDR), which interacts with the 

retinoid X receptor (RXR) in order to form a heterodimer able to target genes 

that contain the vitamin D3 response elements (VDRE) in their regulatory 

regions (reviewed in Dusso et al., 2005). Although the underlying mechanisms 

by which Vitamin D3 may promote endothelial barrier integrity remain 

unknown, treatment with Vitamin D3 active form (1,25(OH)2D3) has been 

shown to increase the expression of several tight junction proteins such as 

claudins (Fujita et al., 2008), occludins (Kong et al., 2008; Yin et al., 2011), 

and ZOs proteins (Palmer et al., 2001) in several endothelial cell types. Due 

to this, Vitamin D3 effects on BBB integrity will be explored in our in vitro 

system. 

4.1.6. Shh and Vitamin D3, an unexplored cross-talk 

It has been suggested that Ptch-driven inhibition of Smo could be mediated 

by a Ptch-dependent translocation of Vitamin D3 (or a precursor) across that 

will act as a Smo antagonist once in the extracellular environment (Bijlsma et 

al., 2006). Thus, according to Bijlsma et al, these two endothelial barriers 

promoting signalling pathways could be opposing each other. Shh and Vitamin 

D3 possible cross-talk will be explored in the context of the BBB and 

inflammatory conditions, together with its possible impact on 

metalloproteinase regulation.   
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4.1.7. Aims 

1. The human brain microvascular endothelial cell line hCMEC/D3 will be 

used to generate an in vitro model of the BBB.  

2. This model will be then used to study the effects of barrier promoting 

(Shh and Vitamin D3) and barrier disrupting (cytokines) agents in 

barrier integrity (measured as TEER and visualization of junctional ZO-

1).  

3. Additionally, Shh and Vitamin D3 role as protective agents against 

cytokine-driven effects on barrier stability will be also explored. In this 

context, modulation of the signature of metalloproteinases in response 

to cytokines, Shh and Vitamin D3 stimulation, and its effects on barrier 

stability, will be also assessed.   
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4.2. RESULTS 

4.2.1. Functional changes in an in vitro model of the BBB 

4.2.1.1. Barrier formation in an in vitro model of the BBB 

In order to develop an in vitro model of the BBB, barrier formation by 

hCMEC/D3 cells was assessed by growth to confluency. Cells were seeded 

onto 0.3µm porous transwells and allowed to form an endothelial barrier for a 

period of 5 days as previously reported (Forster et al., 2008). Transendothelial 

Electrical Resistance (TEER) measurements were taken at 24h intervals to 

assess barrier formation. TEER measurements were normalised to a cell-free 

coated-insert used as a negative control. During the first 3 days after cell 

seeding, a drastic increase in TEER measurements suggests that barrier 

formation is taking place (19.75±1.87 to 42.63±2.16 Ω/cm2, p<0.001) 

(Figure 4.1). After this point, TEER values seem to reach a plateau with no 

significant changes detected between days 3 and 5 (42.63±2.16 to 49.50±2.83 

Ω/cm2, p>0.05) (Figure 4.1). This data suggests that hCMEC/D3 cells can 

form a functional barrier which is sustained for up to 5days (Figure 4.1).  

To enable analysis of secreted metalloproteinases culture in a lower 

Foetal Calf Serum (FCS) was necessary. Thus, barrier formation was by 

hCMEC/D3 cells was explored at the same density and time course as above. 

Cells were cultured in the presence of low (0.25%) and high (5%) FCS and 

TEER measurements were taken daily for a period of 5 days. TEER values 

gradually increased between day 1 and 3 for cells cultured with 5% FCS 

(19.75±1.87 to 42.63±2.16 Ω/cm2, p<0.001) and 0.25% FCS (23.24±1.59 to 

46.15±1.60 Ω/cm2, p<0.001), indicating barrier formation during the first 3 days 

of culture with no differences derived from the concentration of FCS used 

(Figure 4.2). As before, cells cultured in the presence of 5% FCS reached a  
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Figure 4.1 – Confluent hCMEC/D3 monolayers form a 
barrier. hCMEC/D3 cells were cultured on cell culture inserts 
(0.3µm porous). Transendothelial Electrical Resistance 
(TEER) measured at 24h intervals.TEER measurements
normalised to those of cell-free coated-insert. Each bar
represents mean ±SEM for 3 wells. Representative 
experiment depicted. Experiment replicated >3 times. 
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plateau with no significant variation detected between days 3 and 5 

(42.63±2.16 to 49.50±2.83 Ω/cm2, p>0.05). However, a slight increase was 

observed for hCMEC/D3 monolayers cultured in lower (0.25%) FCS conditions 

between day 3 and 5 (46.15±1.60 to 55.64±1.77 Ω/cm2, p<0.001) which could 

be derived from some barrier maturation processes (Figure 4.2). Additionally, 

although no overall differences were detected between FCS concentrations, a 

higher TEER value was observed after 4days of culture for cells grown in low 

FCS conditions (52.43±1.52 vs 44.83±1.58 Ω/cm2, p<0.01) (Figure 4.2). This 

could be an isolated event as no major differences in barrier formation were 

reported, suggesting that a low FCS concentration (0.25%) can be used in 

order to study metalloproteinase biology without compromising barrier 

properties.  

Additionally, since barrier formation and maturation seem to be taking 

place largely on the first 3 days of culture (Figure 4.1 and 4.2), in further 

experiments monolayers were cultured for 3 days before treatment addition.  
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Figure 4.2 – FCS concentration during culture does not 
affect hCMEC/D3 barrier formation. hCMEC/D3 cells 
were cultured on cell culture inserts (0.3µm porous) under 
two different FCS concentrations (0.25 and 5%). 
Transendothelial Electrical Resistance (TEER) was 
measured at 24h intervals to assess barrier formation. 
TEER measurements normalised to a cell-free coated-insert 
was used as negative control. Each point represents the 
mean ±SEM for 3 wells. Statistically significant differences 
were assessed via t-test; ** p < 0.01.  Representative 
experiment depicted. Experiment replicated 3 times. 
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4.2.1.2. TEER resistance is reduced under inflammatory conditions 

In order to develop the in vitro BBB model for inflammatory conditions, 

confluent hCMEC/D3 monolayers were treated with a combination of 

cytokines (TNFα and IL1α). Cells were seeded into 0.3µm porous transwells 

and cultured for 3 days (in order to allow for barrier formation) before cytokine 

(10ng/ml) addition. TEER measurements were taken at 24h intervals for up to 

48h after treatment addition (5 days in total from cell seeding). TEER 

measurements were normalised to a cell-free coated-insert used as a negative 

control. Treatment with cytokines significantly reduced barrier integrity when 

compared with untreated monolayers at both, 24h (43.45±0.32 vs 66.00±0.32 

Ω/cm2, p<0.001) and 48h (43.27±0.97 vs 53.62±1.28 Ω/cm2, p<0.001) 

(Figure 4.3). Thus, this seems to suggest that addition of cytokines can 

significantly impair barrier properties for the time-period measured.  



138 
 

  

Figure 4.3 - Cytokine treatment induce hCMEC/D3 
a reduction in TEER resistance. hCMEC/D3 were 
seeded onto cell inserts (0.3µm porous), grown for 3 
days. hCMEC/D3 monolayers then treated with a 
cytokine mix (TNFα and IL1α at 10µg/ml). 
Transendothelial Electrical Resistance (TEER) was 
measured to assess barrier integrity at 24h and 48h 
after treatment. Statistically significant differences 
were assessed via t-test. Each point represents the 
mean ±SEM for 3 wells. * p < 0.5; *** p < 0.001. 
Representative experiment depicted. Experiment 
replicated >3 times.  
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4.2.1.3. TEER resistance is enhanced by Shh and Vitamin D3  

To explore the potential roles of Shh and VitD3 signalling in our human 

endothelial cell BBB in vitro model, responses to Shh (100ng/ml), and Vitamin 

D3 (100nM) alone or in combination were assessed. Cells were seeded into 

0.3µm porous transwells and cultured for 3 days (in order to allow for barrier 

formation) before Shh and/or Vitamin D3 addition. TEER measurements were 

made daily up to 48h after treatment addition and normalised to a cell-free 

coated-insert used as a negative control. After 24h treatment, addition of Shh 

(74.98±1.20 vs 66.00±0.32 Ω/cm2, p<0.001) or Vitamin D3 (70.58±0.49 vs 

66.00±0.32 Ω/cm2, p<0.001) significantly increased TEER values when 

compared with untreated monolayers (Figure 4.4). Shh (61.05±0.32 vs 

53.72±1.28 Ω/cm2, p<0.001) and Vitamin D3 (60.87±0.49 vs 53.62±1.28 

Ω/cm2, p<0.001) barrier enhancing effects were maintained up to 48h after 

treatment (Figure 4.4). Interestingly, combined addition of Shh and Vitamin 

D3 did not promote barrier properties any further than Shh or Vitamin D3 

individual treatment at neither 24h (73.15±1.14 Ω/cm2) or 48h (62.33±1.81 

Ω/cm2) post-treatment, (Figure 4.4).   
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Figure 4.4 – Shh and/or Vitamin D3 increase TEER resistance. 
hCMEC/D3 were seeded onto cell inserts (0.3µm porous) and grown 
for 3days until confluent in order to promote barrier formation. 
hCMEC/D3 monolayers when then treated with Shh (100ng/ml), 
Vitamin D3 (100nM)(VitD3) or a combination of both for up to 48h. (A) 
Transendothelial Electrical Resistance (TEER) was measured to 
assess barrier integrity every 24h, including at (B) 24h and (C) 48h 
post-treatment. Statistically significant differences were assessed via
One-way ANOVA with post-hoc Tukey. Each bar represents the mean 
±SEM for 3 wells. * p < 0.05; *** p < 0.001. Representative experiment 
depicted. Experiment replicated >3 times.  
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Under physiological conditions Shh is secreted by astrocytes (situated 

beneath the basal lamina underlying endothelial cells) and promotes BBB 

stability. However, thus far treatments in our in vitro model have been added 

to the apical side of the transwell system. Thus, to test if Shh’s ability to 

modulate barrier integrity was dependent on the site of addition, Shh 

(100ng/ml) was added into the apical, basal or both sides of confluent 

hCMEC/D3 monolayers previously cultured for 3 days.  After 24h treatment, 

Shh added to the apical (84.52±1.12 vs 66.92±1.86 Ω/cm2, p<0.01), basal 

(83.78±0.97 vs 66.92±1.86 Ω/cm2, p<0.01) or both (85.80±0.64 vs 66.92±1.86 

Ω/cm2, p<0.001) sides of the polarised barrier triggered a significant increase 

in TEER values when compared with untreated monolayers (Figure 4.5). The 

reported significant differences were maintained up to 48h post-treatment 

regardless of the site of addition: apical (72.23±2.30 vs 55.37±0.49 Ω/cm2, 

p<0.01), basal (78.10±4.37 vs 55.37±0.49 Ω/cm2, p<0.01), and both sides 

(79.93±6.23 vs 55.37±0.49 Ω/cm2, p<0.05) (Figure 4.5). Interestingly, addition 

of Shh in the apical and/or basal sides of the polarised in vitro barrier did not 

trigger any detectable differences in Shh’s ability to enhance barrier properties 

(Figure 4.5). Thus, Shh treatment was added in subsequent experiments to 

the upper transwell chamber (apical side) alongside the other treatments in 

order to minimise methodological variability.  
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Figure 4.5 - Shh increases TEER resistance regardless of site of 
addition. hCMEC/D3 were seeded onto cell inserts (0.3µm porous) 
and grown for 3days until confluent in order to promote barrier 
formation. hCMEC/D3 monolayers when then treated with Shh 
(100ng/ml) added into the apical, basal or both sides of the transwells 
for 48h. (A) Transendothelial Electrical Resistance (TEER) was 
measured to assess barrier integrity every 24h, including at (B) 24h
and (C) 48h post-treatment. Statistically significant differences were 
assessed t-test. Each bar represents the mean ±SEM for 3 wells. * p 
< 0.5; ** p < 0.01; *** p < 0.001. Data from a single experiment.  



143 
 

4.2.1.4. Shh and Vitamin D3 synergistically rescue cytokine-driven loss in 
TEER resistance 

In order to test Shh and Vitamin D3 barrier-enhancing role under 

inflammatory conditions, confluent hCMEC/D3 monolayers were treated with 

a combination of Shh (100ng/ml), Vitamin D3 (100nM) and cytokines (TNFα 

and IL1α both at 10ng/ml). Cells were seeded into 0.3µm porous transwells 

and cultured for 3 days (in order to allow for barrier formation) before 

treatments addition. TEER measurements were made daily up to 48h post-

treatment and normalised to a cell-free coated-insert used as a negative 

control. As previously described, monolayers exposed to cytokines showed 

significantly decreased TEER values when compared with untreated controls 

at 24h (47.85±0.84 vs 66.37±0.49 Ω/cm2, p<0.001) and 48h (59.77±0.84 vs 

76.82±0.97 Ω/cm2, p<0.001) (Figure 4.6A). No protective effect against 

cytokine-driven barrier disruption was observed when Shh or Vitamin D3 were 

added individually at either 24h or 48h (Figure 4.6A). However, when added 

in combination, Shh and Vitamin D3 synergistically blocked the cytokine-

driven effect (78.83±1.02 vs 47.85±0.84 Ω/cm2, p<0.001) restoring TEER 

values above control levels (78.83±1.02 vs 66.37±0.49 Ω/cm2, p<0.001) after 

24h treatment (Figure 4.6B). Shh and Vitamin D3 observed protection against 

cytokines effects was maintained for up to 48h, when control levels were 

restored (75.35±0.32 vs 76.82±0.97 Ω/cm2, p=0.22) (Figure 4.6B).  
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Figure 4.6 – Shh and Vitamin D3 synergistically rescue cytokines-
driven loss of TEER. hCMEC/D3 were seeded onto cell inserts 
(0.3µm porous) and grown for 3days until confluent in order to promote 
barrier formation. hCMEC/D3 monolayers when then treated with with 
a cytokines mix (TNFα and IL1α at 10µg/ml), Shh (100ng/ml), Vitamin 
D3 (100nM) (VitD3) or a combination of the above. Transendothelial 
Electrical Resistance (TEER) was measured to assess barrier integrity 
every 24h. Statistically significant differences were assessed via One-
way ANOVA with post-hoc Tukey. Each bar represents the mean 
±SEM for 3 wells. * p < 0.5; *** p < 0.001. (A) Experiment replicated 3
times. (B) Data from a single experiment.  

A 

B 
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4.2.1.5. Cell viability assay  

Since high concentrations of cytokines have been reported to promote 

apoptosis in endothelial cells (Chen & Easton, 2011; R&D, n.d; Chapter 3) cell 

viability assays were performed to assure that the observed reduction in TEER 

levels were not due to an increase in cell death but to a deterioration of the 

formed barrier. Similarly, Shh (Chinchilla et al, 2010; Renault et al., 2010; Zhu 

et al., 2015) and Vitamin D3 (Dehghani et al., 2013; Uberti et al., 2014) have 

been previously described to promote cell survival and angiogenesis. Thus, 

cell viability assays for these conditions were also performed to assure that 

the reported increase in TEER values were due to an increase in barrier 

stability rather than an increase in cell number. Combinations of the 

aforementioned treatments were also tested. Preliminary measurements 

showed no difference in cell viability in cells stimulated for 24h (not shown) or 

48h (Figure 4.7) with any of the afore mentioned treatments. 
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Figure 4.7 - Cell viability assay in hCMEC/D3 monolayers. hCMEC/D3 cell 
confluent monolayers treated with a mixture of cytokines (TNFα and IL1α both 
at 10ng/ml), Shh (100ng/ml) and Vitamin D3 (100nM) (VitD3) alone or in 
combination during 48h. Following treatment, cells were incubated with 
Presto Blue reagent for 2h and fluorescence measured. Each bar represents 
the mean ±SEM for 3 wells measured. Preliminary experiment (1 replica). 
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4.2.2. Tight Junction formation in confluent hCMEC/D3 monolayers 

4.2.2.1. Immufluorescent assessment of junctional integrity 

 In order to test if the reported changes in endothelial barrier stability 

were due to alterations in junctional protein distribution, hCMEC/D3 confluent 

monolayers were imunolabelled for the tight junction protein ZO-1. hCMEC/D3 

cells were seeded into glass coverslips and cultured until confluent. Upon 

confluency, cells were treated with cytokines (TNFα and IL1α both at 10ng/ml) 

for 48h. Immufluorescent analysis revealed that the cultured cells were over-

confluent, with cells growing in overlapping layers (Figure 4.8). Intriguingly, in 

some areas of the stained coverslip an underlying monolayer of confluent 

hCMEC/D3 cells could be observed through an opening in the top layers, 

revealing the formation of classic tight junctions (Figure 4.8). Under 

physiological conditions, hCMEC/D3 seemed to form structurally viable tight 

junctions (junctional ZO-1 was mainly localised in the cellular membrane in a 

continuous and homogeneous distribution between adjacent cells) 

(Figure 4.8). After cytokine addition, the continuous staining ZO-1 around the 

cell periphery was partially lost between adjacent cells (arrowheads in 

Figure 4.8). 

The data from this experiment suggested that hCMEC/D3 cells may 

have been cultured at too high a density and thus, different seeding densities 

retrieved from the literature were tested in order to optimise ZO-1 staining in 

hCMEC/D3 confluent monolayers (Figure 4.9). Unfortunately, regardless of 

the employed method, hCMEC/D3 cells grown in coated glass coverslips did 

not form single-cell monolayers, as even when under confluent, some 

overlapping of cells was observed (Figure 4.9). 
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Figure 4.8 – Tight junction stability is compromised under 
inflammatory conditions. Over-confluent hCMEC/D3 monolayers 
untreated (CTRL) and treated with a mix of cytokines (TNFα and IL1α 
both at 10ng/ml) for 48h. Cells were stained against ZO-1 to visualise 
tight junction integrity. White arrows point at overlapping cell layers. 
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Figure 4.9 – Optimization of junctional ZO-1 staining in hCMEC/D3 monolayers. Sequential ZO-1 staining performed 
between 3 and 9days after seeding. White arrow indicates the formation of a “gap” in the overlapping cells. 
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As an alternative method to assess ZO-1 protein levels, Western Blots 

were performed. However, due to time restrains, the methodology could not 

be fully optimised: not a clean ZO-1 detection was obtained and stripping of 

the membrane to visualise a loading control was not successful (Figure 4.10). 
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Figure 4.10 – Optimization of ZO-1 protein levels analysis by 
Western Blotting. hCMEC/D3 cell confluent monolayers treated with 
a mixture of cytokines (TNFα and IL1α both at 10ng/ml) in the 
presence or absence of a combination of Shh (100ng/ml) and Vitamin 
D3 (100nM) (VitD3) during 24h. 24h after treatment total cellular levels 
of ZO-1 were determined by Western Blotting.  
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4.2.2.2. ZO-1 gene expression is reduced under inflammatory conditions 

Due to the lack of an optimised protocol to directly visualise tight 

junction protein distribution, the gene expression of several tight junction (ZO-

1 and CLDN5) and adherens junction (VE-CDHR) proteins was explored. 

Confluent hCMEC/D3 monolayers were treated with cytokines (TNFα and IL1α 

at 10ng/ml), Shh (100ng/ml) and/or Vitamin D3 (100nM) before measuring 

steady state mRNA levels by quantitative Reverse Transcription PCR (qRT-

PCR) at 4h, 8h, 12h and 24h after treatment addition. A combination of Shh 

and Vitamin D3 significantly elevated ZO-1 mRNA levels when compared with 

untreated monolayers after 4h exposure (2.38±0.18 vs 1.01±0.11, p<0.01) 

(Figure 4.11) (Appendix 4.A). Additionally, 8h after treatment, cytokines 

significantly reduced in ZO-1 mRNA levels when compared with untreated 

controls (0.47±0.08 vs 1.03±0.18, p<0.05). This cytokine-driven reduction was 

completely blocked by addition of a combination of Shh and Vitamin D3 

(0.83±0.05 vs 1.03±0.18, p>0.05). No changes in ZO-1 gene expression were 

observed with longer treatment exposures (Figure 4.11) (Appendix 4.A). No 

changes were reported for CLDN5 and VE-CDHR at any of the studied time-

points (data not shown).  
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Figure 4.11 – Cytokines, Shh and Vitamin D3 effects in ZO-1 gene 
expression. hCMEC/D3 cells confluent monolayers were incubated 
with a mixture of cytokines (TNFα and IL1α both at 10ng/ml) in the 
presence or absence of a combination of Shh (100ng/ml) and Vitamin 
D3 (100nM) (VitD3) during 4h, 8h, 12h and 24h. After treatment, 
mRNA steady-state levels of ZO-1 were determined by qRT-PCR. All 
measurements were normalised to 18S endogenous control. 
Statistically significant differences were assessed via One-way 
ANOVA with post-hoc Tukey. Each bar represents the mean ±SEM for 
3 wells. * p < 0.5; ** p < 0.01. Representative experiment depicted. 
Experiment replicated twice. 
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4.2.3. Cytokines-driven barrier disruption is metalloproteinase-dependent 

4.2.3.1. Metalloproteinase inhibition rescues cytokine-driven TEER reduction 

Metalloproteinases have been described to be one of the main 

mediators of BBB breakdown during inflammation. Thus, in order to assess if 

the cytokine-driven loss in BBB integrity (measured as TEER levels) observed 

in our in vitro model could be metalloproteinase dependent, a broad-spectrum 

metalloproteinase inhibitor (GM6001) was used. Cells were seeded into 0.3µm 

porous transwells and cultured for 3 days in order to allow for barrier formation. 

Confluent monolayers were then incubated with GM6001 in the presence and 

absence of cytokines (TNFα and IL1α both at 10ng/ml). TEER measurements 

were taken daily up to 48h post-treatment and normalised to a cell-free coated-

insert used as a negative control. Cytokine addition triggered a significant 

reduction in TEER values when compared with untreated monolayers at 24h 

(47.85±0.84 vs 66.37±0.49 Ω/cm2, p<0.001) and 48h (59.77±0.84 vs 

76.82±0.97 Ω/cm2, p<0.001) post-treatment (Figure 4.12). Remarkably, 

GM6001-mediated inhibition of metalloproteinase activities in the presence of 

cytokines fully restored TEER values to control levels at both, 24h (66.00±0.55 

vs 66.37±0.49 Ω/cm2, p>0.05) and 48h (75.17±1.60 vs 76.82±0.97 Ω/cm2, 

p>0.05) after treatments addition (Figure 4.12A).  Exposure to a GM6001 

negative control (NC) had no detectable effects in cytokines-driven barrier 

disruption at either 24h (48.40±1.14 vs 47.85±0.84 Ω/cm2, p=0.72) or 48h 

(58.67±0.49 vs 59.77±0.49 Ω/cm2, p=0.18) after treatment when compared 

with untreated monolayers (Figure 4.12B). However, in the presence of 

cytokines, GM6001 treated monolayers had a significantly higher TEER value 

than GM6001 NC at both, 24h (66.00±0.55 vs 48.40±1.14 Ω/cm2, p<0.001) 

and 48h post-treatment (75.17±1.60 vs 58.67±0.49 Ω/cm2, p<0.001) 

(Figure 4.12C). Thus, this seems to suggest that cytokines-driven loss in 

barrier integrity could be mediated by an increase in metalloproteinase activity.  
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Figure 4.12 – Metalloproteinase inhbition rescues cytokine-driven 
loss of barrier integrity. hCMEC/D3 were seeded onto cell inserts 
(0.3µm porous) and grown for 3days until confluent in order to promote 
barrier formation. hCMEC/D3 monolayers when then treated with with 
a cytokines mix (TNFα and IL1α at 10µg/ml) in the presence or 
absence of a broad-spectrum metalloproteinase inhibitor (GM6001) for 
24h and 48h. GM6001 negative control (NC) and untreated 
monolayers (CTRL) were used as controls Transendothelial Electrical 
Resistance (TEER) was measured to assess barrier integrity every 
24h. Statistically significant differences were assessed via One-way 
ANOVA with post-hoc Tukey. Each bar represents the mean ±SEM for 
3 wells. *** p < 0.001 to CTRL and/or cytokines and GM6001. 
Experiment replicated 3 times. 
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4.2.3.2. Metalloproteinase gene expression is increased under inflammatory 
conditions 

Based on previous observations, it seems that cytokine mediated 

disruption of barrier stability could be metalloproteinase dependent. Thus, in 

order to identify possible candidates within the metalloproteinase family that 

could mediate the observed effects, steady state mRNA levels of a wide range 

of metalloproteinases selected from the literature (including MMPs, ADAMs 

and ADAMTSs) and their inhibitors (TIMPs) were measured in hCMEC/D3 

treated monolayers at 24h after treatment coinciding with observed TEER 

effects. Confluent hCMEC/D3 monolayers were treated with cytokines (TNFα 

and IL1α at 10ng/ml) before measuring steady state mRNA levels by qRT-

PCR. Addition of cytokines significantly increased the expression levels of 

MMP1 (53.70±1.37 vs 1.02±0.13, p0.001), -3 (1.78±0.27 vs 1.00±0.05, 

p<0.05), -12 (3.56±0.21 vs 1.01±0.11, p<0.001), -14 (2.08±0.21 vs 1.07±0.26, 

p<0.05), ADAM8 (9.10±0.16 vs 1.04±0.20, p<0.01) and TIMP1 (1.83±0.09 vs 

1.02±0.15, p<0.05) when compared with untreated controls  (Figure 4.13) 

(Appendix 4.B). In contrast, cytokine treatment significantly reduced MMP2 

(0.38±0.01 vs 1.01±0.12, p<0.01) and TIMP2 (0.37±0.01 vs 1.03±0.16, 

p<0.05) mRNA levels when compared with untreated controls (Figure 4.13) 

(Appendix 4.B). MMP10 expression was not detectable under physiological 

conditions but was induced after cytokine addition (average raw Cts measured 

went from undetected to 34.0; Appendix 4.B).  
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Figure 4.13 - Metalloproteinase mRNA levels are elevated under 
inflammatory conditions. hCMEC/D3 cells confluent monolayers 
were incubated with a mixture of cytokines (TNFα and IL1α both at 
10ng/ml) during 24h. After treatment, mRNA steady-state levels of a 
wide range of metalloproteinases and their inhibitors (TIMPS) were 
determined by qRT-PCR. All measurements were normalised to 18S 
endogenous control. Statistically significant differences were 
assessed via t-test. Each bar represents the mean ±SEM for 3 wells.
* p < 0.5; ** p < 0.01; *** p < 0.001. Representative experiment 
depicted. Experiment replicated >3 times. 
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4.2.3.3. Cytokine-driven increase in metalloproteinase expression can be 
partially reduced by a combination of Shh and Vitamin D3  

A combination of Shh and Vitamin D3 was previously proven capable of 

rescuing cytokine-driven loss of barrier integrity. Since cytokine effects in 

barrier function were also metalloproteinase dependent, the effects of a 

combination of Shh and Vitamin D3 in metalloproteinase gene expression 

were assessed.  Confluent hCMEC/D3 monolayers were treated with a mixture 

of cytokines (TNFα and IL1α at 10ng/ml), Shh (100mg/ml) and Vitamin D3 

(100nM) alone or in combination before measuring steady state mRNA levels 

by qRT-PCR. No effects of Shh and/or Vitamin D3 were reported in the 

presence or absence of cytokines 24h after treatment (Appendix 4.C). 

However, measurements at earlier time-points (4h, 8h and 12h) revealed an 

ability of combined Shh and Vitamin D3 to partially block cytokine-driven 

increase in MMP3 (23.16±2.39 vs 39.98±5.14, p<0.05 at 8h and 20.64±3.14 

vs 39.79±3.91, p<0.05 at 12h) and MMP10 (93.33±13.43 vs 176.56±17.54, 

p<0.05 at 8h) mRNA levels (Figure 4.14) (Appendix 4.D). No Shh and Vitamin 

D3 mediated modulation was observed for other metalloproteinases at early 

time-points (data not shown).  

Additionally, Shh and Vitamin D3 ability to modulate cytokines-mediated 

effects in TIMPs expression levels were also analysed. Interestingly, after 4h 

treatment, a combination of Shh and Vitamin D3 significantly increased TIMP2 

(2.52±0.08 vs 1.03±0.18, p<0.01) and TIMP4 (2.51±0.36 vs 1.04±0.18, 

p<0.05) expression levels when compared with untreated controls 

(Figure 4.15) (Appendix 4.E). At 8h and 12h after treatment, cytokines 

addition significantly reduces TIMP2 gene expression when compared with 

untreated controls (0.42±0.06 vs 1.03±0.18, p<0.05 at 8h and 0.46±0.08 vs 

1.01±0.11, p<0.05 at 12h). A combination of Shh and Vitamin D3 did not alter 

the lower TIMP2 levels seen with cytokine treatment (0.44±0.06 vs 1.03±0.18, 

p<0.05 at 8h and 0.47±0.09 vs 1.01±0.11, p<0.05 at 12h) (Figure 4.15) 

(Appendix 4.E). Interestingly, at 8h post-treatment, cytokine-driven reduction 

in TIMP4 mRNA levels can be blocked by a combination of Shh and Vitamin 

D3 (0.44±0.09 vs 1.03±0.17, p<0.05; 0.95±0.27 vs 1.03±0.17, p=0.81), 

although this protection is lost at longer time-points (0.56±0.06 vs 1.00±0.05, 
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p<0.01; 0.51±0.01 vs 1.00±0.05, p<0.01) (Figure 4.15). No Shh and Vitamin 

D3 mediated modulation was observed for other TIMPs at any of the studied 

time-points (data not shown). 
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Figure 4.14 – A combination of Shh and Vitamin D3 can partially block cytokine-driven increase in metalloproteinase 
expression. hCMEC/D3 cells confluent monolayers were incubated with a mixture of cytokines (TNFα and IL1α both at 10ng/ml) 
in the presence or absence of a combination of Shh (100ng/ml) and Vitamin D3 (100nM) (VitD3) during 4h, 8h and 12h. After 
treatment, mRNA steady-state levels of a MMP3 and -10 were determined by qRT-PCR. All measurements were normalised to 
18S endogenous control. Statistically significant differences were assessed via One-way ANOVA with post-hoc Tukey. Each bar 
represents the mean ±SEM for 3 wells. * p < 0.5; ** p < 0.01; *** p < 0.001. Representative experiment depicted. Experiment 
replicated 2 times. 
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Figure 4.15 - A combination of Shh and Vitamin D3 can partially block cytokine-driven decrease in TIMP expression.
hCMEC/D3 cells confluent monolayers were incubated with a mixture of cytokines (TNFα and IL1α both at 10ng/ml) in the 
presence or absence of a combination of Shh (100ng/ml) and Vitamin D3 (100nM) (VitD3) during 4h, 8h and 12h. After treatment, 
mRNA steady-state levels of a TIMP2 and -4 were determined by qRT-PCR. All measurements were normalised to 18S 
endogenous control. Statistically significant differences were assessed via One-way ANOVA with post-hoc Tukey. Each bar 
represents the mean ±SEM for 3 wells. * p < 0.5; ** p < 0.01; *** p < 0.001. Representative experiment depicted. Experiment 
replicated 2 times. 
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4.2.3.4. Cytokine-driven increase in secreted metalloproteinase protein levels 
can be partially reduced by a combination of Shh and Vitamin D3  

In order to test if the observed regulation of MMP1, 3 and 10 mRNA 

levels correlated with protein changes, the levels of secreted MMP1, 3 and 10 

into the upper Transwell chamber (“apical” side) were studied by Western blot 

of TCA precipitated hCMEC/D3 media. Addition of a combination of Shh and 

Vitamin D3 significantly reduced media levels of MMPs 1 and 3 (0.38±0.14 vs 

1.00±0.00, p<0.05 for MMP1 and 0.32±0.08 vs 1.00±0.00, p<0.05 for MMP3; 

50kDa band measured in all cases). In contrast, cytokine treatment triggered 

a significant increase in MMP1 and 3 media levels when compared with 

untreated controls (5.36±1.49 vs 1.00±0.00, p<0.05 for MMP1 and 3.87±0.50 

vs 1.00±0.00, p<0.05 for MMP3) (Figure 4.16). Cytokines effect was 

completely blocked by the addition of a combination of Shh and Vitamin D3 

(1.99±0.71 vs 1.00±0.00, p>0.05 for MMP1 and 1.70±0.70 vs 1.00±0.00, 

p>0.05 for MMP3) (Figure 4.16). Two protein bands for MMP3 were detected. 

Since metalloproteinases need to be proteolytically activated, the appearance 

of a smaller band at approximate 47kDa for MMP3 could correspond to a 

processed form. Thus, cytokines addition would predominantly increase 

MMP3’s potential active form, which was practically absent in the presence of 

a Shh and Vitamin D3 combination (Figure 4.16). Due to the high 

concentration of albumin (66kDa) in the TCA precipitated media, a white band 

(ghost band) can be observed above the 50kDa mark. Although this presence 

did not interfere with protein quantification, in some cases proteins of interest 

may seem to migrate slightly lower due to the albumin distortion. 
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Figure 4.16 - A combination of Shh and Vitamin D3 can partially 
protect against cytokine-driven metalloproteinase extracellular 
accumulation. hCMEC/D3 cell confluent monolayers treated with a 
mixture of cytokines (TNFα and IL1α both at 10ng/ml) in the presence 
or absence of a combination of Shh (100ng/ml) and Vitamin D3 
(100nM) (VitD3) during 24h. (A)24h after treatment extracellular apical 
levels of MMPs 1 and 3 were determined by Western Blotting. (B) 
Optical density of total protein was quantified and normalised to 
untreated controls (CTRL). Statistically significant differences were 
assessed via One-way ANOVA with post-hoc Tukey. Each bar 
represents the mean ±SEM for 3 wells. * p < 0.5. Representative 
experiment depicted. Experiment replicated 3 times.  
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Regarding MMP10 secreted levels, preliminary WB analysis showed a 

potentially similar regulation to that the observed for MMP1 and 3: addition of 

a Shh and Vitamin D3 seemed to decrease secreted MMP10 levels 

(Figure 4.17). As observed for MMP3, there is a MMP10 smaller band in the 

presence of cytokines but this does not correspond to the expected molecular 

mass for MMP10’s fully processed form. The presence of a combination of 

Shh and Vitamin D3 seemed to reduce total MMP10 extracellular levels 

(Figure 4.17). However, due to the discrepancies between MMP10 mRNA 

levels (undetected in untreated cells) and observed levels of secreted protein 

no further experiments were performed regarding MMP10 protein.  

Very low levels of secreted MMP1, and 3 were detected in the lower 

(basal) compartment of our in vitro BBB model, and were not modulated by 

any of the used treatments (Figure 4.18). Higher levels of MMP10 were 

secreted into the basal chamber (in comparison with MMP1 and MMP3 basal 

measurements) and addition of cytokines seemed to trigger an increase in 

MMP10 secreted basal levels that could be partially reduced by addition of 

Shh and Vitamin D3 (Figure 4.18). However, as it has been previously stated, 

due to the discrepancies between MMP10 mRNA levels (undetected in 

untreated cells) and observed levels of secreted protein no further experiments 

were performed regarding MMP10 protein. In any case, due to the low 

detection and lack of modulation on MMP1 and MMP3 secreted basal levels, 

future experiments will focus on the study of apical levels.  
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Figure 4.17 - A combination of Shh and Vitamin D3 can 
partially protect against cytokine-driven increase in 
MMP10 expression. hCMEC/D3 cells confluent monolayers 
were incubated with a mixture of cytokines (TNFα and IL1α 
both at 10ng/ml) in the presence or absence of a combination 
of Shh (100ng/ml) and Vitamin D3 (100nM) (VitD3) during 24h. 
After treatment, secreted apical levels of MMP10 were 
determined by Western Blotting.  
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Figure 4.18 – Modulation of MMP1, 3 and 10’s basal secreted 
levels. hCMEC/D3 cells confluent monolayers were incubated with a 
mixture of cytokines (TNFα and IL1α both at 10ng/ml) in the presence 
or absence of a combination of Shh (100ng/ml) and Vitamin D3 
(100nM) (VitD3) during 24h. After treatment, secreted basal levels of 
MMP1, 3 and 10 were determined by Western Blotting.  
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4.2.3.5. A combination of Shh and Vitamin D3 partially blocked cytokine-
driven increase in MMP3 intracellular levels 

As previously seen, a combination of Shh and Vitamin D3 triggered a 

reduction in MMP1 and -3 secreted protein levels. Conversely, no variation 

was reported in MMP1 and -3 gene expression levels at any of the studied 

time-points after Shh and Vitamin D3 exposure. Thus, in order to further 

investigate the observed disparity between gene expression and extracellular, 

secreted protein levels, intracellular levels of MMP1 and -3 were measured. 

MMP1 intracellular levels were too low to be detected (data not shown) but 

preliminary experiments showed a small cytokine-driven increase in MMP3 

intracellular levels that could be partially blocked by addition of a combination 

of Shh and Vitamin D3 (Figure 4.19). No variations were observed in MMP3 

intracellular levels after exposure to a combination of Shh and Vitamin D3 

(Figure 4.19). Thus, changes in intracellular MMP3 levels seemed to follow 

similar trends to the variations observed in MMP3 gene expression after the 

afore mentioned treatments.  
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Figure 4.19 - A combination of Shh and Vitamin D3 partially 
blocks cytokine driven increase in MMP3 intracellular levels.
hCMEC/D3 cells confluent monolayers were incubated with a mixture 
of cytokines (TNFα and IL1α both at 10ng/ml) in the presence or 
absence of a combination of Shh (100ng/ml) and Vitamin D3 (100nM) 
(VitD3) during 24h. After treatment, total intracellular levels of MMP3 
were determined by Western Blotting. Preliminary experiment shown. 
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4.2.3.6. Cytokines-mediated reduction in LRP1 mRNA levels can be blocked 
by addition of a combination of Shh and Vitamin D3 

The observed discrepancies between MMP3 intracellular and secreted 

protein levels, could be explained by alterations in MMP3 endocytosis 

mechanism. In order to study this hypothesis, expression levels of LRP1 were 

analysed by qRT-PCR of hCMEC/D3 confluent monolayers treated with a 

combination of Shh (100ng/ml) and Vitamin D3 (100nM) in the presence and 

absence of a cytokines mix (TNFα and IL1α both at 10ng/ml). After 4h 

treatment, addition of cytokines triggered a significant decrease in LRP1 

expression levels (0.44±0.02 vs 1.01±0.10, p<0.01) that could be completely 

blocked by the addition of Shh and Vitamin D3 (1.43±0.47 vs 1.01±0.10, 

p=0.43) (Figure 4.20). However, the Shh and Vitamin D3 effect against 

cytokine-driven reduction in LRP1 mRNA levels was lost at longer incubation 

times (Figure 4.20). Interestingly, a small, but significant increase in LRP1 

gene expression levels was reported after 8h treatment with Shh and Vitamin 

D3 (1.39±0.04 vs 1.01±0.08, p<0.05) (Figure 4.20). Thus, this observation 

opens the possibility that the observed modulation in MMP3 extracellular 

protein levels could be not only due to changes in MMP3 gene expression but 

also to alterations in LRP1-mediated endocytosis.  



170 
 

  

Figure 4.20 – Cytokines, Shh and Vitamin D3 modulate LRP1 
expression at early time-points. hCMEC/D3 cells confluent 
monolayers were incubated with a mixture of cytokines (TNFα and 
IL1α both at 10ng/ml) in the presence or absence of a combination of 
Shh (100ng/ml) and Vitamin D3 (100nM) (VitD3) during 4h, 8h, 12h 
and 24h. After treatment, mRNA steady-state levels of a TIMP2 and -
4 were determined by qRT-PCR. All measurements were normalised 
to 18S endogenous control. Statistically significant differences were 
assessed via One-way ANOVA with post-hoc Tukey. Each bar 
represents the mean ±SEM for 3 wells. * p < 0.5; ** p < 0.01; *** p < 
0.001. Representative experiment depicted. Experiment replicated 2 
times. 
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4.2.3.7. Endocytosis mechanisms could be underlying the observed 
variations in secreted MMP3 levels 

The observed modulation in LRP1 levels seem to suggest that the 

reported changes in MMP3 extracellular protein levels could be at least 

partially explained by a deregulation of endocytic mechanisms. Preliminary 

experiments using Cytochalasin D (CytoD; a pharmacological inhibitor of 

endocytosis) showed that MMP3 extracellular levels were enhanced under 

CytoD-mediated broad inhibition of endocytosis (Figure 4.21). Intriguingly, 

Shh and Vitamin D3 driven reduction of MMP3 secreted levels in the presence 

of cytokines was less obvious than previously seen, but this could be attributed 

to experimental variation (Figure 4.21). In any case, Shh and Vitamin D3 seem 

to trigger a slight reduction in MMP3 secreted levels in the absence of 

cytokines that can be reversed by the addition of CytoD (Figure 4.21). Note 

that in the presence of CytoD more MMP3 is detected in media under all 

conditions.   
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Figure 4.21 – Shh and Vitamin D3 effect in MMP3 secreted levels 
is endocytosis-dependent. hCMEC/D3 cells confluent monolayers 
were incubated with the inhibitor of endocytosis Cytochalasin D 
(CytoD; 1mM), a mixture of cytokines (TNFα and IL1α both at 10ng/ml) 
and/or a combination of Shh (100ng/ml) and Vitamin D3 (100nM) 
(VitD3) during 24h. After treatment, total levels of secreted MMP3 were 
determined by Western Blotting. 
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4.3. DISCUSSION  

4.3.1. hCMEC/D3 as a model of the BBB 

Many immortalised cell lines have been used to generate in vitro 

models of the BBB. A currently available and well characterised brain 

endothelial cell line previously used in in vitro models of the BBB is 

hCMEC/D3 (reviewed in Weksler et al., 2013). Under static culture 

conditions like the ones used in our studies, hCMEC/D3 have been 

reported by previous studies to develop TEER values between 30-50Ω/cm2 

when cultured for up to 5 days (reviewed in Weksler et al., 2013). In this 

regard, our monoculture of hCMEC/D3 behaved as previously described, 

retrieving TEER values of 50Ω/cm2 when cultured for 3-5days. Since our 

in vitro BBB model reached the typical TEER values associated with 

hCMEC/D3 monolayers following 3 days of culture, this was the chosen 

incubation time to allow barrier formation before treatment addition. 

Occasionally, higher TEER values were observed for hCMEC/D3 

monolayers (between 60-80Ω/cm2) but, in our experience, these 

differences have been due to the addition of fresh culture media containing 

the relevant treatments and a slight reduction in TEER is observed as the 

monolayers equilibrate with the newly added media. Similar TEER values 

have been reported by Ni et al. although in their in vitro setting hCMEC/D3 

monolayers were cultured for up to 7 days (Ni et al., 2017). Interestingly, a 

comparative study of 4 immortalised brain capillary endothelial cell lines 

reported TEER values for hCMEC/D3 around 10Ω/cm2 at days 3 and 4 after 

culture (Eigenmann et al., 2013). However, the striking difference in 

reported TEER values could be due to the use by Eigenmann et al. of an 

automated system (CellZscope) in the assessment of TEER rather than 

the classic chopstick electrode system (Eigenmann et al., 2013). 

Interestingly, Eigenmann et al. comparative studies also report a slight 

increase in TEER values of approximate 25% between days 3 to 4 after 

culture as the one observed in our model for days 3 to 5, attributing this to 

minor junctional maturation processes (Eigenmann et al., 2013). It is 

possible that the increase in TEER values detected during the first 3 days 
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of culture was not only due to the formation of an endothelial barrier but 

also to cell expansion. Although it is probably due to a combination of both, 

the fact that TEER values get stabilised between the third and fifth days of 

culture seems to indicate that cell expansion is inhibited by cell-to-cell 

contacts, allowing for the formation of a mature single-cell endothelial 

barrier. 

Regarding serum concentrations, hCMEC/D3 have been previously 

reported to retrieve typical TEER values of 50-80Ω/cm2 when, after 5 days 

culture, serum concentration was lowered to 0.25% (Forster et al., 2008). 

Agreeing with this observation, culture with a lower serum concentration 

(0.25%FCS) for up to 5 days after cell seeding did not result in any significant 

differences in barrier formation and maturation when compared with cells 

cultured in the recommended serum concentration (5%FCS) (Figure 4.2).   

4.3.1.1. Pro-inflammatory cytokines can enhance barrier permeability in 
hCMEC/D3 monolayers  

The effects of pro-inflammatory cytokines in hCMEC/D3 mono-cellular 

models of the BBB have been broadly reported. Förster et al. studied the 

effects of TNFα addition in hCMEC/D3 monolayers, showing a significant 

reduction barrier stability assessed through both TEER and Dextran 

Extravasation measurements (Forster et al., 2008). Ni et al. also observed a 

significant reduction in in vitro BBB integrity in hCMEC/D3 monolayers treated 

with TNFα or IL1β (Ni et al., 2017). Corroborating the previous observations, 

addition of a combination of TNFα and IL1α to our in vitro monolayer of 

hCMEC/D3 cells triggered a significant reduction in TEER levels (Figure 4.3). 

In terms of the degree of disruption caused by the addition of pro-inflammatory 

cytokines, a similar reduction to that observed in the current study was 

reported by Förster et al. (≈60%), whereas the decrease in TEER values 

observed by Ni et al was less acute (≈20%). These differences could be due 

to the different treatments employed in each study: while Förster et al. used 

TNFα (174ng/ml), Ni et al. individually stimulated hCMEC/D3 monolayers with 

TNFα (10ng/ml) or IL1β (10ng/ml). Thus, it is possible that although at the 

same concentration, individual addition of TNFα or IL1β cannot trigger barrier 
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disruption to the same extent than a combination of TNFα and IL1α (also, 

differences between IL1α and IL1β should be considered). In this regard, the 

much higher concentration of TNFα used in Förster et al. could trigger a similar 

reduction in TEER values than the combination of TNFα and IL1α used in our 

model (Forster et al., 2008; Ni et al., 2017). In any case, the barrier-disruptive 

effect of pro-inflammatory cytokines in BBB in vitro models seems to be well 

stablished. 

4.3.1.2. Vitamin D3 as a BBB enhancing agent  

Using our in vitro model of the BBB, we reported an ability of Vitamin 

D3 to enhance hCMEC/D3 barrier properties, as a significant increase in 

TEER values was detected in Vitamin D3 treated monolayers (Figure 4.4). 

Vitamin D3 has been shown previously to promote endothelial barrier 

formation through enhancement of tight junctions in endothelial cells from 

other sources (Palmer et al., 2001; Fujita et al., 2008; Yin et al., 2011). Vitamin 

D3 also impacts on epithelial cell barriers. Supporting our observations, 

Vitamin D3 treatment triggers an increase in TEER in intestinal epithelial cells 

(Chirayath et al., 1998; Chen et al., 2015), whereas in airway epithelial cells 

no TEER effects were reported (Zhang et al., 2016).  

 In the context of the BBB, Vitamin D3 ability to enhance barrier stability 

(measured as TEER values) in an in vitro model of the BBB has not been 

previously described in the published literature. However, supporting the 

observed role of Vitamin D3 as a BBB protective agent, intranasal Vitamin D3 

administration in a rat model of subarachnoid haemorrhage significantly 

decreased brain oedema (measured as brain water content) and Evans blue 

extravasation (Enkhjargal et al., 2017). Overall, Vitamin D3 seems to be a very 

well-established promoter of barrier integrity, and some of the mentioned 

discrepancies may be due to cell line associated variations. 

4.3.1.3. Shh promotes BBB stability 

The ability of Shh to promote BBB formation has been broadly 

described in the literature: using primary BBB-ECs isolated from human 

patients and cultured in cell inserts, Alvarez et al. showed that addition of 
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human recombinant Shh can decrease barrier permeability measured as 

TEER and BSA-FITC Extravasation (Alvarez et al., 2011); addition of mShh 

could reverse IL1β-induced permeability (measured as BSA-FITC 

permeability) in confluent mouse brain capillary ECs monolayers (Wang et al., 

2014); in vivo studies showed that activation of Hedgehog pathway through a 

Smo agonist can rescue BBB integrity in HIV infected mice (Singh et al., 2016). 

In this regard, the observed effects of Shh in our in vitro system corroborate 

and extend those of previous studies, as addition of Shh triggered a significant 

increase in TEER values and, thus, BBB properties in hCMEC/D3 cells 

(Figure 4.4).  

Under normal physiological conditions, Shh is provided to BBB-ECs 

through secretion from astrocyte end-feet (Luissint et al., 2012). In this regard, 

more complex in vitro BBB models have stablished a co-culture of hCMEC/D3 

together with astrocytes, reporting a significant increase in barrier properties 

(measured as TEER values) (Hatherell et al., 2011) together with a significant 

reduction in paracellular permeability (Kulczar et al., 2017). In all these co-

culture systems the source of Shh is located in the basal side of the ECs 

monolayer. However, when Shh is added as an external treatment to confluent 

ECs monolayers, the site of addition is not typically specified. Since in the 

current study Shh was added into the apical side of the hCMEC/D3 monolayer 

in order to minimise treatment variability, the effects of Shh’s addition to the 

apical and/or basal side of a polarised ECs monolayer were assessed for the 

first time. No differences in Shh’s ability to increase TEER values in confluent 

hCMEC/D3 monolayers were observed regardless of the site of addition 

(basal, apical or both) (Figure 4.5) possibly due to diffusion and/or transcytosis 

mechanisms that equilibrate treatments’ concentration across both chambers 

of the insert. However, taking into account that this is an in vitro model in which 

only a monolayer of ECs are grown over a layer of collagen I, it is more likely 

that diffusion mechanisms (rather than transcytosis) are the ones allowing a 

small molecule such as Shh (20kDa) to trigger an effect in barrier permeability 

regardless of the site of addition. 
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4.3.1.4. Cytokine-driven loss in barrier integrity can be synergistically 
rescued by a combination of Shh and Vitamin D3 

In order to study Shh and Vitamin D3 role as barrier promoters, their 

ability to protect barrier integrity in the presence of cytokines was tested. Shh 

ability to protect against inflammatory-mediated loss of barrier stability has 

already been reported by Singh et al. In a murine model of Human 

Immunodeficiency Virus (a disorder characterized by chronic neuro-

inflammation), treatment with a pharmacological agonist of the Hedgehog 

pathway rescued claudin-5 expression, a marker of barrier integrity, to WT 

levels (Singh et al., 2016). Interestingly, in our in vitro barrier model exogenous 

Shh was not capable of protecting against cytokine-associated barrier 

dysfunction (measured as TEER) (Figure 4.6). Regarding Vitamin D3, no 

previous protective effect has been described in the context of ECs. However, 

in vitro studies with intestinal epithelial cells shown a Vitamin D3 barrier 

protective effect (measured as TEER and dextran extravasation) against 

TNFα driven barrier dysfunction (Chen et al., 2015a). Nonetheless, no Vitamin 

D3 protective effect against cytokines and cyclopamine associated lost on 

barrier integrity was reported in our in vitro model (measured as TEER) 

(Figure 4.6).  

Interestingly, when combined, Shh and Vitamin D3 not only completely 

abrogated cytokine-mediated loss in barrier integrity but also promoted barrier 

formation above control levels at 24h (Figure 4.6). This protective synergy 

between Shh and Vitamin D3 has not yet been reported in the literature, but it 

supports the previously described existence of a cross-talk between the 

Hedgehog and Vitamin D3 pathways in the context of endothelial barriers 

(Bijlsma et al., 2006). In this regard, Bijlsma et al. observed that Ptch could be 

functioning as a translocator of Vitamin D3 (or one of its metabolites) (Bijlsma 

et al., 2006), opening the possibility that Shh and Vitamin D3 synergy is 

operated though an Shh-mediated inhibition of Ptch, no longer able to work as 

a translocase, increasing intracellular levels of Vitamin D3. Further studies 

regarding the effects of Ptch inhibition in the presence of Vitamin D3 and 

cytokines are needed to test this hypothesis.  
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4.3.2. hCMEC/D3 and junctional ZO-1 visualization 

Since 2005, when human brain endothelial cells were immortalised to 

form the hCMEC/D3 cell line (Weksler et al., 2005), these cells have been 

established as an appropriate system for BBB in vitro modelling. Although the 

subject of several studies, there is a lack of consensus when it comes to the 

immuofluorescent analysis of Tight Junction proteins in cultured hCMEC/D3 

monolayers. As recommended by the manufacturer, hCMEC/D3 monolayers 

should be cultured on collagen I coated surfaces, but no further mention is 

made regarding the nature of the culture surface. When looking in the 

literature, a wide range of cultured surfaces are used in tight junction 

immunostaining protocols. For example, collagen I coated transwells have 

been used to study ZO-1 junctional stability in hCMEC/D3 monolayers, 

although in the reported staining was too weak to observe junctional integrity 

(Miao et al., 2015) or was obscured by an elevated cytoplasmic localization of 

ZO-1 (Luissint et al., 2012). Collagen I coated glass slides are the most widely 

used cultured surface for the immunofluorescent study of tight junction stability 

in hCMEC/D3 monolayers, reporting a clear visualisation of ZO-1 in the 

peripheral and continuous distribution characteristic of confluent EC 

monolayers (Weksler et al., 2005; Lopez-Ramirez et al., 2012; Liu et al., 2014; 

Sajja et al., 2014). Trying to mimic these results, hCMEC/D3 cells were seeded 

on collagen I coated glass coverslips and incubated for 8 days as previously 

performed in the literature (Luissint et al., 2012; Sajja et al., 2014). 

Occasionally an under layer of confluent and differentiated hCMEC/D3 cells 

was visible with a classical junctional ZO-1 as previously reported in the 

literature (Weksler et al., 2005; Lopez-Ramirez et al., 2012; Liu et al., 2014; 

Sajja et al., 2014). Additionally, when the underlying layer of hCMEC/D3 was 

visible in cytokine-treated conditions, it revealed a more punctate and 

discontinuous ZO-1 membrane distribution with an increase in cytosolic levels 

(Figure 4.8). A similar effect of a mix of cytokines (TNFα and IFNγ) in 

junctional ZO-1 had been previously reported for hCMEC/D3 monolayers 

(Lopez-Ramirez et al., 2014).  
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In order to prevent cellular over-growth and overlapping, ZO-1 staining 

was performed in cells cultured from 3 to 8 days (Figure 4.9). Unfortunately, 

cellular overlapping was reported even in under confluent monolayers. 

Intriguingly, studies done in collagen I coated glass coverslips reported a blurry 

and fainted ZO-1, without a clear membrane distribution or monolayer 

formation (Tai et al., 2010) very similar to the one observed in the current 

study. Thus, further scrutiny of the terminology used in the literature revealed 

that the term “glass slides” referred to the commercially available cell-culture 

treated Thermanox coverslips and not plain glass coverslips coated with 

collagen I like the ones used by Tai et al or in this study. Thus, it seems that 

hCMEC/D3 cells are not capable of forming single-cell monolayers when 

cultured on glass surfaces (despite the collagen I coating), growing in a multi-

layered formation that impairs junctional study. Future studies should focus on 

the use of cell-culture treated coverslips suitable for microscopy. 

Analysis of ZO-1 total protein levels were performed by Western 

Blotting (Figure 4.10). However, due to time restrains, the methodology could 

not be fully optimised. The observed decrease in ZO-1 mRNA levels 

(Figure 4.11) could account for the possible reduction in ZO-1 junctional levels 

observed in preliminary immunofluorescence assessments (Figure 4.8). Not 

many studies refer to Shh or Vitamin D3 effects on ZO-1 mRNA levels, as 

effects in junctional regulation are typically assessed through Western Blotting 

or immunofluorescence techniques. However, Shh has been shown to 

increase ZO-1 mRNA levels in a murine model of permanent middle cerebral 

artery occlusion (Xia et al., 2013). The few studies analysing Vitamin D3 ability 

to modulate ZO-1 gene expression may suggest variations in Vitamin D3-

mediated regulation depending on the cell type studied. For example, no 

changes were reported for ZO-1 mRNA levels in Vitamin D3 treated human 

airway epithelial cells (Zhou et al., 2011) whereas studies in VDR knockout 

mice reported a decreased expression of occludin and ZO-1 in the corneal 

epithelium (Elizondo et al., 2014). To our knowledge data is not available 

regarding Shh and/or Vitamin D3 regulation of ZO-1 gene expression in BBB 

in vitro monolayers, but studies in a mouse brain EC cell line have shown 

Vitamin D3’s ability to protect against the increase in barrier permeability and 
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decrease in junctional protein levels (ZO-1, claudin 5 and occludin) reported 

after hypoxia (Won et al., 2015). Similarly, cytokine effects on ZO-1 levels are 

typically assessed at the protein level, although some data is available 

regarding gene expression regulation: ZO-1 mRNA levels were significantly 

reduced in TNFα stimulated human umbilical vein ECs (Zhang et al., 2017). 

Addition of TNFα to rabbit isolated corneas (Hu et al., 2013) or murine 

intestinal sections (Song & Liu, 2009) had no effect in ZO-1 mRNA levels. 

Again, cytokines effect on ZO-1 gene expression could be dependent on the 

tissue or cell type studied.  

4.3.3. Metalloproteinases and BBB integrity 

4.3.3.1. Cytokine-driven loss in barrier integrity is metalloproteinase 
dependent 

Under inflammatory conditions, an up-regulation of a wide range of 

metalloproteinases have been reported by the literature (reviewed in Rempe 

et al., 2016). In turn, this increase in metalloproteinase levels can trigger the 

degradation of junctional and basement membrane elements such as 

claudins, occludins and ZO-1 proteins (Yang et al., 2007; Lu et al., 2009; Bauer 

et al., 2010; Wu et al., 2015) among others. Several studies using broad 

spectrum metalloproteinase inhibitors point to metalloproteinases as main 

mediators of BBB disruption: administration of a broad-spectrum 

metalloproteinase inhibitor in a rat model of meningitis (Paul et al., 1998), 

stroke (Pfefferkorn & Rosenberg, 2003), or a murine model of multiple 

sclerosis (Gijbels et al., 1994) (all pro-inflammatory disorders) resulted in 

suppression BBB permeability. Additionally, studies in rat brain microvascular 

ECs showed that IL-1β induced permeability could be attenuated by the broad-

spectrum MP inhibitor, GM6001 (Alluri et al., 2016). Here full inhibition of 

cytokine-mediated loss in barrier stability in the presence of GM6001 was also 

demonstrated in hCMEC/D3 cells (Figure 4.12).  

Cytokines have been reported to modulate a wide range of 

metalloproteinases. In order to study which metalloproteinases could be 

behind of the observed cytokines-driven changes in TEER levels, the gene 

expression of a wide range of metalloproteinases reported to be linked with 
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BBB breakdown during pro-inflammatory disorders was measured. Of the 

assessed MPs, MMPs 1, 3, 12, 14 and ADAM8 were up-regulated by cytokines 

at 24h after treatment (Figure 4.13). In vitro studies in human microvascular 

ECs revealed an increased in secreted MMP1 following TNFα stimulation 

(Jackson & Nguyen, 1997), and studies in fibroblasts cultured under normoxic 

or hypoxic conditions reported an increase in MMP1 levels after IL1β 

stimulation (Lee et al., 2012). TNFα has been previously reported to induce 

MMP3 (and MMP1) gene expression in in mouse intervertebral disc (Fujita et 

al., 2012), human adult dermal fibroblasts (Ono et al., 2018) and in Nucleus 

Pulposus Cells (Wang et al., 2014). Studies on primary smooth muscle cells 

showed a TNFα and IL1β-mediated increase in MMP12 levels (mRNA and 

protein) (Xie et al., 2005), and studies of gene expression in human 

microvascular ECs reported an increase in MMPs 3, 10 and -2 (Roy et al., 

2006) or MMPs 3, 10 and 13 in human periodontal ligament cultured cells (Ahn 

et al., 2014).  Studies in cultured callus cells and articular chondrocytes 

reported a TNFα-mediated increase in MMP14 mRNA levels (Lehmann et al., 

2005) but information is lacking in endothelial cells. In brain regions affected 

by neurodegeneration, TNFα has been shown to trigger an increase in ADAM8 

by neurons, astrocytes and microglia (Schlomann et al., 2000; Bartsch et al., 

2010).  

In contrast to the above data, cytokine treatment resulted in a reduction 

in MMP2 mRNA levels (Figure 4.13). Of interest here, MMP2 (together with 

MMP13 and -14), can participate in the resolution of inflammation through the 

cleavage of Macrophage chemoattractant protein 3 (MCP-3) (McQuibban et 

al., 2000) and the pro-inflammatory chemokine fractalkine, that can be cleaved 

by MMP2 into a soluble antagonist (Dean & Overall, 2007). However, MMP2’s 

role during inflammation could be much more complex as a compensatory 

mechanism between MMP2 and -9 has been described in a murine model of 

MS (Yang et al., 2007). In addition, inhibition of TNFα signalling reduced 

hypoxia-associated increase in MMP2 secreted levels in human brain 

microvascular ECs (Abdullah et al., 2015). 

Regarding TIMPs, cytokines-mediated an increase in TIMP1 but a 

decrease in TIMP2 expression levels (Figure 4.13). Conflicting with the 
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observed up-regulation of TIMP1, low serum levels of TIMP1 have been 

previously correlated with endothelial barrier disruption in various clinical 

studies (Lee et al., 1999; Waubant et al., 1999; Toft-Hansen et al., 2004). 

However, more recent studies showed an increase in TIMP-1 serum from HIV-

patients under inflammation (Xing et al., 2017). Additionally, studies in TIMP-

1 deficient mice showed an increased in activated immune cells transmigration 

across the BBB during viral encephalomyelitis. This study reported no 

compensatory expression of other TIMPs, altered MMP expression or 

impaired chemokine production when compared with WT mice, suggesting the 

existence of an MMP-independent role of TIMP1 (Savarin et al., 2013). That 

being said, it needs to be considered that Savarin et al. only study variations 

in the levels of MMP-3, -9 and -12, but not the levels of activation and/or 

substrate degradation of these MMPs or other metzincins inhibited by TIMP-1 

(Savarin et al., 2013).  Earlier studies conducted in microvascular ECs (using 

human microvascular endothelial cells derived from neonatal foreskin) 

reported an increase in TIMP1 secreted levels after TNFα stimulation (Jackson 

& Nguyen, 1997). Additionally, previous studies conducted by Singh et al. in 

our laboratory, as well as this thesis, reported an up-regulation in TIMP1’s 

mRNA levels following cytokines stimulation in cardiac mouse ECs (Chapter 

3; Singh et al., 2005). The effects of cytokines on TIMP2 levels in BBB-ECs 

are little studied, but in vitro studies performed in murine cardiac endothelial 

cells (Chapter 3; Singh et al., 2005), in rat synovial membranes (Hyc et al., 

2011) and keratoconus fibroblasts (Feng et al., 2016) reported a reduction in 

TIMP2 mRNA or protein levels (respectively) after TNFα stimulation. Overall, 

the observed loss hCMEC/D3 barrier properties after cytokines stimulation 

could be mediated by a broad dysregulation of metalloproteinase activities.   

Previous observations suggest that cytokine-mediated loss of barrier 

integrity could be metalloproteinase-dependent since this effect could be 

reversed by addition of a broad-spectrum metalloproteinase inhibitor 

(GM6001) and an overall increase in metalloproteinase gene expression was 

observed under inflammatory conditions. In this regard, it would be reasonable 

to speculate that the described protective effect of a combination of Shh and 

Vitamin D3 in the presence of cytokines could also be a result of modulation 
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of metalloproteinase levels and as discussed in Chapter 1, others have 

observed such effects. However, no detectable alteration in metalloproteinase 

expression was observed by the addition of Shh and Vitamin D3 after 24h 

treatments (in the presence or absence of cytokines) (Appendix 4.C). 

Analysis at shorter incubation times revealed a Shh and Vitamin D3 combined 

effect to block cytokine-driven increase in MMP3 and MMP10 mRNA levels at 

8h post-treatment (Figure 4.14). This protective effect was maintained up to 

12h after treatments in the case of MMP3 but lost after 8h incubation periods 

for MMP10 (Figure 4.14). There is no evidence in the published literature for 

a Shh-protective role against cytokine-driven increase in metalloproteinase 

gene expression, but some reports have described an ability for Vitamin D3 to 

reduce IL1β induced increase in MMP1, -3 and -9 in human rheumatoid 

synovial tissues (Tetlow & Woolley, 1999), decrease MMP3 production in IL1β 

treated human periodontal ligament cells (Hosokawa et al., 2015) and 

significantly reduce LPS-mediated increase in MMP14 in human umbilical vein 

ECs (Stach et al., 2012). In addition, VitD3 impedes hypoxia/reoxygenation 

induction of MMP9 through an NFkB mechanism in bend3 endothelial cells 

(Won et al., 2015). Thus, it is possible that the observed effects of Shh and 

Vitamin D3 on MMP3 and 10 mRNA levels could be exclusive effect of Vitamin 

D3, the fact that Vitamin D3 was only capable of trigger a protective effect 

against cytokine-driven loss in barrier integrity (measured as TEER) when 

combined with Shh, leads to the idea of a possible synergistic effect. Future 

time-points experiments assessing Vitamin D3 and Shh individual effects in 

MMP3 and 10 gene expression in the presence of inflammatory conditions 

need to be performed.  

Expression levels of TIMPs (-1, -2, -3 and -4) at shorter post-treatment 

times were also evaluated in order to uncover any possible Shh and/or Vitamin 

D3 mediated effects. Interestingly, a combination of Shh and Vitamin D3 was 

capable of increasing TIMP2 and -4 mRNA levels 4h after treatment 

(Figure 4.15). Although a cytokine-driven reduction in TIMP2 and -4 levels 

was observed at 8h and 12h time-points, a combination of Shh and Vitamin 

D3 abrogated cytokines-mediated decrease in TIMP4 gene expression levels 

at 8h after treatment, although no protection was observed at further 
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incubation times (Figure 4.15). Thus, this seems to suggest that Shh and 

Vitamin D3 may not only be mediating their protective effects through the 

described inhibition of cytokines-driven increase in MMP3 and MMP10 

expression levels (8h post-treatment) but also through an increase of TIMP2 

(4h post-treatment) and blocked cytokines-driven reduction in TIMP4 

expression (8h post-treatment), leading to an overall reduction in 

metalloproteinase activity. Although no effects of Shh in TIMPs gene 

expression have been previously described, Vitamin D3 treatment in rats with 

induced endometriosis were observed to significantly reduce TIMP2 levels 

(Yildirim et al., 2014) whereas in cultured murine myoblasts, addition of 

Vitamin D3 significantly decreased TIMP3 expression (Garcia et al., 2013). 

Once again, the observed effects in TIMP2 and 4 expression levels could be 

mainly produced by the addition of Vitamin D3, but as before, the fact that 

Vitamin D3 was only capable of trigger a protective effect against cytokines-

driven loss in barrier integrity (measured as TEER) when combined with Shh, 

leads to the idea of a possible synergistic effect. Future time-points 

experiments assessing Vitamin D3 and Shh individual effects in TIMP2 and 4 

gene expressions in the presence of inflammatory conditions, together with a 

study of variations in TIMP2 and 4 protein levels need to be performed.  

In order to further explore Shh and Vitamin D3 protective effect on 

MMP3 and 10 expression levels under inflammatory conditions, analysis of 

secreted proteins were performed by Western Blotting. Additionally, MMP1 

secreted levels were also assessed despite of the lack of Shh and Vitamin D3 

effect on its mRNA levels since it experienced the highest cytokine-driven 

induction (Figure 4.16). As it has been previously discussed, cytokines ability 

to induce MMP1 and -3 gene expression has been broadly described in the 

literature. Thus, the observed increase in MMP1 and -3 secreted protein levels 

observed under inflammatory conditions agreed with findings in the literature 

(Figure 4.16) (Jackson & Nguyen, 1997; Roy et al., 2006; Fujita et al., 2012; 

Lee et al., 2012; Ahn et al., 2014; Ono et al., 2018). Vitamin D3 can reduce 

MMP1 and 3 levels in the absence (Szalay et al., 2009; Panizo et al., 2013)  

or presence of inflammatory conditions (Tetlow & Woolley, 1999; Hosokawa 

et al., 2015). However, this is the first study reporting a combined ability of Shh 
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and Vitamin D3 to abrogate the cytokine-driven increase in MMP1 and 3 

secreted levels (Figure 4.16). Again, a possible synergistic effect of vitamin 

D3 and Shh may be implicated here and future experiments assessing Vitamin 

D3 and Shh individual effects on MMP1 and 3 secreted protein levels under 

inflammatory conditions will shed light on mechanisms involved. 

To further explore effects of Vitamin D3 and Shh on extracellular levels 

of MMP3 protein, intracellular MMP3 protein levels were assessed. 

Preliminary data showed that cytokine treatment resulted in an increase in 

MMP3 intracellular levels as seen for MMP3 mRNA and secreted protein 

levels (Figure 4.19). However, addition of a combination of Shh and Vitamin 

D3 did not seem to trigger any changes in MMP3 intracellular protein 

(Figure 4.19). A possible protective effect of Shh and Vitamin D3 against 

cytokine-driven increase was also observed. Further experiments will be 

needed in order to corroborate the observed changes and assess the extent 

of Shh and Vitamin D3 mediated protection against cytokine-driven increase 

in MMP3 intracellular levels.  

In order to explore further the Shh and Vitamin D3 combination 

increasing MMP3 secreted protein levels without altering MMP3 mRNA, we 

hypothesised that the observed effects could be underlined by a modulation 

of endocytic mechanisms, affecting the levels of extracellular MMP3. Previous 

literature has reported a role for low-density lipoprotein receptor-related 

protein 1 (LRP1) regulating the extracellular activities of metalloproteinases 

through the endocytic clearance of secreted metzincins and TIMPs (reviewed 

in Yamamoto et al., 2015). To date, LRP1 has been shown to directly 

participate in the extracellular clearance of MMP2 (Yang et al., 2001; Emonard 

et al., 2005), -9 (Van den Steen et al., 2006), -13 (Barmina et al., 1999), TIMP1 

(Thevenard et al., 2014), -2 (Emonard et al., 2005), -3 (Scilabra et al., 2013), 

ADAMTS4 (Yamamoto et al., 2014) and -5 (Yamamoto et al., 2013), but not, 

as yet, MMP3. Thus, as a first approach, expression levels of LRP1 were 

measured in hCMEC/D3 in vitro monolayers. Here, we report a reduction in 

LRP1 gene expression levels in the presence of cytokines at short and longer 

incubation times (Figure 4.20). Although the effect of cytokines such as TNFα 

or IL1α in LRP1 expression levels has not been previously reported, studies 
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conducted in murine isolated brain microvessels showed a reduction in LRP1 

gene expression after LPS injections, a pro-inflammatory agent (Jaeger et al., 

2009). Similarly, LPS treated mice showed an impairment in LRP1-mediated 

transport after LPS injections (Erickson et al., 2012). These results seem to 

agree with the observed reduction in LRP1 expression (and probably 

consequent reduction in LRP1 function) in the presence of a pro-inflammatory 

environment.  Interestingly, addition of a combination of Shh and Vitamin D3 

reversed the cytokine-driven decrease in LRP1 expression levels at 4h after 

treatment, although no protection was detected at longer incubation times 

(Figure 4.20). Additionally, Shh and VitaminD3 increased LRP1 expression in 

the absence of cytokines, although, again, this seemed to be a limited effect, 

as it was only observed at 8h post-treatment (Figure 4.20). Guo et al, studying 

the BBB in Alzheimer’s disease, observed that Vitamin D3 treatment increased 

LRP1 mRNA and protein levels in mouse hippocampal sections and cultured 

murine brain microvascular cells (respectively) under normoxic and hypoxic 

conditions (Guo et al., 2016). Guo et al.’s data could suggest that the observed 

effects in LRP1 expression levels shown here could be mainly due to the 

presence of Vitamin D3, but as before, the fact that Vitamin D3 was only 

capable of triggering a protective effect against cytokine-driven loss in barrier 

integrity (measured as TEER) when combined with Shh, a possible synergistic 

effect seems likely. Future experiments assessing Vitamin D3 and Shh 

individual effects in LRP1 mRNA levels in the presence and absence of 

inflammatory conditions need to be performed.  

LRP1 levels are increased in the CNS of a murine model of MS 

(Gaultier et al., 2009; Chuang et al., 2016) and in the rims of chronic active 

lesions in MS patients (Hendrickx et al., 2013). In this regard, a broad range 

of possible mechanisms by which LRP1 could be playing a role in the 

development of MS have been suggested in the literature: LRP1 blockade with 

a specific antibody inhibited tPA-driven increase in ICAM-1 (adhesion 

molecule that facilitates activated leukocytes extravasation) in a brain-derived 

EC line (Wang et al., 2014); in an animal model of cerebral ischemia, an 

interaction between tPA and LRP in perivascular astrocytes can lead to an 

increase in BBB permeability through LRP direct activation of Akt (An et al., 
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2008); in vivo studies in mice showed that  BBB opening after tPA injection 

could be inhibited in the presence of an LRP1 antagonist (Yepes et al., 2003); 

LRP1 seems to play an essential role in the phagocytosis of degraded CNS 

myelin, whose accumulation may accelerate disease progression, 

(Fernandez-Castaneda et al., 2013; Gaultier et al., 2009); LRP1 may regulate 

the membrane levels of TNFα’s receptor through its endocytosis (Gaultier et 

al., 2008); and selective microglial deletion of LRP1 promoted a pro-

inflammatory phenotype that exacerbated disease severity in a murine model 

of MS (Chuang et al., 2016). Altogether, the previous observations seem to 

suggest a role of LRP1 in the development of autoimmune disorders such as 

MS. However, it seems that protective or pathological effects can be 

associated to LRP1 depending on the region studied: whereas tPA-mediated 

BBB opening has been suggested to be LRP1-dependent, it also seems that 

LRP1 could play a protective role through the clearance of myelin debris and 

the maintenance of an anti-inflammatory microglial phenotype, among others.  

To explore whether a modulation of endocytosis mechanisms was 

involved in Shh and Vitamin D3 mediated effects in MMP3 secreted levels, 

hCMEC/D3 confluent monolayers were incubated with cytokines, Shh and/or 

Vitamin D3 in the presence and absence of Cytochalasin D (CytoD; a broad 

pharmacological inhibitor of endocytosis). Preliminary results showed that 

addition of CytoD could itself be increasing MMP3 secreted levels above 

untreated controls, suggesting that endocytic clearance mechanisms take 

place endogenously in untreated hCMEC/D3 confluent monolayers 

(Figure 4.21). Interestingly, in the presence of CytoD, Shh and Vitamin D3 

mediated reduction in MMP3 secreted levels (in the absence of cytokines) was 

partially reversed (Figure 4.21).  

Although it is possible that the reported results could be LRP1-

dependent, it is important to consider that CytoD is a broad inhibitor of 

endocytic activities. Thus, although gene expression measurements seem to 

point at LRP1 as a possible candidate, other endocytic mechanisms for MMP3 

cannot be ruled out. Future experiments with specific inhibitors of LRP-

mediated uptake such as Receptor-Associated Protein (RAP) and siRNA for 

LRP1 could be performed. In contrast with the speculated LRP1/MMP3 
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interaction, Suzuki et al. described a tissue-type plasminogen activator (tPA) 

induced increase in LRP1 together with MMP3 levels in a murine brain 

microvascular cell line and brain sections from tPA treated mice (Suzuki et al., 

2009). Thus, Suzuki et al. postulated that tPA could be inducing MMP3 

secretion through an activation of the LRP/NFκβ pathway  (Suzuki et al., 

2009). Although in our observations LRP1 expression levels seem to oppose 

MMP3 modulation (suggesting that LRP1 could not be functioning as an 

inducer of MMP), it needs to be considered that LRP1-mediated regulation of 

MMP3 could be more complex than a simple endocytic mechanism.   

Cytochalasin D may also be affecting the Shh signalling. When Shh 

binds to Ptch, the Shh-Ptch receptor complex is internalised in a clathrin-

dependent manner (Christ et al., 2012); LRP2 has been implicated not only in 

the enhancement of clathrin-dependent endocytosis of the Shh-Ptch complex 

but also in the recycling of Shh back to the plasma membrane, increasing its 

local concentration and potentiating its signal (Christ et al., 2012). Following 

Ptch endocytosis, derepressed Smo is endocytosed through a clathrin-

dependent mechanism and activated as part of the Shh signalling pathway 

(reviewed in Pedersen et al., 2016). Thus, it needs to be considered that CytoD 

mediated abrogation of Shh and Vitamin D3 effect on MMP3 secreted levels 

(in the presence or absence of cytokines) could not be only due to an inhibition 

of MMP3 extracellular clearance but also to an inhibition of Shh signalling, 

since both Ptch and Smo endocytic internalization mechanisms would be 

impaired. Future experiments with specific inhibitors (such as the clathrin 

inhibitor Pitstop) should help to clarify these points.  
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4.4. KEY FINDINGS 

 Human endothelial barrier stability is compromised under inflammatory 

conditions in an in vitro model of the Blood Brain Barrier (BBB). TEER 

measurements also reveal that barrier stability is dependent on 

metalloproteinase activity. Metalloproteinase expression is regulated by 

cytokines both at mRNA level and apparently at the level of secretion. 

 A combination of Shh and Vitamin D3 can synergistically protect against 

cytokine-driven loss in endothelial barrier stability in an in vitro model of 

the BBB, demonstrated with TEER measurements. Shh and Vitamin D3 

showed protective effects by regulating Z0-1, MMPs and TIMPs 

expression. 

 Alterations in endocytosis mechanisms could underly the observed 

variations in secreted MMP3 levels in an in vitro model of the BBB. 

Shh and Vitamin D3 modulated LRP1 expression and MMP3 

secretion.  
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4.5. FUTURE STUDIES 

 The presented results focused on TEER values as a measurement of 

barrier integrity. Permeability to fluorescently labelled dextran 

molecules and/or Evans Blue could also be assessed as an alternative 

method to corroborate the observed changes in in vitro barrier stability. 

Additionally, cells grown in a transwell insert could be fixed with 

paraformaldehyde and stained with phalloidin (a toxin isolated from the 

‘death cap’ mushroom and fluorescently labelled capable of binding to 

actin filaments with high affinity), providing a confirmation of the 

monolayer’s confluence. 

 Future studies could focus on tight junction regulation - optimization of 

immunofluorescent staining of hCMEC/D3 monolayers will allow further 

study of variations in the levels and cellular localization of junctional 

proteins (such as ZO-1) as a measurement of barrier stability. 

Alternatively, treatment-derived variations in the total levels of 

junctional proteins could be also assessed by Western Blotting or a 

different brain microvascular cell line (such as BMECs) that can be used 

to explore monolayer integrity as direct visualization of junctional status. 

  Exploring the potential of Shh and Vitamin D3 individually in reversing 

cytokine-driven effects could provide a way forward for further 

mechanistic studies.  

 As an alternative to Western Blotting, cytokine/Shh/Vitamin D3 

regulation of metalloproteinase expression could be assessed by 

enzyme-linked immunosorbent assay (ELISA), avoiding albumin 

contamination and providing a more accurate measurement. 

 Targeted deletion experiments (e.g. siRNA) could be employed to 

assess the individual importance of the deregulated metalloproteinases 

(with particular interest in MMP1, 3 and 10) in barrier integrity. 

Additionally, silencing of metalloproteinase inhibitors (TIMP2 and 

TIMP4) would help to clarify their possible implication in Shh and 

Vitamin D3 mediated protection against cytokines-driven barrier 

breakdown.  
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 The possible role of deregulated endocytosis mechanisms in the 

modulation of MMP3 secreted levels could be further clarified with the 

following approaches: 

o Shh and Vitamin D3 individual roles as protective agents against 

cytokines-mediated reduction in LRP1 gene expression levels 

needs to be assessed.  

o Future experiments with specific inhibitors of LRP-mediated 

uptake such as Receptor-Associated Protein (RAP) and siRNA 

for LRP1 could reveal a definitive role for this pathway. 

o Cytochalasin D effects on Shh signalling should be also 

assessed since both Ptch and Smo endocytic internalization 

mechanisms could be impaired under these conditions. Thus, 

future experiments studying Smo and Ptch subcellular 

localization upon Cytochalasin treatment should be considered.  
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5. miR125b as a possible mediator of 

endothelial barrier integrity – microarray 

analysis 
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5.1. INTRODUCTION 

5.1.1. miRNAs 

MicroRNAs (miRNAs) are a group of non-protein coding RNAs with a 

length comprised between the 19 and 25 nucleotides (reviewed in Nelson et 

al., 2008). Non-mature miRNAs (pre-miRNAs) are transcribed from intronic 

regions or miRNA genes by the RNA polymerase II and cleaved by RNase III 

(or Drosha) originating a short double-stranded stem-loop pre-miRNA that will 

then be translocated into the cytoplasm. Once in the cytoplasm, pre-miRNAs 

are again cleaved by a complex containing Dicer to generate the typical 

double-stranded miRNA. Mature miRNAs are composed by two miRNA 

sequences (5p and 3p) that can be individually recruited into an RNA-protein 

complex known as miRNA-Induced Silencing Complex (RISC) and composed 

by DICER and its co-factors. The RISC-miRNA complex can then bind to the 

miRNA complementary sequence in the 3’UTR region of the target mRNA, not 

only repressing the targeted mRNA translation but also triggering the mRNA 

degradation or storage by processing body (P-body). Interestingly, several 

mRNAs can be targeted by a single miRNA (reviewed in Nelson et al., 2008). 

Since miRNAs can block the translation of specific target mRNAs or 

induce their degradation through the selective binding of their nucleotide 

sequences, miRNAs play a central role in the regulation of gene expression. 

Thus, miRNAs are capable of regulating protein synthesis in a specific 

manner, without altering the transcription of target mRNAs, allowing them to 

play a central role in several biological functions (Cui et al., 2006; Friedman et 

al., 2009).  

5.1.2. miRNAs and Multiple Sclerosis 

Many studies have showed altered expression of several miRNAs in 

samples from MS patients (and also in EAE mice, a murine model of MS), 

suggesting that this condition could be characterised by a particular signature 

of altered miRNAs (reviewed in Ma et al., 2014).  
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Previous literature has reported a role for these miRNAs in the 

pathogenesis of MS: using CD4+ T cells from MS patients, miR17 has been 

shown not only to be up-regulated in MS patients (Lindberg et al., 2010), but 

also to be downregulated under natalizumab (anti-alpha 4 integrin antibody) 

treatment and up-regulated during relapses (Meira et al., 2014).  miR17 and 

miR20a are down-regulated in whole blood samples from all MS subtypes 

patients and can repress T cell activation (Cox et al., 2010). In addition, 

miR20a is down-regulated in whole blood samples from Relapsing-Remitting 

MS (RRMS) patients (Keller et al., 2014) and could be an essential regulator 

of cytokine production in CD4+ cells (Reddycherla et al., 2015). In contrast, 

more recent studies reported an up-regulation of miR20a in whole blood 

samples from MS patients (Yang et al., 2017); miR145 is up-regulated in 

Multiple Sclerosis patients, particularly in RRMS (Junker et al., 2009; Gandhi 

et al., 2013; Søndergaard et al., 2013; Keller et al., 2014); and miR186 was 

also up-regulated in whole blood samples from MS patients (Keller et al., 2014; 

Ma et al., 2014).  

5.1.3. Expression of miRNAs in Norfolk and Norwich University Hospital 

Multiple Sclerosis patients 

Previous preliminary studies undertaken by Dr. Damon Bevan 

(Gavrilovic group) assessed the expression of several miRNAs in blood 

samples from Multiple Sclerosis (MS) patients (visiting NNUH clinic under the 

care of Dr Martin Lee). The measured miRNAs were carefully selected from 

the literature based on correlation with MS previously reported in the literature. 

Expression levels of miR17, miR20a, miR125b, miR145, miR186 and miR326 

were measured by qRT-PCR (Table 5.1; Bevan, Gage, Lee and Gavrilovic, 

unpublished observations). Amongst these miRNAs, of particular interest were 

miR125b and miR326 as they had been previously described to impair 

Hedgehog signalling through inhibition of Smo, a Hedgehog pathway 

component (Ferretti et al., 2008). Interestingly, preliminary analysis reported a 

positive correlation with disease duration or a significant increase in 

Relapsing-Remitting MS compared with Primary-Progressive MS patients for 
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miR125b and miR326 respectively (Table 5.1; Bevan, Gage, Lee and 

Gavrilovic, unpublished observations). 
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 Table 5.1 – miRNA expression levels in blood samples from Multiple Sclerosis (MS) patients. Main observations 
from the literature and the pilot study of miRNA expression in blood samples form MS patients are summarised. Primary-
Progressive MS (PPMS); Relapsing-Remitting MS (RRMS); positive correlation (+ve). Data provided by Bevan, Gage, 
Lee and Gavrilovic, unpublished observations.  
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5.1.4. miR125b and miR326 in Multiple Sclerosis 

miR125b and miR326 have also been associated with MS 

pathogenesis. Analysis of Gene Expression Omnibus database revealed an 

up-regulation of miR125b in samples of peripheral blood T-cells from RRMS 

patients (Sheng et al., 2015); miR125b has been shown to promote 

macrophage activation (Essandoh et al., 2016); knockdown or overexpression 

of miR-326 alleviated or aggravated pathogenesis, respectively, in a murine 

model of MS through the targeting of Ets-1 and the consequent modulation of 

Th17 differentiation (Du et al., 2009); analysis of peripheral blood mononuclear 

cells of RRMS patients showed an upregulation of miR326 (Waschbisch et al., 

2011); and miR326 was up-regulated in active lesions from MS patients when 

compared with normal white matter (Junker et al., 2009). Additionally, 

miR125b and miR326 have been also associated with Vitamin D signalling: 

although not yet validated, miR326 has been predicted to target Vitamin D 

Receptor (VDR) (Sebastiani et al., 2011); treatment with Vitamin D3 in its 

active form (1,25) can increase miR125b levels in the epithelium of patient 

prostate tissue (Giangreco et al., 2013); overexpression of miR-125b 

significantly decreased the endogenous VDR protein level in a breast 

adenocarcinoma cell line (Mohri et al., 2009), although no miR125b-

dependent regulation of VDR was observed in a melanoma cell line (Essa et 

al., 2012) suggesting some cell type-dependent variations. Thus, the 

possibility that miR125b and miR326 could impact on both Hedgehog and 

Vitamin D3 signalling pathways, together with their implications in MS and the 

reported dysregulation in PBMCs isolated from MS patients (Table 5.1; Bevan, 

Gage, Lee and Gavrilovic, unpublished observations), supported our 

hypothesis that these miRNAs could be involved in the changes in barrier 

integrity reported in the previous chapter.   
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5.1.5. Aims 

1. The levels of miR125b and miR326 and their response to cytokine 

stimulation will be studied in the human endothelial in vitro model of the 

BBB established in Chapter 4.  

2. Transfection experiments will be used to assess the direct effects of 

miR125b and/or miR326 in barrier stability (measured as transendothelial 

electrical resistance; TEER) in the in vitro model of the BBB. This will be 

studied in the presence and absence of cytokines.  

3. The most promising miRNA (miR125b or miR326) (based on the above 

results) will be selected for functional testing with microarray analysis of 

gene expression in the presence of inflammatory conditions in the in vitro 

model of the BBB. 

4. Candidate genes and/or pathways emerging from microarray analysis will 

be validated and their implications in BBB maintenance will be further 

assessed using our BBB in vitro model.  
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5.2. RESULTS 

5.2.1. miR125b and miR326 in a BBB in vitro model  

Since disruption of the BBB has been described as one of the early 

events in MS pathogenesis, we speculated that perhaps the observed 

changes in our in vitro model of the BBB could involve alterations in miR125b 

or miR326 levels. To first approach this hypothesis, miR125b and miR326 

levels were assessed in hCMEC/D3 confluent monolayers in the presence or 

absence of a mixture of cytokines (TNFα and IL1α both at 10ng/ml). Initial 

analysis revealed higher detectable expression levels for miR125b (25.47 

Average Raw Ct values) when compared with miR326 (31.46 Average Raw 

Ct values) (data not shown). In a second experiment, cytokine treatment 

revealed a small, but significant increase in miR125b levels when compared 

with untreated monolayers (1.14±0.02 vs 1.00±0.01, p<0.05) (Figure 5.1). No 

alterations on miR326 levels were observed by addition of cytokines when 

compared with untreated controls (1.60±0.0.67 vs 1.57±0.69, p=0.97) 

(Figure 5.1). Due to these observations further experiments focused on 

miR125b and its role in the observed loss of barrier functions in our BBB in 

vitro model under inflammatory conditions.   
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Figure 5.1 – miR125b and miR326 regulation under 
inflammatory conditions. hCMEC/D3 cells confluent 
monolayers were incubated with a mixture of cytokines (TNFα 
and IL1α both at 10ng/ml) for 24h. miR125b and miR326 levels 
were determined by qRT-PCR. All measurements were 
normalised to RNU48 endogenous control. Statistically 
significant differences were assessed via t-test. Each bar 
represents the mean ±SEM for 3 wells. * p < 0.5. 
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5.2.2. miR125b transfection optimization in hCMEC/D3 cells 

In order to test miR125b effects on barrier permeability, hCMEC/D3 

cells were transfected with 200nM of miR125b mimic (miR125b-M) or 

miR125b inhibitor (miR125b-I) and grown on 0.3µm porous transwells until 

confluence was reached.  

As a first approach, hCMEC/D3 were transfected with 200nM of either 

miR125b mimic control (miR125b-MC) or miR125b inhibitor control (miR125b-

IC) in order to optimise transfection and culture conditions. Three different 

transfection incubation media were tested (culture media with 0% FCS, PBS 

and Nucleofector Solution) and cell recovery was studied at 24h intervals after 

transfection for up to 3 days. For miR125b-MC, transfection in the presence of 

cell culture media (0%FCS) caused a high mortality rate that was not recovery 

at either 24h, 48h or 72h post-transfection (Figure 5.2). Similarly, very few 

cells transfected with miR125b-IC in the presence culture media with 0%FCS 

survived, with no improvement at either 24h, 48h or 72h post-transfection 

(Figure 5.3). Much better survival was achieved when hCMEC/D3 cells were 

transfected in the presence of either PBS or the recommended Nucleofector 

Solution (for miR125b-MC and miR125b-IC) (Figure 5.2 and 5.3). With the 

exception of 0% FCS cases, hCMEC/D3 monolayers were able to reach 

confluence at 72h post-transfection, although in those transfected in the 

presence of PBS monolayers were slightly less packed (Figure 5.2 and 5.3). 

In subsequent experiments, transfected cells were cultured for 72h after 

transfection in order to develop confluent monolayers. 
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Figure 5.2 – Optimization of miR125b Mimic Control transfection 
conditions. hCMEC/D3 cells were transfected with miR125b mimic 
control (miR125b-MC) (200nM) in culture media with 0% FCS, PBS or 
Nucleofector Solution. Cells were imaged every 24h for up to 72h 
post-transfection.   
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Figure 5.3 – Optimization of miR125b Inhibitor Control transfection 
conditions. hCMEC/D3 cells were transfected with miR125b inhibitor 
control (miR125b-IC) (200nM) in culture media with 0% FCS, PBS or 
Nucleofector Solution. Cells were imaged every 24h for up to 72h post-
transfection. 
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In order to facilitate the study of transfection efficiency, the 

commercially available miR125b-IC was fluorescently tagged. Thus, 

transfection efficiency of hCMEC/D3 cells transfected with miR125b-IC in the 

presence of PBS or Nucleofector Solution was studied at 48h and 72h post-

transfection. As previously described, confluence was reached at 72h for 

hCMEC/D3 cells transfected in the presence of PBS or Nucleofector Solution, 

although in the latter a slightly cell density was reached (Figure 5.4). 

Transfection efficiency rates seemed to increase between 48h and 72h but in 

any case, higher rates were reached for PBS transfections at both time-points 

(Figure 5.4). Differences in the number of transfected cells between 48h and 

72h post-transfection could be due to cellular processing of miR125b-IC 

and/or cellular recovery effects. 

Due to the apparently higher transfection rates reached for miR125b-

IC (at 48h and 72h) when transfected in the presence of PBS rather than 

Nucleofector Solution (Figure 5.4), PBS was used in subsequent transfections 

despite the slightly lower cell density reached. This was also appropriate given 

the fact that over-confluent cells are known to be less responsive to stimulation 

in terms of their gene expression (Gavrilovic, personal communication). Thus, 

the level of confluence reached in PBS transfected hCMEC/D3 cells after 72h 

seems ideal to study miR125b driven changes in barrier integrity and gene 

expression levels.  
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Figure 5.4 – Optimization of miR125b Inhibitor Control 
transfection efficiency. (A) hCMEC/D3 cells were transfected with 
fluorescently tagged miR125b inhibitor control (miR125b-IC) (200nM) 
in either PBS or Nucleofector Solution. Transfection efficiency was 
studied at 48h and 72h post-transfection. (B) Bright field images of 
hCMEC/D3 cells transfected with fluorescently tagged miR125b 
inhibitor control (miR125b-IC) (200nM) in either PBS or Nucleofector 
Solution at 48h and 72h post-transfection. 
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5.2.3. miR125b dependent barrier modulation in hCMEC/D3 confluent 

monolayers 

In order to assess miR125b effects in our BBB in vitro model, 

hCMEC/D3 cells were transfected with miR125b-M (200nM), miR125b-I 

(200nM) and their respective controls (200nM).  Cells were seeded onto 0.3µm 

porous transwells and cultured for 3days. TEER measurements were taken 

every 24h and normalised to a cell-free coated-insert used as a negative 

control. Transfection with the inhibitor of miR125b (miR125b-I) significantly 

increased TEER values by nearly 1.5-fold at 48h (630.50±7.72 vs 

430.84±20.71 Ω/cm2, p<0.001) and to a slightly lower extent at 72h 

(575.53±27.20 vs 433.27±9.83 Ω/cm2, p<0.001) post-transfection when 

compared with control monolayers (Figure 5.5). Transfection with the mimic 

of mIR125b (miR125b-M) triggered a significant disruption in barrier integrity 

(measured as TEER) at 72h when compared with un-transfected monolayers 

(315.25±5.83 vs 433.27±9.83 Ω/cm2, p<0.01) (Figure 5.5). No effects were 

observed at either 24h or 48h, Thus, these observations suggest that miR125b 

may impair barrier integrity, since its inhibition increased TEER values above 

those of control hCMEC/D3 monolayers and transfection with miR125b-M 

significantly disrupted barrier properties. No differences in TEER values were 

reported after transfection with the appropriate controls, miR125b-MC or 

miR125b-IC, at any of the studied time points (Figure 5.5). A much higher 

TEER levels than the previously observed in this thesis was reported for 

hCMEC/D3 monolayers in these experiments. It is possible that the higher 

number of hCMEC/D3 cells used in order to compensate for the transfection-

derived mortality or the transfection itself could be behind this effect.  
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Figure 5.5 – miR125b impairs barrier properties in an in vitro 
model of the BBB. hCMEC/D3 transfected with 200nM of either a 
miR125b mimic (miR125b-M), a miR125b inhibitor (miR125b-I) (A), 
a miR125b mimic control (miR125b-MC) or a miR125b inhibitor  
control (miR125b-IC) (B) were seeded onto cell inserts (0.3µm 
porous) and grown for 3days. Cells were electroporated in the 
absence of miRNA were used as control (CTRL). Transendothelial 
Electrical Resistance (TEER) was measured to assess barrier 
integrity every 24h and normalised to a cell-free coated-insert used 
as a negative control. Statistically significant differences were 
assessed via One-way ANOVA with post-hoc Tukey. Each bar 
represents the mean ±SEM for 3 wells. * p < 0.5; ** p < 0.01; *** p < 
0.001. Experiment replicated 5 times.  

A 

B 
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In order to test the role of miR125b in barrier dysfunction under 

inflammatory conditions, hCMEC/D3 cells were transfected with miR125b-M 

(200nM) and miR125b-I (200nM) and then treated with a mixture of cytokines 

(TNFα and IL1α at 10ng/ml). After transfection cells were seeded into 0.3µm 

porous transwells and cultured for 3 days, with cytokines addition on the 

second day. TEER measurements were taken every 24h and normalised to a 

cell-free coated-insert. As previously described, addition of cytokines 

significantly reduced barrier properties when compared with untreated 

monolayers (281.30±1.98 vs 423.16±5.38 Ω/cm2, p<0.001) after 24h treatment 

(Figure 5.6). Cytokine addition in monolayers transfected with miR125b-M 

significantly reduced TEER values when compared not only to untreated and 

non-transfected controls (240.08±3.13 vs 423.16±5.38 Ω/cm2, p<0.001) but 

also when compared with non-transfected monolayers exposed to cytokines 

(240.08±3.13 vs 281.30±1.98 Ω/cm2, p<0.001) (Figure 5.6). Thus, this seems 

to suggest that an increase in miR125b levels could enhance cytokines-

mediated barrier disruption. Interestingly, cytokine addition in monolayers 

transfected with miR125b-I not only was no longer capable of triggering a 

reduction in TEER values when compared with untreated monolayers 

(533.50±7.14 vs 423.16±5.38 Ω/cm2, p<0.001), but had no effect on the 

previously observed miR125b-I driven increase in barrier stability (Figure 5.6).  

This observation could be suggesting that cytokines mediated effect on barrier 

stability in our BBB in vitro model could be miR125b-dependent. No 

differences in TEER values were reported after transfection with either 

miR125b-MC or miR125b-IC at any of the studied time points (Figure 5.6).  
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Figure 5.6 – miR125b may be underliyng cytokine-driven loss of 
barrier integrity. hCMEC/D3 transfected with 200nM of either a 
miR125b mimic (miR125b-M), a miR125b inhibitor (miR125b-I) (A), 
a miR125b mimic control (miR125b-MC) or a miR125b inhibitor  
control (miR125b-IC) (B) were seeded onto cell inserts (0.3µm 
porous). An empty transfection was used as control (CTRL). After 
48h, fresh media with or without a cytokine mixture (TNFα and IL1α 
both at 10ng/ml) was added. Cells were cultured for furhter 24h. 
Transendothelial Electrical Resistance (TEER) was measured to 
assess barrier integrity every 24h and normalised to a cell-free 
coated-insert used as a negative control. Statistically significant 
differences were assessed via t-test. Each bar represents the mean 
±SEM for 3 wells. *** p < 0.001. Experiment replicated 5 times. 

A 

B 
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5.2.4. Microarray analysis of hCMEC/D3 confluent monolayers  

hCMEC/D3 were transfected with miR125b-M, miR125b-I or run 

through an empty transfection and treated for 24h with cytokines (TNFα and 

IL1α at 10ng/ml) (in the presence or absence of Shh (100ng/ml) and Vitamin 

D3 (100nM)). Total RNA was isolated, verified and sent for microarray 

analysis. Statistical analysis was performed by Cambridge Genomics.  No 

significant changes in gene expression on the microarray were observed in 

miR125b-M or miR125b-I. In collaborative studies Dr Simon Moxon performed 

cumulative plot analysis for miR125 targets between mimic and inhibitor 

transfected cells (all treated with cytokines), although no differences were 

seen (Appendix 5.A). It is possible that more subtle miR125b driven changes 

were obscured by cytokine treatment, or miR125b driven changes in mRNA 

levels took place at earlier time-points.  

As expected, microarray analysis showed a broad gene regulation in 

response to cytokines with 518 genes showing a significant change (adjusted 

p value <0.05) greater than1.5-fold. Genomatix revealed a group of inter-

related genes (dotted outlines in Figure 5.7 and Figure 5.8) in the “cytokine 

signalling in immune system” pathway. Another pathway of interest emerging 

from this analysis was “Extracellular Matrix Remodelling” (dotted outline in 

Figure 5.9).  
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Figure 5.7 – Cytokine signalling in immune system pathway (A) retrieved by Genomatix. Cytokine responsive genes 
showing a significant change (adjusted p value < 0.05) greater than 1.5-fold in microarray analysis were imputed into 
Genomatix software. Changes in the “cytokines signalling in immune system” pathway are indicated as follow: red for up-
regulated, blue for down-regulated and orange for not-regulated. Genes of interest are highlighted by a dotted outline.  
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Figure 5.8 – Cytokine signalling in immune system pathway (B) retrieved by Genomatix. Cytokine responsive genes 
showing a significant change (adjusted p value < 0.05) greater than 1.5-fold in microarray analysis were imputed into 
Genomatix software. Changes in the “cytokines signalling in immune system” pathway are indicated as follow: red for up-
regulated, blue for down-regulated and orange for not-regulated. Genes of interest are highlighted by a dotted outline.  
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Figure 5.9 – Extracellular matrix remodelling pathway retrieved by Genomatix. Cytokine responsive genes showing a 
significant change (adjusted p value < 0.05) greater than 1.5-fold in microarray analysis were imputed into Genomatix 
software. Changes in the “Extracellular matrix remodelling” pathway are indicated as follow: red for up-regulated, blue for 
down-regulated and orange for no-regulated. Genes of interest are highlighted by a dotted outline. 



214 
 

Analysis of the literature revealed that some of the genes emerging 

from these pathways were previously associated in the literature with the 

pathogenesis of MS is shown (Table 5.2 and 5.3). Genes full names can be 

found in Appendix 5.B.  
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Table 5.2 – List of cytokine up-regulated genes associated with the 
pathogenesis of Multiple Sclerosis (MS) and retrieved from Genomatix 
pathway analysis.  

 
FOLD 

CHANGE 
OBSERVATION REFERENCE 

MMP3 ↑ 15.99 

LPS intracerebral injection showed 

reduced BBB opening and neutrophil 

infiltration in MMP3-/- mice 

Esparza et al., 2004 

mRNA levels elevated in Relapsing 

Remitting MS patients and in a murine 

virus induced model of MS 

Larochelle et al., 2011 

Rosenberg et al., 2001 

CXCL8 ↑ 14.29 

Promote neutrophil infiltration into the 

CNS through CXCR2 signalling 
Semple et al., 2010 

Increased expression in stimulated (TNFα 

and IL1β/INFγ) human cerebral 

microvascular ECs 

De Laere et al., 2017; 

O’Carroll et al., 2015 

CSF2 ↑ 5.67 
In a murine model of MS, CSF2 depletion 

resulted in disease resistance 
Ponomarev et al., 2007 

IL1β ↑ 5.60 

Facilitates transendothelial migration of 

activated leukocytes into the CNS 

Maghzi & Minagar, 

2014 

Increased expression in peripheral blood 

mononuclear cells from MS patients 
Heidary et al., 2014 

Mice lacking IL1B receptor (IL1R) show 

decreased disease severity and 

development in a model of MS 

Schiffenbauer et al., 2000 

Enhances barrier permeability in BBB in 

vitro models 
Ni et al., 2017 
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IL1α ↑ 5.29 

Polymorphisms have been associated 

with early disease onset in peripheral 

blood from MS patients 

Mirowska-Guzel et al., 

2011 

Mice lacking IL1A receptor (IL1R) show 

decreased disease severity and 

development in a model of MS 

Schiffenbauer et al., 2000 

Deletion of the IL1A gene did not impact 

disease onset or progression in a murine 

model of MS 

Lévesque et al., 2016 

ICAM1 ↑ 4.85 

Increased expression in the brain of a rat 

model of multiple sclerosis 
Elo et al., 2018 

Increased expression on activated BBB 

under inflammatory conditions such as MS 
Ortiz et al., 2014 

Increased expression at the inflamed BBB, 

contributing to increased leukocyte 

adhesion 

Cerutti et al., 2016 

GBP1 ↑ 4.45 

Upregulated in peripheral blood samples 

from MS patients treated with INFβ 
Goertsches et al., 2010 

Overexpression of GBP1 enhanced 

glioma cell invasion through MMP1 

induction in mice brains 

Li et al., 2011 

VCAM1 ↑ 3.43 

Increased expression on activated BBB 

under inflammatory conditions such as MS 
Ortiz et al., 2014 

Increased expression at the inflamed BBB, 

contributing to increased leukocyte 

adhesion 

Cerutti et al., 2016 

Cerutti et al., 2017 

NFκβIα ↑ 2.71 

Polymorphisms in its inhibitor IκBα are 

associated with increased susceptibility to 

MS 

Balood et al., 2014 

A protecting allele has been found in the 

NFKBIA promoter in patients with primary 

progressive MS  

Miterski et al., 2002 
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IL11 ↑ 2.27 

Increased serum levels during clinical 

relapses of MS patients. Additionally, the 

chromosomal region containing IL11 gene 

has been associated with MS 

susceptibility 

Zhang & Zhang, 2015 

ANGPT1 ↑ 2.07 

ANGPT1 treatment ameliorates 

inflammation-induced BBB leakage and 

cell infiltration into the CNS, reducing 

disease progression in a murine model of 

MS 

Jiang et al., 2014 

C/EBPβ ↑ 1.99 

Myeloid C/EBPβ deficiency leads to 

disease attenuation in a murine model of 

MS 

Pulido-Salgado et al., 2017 

 CNS expression of C/EBPβ was 

upregulated in MS samples and a murine 

model of MS 

Pulido-Salgado et al., 2017 

Microarray analysis indicate that EGR1 

could be central in MS pathogenesis 
Liu et al., 2013 

IL15Rα ↑ 1.93 

Inflammatory stimuli enhances IL5R gene 

expression in brain cerebral microvessels 
Pan et al., 2011 

Increased gene expression in the brain of 

a murine model of MS 
Wu et al., 2010 

CD44 ↑ 1.66 

CD44 deletion leads to disease 

attenuation in a murine model of MS 
Chitrala et al., 2017 

Hyaluronan triggers BBB breakdown 

through CD44 signalling in an in vitro 

model of the BBB 

Al-Ahmad et al., 2018 

SCF ↑ 1.52 
Increased levels in cerebrospinal fluid of 

MS patients 
Khaibullin et al., 2017 
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Table 5.3 – List of cytokine down-regulated genes associated with the 
pathogenesis of Multiple Sclerosis (MS) and retrieved from Genomatix 
pathway analysis.  

 
FOLD 

CHANGE 
OBSERVATION REFERENCE 

EGR1 ↓ 2.13 

Increased in brain lesions of MS patients Mycko et al., 2004 

Microarray analysis indicate that EGR1 

could be central in MS pathogenesis 
Liu et al., 2013 

CDKN2C ↓ 2.09 Unknown - 

FGF5 ↓ 1.67 

Compromised BBB integrity and 

increased permeability in 

FGF2−/−/FGF5−/− double mutant mice, 

although the reported results seem to be 

mainly due to FGF2 depletion 

Reuss et al., 2003 

DUSP4 ↓ 1.61 
DUSP1 has been associated with 

enhanced innate immunity 
Hendriks et al., 2013 

DUSP6 ↓ 1.51 
DUSP1 has been associated with 

enhanced innate immunity 
Hendriks et al., 2013 
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As it has been mentioned before, transfection with miR125b-M or 

miR125b-I did not trigger any major variation in gene expression levels. 

Similarly, no pathways were observed to be modulated. However, a closer 

analysis of more subtle variations (fold changes larger than 1.5) combined with 

a literature search for those genes previously associated with MS or BBB 

disruption retrieved a list of genes (Appendix 5.C) of interest to be validated 

through qRT-PCR. Once again, no effects were seen in miR125b-M or 

miR125b-I transfected samples after validation.  

5.2.5. Effect of cytokines, Shh and Vitamin D3 on steady state mRNA levels in 

hCMEC/D3 cells  

Steady state mRNA levels for several genes selected from the 

microarray were further explored with qRT-PCR. Changes observed are 

summarised together with the main observations from the literature in 

Table 5.4 
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Table 5.4 – Individual genes selected form microarray analysis associated with Multiple Sclerosis (MS) pathology and/or 
Blood Brain Barrier (BBB) disruption. Genes showing a significant change in microarray analysis greater than 1.5-fold (adjusted p 
value < 0.05) and associated with MS and/or BBB disruption in the literature were further analysed by qRT-PCR. Significant changes 
observed in 3 independent analysis are summarised in the table together with the most relevant observations from the literature. 
Vitamin D3 abbreviated as VitD3. (↑ for up-regulation; ↓ for down-regulation; - for unchanged). 

Gene 

Name 

Response to Treatments (n=3) 

Observation Reference 
Cytokines 

Shh + 

VitD3 

Cytokines + 

Shh + VitD3 

F3 ↑ ↓ ↓ Increased expression in MS 

plaques 
Reviewed in Wang et al., 2016 

Notch3 ↓ - ↓ Increased BBB permeability in 

Notch3-/- mice 
Henshall et al., 2015 

RORC ↓ - - 
Vitamin D3 inhibits Th17 

differentiation through RORC 

downregulation 

Hamzaoui et al., 2014 

Ikeda et al., 2010 

Zhang et al., 2008 

SMAD6 ↓ - ↓ 
Inhibitor of SMAD4, whose 

decreased activity has been 

associated with BBB opening 

Ronaldson et al., 2009 
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Thus, from the list of candidates, Tissue Factor 3 (F3 or TF) was the only one 

consistently regulated by a combination of Shh and Vitamin D3 and other genes such 

as Notch3 (Figure 5.10) did not respond to Shh and Vitamin D3 addition. Thus, future 

analysis will focus on F3 variations.  

Microarray analysis reported a cytokine-driven increase in F3 mRNA levels 

(adjusted p value = 0.04 and 1.77-fold increase). This cytokine effect was corroborated 

through validation by qRT-PCR of the same samples used in the microarray analysis 

(2.04±0.36 vs 1.04±0.16, p<0.05) (Figure 5.11). Additionally, microarray validation 

also revealed a Shh and Vitamin D3 driven reduction in F3 mRNA levels (0.48±0.09 

vs 1.04±0.16, p<0.05) when compared with untreated samples (Figure 5.11). In the 

presence of a combination of Shh and Vitamin D3, cytokine-driven increase in F3 gene 

expression levels was maintained when compared with untreated cells (2.92±0.49 vs 

1.04±0.16, p<0.05) (Figure 5.11).  
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Figure 5.10 – Notch3 mRNA levels are modulated by 
cytokines but not by combination of Shh and Vitamin D3.
hCMEC/D3 cells confluent monolayers were incubated with a 
mixture of cytokines (TNFα and IL1α both at 10ng/ml) and/or a 
combination of Shh (100ng/ml) and Vitamin D3 (VitD3) (100nM) 
before being sent for microarray analysis. Microarray reported 
variations in F3 mRNA steady-state levels when then validated 
by qRT-PCR analysis of the same samples. All measurements 
were normalised to 18S endogenous control. Statistically 
significant differences were assessed via One-way ANOVA with 
post-hoc Tukey. Each bar represents the mean ±SEM for 3 wells.  
** p < 0.01; ns = p > 0.5. Experiment replicated three times. 
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Figure 5.11 – F3 mRNA levels are modulated by cytokines 
and a combination of Shh and Vitamin D3. hCMEC/D3 cells 
confluent monolayers were incubated with a mixture of cytokines 
(TNFα and IL1α both at 10ng/ml) and/or a combination of Shh 
(100ng/ml) and Vitamin D3 (VitD3) (100nM) before being sent for 
microarray analysis. Microarray reported variations in F3 mRNA 
steady-state levels when then validated by qRT-PCR analysis of 
the same samples. All measurements were normalised to 18S 
endogenous control. Statistically significant differences were 
assessed via One-way ANOVA with post-hoc Tukey. Each bar 
represents the mean ±SEM for 3 wells. * p < 0.5; ** p < 0.01. 
Data from a single experiment. 
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In order to gain some detailed knowledge of the observed F3 regulation, 

hCMEC/D3 confluent monolayers were incubated with a mixture of cytokines (TNFα 

and IL1α at 10ng/ml), Shh (100mg/ml) and/or Vitamin D3 (100nM) for 4h, 8h, 12h and 

24h before measuring steady state mRNA levels by qRT-PCR. No variations in F3 

gene expression levels were detected in any of the different conditions at either 4h or 

8h after treatment addition (Figure 5.12). Interestingly, at both 12h (2.64±0.33 vs 

1.01±0.08, p<0.05) and 24h (6.30±1.06 vs 1.02±0.15, p<0.01), addition of cytokines 

caused a significant increase in F3 mRNA levels when compared with untreated 

controls (Figure 5.12). A combination of Shh and Vitamin D3 triggered a significant 

downregulation on F3 mRNA levels at 24h post-treatment (0.47±0.05 vs 1.02±0.15, 

p<0.01) (Figure 5.12). However, Shh and Vitamin D3 could only partially protect 

against cytokine-induced increase in F3 expression levels as, although significantly 

lower than the levels reported for cytokine-treated monolayers (2.39±0.32 vs 

6.30±1.06, p<0.05), F3 levels were still significantly higher than those for untreated 

controls (2.39±0.32 vs 1.02±0.15, p<0.01) (Figure 5.12). Interestingly, the Shh and 

Vitamin D3   partial protection against cytokine-driven increase in F3 mRNA levels was 

not observed in previous analysis (Figure 5.11). Despite this disparity, Shh and 

Vitamin D3 combined ability to partially protect against cytokine-driven increase in F3 

mRNA levels was again confirmed in a third independent experiment (not shown), 

supporting the results presented in Figure 5.12. Cytokine-mediated induction of F3 

gene expression seemed to be time-dependent, as cytokine-induced F3 levels 

became apparent between 12h and 24h after treatments (Figure 5.12).  

Cytokine-, Shh- and Vitamin D3-mediated regulation of F3 gene expression 

levels identify F3 as a possible candidate that could be behind the observed effects in 

barrier modulation. Attempts were made to explore effects of cytokines, Shh and/or 

Vitamin D3 on F3 protein levels. Unfortunately, Western Blot analysis could not be 

optimised and F3 was not detectable.   
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Figure 5.12 – A combination of Shh and Vitamin D3 can 
partially protect against cytokines-driven increase in F3
expression. hCMEC/D3 cells confluent monolayers were 
incubated with a mixture of cytokines (TNFα and IL1α both at 
10ng/ml) and/or a combination of Shh (100ng/ml) and Vitamin D3 
(VitD3) (100nM) during 4h, 8h, 12h and 24h. After treatment, 
mRNA steady-state levels of F3 were determined by qRT-PCR. 
All measurements were normalised to 18S endogenous control. 
Statistically significant differences were assessed via One-way 
ANOVA with post-hoc Tukey. Each bar represents the mean 
±SEM for 3 wells. * p < 0.5; ** p < 0.01. Experiment replicated 
twice. 
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5.3. DISCUSSION 

5.3.1. miR125b as a mediator of BBB stability 

Both miRNAs (miR125b and miR326) were expressed in hCMEC/D3 cultured 

monolayers, but only miR125b seemed to be responsive to cytokine stimulation 

(Figure 5.1), at the time-point studied. The response of miR125b to inflammatory 

conditions has been previously reported in the literature since stimulation of isolated 

murine splenocytes with TNFα could trigger an acute increase in miR125b levels after 

30min treatment (Tili et al., 2007). Regarding other miRNAs and BBB barrier function, 

Reijerkerk et al. reported a decrease in miR125a-5p levels in hCMEC/D3 monolayers 

in response to TNFα and INFγ-induced inflammation (Reijerkerk et al., 2013).  These 

authors demonstrated a role for miR125a-5p in loss of junctional integrity as well as 

lower expression in MS lesions. The same group also explored the role of miR155 in 

hCMEC/D3 cell barrier function, and here demonstrated a negative effect of miR155 

on dextran permeability.  

The observed ability of miR125b to directly impact on hCMEC/D3 barrier 

integrity has not been previously reported, to our knowledge (Figures 5.5 and 5.6). 

However, recently a role for miR125b in intestinal barrier dysregulation through 

cingulin downregulation has been shown (Martínez et al., 2017) together with an ability 

to target VE-cadherin translation in human umbilical ECs (Muramatsu et al., 2013). 

Intriguingly, miR125b inhibition can completely abrogate cytokine effects on TEER in 

our model system. It remains to be determined whether miR125b regulates barrier 

integrity in vitro e.g. through analysis of dextran permeability or immune-cell 

transmigration (and indeed in vivo). 

5.3.2. Microarray analysis of cytokine-mediated effects on hCMEC/D3 monolayers 

Microarray analysis of cytokine-treated hCMEC/D3 monolayers revealed 

increased and decreased expression of several genes summarised in Table 5.2 and 

Table 5.3, together with the most relevant observations related with MS pathogenesis. 

Interestingly, a previous study already reported cytokine-induced changes in 

hCMEC/D3 gene expression profile using a cytokine mixture of TNFα and INFγ 

(Lopez-Ramirez et al., 2013). Despite the fact that these authors used a different 
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cytokine combination, used, it is interesting to note that of the genes listed ICAM1, 

VCAM and IL15Rα and CXCL5 (Table 5.2) were reported to be up-regulated in 

response to cytokines in both studies (Lopez-Ramirez et al., 2013). These 

observations suggest that genes common to both studies are regulated by TNFα. As 

it has been previously discussed in chapter 1, TNFα, INFγ and IL1β are pro-

inflammatory cytokines secreted during neuroinflammation capable of promoting BBB 

permeability and enhancing further infiltration of activated immune cells into the brain 

(reviewed in Noseworthy et al., 2000). However, in the context of Multiple Sclerosis 

(MS), INFγ’s role seems contradictory: INFγ has been reported to promote 

pathogenesis in EAE mice (a murine model of MS) (Goverman, 2009; Hirota et al., 

2011); whereas studies with IFNγ−/− or IFNγ receptor (IFNγR)−/− mice reported a more 

severe EAE pathogenesis (Ferber et al., 1996; Krakowski & Owens, 1996; Willenborg 

et al., 1996). Additionally, in vitro studies with endothelial cells isolated from IFNγR−/− 

mice showed that leukocyte infiltration and BBB permeability could be prevented by 

reconstitution of IFNγR (Ni et al., 2014). Due to this controversial role of IFNγ in the 

pathology of MS this cytokine was not used in this thesis.  

5.3.3. Microarray analysis of miR125b-mediated effects of cytokines-treated 

hCMEC/D3 monolayers 

To further clarify the underlying mechanisms of miR125b-mediated effects of 

barrier integrity under inflammatory conditions, Microarray analysis of cytokines-

treated hCMEC/D3 monolayers transfected with miR125b mimic (also referred as 

miR125b overexpression) or inhibitor were performed.  

As it has been previously discussed, no miR125b-dependent changes were 

reported by our Microarray analysis of cytokines-treated hCMEC/D3 monolayers. It is 

possible that cytokine treatment overruled any subtler changes derived from miR125b 

overexpression or inhibition and, as such, future studies should focus on miR125b-

mediated effects under lower or absent inflammatory conditions. However, due to the 

major effects on cytokine-driven barrier TEER values observed by miR125b 

overexpression or inhibition (Figure 5.6), it is more likely that any miR125b-derived 

effects took place at earlier time-points. It seems unlikely that effects were on cell 

number given that total RNA isolated from cells transfected with miR125b mimic or 

inhibitor did not differ substantially from other treatments.  
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In order to explore possible miR125b effects, a closer analysis of more subtle 

variations (rather than whole pathways) retrieved a list of genes of interest previously 

related to MS in the published literature (Table 5.3). Validation by qRT-PCR revealed 

a cytokine-driven downregulation of Notch3, RAR Related Orphan Receptor C 

(RORC) and SMAD6 together with a consistent up-regulation of Tissue Factor or 

Coagulation Factor III (TF or F3) (Table 5.3). TNFα has been shown to induce Notch3 

expression in periodontal ligament stem cells (Ma et al., 2018) and human 

oesophageal epithelial cells (Kasagi et al., 2018). Similarly, TNFα was shown to induce 

RORC gene expression in CD4+ cells (Zheng et al., 2014) and SMAD6 mRNA levels 

in a murine myoblast cell line (Mukai et al., 2007). Whilst Vitamin D3 has been shown 

to downregulate Notch3 in mammosphere cultures (Shan et al., 2016), RORC gene in 

human naïve CD4+ T cells (Ikeda et al., 2010) and peripheral blood CD4+ T cells from 

asthmatic patients (Hamzaoui et al., 2014); and SMAD6 gene expression levels in a 

breast epithelial cell line (Lee et al., 2006), no consistent effects of Vitamin D3 

expression were observed in hCMEC/D3, suggesting cell-specific effects. 

Interestingly, cell surface complement pathway proteinase tissue factor (F3) 

was not only consistently up-regulated by cytokines but its gene expression could also 

be downregulated by a combination of Shh and Vitamin D3 in 3 out of 3 experiments 

(Figure 5.11 and 5.12). Additionally, the cytokine effect could be partially reversed by 

addition of Shh and Vitamin D3, suggesting a possible protection (Figure 5.11 and 

5.12). Of great relevance, F3 expression has been found to be increased in MS 

lesions, and pharmacologic inhibition of F3, as well as reduced expression in 

astrocytes, may ameliorate MS severity and progression in a murine model of MS 

(reviewed in Wang et al., 2016). TNFα was shown to increase F3 levels in isolated 

murine aortas and human HUVECs (Liang et al., 2014). On the other hand, Shh can 

induce F3 expression in cultured medulloblastoma cells (D’Asti et al., 2014). In 

vascular smooth muscle cells, the TNFα-induced increase in F3 expression and 

activity was inhibited by addition of the active form of Vitamin D3 (Martinez-Moreno et 

al., 2016).  

Induction of F3 triggers the coagulation cascade, which will ultimately lead to 

the formation of thrombin (reviewed in Owens & Mackman, 2010). Puhlmann et al. 

(2005) provided in vitro evidence of a major role for F3 in HUVEC permeability to 

Evans Blue, speculating on the role of thrombin in barrier disruption (Puhlmann et al., 
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2005). Thrombin’s ability to induce BBB breakdown has been more recently described 

in several models (Hun Lee et al., 2015; Li et al., 2015; Festoff et al., 2016). 

Interestingly, Machida et al. suggested that thrombin could be mediating BBB damage 

through an increased MMP-9 release from brain pericytes in a PAR-1-dependent 

manner (Machida et al., 2015). Thus, it is possible that the observed effects of 

cytokines, Shh and Vitamin D3 on barrier integrity in our in vitro BBB model could be 

a response, in part, to a variation in F3 and the consequent effect on thrombin levels. 

However, the absence of pericytes in our in vitro BBB model suggests that, if the 

observed effects are due to modulations in the F3/thrombin pathway, alternative 

mechanisms may be involved. Supporting this idea, in vitro studies in HUVEC mono-

culture showed that IL1β-mediated barrier disruption was dependent on F3 activity 

(Puhlmann et al., 2005). In this sense, studies in a mono-culture of mouse brain ECs 

reported an overall decrease in TJ protein levels (ZO-1, occluding and claudin-5) and 

TEER values after thrombin treatment (Lee et al., 2015), supporting the idea of a 

thrombin-mediated mechanism exclusive to ECs. Thus, further research should 

elucidate if the F3/thrombin pathway is playing a role in the observed cytokines-

mediated barrier dysfunction and the possibility of a Shh and Vitamin D3 driven 

protection in this context.  

Overall these observations further support the protective effect of the Vitamin 

D3 axis in BBB integrity whilst future studies will refine the individual effects of Vitamin 

D3 and Shh in our model system.   
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5.4. KEY FINDINGS 

 miR125b is expressed by hCMEC/D3 cells and its expression can be increased 

by a mixture of cytokines.  

 Overexpression of miR125b triggers a reduction in BBB integrity (measured as 

TEER), whereas its inhibition promotes BBB integrity above control levels 

(measured as TEER).  

 Cytokine-driven BBB breakdown can be further enhanced by miR125b 

overexpression (measured as TEER) whereas miR125b inhibition fully protect 

abrogates cytokine-driven effects, maintaining BBB integrity above control 

levels (measured as TEER). 

 hCMEC/D3 changes in gene expression profile after cytokine stimulation 

(Table 5.2 and Table 5.3). 

 Cytokine-mediated increase in F3 expression levels can be partially blocked by 

a combination of Shh and Vitamin D3. In the absence of cytokines, a 

combination of Shh and Vitamin D3 can also reduce F3 gene expression levels.  
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5.5. FUTURE STUDIES 

 Expression of miR326 should be explored at earlier time-points following 

hCMEC/D3 treatment with cytokines 

 The effects of miR125b overexpression and inhibition on hCMEC/D3 gene 

expression profile should be assessed in the absence of cytokines 

 The effects of miR125b overexpression and inhibition on hCMEC/D3 gene 

expression profile under inflammatory conditions should be assessed at earlier 

time-points.  

 The effects of miR125b overexpression and inhibition in BBB stability (in the 

presence and absence of cytokines) should be assessed with an alternative 

method (e.g. fluorescently labelled dextran extravasation or activated immune-

cell transmigration).  

 Vitamin D3 effects on expression of Notch3, RORC and SMAD6 should be 

studied in our BB in vitro model at different time-points.  

 The reported modulation of F3 should be also assessed at protein and activity 

(procoagulant activity assay) levels. 

 The functional role of the F3/thrombin pathway in barrier integrity, and the 

effects of inflammation, Shh and Vitamin D3, should be assessed in our in vitro 

BBB model. 
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6. Discussion 
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The work presented in this thesis seems to indicate that both Hedgehog and 

Vitamin D3 pathways could be synergistically interacting in order to protect against the 

observed cytokine-driven loss in endothelial barrier stability. As previously discussed 

in Chapter 3 and 4, Shh and Vitamin D3 could be mediating their protection against 

cytokine-driven endothelial barrier disruption through regulation of metalloproteinase 

levels and/or activities. This and other alternative mechanisms by which Shh and 

Vitamin D3 could be synergistically protecting against cytokine’s effects will be 

discussed below. 

6.1. ZO-1 regulation and cytoskeletal rearrangements 

The effects of inflammation on the integrity of endothelial barriers has been broadly 

reported in the literature (Forster et al., 2008; Aslam et al., 2012; Cohen et al., 2013; 

Labus et al., 2014). However, the mechanisms underlying this effect are not yet fully 

understood.  

The most obvious manner in which cytokines could modulate BBB stability is 

through direct regulation of junctional proteins. In this regard, studies in mouse brain 

ECs described repressive elements in claudin-5 promoter responsive to TNFα-

mediated NFкβ signalling (Aslam et al., 2012). Similarly, studies in HUVECs have 

reported a decrease in ZO-1 gene expression levels following TNFα stimulation 

(Zhang et al., 2017). Agreeing with this, stimulation with a mix of cytokines significantly 

reduced ZO-1 mRNA levels in our BBB in vitro model (Chapter 3). Interestingly both 

Shh and Vitamin D3 pathways can increase ZO-1 mRNA levels in brain endothelium 

(chapter 4; Xia et al., 2013; Won et al., 2015), offering a possible route for the observed 

Shh and Vitamin D3 synergistic protection against cytokine-driven loss in barrier 

integrity. However, the mechanisms by which cytokine, Shh and Vitamin D3 signals 

are integrated by the cell in order to modulate ZO-1 expression levels remain unclear. 

For example, in vitro studies using human tubular epithelial kidney cells have shown 

that Vitamin D3 can induce a direct interaction between VDR and one of NFкβ’s 

subunit (p65) resulting in the sequestration of the latter (Tan et al., 2008). NFкβ’s 

subunit p65 can be retained in the cytoplasm by direct binding with IkB, leading to 

NFкβ repression (May & Ghosh, 1998). However, upon phosphorylation, IkB is 

targeted for proteasomal degradation resulting in p65 nuclear translocation and 

consequent targeting of NFкβ’s responsive genes (May & Ghosh, 1998).  In this 
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regard, Vitamin D3 treatment has been shown to inhibit IkB phosphorylation (and 

consequent degradation) in a brain microvascular endothelial cell line (Won et al., 

2015). Additionally, studies in shVDR endothelial cells (endothelial cells in which VDR 

expression was blocked by shRNA) showed a reduction in IkB levels accompanied by 

an increase in nuclear p65 (Bozic et al., 2015). Thus, these observations support the 

suggested Vitamin D3’s inhibitory effect on NFкβ signalling. 

Although not in the context of the BBB, a cross-talk between Shh and NFкβ has 

been also described in the literature, but its outcome its highly dependent on the 

studied cell type: cytokine-dependent NFкβ activation can be suppressed by 

exogenous addition of Shh in a pancreatic cell line (Umeda et al., 2010), whereas Shh 

can induce NFкβ transcriptional activity in a human renal cell carcinoma cell line 

(Dormoy et al., 2009). Interestingly, Akt phosphorylation (and consequent activation) 

is a shared element between the cytokine (reviewed in Alvarez et al., 2011), Shh 

(Kanda et al., 2003; Riobo et al., 2006) and Vitamin D3 (Zhang & Zanello, 2008; Datta 

Mitra et al., 2013) signalling routes, also pointing towards Akt as a possible molecular 

switch capable of integrating all these pathways. 

 

6.2. ZO-1 phosphorylation: possible role in VitD3 and Shh effects on barrier 

integrity 

Interestingly, ZO-1’s phosphorylation signature can impact on its cellular 

localization: whereas tyrosine phosphorylation has been correlated with both 

increased and decreased barrier permeability, depending on the cell type, 

serine/threonine phosphorylation can promote ZO-1 endosomal internalization 

accompanied by an increase in permeability in epithelial cells (reviewed in Harhaj & 

Antonetti, 2004). In this regard, the PI3K/Akt pathway can mediate ZO-1 

phosphorylation and consequent regulation of cellular distribution (Furuse et al., 

1999). Thus, it is also possible that cytokine-, Shh- and Vitamin D3-driven regulation 

of barrier properties could be mediated by changes in ZO-1 phosphorylation signature, 

affecting its cellular distribution and its ability to form functional junctions. In this 

regard, the work presented in this thesis regarding Akt’s inhibition effects on ZO-1 
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subcellular localization in MCEC-1 monolayers seem to indicate the all these pathways 

could be, at some point, regulated by Akt activity.  

ZO-1 proteins act as adaptor proteins between the transmembrane junctional 

components (such as claudins and occludin) and the actin cytoskeleton (Fanning et 

al., 1998; Itoh et al., 1999). In this sense, ZO proteins work as adaptors between the 

dynamic cytoskeleton and the stable TJs, providing ECs with a barrier that can adjust 

to different cellular requirements. Under certain environmental conditions, actin 

filaments can change their usual conformation (distributed across the ECs as short 

filaments and monomers) and polymerise into large structures known as stress fibers 

(Burridge & Wittchen, 2013). In vitro studies using isolated mouse brain capillaries and 

human brain microvascular ECs have shown that the formation of stress fibers can 

increase cytoskeletal tension, leading to impaired TJ formation (McKenzie & Ridley, 

2007; Shi et al., 2016). Interestingly, exposure of brain microvascular ECs to TNFα 

increases actin stress fibre formation, leading to a loss of ZO-1 immunostaining and 

an increase in barrier permeability (Wiggins-Dohlvik et al., 2014). Thus, it is possible 

that the cytokine-mediated increase in barrier permeability observed in our in vitro BBB 

model could be due to an enhanced formation of stress fibers and the consequent 

junctional disassembly.  

6.3. Actin and junctional integrity 

Actin contractility is induced by the phosphorylation of myosin light chain (MLC), 

which is in turn activated by the RhoA/ROCK/myosin-light chain kinase (MLCK) 

pathway (Hathaway et al., 1981). Interestingly, studies in human microvascular 

cardiac cells showed an ability for Shh to induce RhoA activation and the consequent 

formation of actin stress fibers (Chinchilla et al., 2010). This observation seems to 

contradict the observed protective effect of Shh against cytokine-mediated loss in 

barrier integrity, but it is possible that Shh effects could be cell type-specific. However, 

studies in brain microvascular ECs showed that Shh promotes angiogenesis after 

oxygen-glucose deprivation through an enhanced RhoA/ROCK pathway, suggesting 

that this mechanism could be conserved in the context of the BBB (He et al., 2013). 

Additionally, although no data is available in the context of the BBB, Vitamin D3 has 

been reported to reduce stress fibre formation in primary pancreatic stellate cells 
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(Wallbaum et al., 2018), offering another possible mechanism by which Vitamin D3 

could be enhancing barrier formation in the presence of cytokines.  

6.4. Roles of RhoA activation and CREB in barrier integrity 

Studies in hCMEC/D3s show an actin-mediated nuclear translocation mechanism 

for ZO-1 following RhoA/ROCK/MLCK activation resulting in ZO-1 internalisation and 

TJ impairment (Zhong et al., 2012). This research also reported that Rho activation 

can trigger cAMP Response Element Binding Protein (CREB) phosphorylation, which 

in turn could enhance MLC activation (Zhong et al., 2012). CREB is a transcription 

factor that can recognise and bind to a CREB Responsive Element (CRE) present in 

the promoter region of many cAMP-responsive genes (Johannessen et al., 2004) 

including ZO-1 (Chen et al., 2008; Zhong et al., 2012). Akt can phosphorylate and 

activate CREB (Du & Montminy, 1998), so it could be proposed that Akt-mediated 

phosphorylation of CREB could enhance DNA binging activities leading to an increase 

in ZO-1 transcription, which would in turn enhance BBB integrity. However, Akt/CREB-

dependent modulation of ZO-1 gene expression in the context of the BBB remains to 

be fully elucidated, but it seems that, overall, the Akt/CREB pathway could mediate 

opposing effects on BBB stability, inducing ZO-1 internalisation and TJ disruption or 

directly promoting ZO-1 gene expression.  

The suggested Akt/CREB modulation of ZO-1 expression offers a new mechanism 

in which cytokine-, Shh- and Vitamin D3- pathways could converge, not only through 

regulation of Akt, but also through the modulation of CREB activities. Vitamin D3 

promotes CREB binding in a monocytic cell line (Moeenrezakhanlou et al., 2007). In 

contrast, detailed studies of the renin promoter showed that Vitamin D3 (through VDR) 

can block renin gene expression by blocking CREB binding, a renin activator (Yuan et 

al., 2007); The role of the Akt/CREB pathway as a converging point for the cytokine, 

Shh and Vitamin D3 pathways needs to be further explored in the context of the BBB 

and inflammation, as the previous literature seems to suggest a wide variability 

depending on the studied cell type and integrated stimuli.    
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Figure 6.1 - Possible mechanisms underlying cytokine, Shh and 
Vitamin D3 interactions regulating junctional ZO-1 in the BBB. 
Interactions validated in the context of the BBB are represented by solid 
lines, while dotted lines refer to connections in a different cellular context. 
Arrowheads indicate activation, right-angle lines inhibition and filled circles 
an uncertain effect. See text for discussion of pathways depicted.  
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Actin-mediated disassembly of TJs could result in the opening of cell-to-cell 

contacts, exposing other junctional proteins and ECM components to the degradation 

by surrounding metalloproteinases. As discussed, NFkβ activation results in the 

transcription of several (M)MPs (such as MMP1, 3, -9, -10, -12 and -13 (Lee et al., 

2007; Akhtar et al., 2010; Fanjul-Fernandez et al., 2010; Nakayama, 2013; Yun et al., 

2014) and some ADAMTS proteinases (Li et al., 2015; Sun et al., 2015). Recent in 

vitro studies with a human brain microvascular EC line has shown that under hypoxic 

conditions NFkβ can mediate BBB disruption through enhanced MMP9 expression 

(Won et al., 2015). Thus, it is possible that the reported modulation of 

metalloproteinase levels seen in this thesis could be responding to a cytokine-, Shh- 

and/or Vitamin D3-dependent regulation of NFkβ. Future studies should assess the 

role of NFkβ in metalloproteinase expression in the context of our in vitro BBB model.  

6.5. Regulation of metalloproteinase activity 

Preliminary experiments with a broad inhibitor of endocytic processes revealed not 

only that endocytosis mechanisms could be regulating metalloproteinase (MMP3) 

extracellular levels endogenously but also that Shh and Vitamin D3 reduction in 

metalloproteinase (MMP3) secreted levels could be also mediated by an endocytic 

mechanism, perhaps involving LRP1.  Cytokine suppression of LRP1 has been 

observed at the protein level in chondrocytes (Yamamoto et al., 2017) and in this thesis 

mRNA levels were reduced by cytokines in human endothelial cells (Chapter 4). In the 

context of neuroinflammation, LRP1 has been described to participate in the 

extracellular clearance of various metalloproteinases (MMP-2, -9, -14, -16 and -17) 

and their inhibitor TIMP1 (reviewed in Gonias & Campana, 2014). Additionally, LRP1 

may be also playing an essential role in pathologies such as MS through the clearance 

of extracellular debris and degraded myelin, both important enhancers of the immune 

response (reviewed in Gonias & Campana, 2014). In this sense, LRP1 expression has 

been shown to be increased in patient’s chronic active MS lesions (Hendrickx et al., 

2013). 

LRP proteins are not only known for participating in the extracellular clearance of 

secreted proteins but also to trigger intracellular signalling cascades (Suzuki et al., 

2009; Zhang et al., 2007). In this regard, several studies have reported LRP ability to 

impact on NFkβ activity: in ECs, LRP mediates NFkβ-dependent activation of E-
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selectin gene expression in an in vitro model of atherosclerosis (Yu et al., 2005); in an 

murine model of middle cerebral artery occlusion, tissue plasminogen (tPA)-mediated 

activation of LRP triggered NFkβ activation and the consequent inflammatory 

response (Zhang et al., 2007); however, studies in a macrophage cell line reported 

LRP1’s ability to repress NFkβ activity in response to TNFα stimulation, pointing 

towards LRP1 as an anti-inflammatory agent (Gaultier et al., 2008). Thus, it is possible 

that LRP-mediated modulation of NFkβ depends on the studied cell type and/or the 

stimuli, indicating that further research is needed regarding LRP/NFkβ signalling under 

inflammatory conditions in the context of the BBB. In any case, Shh and Vitamin D3 

seen ability to reverse cytokine-driven decrease in LRP1 gene expression levels 

(Chapter 4) should be also considered as an alternative mechanism by which cytokine, 

Shh and Vitamin D3 signalling pathways could be converging in the regulation of NFkβ 

activities and, consequently, BBB stability. Further studies should assess the role of 

LRP/NFkβ signalling cascade in BBB maintenance under inflammatory conditions and 

how Shh and/or Vitamin D3 could be modulating this mechanism in order to protect 

barrier integrity. 
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Figure 6.2 - Possible mechanisms underlying cytokine, Shh and 
Vitamin D3 interactions regulating metalloproteinase levels in the 
BBB. Cytokines reduce LRP1 expression. VitD3/VDR complex can target 
genes with a  Vitamin D3 response element such as LRP1. In this thesis we 
see a combined ability of Shh and Vitamin D3 to induce LRP1 gene 
expression. LRP1 can mediate the endocytosis of secreted 
metalloproteinases and impact on NFкβ activity through its intracellular 
effects in other cell types. Interactions validated in the context of the BBB 
are represented by solid lines, while dotted lines refer to connexions 
described in a different cellular context. Arrowheads indicate activation, 
right-angle lines inhibition and filled circles an uncertain effect. See text for 
discussion of pathways depicted. 
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6.6. F3 as a regulator of BBB integrity 

Interestingly, cell surface complement pathway proteinase tissue factor 

(F3) gene expression was up-regulated by and downregulated by a 

combination of Shh and Vitamin D3, also capable of partially reversing 

cytokine’s effect (Chapter 5, Figure 5.7).  

Induction of F3 triggers the coagulation cascade (Figure 6.3), which will 

ultimately lead to the formation of thrombin (reviewed in Owens & 

Mackman, 2010). Thrombin has been described to be capable of inducing 

cell contractility in lung endothelial barriers through MLC activation 

(reviewed in Kása et al., 2015) which, as it has been previously discussed, 

can lead to endothelial barrier disruption. Additionally, thrombin’s ability to 

induce BBB breakdown has been recently described in the published 

literature (Hun Lee et al., 2015; Li et al., 2015; Festoff et al., 2016) as 

previously discussed. Treatment with coagulation inhibitors (such as 

heparin or dermatan sulfate) has been shown to reduce EAE severity and 

progression (Chelmicka-Szorc & Arnason, 1972; Inaba et al., 1999). 

Intriguingly, the levels of thrombin inhibitors were reported to be elevated 

during the course of acute EAE (a murine model of MS), although the 

authors speculate that this increase could be due to the EAE-associated 

increase in BBB permeability and the consequent entry of plasma 

components (including coagulation factors and their inhibitors) into the 

CNS (Beilin et al., 2005). In any case, the F3/thrombin pathway has been 

described in the literature to be cytokine-, Shh- and Vitamin D3- regulated: 

TNFα was shown to increase F3 levels in mouse isolated aortas and 

human HUVECs (Liang et al., 2014); Shh can induce F3 expression in 

cultured medulloblastoma cells (D’Asti et al., 2014); in vascular smooth 

muscle cells TNFα-induced increase in F3 expression and activity was 

inhibited by addition of Vitamin D3’s active form (Martinez-Moreno et al., 

2016); Vitamin D3 can down-regulate the expression of F3 in monocytic 

cells (Ohsawa et al., 2000) and studies in VDR knock-out mice have 

reported an increase in platelet aggregation through a down-regulation in 

the levels of anti-thrombin, suggesting a role for Vitamin D3 as a regulation 

of the coagulation cascade (Aihara et al., 2004) (Figure 6.4). Thus, Shh 
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and Vitamin D3 pathways could impact on each other in order to modulate 

BBB integrity through the F3/thrombin signalling cascade, the previously 

discussed literature points at the F3/thrombin pathway as a possible 

converging point for all these three pathways to exert their cross-talk.  
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Figure 6.3 – Schematic representation of the Tissue 
Factor (F3) mediated pathway of the coagulation 
cascade. The coagulation cascade will eventually lead to the 
activation of thrombin and the consequent loss in Blood-
Brain Barrier (BBB) integrity.  
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Figure 6.4 - Possible mechanisms underlying cytokine, Shh and 
Vitamin D3 interactions regulating F3 levels in the BBB. Interactions 
validated in the context of the BBB are represented by solid lines, while 
dotted lines refer to connections in a different cellular context. Arrowheads 
indicate activation, right-angle lines inhibition and filled circles an uncertain 
effect. See text for discussion of pathways depicted. 
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6.7. FUTURE STUDIES 

 Future studies should assess the role of NFkβ in the regulation of 

barrier functions in our in vitro model of the BBB. Additionally, the 

impact of cytokines, Shh and Vitamin D3 signalling on NFkβ regulation, 

on how all these three pathways could be integrated by NFkβ should 

be also studied. Assessing NFkβ nuclear translocation through 

immunostaining could be a suitable first approach. The potential 

synergistic effect of Shh and Vitamin D3 in BBB integrity and 

subsequent pathology could be assessed in vivo in the EAE mouse 

model for MS (a murine model of MS), with analysis of NFKB 

translocation in endothelial cells ex vivo. NFkβ inhibitors have been 

successfully used as treatment for MS (Leibowitz & Yan, 2016) so their 

impact on disease severity and progression in combination with Shh 

and/or Vitamin D3 could be assessed in EAE mice. Additionally, EAE 

could be induced in a NFkβ reporter mouse system, monitoring NFkβ 

responses to EAE and eventually Shh and/or Vitamin D3 treatment. 

However, off-target effects of Shh treatment should be considered as it 

has been previously described to increase the migratory ability of 

activated monocytes (Dunaeva et al., 2010), pro-metastatic cells and in 

early stages of tumour development (reviewed in Skoda et al., 2017).  

 Akt’s potential role as a converging point for the cytokines, Shh and 

Vitamin D3 pathways in the context of our BBB in vitro model should 

also be assessed as it could be the start to elucidate the mechanism by 

which these pathways could impact on each other. The preliminary 

experiments in MCEC-1cells presented in this thesis support Akt’s 

involvement in all these three pathways and should be explored in our 

BBB in vitro system. However, since Akt plays a crucial role in a wide 

range of intracellular pathways, its inhibition could affect many cellular 

processes. As an alternative, the implication of Akt in the cytokine, Shh 

and Vitamin D3 pathways could be also studied through the 

assessment of Akt activation (phosphorylation).  

 Previous literature suggests that ZO-1 phosphorylation could be 

regulating its cellular localisation and, consequently, junctional stability. 
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The impact of cytokines, Shh and Vitamin D3 signalling on ZO-1 

phosphorylation pattern, together with its relevance in ZO-1 localization 

should be assessed. Additionally, Akt’s suggested role as the kinase 

responsible for ZO-1 phosphorylation could be also explored. 

o If ZO-1 phosphorylation signature proved to be modulated by 

cytokines, the effects of targeted mutation of ZO-1 

phorphorylatable residues in BBB maintenance could be 

explored.  

o Alternatively, if Shh and/or Vitamin D3 treatment was shown to 

protect against cytokine-mediated changes in the ZO-1 

phosphorylation pattern, the potentially protective effects of Shh 

and/or Vitamin D3 in BBB maintenance through ZO-1 

phosphorylation could be studied in the EAE mouse model).  

 Cytoskeletal reorganization mechanisms should also be considered as 

a mechanism underlying BBB modulation. Thus, cytokines, Shh and/or 

Vitamin D3 effects on cytoskeletal dynamics should be explored. 

However, as per Akt, actin remodelling is an essential step involved in 

many cellular processes. Thus, changes in cytoskeletal reorganization 

should be studied in combination with its effects on junctional proteins 

distribution. Additionally, if studied through a pharmacological 

approach, cell survival should be carefully monitored. 

 LRP1 represents an exciting molecule for future study and, as such, in 

vitro studies with LRP1 specific inhibitors should be also performed. If 

LRP1 was shown to be involved in BBB maintenance in our in vitro 

system, future experiments should focus on exploring the role of LRP1 

in BBB maintenance in vivo; the effects of LRP1 selective endothelial 

knockdown (LRP1-/-) on BBB maintenance and disease progression 

could be explored in EAE mice (a murine model of MS).   

 Further studies should assess the role of LRP/NFkβ signalling cascade 

in BBB maintenance under inflammatory conditions and how Shh 

and/or Vitamin D3 could be modulating this mechanism in order to 

protect barrier integrity. 
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 The effects of miR125b overexpression and inhibition on hCMEC/D3 

gene expression profile under unstimulated conditions and also at 

earlier time-points under inflammatory conditions should be assessed. 

 The role of F3/thrombin pathway in barrier stability, and the effects of 

inflammation, Shh and Vitamin D3 as modulators of this pathway should 

be assessed in our in vitro BBB model. If the F3/thrombin pathway 

proved to be BBB disruptive and/or responsive to any of the afore 

mentioned stimuli future experiments should focus on F3/thrombin role 

in BBB maintenance in vivo; the effects of Shh and/or Vitamin D3 

treatment in the F3/thrombin pathway, BBB maintenance and disease 

progression could be studied in EAE mice (a murine model of MS). 

Additionally, the effects of F3 selective endothelial deletion on BBB 

maintenance and disease progression could be also explored in the 

presence and absence of Shh and/or Vitamin D3. There is no evidence 

of F3-/- mice viability on the published literature, but some work has 

been published with a TFPI (F3 pathway inhibitor) knockout mice 

(Wang et al., 2018) in which EAE could be induced and disease 

progression and severity could be studied in the context of an 

overactive F3 pathway.  Additionally, the protective effects of Shh 

and/or Vitamin D3 could be tested in this context. 
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7. APPENDIX 
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Appendix 3.A – Variations in MCEC-1 cell size. Cell size variations 
were not treatment-dependent but seems to be associated with the 
particular areas of the immunolabelled coverslip: peripheral (A) or 
central (B). Confluent MCEC-1 monolayers were immunolabelled for 
ZO-1 protein to visualise tight junctions. 
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Appendix 3.B – Shh or Vitamin D3 increase junctional fluorescent intensity. Confluent MCEC-1 monolayers untreated (CTRL) 
and treated with either Shh (100ng/ml) or Vitamin D3 (100nM) for 24h. Cells were immunolabelled for ZO-1 to visualise tight junction 
integrity. Quantification of fluorescent intensity across the selected junction originated bell curves with a peak corresponding with 
the centre of a particular junction. Differences between peaks were used to quantify junctional integrity. Analysis performed with 
Andor IQ2 software. Statistically significant differences were assessed via One-way ANOVA with post-hoc Tukey. Each bar 
represents the mean ±SEM for 3 independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001.  
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Appendix 3.C – Hedgehog pathway abrogation in the presence of cytokines can further reduce tight junction stability. 
MCEC-1 monolayers incubated with a mixture of cytokines (TNFα and IL1α) (100pg/ml), the hedgehog pathway inhibitor 
cyclopamine (4µM) or a combination of both during 24h.  CTRL, untreated cells. Cells immunolabelled for ZO-1 to visualise tight 
junction integrity. Quantification of fluorescent intensity across the selected junction originated bell curves with a peak 
corresponding with the centre of a particular junction. Differences between peaks were used to quantify junctional integrity. Analysis 
performed with Andor IQ2 software. Statistically significant differences were assessed via One-way ANOVA with post-hoc Tukey. 
Each bar represents the mean ±SEM for 3 independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001.  
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Appendix 3.D – A combination of Shh and Vitamin D3 rescues cytokines and cyclopamine driven loss of junctional 
stability. MCEC-1 monolayers incubated with a combination of Shh (100ng/ml) and/or Vitamin D3 (100nM) in the absence or 
presence of a mixture of cytokines (TNFα and IL1α) (100pg/ml) and the hedgehog pathway inhibitor cyclopamine (4µM) for 24h. 
Untreated monolayers are represented as controls (CTRL). Cells were immunolabelled for ZO-1 to visualise tight junction integrity. 
Quantification of fluorescent intensity across the selected junction originated bell curves with a peak corresponding with the centre 
of a particular junction. Differences between peaks were used to quantify junctional integrity. Analysis performed with Andor IQ2 
software. Statistically significant differences were assessed via One-way ANOVA with post-hoc Tukey. Each bar represents the 
mean ±SEM for 2 independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001. Preliminary results. 



255 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 3.E – Shh or Vitamin D3 cannot rescue cytokines and cyclopamine driven loss of junctional stability
individually. MCEC-1 monolayers incubated with a mixture of cytokines (TNFα and IL1α) (100pg/ml) and the hedgehog pathway 
inhibitor cyclopamine (4µM) together with Shh (100ng/ml) or Vitamin D3 (100nM) for 24h. Untreated monolayers are represented 
as controls (CTRL). Cells were immunolabelled for ZO-1 to visualise tight junction integrity. Quantification of fluorescent intensity 
across the selected junction originated bell curves with a peak corresponding with the centre of a particular junction. Differences 
between peaks were used to quantify junctional integrity. Analysis performed with Andor IQ2 software. Statistically significant 
differences were assessed via One-way ANOVA with post-hoc Tukey. Each bar represents the mean ±SEM for 2 independent 
experiments.  * p < 0.05; ** p < 0.01; *** p < 0.001. Preliminary results. 
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Appendix 3.F – Cytokines, Shh and Vitamin D3 driven modulation of 
junction stability is Akt dependent. MCEC-1 monolayers incubated with 
a mixture of cytokines (TNFα and IL1α) (100pg/ml), Shh (100ng/ml) and 
Vitamin D3 (100nM) alone or in combination with the Akt inhibitor MK-22016 
(5µM) for 24h. Untreated monolayers are represented as controls (CTRL).
Cells were immunolabelled for ZO-1 to visualise tight junction integrity. 
Quantification of fluorescent intensity across the selected junction
originated bell curves with a peak corresponding with the centre of a 
particular junction. Differences between peaks were used to quantify 
junctional integrity. Analysis performed with Andor IQ2 software. Statistically 
significant differences were assessed via One-way ANOVA with post-hoc 
Tukey. Each bar represents the mean ±SEM for 3 independent 
experiments. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Appendix 3.G – Cytokines and cyclopamine driven loss of tight junction stability is metalloproteinase dependent MCEC-
1 monolayers incubated with a mixture of cytokines (TNFα and IL1α) (100pg/ml) and the hedgehog pathway inhibitor cyclopamine 
(4µM) in the presence or absence of a broad-spectrum metalloproteinase inhibitor (GM6001) for 24h. GM6001 negative control 
(NC) and untreated monolayers (CTRL) were used as controls. Cells were immunolabelled for ZO-1 to visualise tight junction 
integrity. Quantification of fluorescent intensity across the selected junction originated bell curves with a peak corresponding with 
the centre of a particular junction. Differences between peaks were used to quantify junctional integrity. Analysis performed with 
Andor IQ2 software. Statistically significant differences were assessed via One-way ANOVA with post-hoc Tukey. Each bar 
represents the mean ±SEM for 3 independent experiments. * p < 0.05; *** p < 0.001.  
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Appendix 3.H – Raw Ct Values for the measured genes in MCEC-1 
monolayers. MCEC-1 cells confluent monolayers incubated with a mixture 
of cytokines (TNFα and IL1α), cyclopamine alone or in combination. 
Untreated monolayers (CTRL) were used as controls. After 24h treatment, 
MMP3, 10 and 13 steady-state mRNA levels were determined by qRT-PCR. 
Raw Ct values for 3 replicates of the studied gene are shown. 
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Appendix 3.I – Shh or Vitamin D3 addition had no effect in ZO-1 
expression levels. MCEC-1 cells confluent monolayers incubated with Shh 
(100ng/ml) or Vitamin D3 (100nM) during 24h. Untreated monolayers 
(CTRL) were used as controls.  After treatment, ZO-1 mRNA steady-state 
levels were determined by qRT-PCR with normalisation to 18s expression. 
Fold-change is depicted relative to untreated control. Statistically significant
differences were assessed via One-way ANOVA with post-hoc Tukey. Each 
bar represents the mean ±SEM for 3 wells. Representative experiment 
depicted. Experiment replicated 3 times. 
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Appendix 3.J – Gli3 or Ptch1 gene expression levels were not altered 
by addition of cytokines or Hedgehog pathway abrogation. MCEC-1 
cells confluent monolayers incubated with a mixture of cytokines (TNFα and 
IL1α) (100pg/ml), cyclopamine, or a combination of both during 24h. 
Untreated monolayers (CTRL) were used as control. After treatment, Gli3 
and Ptch1 mRNA steady-state levels were determined by qRT-PCR with 
normalisation to 18s expression. Fold-change is depicted relative to 
untreated control. Statistically significant differences were assessed One-
way ANOVA with post-hoc Tukey. Each bar represents the mean ±SEM for 
3 wells. Representative experiment depicted. Experiment replicated 3 
times. 
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Appendix 3.K – Gli2 or Smo gene expression levels were not altered 
by addition of Shh or Vitamin D3. MCEC-1 cells confluent monolayers 
incubated with Shh (100ng/ml) or Vitamin D3 (100nM) during 24h. 
Untreated monolayers (CTRL) were used as controls.  After treatment, Gli2 
and Smo mRNA steady-state levels were determined by qRT-PCR with 
normalisation to 18s expression. Fold-change is depicted relative to 
untreated control. Statistically significant differences were assessed One-
way ANOVA with post-hoc Tukey. Each bar represents the mean ±SEM for 
3 wells. Representative experiment depicted. Experiment replicated 3 
times. 
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Appendix 4.A – ZO-1 Raw Ct Values in hCMEC/D3 monolayers. 
hCMEC/D3 cells confluent monolayers incubated with a mixture of 
cytokines (TNFα and IL1α) (10ng/ml) in the presence or absence of a 
combination of Shh (100ng/ml) and Vitamin D3 (100nM). Untreated 
monolayers (CTRL) were used as controls. After 4h, 8h, 12h or 24h 
treatment, ZO-1 steady-state mRNA levels were determined by qRT-PCR. 
Raw Ct values for 3 wells are shown. 
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Appendix 4.B – Raw Ct Values for the measured metalloproteinases 
and their inhibitors in response to cytokines. hCMEC/D3 cells confluent 
monolayers incubated with a mixture of cytokines (TNFα and IL1α)
(10ng/ml). Untreated monolayers (CTRL) were used as controls. After 24h
treatment, steady-state mRNA levels for the indicated genes were 
determined by qRT-PCR. Raw Ct values for 3 wells are shown. 
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Appendix 4.C – Raw Ct Values for the measured metalloproteinases 
and their inhibitors in response to Shh and Vitamin D3. hCMEC/D3
cells confluent monolayers were treated with Shh (100ng/ml) or Vitamin 
D3 (100nM). Untreated monolayers (CTRL) were used as controls. After 
24h treatment, steady-state mRNA levels for the indicated genes were 
determined by qRT-PCR. Raw Ct values for 3 wells are shown. 
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Appendix 4.D – Raw Ct Values for MMP3 and MMP10 in response to 
cytokines, Shh and Vitamin D3. hCMEC/D3 cells confluent monolayers 
were treated with a combination of Shh (100ng/ml) and Vitamin D3 
(100nM) in the presence or absence of a mixture of cytokines (TNFα and 
IL1α) (10ng/ml). Untreated monolayers (CTRL) were used as controls.
After 4h, 8h and 12h treatments, steady-state mRNA levels for the 
indicated genes were determined by qRT-PCR. Raw Ct values for 3 wells 
are shown. 
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Appendix 4.E – Raw Ct Values for TIMP2 and TIMP4 in 
response to cytokines, Shh and Vitamin D3. hCMEC/D3
cells confluent monolayers were treated with a mixture of 
cytokines (TNFα and IL1α) (10ng/ml) and/or a combination of 
Shh (100ng/ml) and Vitamin D3 (100nM). Untreated 
monolayers (CTRL) were used as controls. After 4h, 8h and 12h
treatments, steady-state mRNA levels for the indicated genes
were determined by qRT-PCR. Raw Ct values for 3 wells are 
shown. 
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Appendix 4.F – LRP1 Raw Ct Values in hCMEC/D3 monolayers. 
hCMEC/D3 cells confluent monolayers incubated with a mixture of 
cytokines (TNFα and IL1α) (10ng/ml) in the presence or absence of a 
combination of Shh (100ng/ml) and Vitamin D3 (100nM). Untreated 
monolayers (CTRL) were used as controls. After 4h, 8h, 12h or 24h 
treatment, LRP1 steady-state mRNA levels were determined by qRT-PCR. 
Raw Ct values for 3 wells are shown. 
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Appendix 5.A – Cumulative plot analysis for miR125 targets. 
Cumulative plot analysis in hCMEC/D3 monolayers for miR125 targets 
between mimic and inhibitor transfected cells in the presence of a cytokines 
mix (TNFα and IL1α). Analysis performed in collaboration with Dr Simon 
Moxon. 
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Appendix 5.B – Gene symbol and full name of cytokine regulated genes and associated with the pathology of 
Multiple Sclerosis (MS) reported in table 5.2 and 5.3. Gene full names were retrieved from Gene Card.  
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Appendix 5.C – List of possible candidates regulated by miR125b. List 
of genes of genes associated with the pathogenesis of Multiple Sclerosis 
and reported by microarray analysis to be modulated (fold changes larger 
than 1.5) in hCMEC/D3 confluent monolayers transfected with miR125b 
mimic (miR125b-M) or inhibitor (miR125b-I) in the presence of a cytokines 
mix (TNFα and IL1α) (10ng/ml).  
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