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Abstract  

Contamination by depleted uranium (DU) is a relevant concern due to its natural presence and to the 

quantities generated by man-made activities. After in vivo studies, evidences indicated Central Nervous 

System impairment and small traces of U were found in the brain of the animal models, despite that 

there is no evidence of a Blood-Brain Barrier (BBB) breakdown. It was necessary to construct in vitro 

models to understand the mechanisms of DU interaction with cerebral endothelium, starting by a BBB 

model and evolving to Neurovascular Unit (NVU) models. The three used models include (1) human 

cerebral microvessel endothelial cells (hCMEC/D3), (2) co-cultured with human pericytes and (3) co-

cultured with both pericytes and neuron-like cells. These models showed that DU is not cytotoxic and 

does not disturb the tight junctions in concentrations below 500 µM. More, it is at least capable of 

entering into endothelial cells and pericytes in a concentration-dependent manner. Therefore, using a 

concentration of 50 µM all the models indicate that DU does not affect paracellular permeability despite 

of the duration of exposure. However, they also show that hCMEC/D3 possess, at a small level, a 

detoxification system of DU after the uptake but also that it is capable of passing through the cells to the 

lower compartment. This response is slightly modulated by the presence of pericytes, stating the 

importance of complexifying the model in order to mimic the in vivo case. 

Keywords: Depleted Uranium; Blood-Brain Barrier; Neuro-vascular Unit; in vitro modelling 
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Resumo  

Contaminação por urânio empobrecido (DU) é uma preocupação relevante devido à sua presença na 

Natureza e às quantidades geradas por actividades humanas. Depois de estudos in vivo, evidências 

indicam implicação do Sistema Nervoso Central e vestígios de DU foram encontrados no cérebro de 

modelos animais, apesar de não haver provas de desarranjo da Barreira Hemato-Encefalica. Foi 

necessário construir modelos in vitro para compreender os mecanismos de interacção do DU com o 

endotélio cerebral, começando por um modelo da BBB e evoluindo para modelos da Unidade 

Neurovascular. Os três modelos usados incluem (1) células endoteliais humanas de microvasos 

(hCMEC/D3), (2) co-cultivadas com pericitos humanos e (3) co-cultivadas com pericitos e células tipo 

neurónio. Estes modelos mostraram que DU não é citotóxico e não perturba as junções oclusivas em 

concentrações inferiores a 500 µM. Ainda, é ao menos capaz de entrar nas células endoteliais e 

pericitos de forma dependente da concentração. Assim, usando uma concentração de 50 µM todos os 

modelos indicam que DU não afecta a permeabilidade paracelular independentemente da duração da 

exposição. No entanto, também indicam que hCMEC/D3 possuem, a baixo nível, um sistema de 

desintoxicação de DU depois da captação mas também que este é capaz de passar pelas células para 

o compartimento inferior. Esta resposta é ligeiramente modulada pela presença de pericitos, mostrando 

a importância de complexificar o modelo para melhor simular o caso in vivo.  

Palavras-chave: Urânio empobrecido; Barreira Hemato-Encefálica; Unidade Neurovascular; 

Modelização in vitro 
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1. Introduction 

This project was developed as a final work of the Master’s degree in Biomedical Engineering of Instituto 

Superior Técnico. I was selected by the Laboratoire de Radiotoxicologie Expérimentale (LRTOX), unit 

of the Service de Radiobiologie et d'Épidémiologie (SRBE) of the Pôle Radioprotection de l'Homme 

(PRP-HOM), of the enterprise Institut de Radioprotection et de Sûreté Nucléaire (IRSN). This institute 

is responsible to investigate and control radioprotection and nuclear safety in France and, particularly 

this laboratory, directed by Doctor Karine Tack, is responsible to investigate the biological consequences 

of the exposure to low doses of radionuclides. 

The present work is denominated “Characterization of the human neuro-vascular unit in order to perform 

in vitro exposure of low doses of uranium”, oriented by Doctor Audrey Legendre, and it is integrated in 

a 2-year project of LRTOX. 

1.1 Central Nervous System 

The Central Nervous System (CNS) is the most sensitive and critical system in the human body since it 

requires a perfectly regulated microenvironment and extracellular conditions in order to achieve optimal 

activity. It is extremely sensitive to endogenous or exogenous compounds (chemicals, pathogens, 

drugs, metabolic by-products). Besides, it has a very high energetic demand, which creates the risk of 

a lack of oxygen. For these reasons, it is necessary to have a greatly controlled exchange system 

between the brain and the blood, in order to maintain brain homeostasis. This control is guaranteed by 

the Blood-Brain Barrier (BBB). 

1.1.1 Blood-brain Barrier 

The BBB is a highly selective physical, metabolic and transport barrier [1] that represents the largest 

surface area of exchange between the blood and the brain, resulting in a total of 20m2 [2]. In order to 

protect the CNS from potentially neurotoxic components, the BBB prevents the contact between the 

brain parenchyma and compounds circulating in the blood both by the presence of tight continuous 

endothelium and by expelling lipophilic molecules through efflux transporters [3]. Furthermore, since the 

brain requires only slight changes in the environment to achieve its optimal activity, the BBB permits the 

isolation from fluctuations in nutrients, hormones and metabolites [4]. Conversely, the brain has a 

particularly high need of nutrients. In order to meet that demand, the BBB actively transports hydrophilic 

molecules through membrane transporters. In this strictly controlled way, it protects the CNS and keeps 

the brain homeostasis. In addition, it is also well documented that the passage of lymphocytes through 

the BBB, by both paracellular and transcellular pathways, occurs in inflammatory conditions by the 

interaction with endothelial cells (EC) [5]. 

At a cellular level, the BBB is composed by endothelial cells (EC) of the brain vasculature. These cells 

are different from the ones existing at the periphery regarding structure and metabolism.  
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1.1.1.1 Endothelial cells 

EC are the key cellular component of the barrier. These cells are organized as continuous endothelium, 

in a monolayer around the lumen of the capillaries and present particular characteristics, different from 

the ones found at the periphery, both in morphology and enzymology. For example, brain EC do not 

present fenestration, have a very low number pinocytosis vesicles and have a strong expression of 

occludin [6, 7]. These differences are induced by the specific environment of the brain, both by the 

surrounding cells and by the extracellular matrix, instead of resulting from different origins [8]. The 

factors that influence this change are numerous and in a complex fashion, as a result of an intricate 

environment in the brain capillaries, and they probably act synergistically in a controlled temporal and 

spatial pattern [9]. 

The most important feature of the brain EC is the presence of Tight Junctions (TJ). These structures 

seal the space between EC and decrease cell permeability by restricting paracellular diffusion of 

hydrophilic solutes. In fact, brain TJ are 50 to 100 times tighter than the ones in peripheral vessels [10]. 

In addition to the presence of TJ, brain EC also lack pinocytosis vesicles, avoiding non-specific 

transcellular transport [3].  

Around 11% of the cytoplasmic volume of EC is composed of mitochondria, as a result of their high 

metabolism [11]. In this way, cells are able to produce the necessary energy to maintain their proper 

structural and biochemical characteristics. 

Lastly, brain EC differ from the others by presenting polarized expressions of membrane receptors and 

of influx/efflux transporters on both the luminal and the abluminal surface. Despite the fact that 

endothelium is a physical barrier these cells perform highly regulated and numerous exchanges from 

the blood to the brain and vice versa. For instance, as depicted in Figure 1, there are receptor-mediated 

transcytosis to assure the transport of large molecules, as insulin, lipoproteins and transferrin, and solute 

carrier transporters for amino acids, glucose, etc.. In addition, the efflux pumps remove bioxenotics from 

brain parenchyma. It is also visible in Figure 1 that the cerebral endothelium is characterized by the high 

expression of enzymes such as Monoamine Oxidase, γ-Glutamyl Transpeptidase and cytochrome 

P450-related proteins. 

 

Figure 1 - Endothelial cells' transporters, receptors and enzymes (adapted from [12]). 

This is required to maintain the strict permeability of the BBB and still meet the high nutrient demand of 

the brain. However, this complex system also prevents most therapeutic agents from accessing the 
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brain interstitial fluid [3]. The permeability of the BBB is controlled by EC, mostly by the presence of 

specific inter-endothelial junctions, but they are also influenced by other cell types that surround them, 

the components of the neurovascular unit (see section 1.3).  

1.1.1.1.1 Inter-endothelial junctions 

Microvascular EC differ from their similar at the periphery for numerous reasons but especially due to 

their junctions. In a close spatial association of TJ are always Adherens Junctions (AJ), as depicted in 

Figure 2. The crosstalk between these two structures is crucial to the organization of dynamic junctions 

that can achieve a proper connection between the cells [12]. In brain EC, they even appear to be 

intermingled [13]. Besides providing the integrity of the endothelium, junctions also transfer information 

by intracellular signals regarding cell growth, apoptosis, gene expression and formation of new vessels 

[14]. 

Despite the fact that their close proximity is required to guarantee a good functioning of the cells, TJ and 

AJ have different roles. On one hand, AJ commence the cell-to-cell contacts at an early stage and 

promote their maturation and maintenance. On the other hand, TJ only appear after AJ and their main 

function is to decrease the permeability to ions and solutes through paracellular transport [15].  

The organization and density of both junctions is dependent on the position along the vascular tree. As 

an example, TJ are plentiful and complex in the brain microcirculation, since it requires a tight control of 

permeability, but are poorly organized in post-capillary venules, where there is no need of such strict 

control [15]. In addition, there are also evidences of a special type of TJ in brain barriers between three 

different adjacent cells that contribute to their special characteristics [16]. 

Currently, another type of junctions is starting to be considered in the junctional complex as relevant in 

the manifestation of barrier properties. Gap junctions (GJ), also present in Figure 2, are channels that 

connect directly the cytoplasm of adjacent cells, allowing the communication, and not necessarily 

forming an adhesive seal [17].  

Inter-endothelial junctions are dynamic structures which adhesive proteins may be continuously 

recycled, assembling and disassembling, during physiologic processes. This is due to the fact that they 

need to adapt to tissue requirements since the endothelium is subjected to changing conditions, caused 

by hemodynamic stimuli. In this way, junctional proteins can even act as flow sensors that transduce 

this information to the intracellular environment, allowing the EC to adapt to the flow conditions [15, 18]. 
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Figure 2 - Schematic structure of EC junctions. CxHC = Connexin hemi channel (adapted from [19]) 

1.1.1.1.2 Tight Junctions 

Located on the luminal side TJ seal the paracellular cleft. TJ are constituted by proteins from one cell 

that interact with the neighbouring cell’s proteins, forming the junction. The transmembrane TJ proteins 

are Claudin-3, Claudin-5 and Claudin-12, Occludin and Junction Adhesion Molecules (JAM) 1, 2 and 3 

[12, 13].  

Claudin is the primary component of TJ [19], with Claudin-5 being the most studied since it is highly 

expressed on brain EC. It is essential to the maintenance of the BBB function, considering that its 

downregulation leads to BBB breakdown [20]. Claudins form the skeleton of the TJ by dimerizing with 

the Claudin of the adjacent cell. This dimer may present differences in the way it is assembled, resulting 

in diverse structures and functions of the TJ [21]. There is also a study that shows the effect of G-protein 

subunit αi2 on the action of Claudin as its molecular regulator, stating their importance in TJ integrity 

[22].  

Occludin is also a transmembrane protein with similar structure to Claudin which expression is higher in 

brain EC than in other tissues. However, it is a non-essential protein, with only regulatory functions that 

could be fulfilled by other junctional proteins, if it is not expressed [15]. It also interacts with Occludin 

from other cells, to contribute for the tightness of the junction.  

The high expression of both Claudin and Occludin stimulates the decrease of paracellular permeability 

and the increase of electrical resistance of the brain EC monolayers [23], therefore contributing to their 

barrier properties. 

All of the above mentioned transmembrane proteins, except Claudin-12, bind to Zonula Occludens (ZO) 

1 and 2. These are cytoplasmic scaffolding proteins molecules that belong to the Membrane-Associated 

Guanylate Kinase family [24] and have the capacity to bind to actin filaments of the cytoskeleton. In this 

way, they mediate the connection between the junctions and the cytoskeleton. In addition, they also act 

as recognition proteins for the placement of TJ and as support for the signal transduction proteins. ZO-

1 seems to be able to connect to α-catenin and F-actin, revealing their role in the regulation of AJ [13]. 

There are other examples of cytoplasmic scaffolding proteins as cingulin, 7H6 and AF6. All of these 
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proteins form multimeric complexes, creating a link between junction proteins and the cytoskeleton, that 

recruit signalling proteins and transcription factors, receiving and sending regulatory signals [25].  

JAM are adhesion molecules, part of the immunoglobulin superfamily, that contribute to TJ, together 

with Claudin and Occludin, through homophilic and heterophilic interactions, closing the paracellular 

cleft between adjacent cells [12]. JAM-1 is connected to the formation of TJ, since it is only after a certain 

concentration of this adhesion molecule is reached that Occludin and Claudin migrate towards future 

location of TJ [26], which may indicate that JAM-1 restricts the free passage of proteins during TJ 

formation.  

In a general view, TJ restrict considerably ion diffusion and limit the passage of non-electrolyte 

hydrophilic molecules. On one hand, it is achieved by closing the paracellular cleft, as discussed before, 

restricting the passage. On the other hand, TJ are also capable of selectively control the passage of 

ions through pores formed by junctional proteins, according to their size and charge. This property is 

mainly influenced by different Claudins. For instance, the expression of Claudin-5 has been connected 

to the restrictive passage of cationic ions [27].  

1.1.1.1.3 Adherens Junctions 

AJ are inter-endothelial junctions, usually located below TJ in the basal region of the lateral plasma 

membrane. They are also formed by transmembrane proteins that are connected, by one side, to the 

actin filaments of the cytoskeleton and, by the other side, to adjacent cell transmembrane proteins. In 

this way, AJ form an “adhesion belt” [28], that contributes to the EC adhesion and paracellular 

permeability regulation [12].  

The major transmembrane component of AJ is VE-Cadherin. This is a Ca2+-regulated glycoprotein that 

forms dimers and interacts in an homophilic manner with molecules from adjacent cells. This molecule 

binds in the intracellular space with P120- and β-catenin that, in its turn, bind to α-catenin and AF-6 

which, finally, connect to actin filaments of the cytoskeleton. On the other hand, VE-cadherin can also 

bind to γ-catenin that, in its turn, connects to the actin filaments. In this way, just as in TJ, there is a 

bridge between the adjacent cells and their intracellular environment, that allows the transduction of 

regulatory signals [13]. 

1.1.1.1.4 Gap Junctions 

This type of junctions is starting to be noted as relevant for the junctional complex. They are constituted 

by connexin (Cx) proteins, particularly Cx37, Cx40 and Cx43 in brain EC. Their structure is based on 

homo- or hetero-hexamers at the plasma membrane, forming pores called hemichannels. Each adjacent 

cell has one hemichannel that assemble head-to-head, forming large and poorly selective pores, 

creating a direct communication link between those cells for the transport of ions and small molecules 

[17, 29]. Recent studies indicate different possible, but leading, roles of connexins in the barrier functions 

of the brain EC. A study even indicates that GJ may be preponderant to stabilize inter-endothelial 

junctions, namely by promoting the barrier properties of TJ [30].  
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1.1.1.2 Transport System 

Due to the presence of inter-endothelial junctions and its tightness, the permeability of the BBB to blood 

borne solutes is rather limited. In order to meet the needs of the brain, the EC have an intricate and 

highly regulated system of transport. Its permeability depends on the molecular weight and 

lipophilic/hydrophilic characteristics [3]. There are even some algorithms to predict the permeability of 

the BBB to putative drug compounds. However, they are not very reliable or predictive [31]. 

The entrance of hydrophilic molecules such as amino acids is mediated mainly by the family Solute 

Carrier transporters (SLC). As for proteins like transferrin, insulin, insulin-like growth factor, leptin or LDL 

they are internalized by receptor-mediated transport.  

On the other direction there is the action of efflux transporters, the ATP Binding Cassette family, that 

use ATP hydrolysis to export lipophilic molecules against the concentration gradient  [3].  

1.1.2 Neurovascular Unit 

As said before, the function performed by the brain EC requires a close relation with the surrounding 

cells, since it is this microenvironment that induces their special characteristics and the barrier 

properties. As shown in Figure 3, the brain EC together with neighbouring pericytes, glial cells, neurons 

and basal lamina (BL) form the Neurovascular Unit (NVU). This is the organic and functional unit 

resulting from the interaction of neural and non-neural cells that protects the brain and ensures its best 

functioning [32, 33]. 

 

Figure 3 - Schematic representation of the NVU anatomy [34] 

 

 

 

 

1.1.2.1 Basal Lamina 
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The BL is the acellular component of the NVU. It is a 30 to 40 nm thick membrane, composed by 3 

different apposed layers with different extracellular matrix molecules. The first one is an endothelial layer 

(lamina rara interna), mainly constituted by laminin-5, laminin-4 and heparane sulphate glycoproteins, 

which are produced by EC. The intermediate lamina is a transitory fused layer (lamina densa) composed 

mostly of collagen-IV, which is produced both by EC and astrocytes. Lastly, the third layer is an astrocytic 

layer (lamina rara externa), that is also formed by laminin-5, laminin-4 and heparane sulphate 

glycoproteins, but in this turn it is produced by astrocytes ([3, 35]. 

This BL ensures the anchorage of the NVU in place and provides the correct connection with the 

surrounding cells. In addition, BL seems to be involved with BBB regulation in physiological and 

inflammatory conditions [36]. 

1.1.2.2 Pericytes 

Pericytes are characterized by its stellate appearance with long cytoplasmic processes and visible 

granularity due to its high lysosome content. They are located on the abluminal face of the cerebral EC 

and are surrounded by BL [37]. However, these pericytes contact directly with EC through holes on the 

BL, in so called “peg-and-socket” contacts, that are thought to contain TJ and GJ, Fibronectin deposition 

and N-Cadherins- and β-Cadherin-based AJ [38]. Besides this direct contact, pericytes also project 

extensions that can penetrate through the BL and cover 20 to 30% of the vascular circumference [39]. 

In terms of their functions, pericytes synthesize growth factors and most of the BL components and, 

therefore, contribute largely to the BBB structural maintenance, junctional integrity and stability, 

influencing its permeability [40]. In addition, pericytes express α-smooth muscle actin that provides 

contracting behaviour, allowing vasoregulation control by adjusting capillary tone [37]. Futhermore, 

pericytes are able to control microvessel constriction by upregulating endothelin-1 and downregulating 

iNOS EC production [41]. There is even an estimate that says that the perycite/EC ratio predicts the 

barrier capacity of the structure [3]. In addition, pericytes contribute to the barrier function due to their 

expression of specific Multidrug Resistance-associated Proteins (MRP) [42]. 

Moreover, pericytes play an important role in terms of defence due to their phagocytic capacities of high 

molecular weight molecules. Some evidences suggest that, in case of injury or inflammation, pericytes 

migrate from the vessel into the surrounding tissue to assist in the immune response [38]. 

Finally, other suggested function of pericytes is its contribution to vascular development regulation by 

inhibiting endothelial cell proliferation and differentiation through chemical signalling [37]. This 

relationship seems to be valid also from EC to pericytes [41]. 

 

 

1.1.2.3 Glial cells 
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Glial cells are non-neuron cells that provide structural and nutritional support, among other roles, to 

neurons. In the CNS, this group includes cell types as microglia (CNS immune cells), oligodendrocytes 

(responsible for myelin production) and astrocytes. 

The more dominant effect is exerted by astrocytes. Star-shaped glial cells, located intimately apposed 

to the abluminal vascular surface. These cells’ end-feet are attached to neurons from one side and to 

blood vessels from the other, involving them for about 89% of the perimeter [43], forming a star-like 

structure that allows a single astrocyte to reach multiple EC and one EC to be influenced by several 

astrocytes [44].  

One of the most important functions of astrocytes is their contribution to the BBB phenotype induction 

of brain endothelium. There are some evidences that indicate that the contact between astrocytes and 

EC increases the formation of TJ in vitro [45]. 

Moreover, the use of medium that has been conditioned by astrocytes induces the increase of 

transendothelial resistance in EC culture. This suggests that astrocytes produce soluble agents with the 

capacity of inducing the change in EC to express BBB phenotype [46]. They play a major role on 

maintaining its integrity, by synthesizing molecules as neurotrophic factors (GDNF), angiopoietin-1 and 

angiotensin-2 [3].   

Another function of astrocytes is to contribute to the preservation of proper neural function by nurturing 

them (act as glycogen storing) and by maintaining ionic homeostasis (by controlling extracellular 

concentration of K+). They also mediate the transmission of information from neurons to the vessels and 

perform uptake of neurotransmitters, as a metabolic support [24, 47-49]. 

1.1.2.4 Neurons 

Neurons are the central component of the CNS. Neuronal projections are in close contact with all the 

other components of the NVU, influencing the function of the neighbouring cells and being influenced 

by them [3]. 

The close spatial relation of the neurons and the brain capillaries, approximately 40 μm, allows the rapid 

diffusion of nutrients and oxygen to the brain and of neurotransmitters and metabolic waste to the blood. 

In fact, it is estimated that for each neuron, there is one microvessel in the brain [50].  

Considering that neural activity is a dynamic process and that it requires a high quantity of energy, it 

seems logical that brain vasculature can respond to the needs of this tissue. In fact, there is a link 

between the activity of a certain region of the brain and its blood flow. However, the cellular and 

molecular mechanisms remain unknown. Some evidence shows that, besides this regulation of blood 

flow, neurons can also influence the BBB permeability [35]. 

 

1.2 In vitro Cell-based Models 
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In order to understand the many mechanisms that are involved in the permeability of the BBB, it is 

necessary to mimic the in vivo situation, e.g. by using in vitro models. Besides the fact that in vivo models 

are non-human and much more expensive, have reduced throughput and carry extra difficulties, there 

is an increasing number of directives to limit their use. On one hand, the REACH (Registration, 

Evaluation and Authorization of Chemicals) regulation, applied in 2007 by  the European Chemicals 

Agency states the necessity to search alternatives to the animal experimentation [51]. On the other 

hand, there is also the European Union Reference Laboratory for alternatives to animal testing (EURL-

ECVAM), established in 2011, that validates methods to reduce, refine or replace the use of animal 

testing. 

It is commonly known that in vitro models have limitations. Nonetheless, some features are expected 

from these models: expression of TJ between adjacent EC (limiting paracellular permeability and 

contributing to mimic the barrier properties), polarization of the EC with its different transporters between 

the basal and the luminal lamina, expression of functional efflux machineries and drug metabolism and 

discriminative permeability [52]. 

Once constructed and validated, these models may be used in a numerous variety of applications both 

in fundamental and applied research. For example, they can be applied to study white cell migration 

within a disease scenario [53]. Other possible application is the study of the influence of the BBB in virus 

infections that have consequences in the CNS [54]. Moreover, the models can be utilized to screen 

pharmaceutical compounds with interest to cross the BBB. Lastly, one possible use would be 

toxicological tests. 

These models may acquire several designs and approaches, depending on the final desired application. 

The set-up may be static or dynamic, comprising either one or multiple cell lines, each one presenting 

associated advantages and disadvantages. 

1.2.1 Static Models 

The most commonly used set-up was developed based on the view that the BBB is a monolayer of 

highly specialized EC. These models are based on the culture of EC on a Boyden chamber-like system, 

in microporous semipermeable membrane, allowing the creation of two separated compartments. The 

upper, or luminal, compartment represents the blood vessel and the lower, or abluminal, represents the 

brain parenchyma.  

In the first model, the EC are grown in their supporting growth medium in a microporous semipermeable 

support, mimicking the BBB, allowing solute diffusion, permitting the study of its permeability to the 

desired component. The first available models used non-human cells, with rat, murine or porcine origins, 

due to their lower cost and accessibility [55-57]. However, animal models usually do not mimic human 

cells and are difficult to extrapolate. In addition, the first models using only monoculture of EC are limited 

in reproducing the complex in vivo situation. 
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The succeeding model of co-culture of EC in the luminal compartment with glial cells in the abluminal 

side, namely astrocytes, due to the known positive effects of these cells on the expression of BBB 

phenotype [58]. As investigations proceeded, increasingly complex models of the NVU were created 

with the same apparatus and more cell types [59]. Conversely, these models still presented the limitation 

of being static, not subjecting the cells to the physiological shear stress.  

1.2.2 Dynamic Models 

The first attempt was only aimed at studying the effects of a flux, created by a rotating cone inside of 

the culture plate, inducing shear stress on the cells by the rotating culture medium [60]. However, the 

induced flow was not necessarily laminar and it did not permit to co-culture EC with other cells.  

The technique used for bioreactors with capillary-like structures was applied to create a 3D model of 

microvessels – Dynamic in vitro BBB model (DIV-BBB). In this structure, the EC may be co-cultured with 

astrocytes on the abluminal side and are subjected to shear stress conditions that resembled the ones 

found in vivo [61, 62]. However, this model too presents disadvantages. For instance, it inhibits the 

visualization of the luminal compartment to observe the cells (in order to do so it is necessary to harvest 

them, risking inducing alterations), it has a low throughput, it is time and skill demanding and it needs a 

high initial cell load [52].  

1.3 Monolayer Quality Assessment  

In order to act as a physical barrier, the EC need restrictive TJ to block paracellular permeability. For a 

model to be validated, this parameter needs to be assessed, either by the measurement of the 

transendothelial/epithelial electrical resistance (TEER) or by the permeability to diffusion tracers. 

1.3.1 TEER measurement 

The TEER method for evaluating the paracellular permeability is based on the assumption that open 

pores at the cell’s TJ are filled with liquid, through which aqueous solutes (including charged ions) can 

pass, and that they act also as conductors for the electrical current. Therefore, when there are more 

open pores, the permeability increases and the electrical resistance in vascular endothelium decreases. 

In this test, the results with higher values represent monolayers with tighter junctions and better barrier 

properties.  

The measurement is done by applying one electrode on the luminal side and another on the abluminal, 

an alternating current square wave is passed between the voltage electrodes on both sides of the cell 

layer and the resulting current is measured. The use of alternating current avoids the dangers of constant 

current charging the cell layer and the electrodes. This allows the calculation of the resistance R through 

Ohm’s law. This value, when multiplied by the area of the filter, is expressed in Ω.cm². The TEER 

measured value includes artefacts as the resistance of the culture medium and of the insert membrane 

(as depicted in the electrical scheme in Figure 4). 
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This method has the advantage of not relying on a cellular mechanism as paracellular transport, in the 

case of diffusion marker studies. In addition, it also permits measurements in real time and it expected 

to not disturb greatly the cells, which allows the culture to continue after the measurement.  

As for reference values, some in vivo tests show results of about 1000 Ω.cm² in frog brain capillaries 

[63]. However, in vitro models have failed to replicate such values, presenting much lower results [64], 

with slight increases noted when dynamic flows are applied to the cultured cells. Nevertheless, low 

TEER values do not necessarily mean inefficient TJ. It may happen that the conductance of certain ions 

may be a built-in property of the cells’ TJ strands [65].  

 

Figure 4 – Equivalent electric circuit of a TEER meurement. One alternate current (AC) is applied on the system. 
The resistance of the cells (TEER), the culture medium (RMed), the membrane of the insert (Rpm) and the 

electrode-medium interface (RE) contribute to the measured value [66]. 

For TEER measurement, different devices have been set-up. The most commonly used are: 

 STX2 “Chopstick” electrodes 

On this configuration, the electrodes are placed manually in each side of the cell layer. This introduces 

variability on the results since the measurement depends on the position of the electrodes due to the 

alternating current, as it could be seen in Figure 5. Repeated measures of the same insert are needed 

to decrease the variability. 

 

Figure 5 - TEER measurement apparatus with chopstick electrodes. E1,2 – Electrodes 1, 2. [66]. 
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 EndOhm  

This system comprises a chamber and a cap, each one containing an electrode, as the one in Figure 6. 

The culture inserts are directly transferred to this chamber and the resistance is measured, eliminating 

the necessity of manually inserting the electrodes. The constant distance between the electrodes is 

expected to reduce the variability of the measurements, by eliminating the errors associated with the 

placement of the electrodes, and it also subtracts automatically the known resistance of the measuring 

chamber. On the other hand, it only allows one lecture by insert, reducing significance.  

 

Figure 6 - EndOhm-12 apparatus from World Precision Instruments (adapted from https://www.wpiinc.com/) 

Nowadays there are already more accurate modules to measure the TEER that are able to disregard 

the influence of the culture insert membrane on the acquirement (EVOM2). In addition, they can also be 

used with the EndOhm chamber, increasing even more the precision. Furthermore, there are already 

other arrangements with totally automatized control of the chambers and of the electrodes, resulting in 

less variability and more reproducibility.  

One other system, CellZscope, is constituted by 6-, 12- or 24-well plates that can be placed at a standard 

incubator, where the culture inserts can be put, measuring the TEER in real time and at programmable 

intervals, with access to both luminal and abluminal compartments, during the whole culture. 

Lastly, the DIV-BBB dynamic system, with cells cultured in perfusion, may now integrate a measurement 

module that allows the TEER quantification. 

1.3.2 Diffusion marker 

This approach is based on the knowledge that EC do not allow the passage of molecules through its 

membrane, by transcellular transportation, due to the presence of both highly specific transport systems 

and efflux systems. In order to cross the barrier the solutes need to pass between the cells, by 

paracellular transport. Therefore, by measuring the amount of the marker that can cross the layer of EC, 

it is possible to evaluate the state of the TJ, which prevent such movements. 

The use of tracers requires further effort and time from the user, involving additional assays and 

analytical delays, in addition to the poor time-resolution features of the test. The criteria to choose the 

hydrophilic molecule should be whether it is not a ligand for the cell’s transporters, receptors or enzymes. 

Since the aim is to measure the cell’s paracellular permeability, it is necessary to avoid the influence of 

other kind of transport on the results [67]. It can be made with 14C-sucrose, fluorescein or Lucifer Yellow 

(LY). The measured results may be analysed using different mathematical models, each having its 

advantages and disadvantages.  
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1.3.2.1 Equivalent flux 

The equivalent flux’s mathematical model is calculated as a percentage of the control. This is 

established as the quantity of marker that is retrieved in the abluminal side when added to a culture 

insert without cells. Afterwards, all the following measured diffusions are expressed as percentages of 

the one of the control. Therefore, this method allows in a simple way to express the permeability without 

taking into account the influence of the insert (its structure, composition and surface) and of the cell 

retention. 

1.3.2.2 Apparent Permeability Index (Papp) 

This parameter is defined, in a simplistic way, as the flow rate of the marker into the abluminal 

compartment, normalized by the surface area through which this flow takes place and by the 

concentration on the luminal compartment, supposing the concentration in the abluminal one to be zero. 

The mathematical definition is well described in the literature [68]. 

1.3.2.3 Permeability Coefficient 

The permeability coefficient is calculated based on the description of Siflinger-Birnboim [69] and it is 

widely used in the literature [67, 70, 71]. In general, the permeability is calculated as the volume of the 

marker that is cleared from the luminal side to the abluminal one. The permeability of cell-free inserts is 

measured to remove the error associated with the existence of the filter and it is normalized by the 

surface area of the insert [70].  

1.4 Uranium 

Uranium (U) is the heaviest naturally occurring metallic element on hearth, belonging to the actinide 

group, and represents 0.0004% of the Earth’s crust (3 g.t-1) [72]. It is present within certain foods and 

drinking water, being 30 µg.L-1 the recommended maximum concentration [73]. However, certain 

specific areas of the globe, for instance Finland or Canada, have a significantly higher exposure due to 

wells dug in rocks with high U content, reaching as high as 700 µg.L-1 [72, 74]. 

There are three natural U isotopes: U-238, U-235 and U-234. All of them are α-emitters. In the production 

of nuclear weapons and of energy in nuclear reactors, enriched U (high U-235 content) is used. The 

production of such type of U results in a by-product called depleted U (DU) (low content of U-235), which 

has the same qualitative composition as the natural or the enriched uranium but considerably less 

radioactivity, as seen in Table 1 [72]. This material has several applications, both civil, as agricultural 

fertilizers, and military, as armament, that could cause its dispersion in the environment and provoke a 

higher than natural exposure to such a heavy element [75].  

 

Table 1 - Chemical characteristics of different U isotopes 

Isotope 
Natural 

abundance 
Half-life [years] 

Specific Activity 

[Bq/g] 

Principal 

emission by 
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disintegration 

[keV] 

232U - 70 8.2 x 1011 α 5320 γ 57.8 

234U 0.0054 245000 2.3 x 108 α 4775 γ 573.2 

235U 0.711 704 million 8 x 104 α 4936 γ 53.2 

236U - 23.4 millions 2.39 x 106 α 4495 γ 49.4 

238U 99.2836 4.47 billions 1.24 x 104 α 4198 γ 49.4 

 

The degrees of uranium oxidation vary between III and VI (0 for the metal). Naturally, both in the 

environment and in biological settings, it exists mostly at states IV and VI as an aqueous solution. In 

such form, U(IV) acquires the form of solvated species 𝑈(𝐻2𝑂)𝑛
4+ and U(VI) the form of uranyl ion 

𝑈𝑂2(𝐻2𝑂)5
2+.  

The toxicity of U is both chemical and radiological. Despite the fact that U is an α-emitter with a long 

half-life, the radiological one is only relevant in enriched forms of U [76]. For low dose exposures the 

greatest effects are caused by chemical toxicity, as for most heavy metals, subsequently to natural or 

DU exposures. 

1.4.1 Contamination Routes  

From the three possible exposition routes, power plant workers and soldiers are mainly exposed by 

inhalation and cutaneous, whereas the general population is principally endangered by ingestion [77].  

The dermic absorption of U is most present in soldiers or civils victims of shootings or bombardments 

during combat. The shrapnel of munitions may lodge in the body, releasing U over time. On the other 

side, U may also contact with a damaged skin area, accessing the bloodstream [78, 79].  

In case of inhalation, it is most common on U extraction miners that breathe dust containing U. Once 

inhaled, the distribution in the respiratory system depends on the size of the particles, its solubility and 

its speciation. Most of the soluble components exit the lungs within a few hours but the insoluble forms, 

UO2, take about 3.5 years to be cleared. Biologically, U is taken by alveolar macrophages and, in a 

smaller quantity, by epithelial cells, being incorporated into their lysosomes, in which it precipitates. 

These cells are then transported by the mucociliary clearance system, and then excreted in the faeces 

[72].  

For the civil population, ingestion through drinking water or food is the most relevant route, with an 

estimation for daily normal U uptake of about 1-4 µg by food and 0.5 µg by drinking water [80]. In France, 

the mean quantity of DU in drinking water is 0.0038 mg/L, reaching 0.2 mg/L in the areas surrounding 

the locations of fuel production. 

1.4.2 Uranium Biokinetics 
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Naturally, the body contains around 100 μg of U [74]. The non-natural exposition to U can be either 

acute, following an accident, or chronic, like the case of ingestion by drinking water. The concentration 

of contaminant can be low or high, even if this distinction may be subjective.  

When ingested, U is present in each compartment of the digestive track as much time as the bolus 

physiologically does. Due to its poor absorption, U is mostly excreted in the faeces within 24h. 

Afterwards, the soluble fraction (about 1-2% in humans and 0.4% in rats) is absorbed in the small 

intestine [81, 82].  

However, the absorbed soluble fraction reaches rapidly afterwards the systemic circulation. Due to its 

high affinity to phosphate, carboxyl and hydroxyl groups, uranyl compounds readily combine with 

plasmatic and cellular proteins, as transferrin, ceruloplasmin, albumin [83], fetuin A [84] and 

erythrocytes’ lipoproteins and nucleotides [85]. 

In terms of accumulation and susceptible tissues, U is fixed either in the kidneys or in the skeleton. The 

kidneys are the main target of the U toxic effects, being responsible for excreting 80 to 90% [86], and 

they are known to suffer modifications in the urinary excretion. Since U is obliged to pass through this 

structure, it accumulates between 10 and 25 % in the first days after the contamination. The 

accumulation in the kidney is short-termed: in rat models its biological half-life is 15 days and almost all 

of the dose is eliminated within the first year after contamination [72]. This organ is responsible for 

eliminating the greater part of the absorbed U. Once in circulation, the mechanisms of entrance into the 

different cell types are still in discussion, with multiple theories and evidences. One of the possible 

pathways includes the uptake of mainly by endocytosis and a smaller part by receptor-mediated 

transport. One group of the LRTox demonstrated the preferable entrance of U through endocytosis in a 

kidney cell line but, when endocytosis is inhibited, the toxic effects of U persist, showing another 

entrance channel. This channel is thought to be the type IIa sodium-dependent phosphate co-

transporter.  This group also provided evidences that inside this cell line U was located in the lysosomes, 

where it precipitates due to the acidic environment [87, 88]. Numerous other studies demonstrate the 

inhibitive influence of U in several other transporters, namely active transporters of sodium and 

potassium [89] and alterations in the functioning of glucose transporters [90]. Another study showed the 

localization of U both in the cytoplasm and in the nucleus in kidney cell lines for concentrations between 

50 and 100 μM [91]. 

On the other hand, bone is the main reservoir [92], regardless of the exposure route. It retains 10 to 

36% of the dose over long periods, with an estimated biological half-life of 300 to 5000 days. The 

preferential zone of accumulation is on the surface, substituting the calcium in hydroxyapatite crystals. 

Of this deposited crystals, half of it will be transferred to the bulk of the bone, and 25% of which is 

transferred to a non-changeable bone region [72].  
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Figure 7 – Biodistribution of Depleted Uranium (adapted from [93]) 

Soft tissues, as the liver, lungs and testis, are also able to fix U in a much smaller quantity [94]. However, 

there are evidences from experimental models that, after exposure, there are traces of U in the brain 

and neurological impairments [95], even at sub-nephrotoxic concentrations. 

1.4.3 Uranium in the Central Nervous System 

The determination of the U lethal dose is specie-dependent, resulting in data that varies between 0.1 

and 20 mg.kg-1. When administrated in an acute form (less than 30 days), mortality is always due to 

renal failure [72]. As for the chronic one (more than 30 days), the reported symptoms and subsequent 

studies are quite varied through time. The first ones only discuss the kidney effects but in 1949 there 

was the first data on comportment alterations in exposed workers [96]. However, it was only after the 

apparition of cognitive and behavioural symptoms in Gulf War veterans (fatigue, nausea, memory loss, 

etc.), that were exposed to heavy metals used in arming, namely DU, that U effects in central functions 

was taken into account [96-99]. Followed to this data, several lines of study were created to understand 

the mechanisms through which U exerts its effects, especially regarding cognitive function. 

In case of DU inhalation, there are hypotheses for the pathways through which U can reach the brain. 

There are evidences of U presence in the frontal lobe, in the olfactory bulbs and tubercles, in the frontal 

cortex and in the hypothalamus that were not encountered with injected U. This suggests a transfer 

mechanism from the nasal turbinates to the olfactory bulbs, with interaction of the olfactory receptor 

neurons [100, 101].  

As for contamination by ingestion, the whole brain does not accumulate great amounts of U, regardless 

of the time of exposition. The brain structures that accumulate the most are the striatum, the cortex and 

the hippocampus [102], in a heterogeneous and dose-dependent form. This is probably the explanation 

for the fact that the neurological symptoms appear in different moments in time [94]. Using mostly rat 

models, several reports indicate behaviour alterations ensuing DU exposure. There is a study showing 

that following exposure in rats, approximately 3 ng/g was detected in the whole brain against 300 ng/g 

in the kidneys after chronic exposure (9 months) to 40 mg/L of DU, a supra-environmental concentration 

[103]. There are also evidences of transient memory changes after an acute exposure [104], locomotion 

alterations induced by DU chronic ingestion [105], but not of the sleep-wake cycle or the memory 

capacity [106], spatial memory troubles at day 21 and post-natal depression on expositions in utero 

(data not yet published). 



21 
 

All in all, U toxicity threshold and effects depend on the U concentration, the route and time of exposure 

which may be due to different U oxidation forms present in different routes of exposition and U affinity. 

It is acknowledged that U is able to move from the blood into the brain but the mechanisms are still 

unknown. There is a study in rat model reporting that the Blood Brain Barrier (BBB) is intact after U 

contamination, suggesting either a possible vascular transfer [107] or the use of molecular transporters 

present in the brain, as transferrin, ferritin or Divalent metal transporter 1 [94, 108]. Beside the fact that 

there are other structures that act as interfaces between the blood and the brain, the BBB represents 

the largest contact surface. Therefore, it is necessary to clarify the mechanism through which the 

transfer occurs. 

1.5 Practical considerations 

Taking into consideration the in vivo data showing CNS alterations when exposed to DU, in order to 

study the effects and mechanisms of its potential transfer across the BBB, an in vitro model was chosen 

using a Boyden-chamber like approach with a Human Cerebral Microvascular Endothelial Cell 

(hCMEC/D3) line. This cell line was chosen due to the collaboration with Institut Cochin, which allowed 

its transfer to the IRSN. This cell line was then applied to different cellular models with increasing 

complexity. 

1.5.1 Endothelial Cells Model 

The hCMEC/D3 line was derived from human temporal lobe microvessels from brain tissue collected 

during a surgery to ameliorate the symptoms of an epileptic patient. The primary isolate was enriched 

in EC and then immortalized by the use of lentivirus vector transduction. It contained the catalytic unit 

of human telomerase and SV40 large T antigen. Afterwards, the cells were isolated by limited dilution 

cloning and, finally, characterized for brain endothelial phenotype. This cell line arranges itself as a 

contact-inhibited monolayer of elongated cells when seeded on collagen-I or collagen-IV substrate. 

Tests show that they maintain apparently normal diploid human karyotype, are positive for endothelial 

markers (CD34, CD31, CD40, CD105, CD144 and von Willebrand factor) and negative for a marker 

absent from brain endothelium (CD36). Furthermore, they also are positive for most transporters and 

receptors expressed in vivo in the human BBB (ABC transporters, MRP, etc) [109]. In addition, the cell 

line seems to preserve stable growth and endothelial marker characteristics up to the 35th passage even 

without any co-culture [109]. This indicates that the cells have been immortalized before the loss of their 

BBB phenotype and that they are able to maintain it. This model is also positive to AJ and TJ proteins, 

shows restricted permeability to LY, indicator of a low paracellular permeability, and to other low and 

high molecular weight drugs correlating with in vivo data [109]. 
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Figure 8 - Phase contrast photos of hCMEC/D3 (A) at 36th passage and (B) at 29th passage. Amplification of 
40x. 

Considering all the stated above, the hCMEC/D3 line is currently the most well characterized EC model 

to be applied in BBB in vitro models, proving that it keeps its BBB phenotype and it is easily grown in 

stable populations, being used in more than 300 laboratories. For those reasons, it was applied to the 

previously defined Boyden-like structure to perform the studies in this work. 

The model, schematically represented in Figure 9, is constituted by two compartments to mimic the 

physiological BBB. EC are cultured on the luminal side over a semipermeable porous membrane, 

allowing permeability studies of markers flowing from the luminal to the abluminal partitions.  

 

Figure 9 - Schematic representation of BBB in vitro model. 

However, it is expected that DU exposure to EC alone will not mimic correctly the in vivo response 

because there is no cross talk between this cell type and the others that are physiologically in the 

surroundings. In that view, other cell types can be successively added to the lower compartment in order 

to increase the complexity of the model and better mimic the in vivo situation. In other words, by creating 

this cellular interaction, the model evolves from only the BBB to the NVU. 

1.5.2 Endothelial Cells and Pericytes Model 

The first iteration in order to approximate the in vitro to the in vivo is to add pericytes to the culture 

system. Pericytes are contractile smooth muscle-like cells that cover the abluminal surface of 

microvessels, wrapping it [41]. They have been shown to induce higher electrical resistance and lower 

permeability in EC than any other cell type of the NVU in rat models [110]. 

The chosen cells were primary cells isolated from human brain. This choice was based on the fact that 

they are easily available and that they have been used before in in vitro models [111, 112]. 

Once again, besides that this model is already a step forward into the modelling of the NVU, there is still 

the need to incorporate another cell type. In order to the NVU model to be robust, neuronal cells must 

also be a part of the setup. 
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Figure 10 - Schematic representation of hCMEC/D3 + pericytes in vitro model 

1.5.3 Endothelial Cells, Pericytes and Neuronal Cells 

The final iteration of the model was the addition of human post-mitotic neurons, more or less 

supplemented with glial cells. These neuron-like cells (named NT2-N) come from manipulation of the 

NTeraClone 2D1 cell line (NT2) with the aim of achieving high purity neuronal cells. NT2 is a cell line 

derived from a human teratocarcinoma that changes its phenotype when subjected to retinoic acid, to 

differentiated neurons. After a 4 week culture with retinoic acid, the cells are subjected to a mitotic 

inhibitor, resulting in a >95% pure NT2-N culture that could be used without any evidence of phenotypic 

alteration for 10 weeks. The cells are proven to be postmitotic, regardless of the medium in which they 

are cultured. In addition, they are also positive for markers usually found in in vivo and in vitro neurons, 

with closer similarities to the ones found in CNS neurons [113]. For these reasons and for the 

collaboration with Institut Pasteur, these neuronal cells were used in the present work and cultured on 

the bottom of the chamber to resemble the physiological structure as much as possible. 

 

Figure 11 - Schematic representation of hCMEC/D3 + pericytes + NT2-N in vitro model 

1.6 Motivation and Aims 

The present work aims at characterizing increasingly complex in vitro models of the human BBB and 

NVU. This objective is important to increase the knowledge regarding the BBB and the NVU and their 

physiological functioning, subject that still remains unclear in a wide range of aspects. From that point, 

it will be possible to submit the models to different expositions of DU, in order to study its effects on the 

permeability of the BBB and which are the influences of each cell type of the NVU. Taking into account 

the broadly spread use of nuclear material, and its production waste, it is necessary to understand which 

are the mechanisms through which DU could reach the CNS, since it represents a health threat to 

humans.  
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2. Materials and Methods 

2.1. Cell lines 

2.1.1.  hCMEC/D3 culture 

This cell line was obtained from the Institut Cochin after a Mutual Transfer Agreement (LS12102) with 

the IRSN. They are stored at -150 °C in freezing medium (95% serum and 5% Dimethylsulfoxide). 

After the cell thaw, they are seeded on T-75 cm² flasks, previously coated with collagen-I (Trevigen, 

Inc., Gaithersburg, MD, USA) from rat tail tendons, dissolved in distilled water (Life Technologies, 

Thermo Fisher Scientific, Waltham, MA, USA) at 150 µg/ml, for at least 1 hour at 37 °C. The used 

medium is EndoGROTM Basal Medium (EMD Millipore Corp.), supplemented with EndoGROTM-MV 

Supplement Kit, Penicillin-Streptomycin at 10,000 U/mL (Life Technologies, Thermo Fisher Scientific, 

Waltham, MA, USA) and HEPES 1M (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). 

The T-flasks are placed on an incubator with a humidified atmosphere with 5% CO2 at 37 °C, for 3-4 

days. 

After these days in culture, the cells have already reached confluence, the medium is removed and the 

cells are washed with Phosphate Buffered Saline –CaCl2, -MgCl2 (PBS [-] [-]) (Life Technologies, 

Thermo Fisher Scientific, Waltham, MA, USA).  Afterwards, 2 mL of Trypsin/EDTA 0.25%, phenol red 

solution (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) is added in order to release 

the cells from the collagen coating. The T-flasks are put inside the incubator and the progress of the 

reaction is monitored on a phase contrast microscope. As soon as the cells are detached, the reaction 

is stopped with 4 mL of medium. At this point, the cells are counted using a hemocytometer (Malassez, 

Preciss France) and seeded at the necessary concentration in previously collagen-I coated supports. 

2.1.2.  Pericytes culture 

The human brain vascular pericytes cell line was bought from ScienCell Research Laboratories 

(ScienCell, San Diego, CA, USA). One vial containing 5x105 cells in 1 mL was seeded on one poly-D-

lysine coated T-75 cm2 flask, with Perycite Medium (ScienCell, San Diego, CA, USA) supplemented 

with fetal bovine serum, perycite growth supplement and penicillin/streptomycin. The medium was 

changed the next day. After 3 days in culture, the medium was removed, the cells were washed with 

PBS [-] [-] (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) and dissociated afterwards 

with 2 mL of Trypsin/EDTA 0.25%, phenol red solution (Life Technologies, Thermo Fisher Scientific, 

Waltham, MA, USA). The assessment of the reaction was done at the phase contrast microscope and, 

when it was complete, 6 ml of medium was added to stop the reaction.  

After the first passages, the protocol was changed to match the one of hCMEC/D3 (see Results and 

Discussion). The handling and maintenance of pericytes was equal to the described before for EC. 
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2.1.3. NT2-N culture 

This particular cell line was offered by the Laboratoire de Neuro-Immunologie Virale of Institut Pasteur 

after the differentiation process as mainly described in (Paquet-Durand, Tan et al. 2003) after a Mutual 

Transfer Agreement (2015-054). The cells were received in culture in T-75 cm2 flasks and were kept 

with Dulbecco's Modified Eagle Medium Nutrient Mixture F-12 when in mono-culture and in EndoGROTM 

Basal Medium when in co-culture. In order to seed them, the cells are washed in Phosphate Buffered 

Saline +CaCl2, +MgCl2 (PBS [+] [+]) (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). 

The first detachment is performed in Versene (Life Technologies, Thermo Fisher Scientific, Waltham, 

MA, USA) and the second with 4 mL of trypsin, at room temperature. The reaction is stopped with 

medium as soon as the cells detach. At this moment the cells are centrifuged, re-suspended in medium 

and seeded on the desired format. 

2.2.  Model setup 

2.2.1. EC model 

Transwells of 6- or 12-well format (24 mm or 12 mm diameter, respectively), polystyrene membrane, 

0.4 μm of pore diameter (Corning, NY, USA), references 3460, 3450 are coated for at least 1h at 37º C, 

with collagen-I from rat tail tendons (Trevigen, Inc., Gaithersburg, MD, USA) diluted in distilled water 

(Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) at 150 µg/mL. The cells are then 

seeded at (D0) on the insert at a 50000 cells/cm2 concentration and kept in the incubator. The medium 

is changed at D3, both the luminal and the abluminal, and tests are performed at D6. EngoGro Basal 

Medium (EMD Millipore Corp.), supplemented with EndoGROTM-MV Supplement Kit, Penicillin-

Streptomycin at 10,000 U/mL (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) and 

HEPES 1M (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) is used. 

2.2.2. EC and Pericytes Model 

The same parameters in terms of Transwell support are applied to this model. Pericytes are added on 

the day (D) before of the EC, corresponding to D-1. They may be seeded both inside of the insert (setting 

henceforth denominated Pericytes OVER) and on the external surface of the filter (henceforth 

denominated Pericytes UNDER). For the condition Pericytes OVER, the cells are seeded in the same 

fashion as the hCMEC/D3. For the condition Pericytes UNDER, the inserts are inversed inside of a petri 

dish. In this position, the filter is coated with collagen-I (same parameters as for hCMEC/D3). The 

pericytes are then seeded at a 50000 cells/cm2 concentration on the filter and the inserts are kept 

inversed inside of the petri dish, in the incubator, until the next day. At D0 the inserts are put back into 

their right position. For both configurations, the protocol of the EC model is then followed at D0.  

2.2.3. EC, Pericytes and Neuronal cells Model 

The same parameters in terms of Transwell support is applied to this model. At D-1, plates of 6- or 12-

wells (24 mm or 12 mm diameter, respectively) are coated with Poly-D-Lysine (Sigma-Adrich, Saint-

Louis, MO, USA) dissolved in distilled water at 10 µg/mL concentration, during 4 hours at room 
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temperature. After this time, the wells are coated with Laminine (Sigma-Adrich, Saint-Louis, MO, USA) 

dissolved in PBS [+] [+] (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) at a 1 µg/mL 

concentration, overnight at room temperature, over the already existing coating of Poly-D-Lysine. 

Neuronal cells are then seeded on the bottom of the wells at D0. The protocol for the EC and pericytes 

model is then followed (set-up as depicted in Figure 12). 

 

Figure 12 - Representation of the culture timeline for the three models 

2.3. Model Characterization 

Since the EC line is well characterized, as stated in previous sections, there is no need to verify every 

aspect of its properties. However, since a chemical and radioactive agent is added to the cells, there is 

the necessity of assessing, at least, the quality of the monolayer at each step. In addition, the interaction 

with other cell types may affect the EC on those aspects. In that view, the quality of the monolayer 

should be confirmed every time a new cell type is added. For this purpose, the tightness of the junctions 

will be assayed by permeability studies of a diffusion marker and/or by TEER measurement. 

2.3.1. Permeability Studies 

In the present work, LY testing will be applied. It is a small hydrophilic molecule with 457.3 kDa, therefore 

only involved in paracellular transport, adequate for this type of tests. 

In the moment of the test, the luminal content of the inserts is removed; they are transferred into 6- or 

12-well plates containing 2.6 or 1.5 mL, respectively, of transport buffer (HBSS with 10mM of HEPES 

and 1mM of sodium pyruvate) and 1.5 or 0.5 mL of 50 µM LY solution is added to each chamber, 

depending on the size of the chamber. In this way, the level of transport buffer in both compartments is 

approximately equal to avoid effects of hydrostatic pressure. At different time points, defined at 10 and 

25 minutes, the inserts are changed into wells with fresh transport buffer. The plates are kept on the 

incubator during the whole test. The experiment finishes after 45 minutes, collecting the transport buffer 

of the abluminal compartment for 10, 25 and 45 minutes and the one of the luminal compartment after 

the 45 minutes. Each condition is tested in triplicates for statistically representative data.  

As for the analysis, 200 µL of buffer from the abluminal compartment for each time point and 20 µL of 

the luminal compartment, diluted at 1:10 in fresh transport buffer to a final volume of 200 µL, is collect 

for each condition and added to black 96-well plates (Corning, NY, USA). Together with the samples, 

solutions of known crescent concentration between 0 and 20 µM are added to create a standard. The 

fluorescence of the plate is read using a microplate reader, with an excitation filter of 485 nm and 

emission filter of 535 nm, as required for LY readings (Exc. 425 nm, Em. 538 nm). 

The generated data is analysed using the clearance principle as described by [69].  
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In this model, the passage of the tracer is calculated as the volume cleared from the luminal to the 

abluminal compartment according to the equation 

𝑉𝑜𝑙𝑢𝑚𝑒 =
𝑡𝑟𝑎𝑐𝑒𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑏𝑙𝑢𝑚𝑖𝑛𝑎𝑙 . 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒𝑎𝑏𝑙𝑢𝑚𝑖𝑛𝑎𝑙 

𝑡𝑟𝑎𝑐𝑒𝑟 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑙𝑢𝑚𝑖𝑛𝑎𝑙

 

And this clearance value is calculated for each point and plotted against time. The values increase 

linearly with time, allowing a linear regression. The slope of this curve is denominated the clearance 

rate. This parameter is calculated for the coated insert without cells, called PSf, and for each coated 

insert with cells, called PSt, each with mL.min-1 dimensions. By using these values it is possible to obtain 

one other parameter, PSe, by applying the equation: 

 

Figure 13 - Representation of the mathematical analysis of LY permeability coefficient 
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Finally, this value is then divided by the surface area of the filter, obtaining the endothelial permeability 

coefficient, Pe, in cm.min-1. 

2.3.2.  TEER 

Measurements were made using an STX-2 electrode (World Precision Instruments, Sarasota, FL, USA) 

with an EVOM meter (World Precision Instruments, Sarasota, FL, USA). The electrodes are sterilized 

in ethanol 70% during 15 minutes before the measurement and the inserts are removed from the 

incubator during that time to stabilize at room temperature. The resistance is controlled at D3, before 

the medium change, and at D6, before the experiment. Each insert is measured in triplicate, always in 

the same location.  

Measurements were also made by using an EndOhm chamber (World Precision Instruments, Sarasota, 

FL, USA) with an EVOM meter (World Precision Instruments, Sarasota, FL, USA). The cell inserts are 

removed from the incubator 25 minutes before the experiment and placed inside the chamber with 

Hanks' Balanced Salt Solution, -CaCl2, -MgCl2 (Life Technologies, Thermo Fisher Scientific, Waltham, 

MA, USA) heated at 37º C, with the same level of liquid both in the luminal and abluminal side.  

In order to analyze the results, the resistance of a blank insert, coated with collagen-I and subjected to 

the same conditions as the others, is also measured and subtracted from all the values obtained from 

the cells (background noise). The final data is represented in Ω.cm2 and denotes an average of the three 

measures of each cup and of the three inserts of each condition. 
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2.3.3. Determination of most suitable coating for pericytes  

A colorimetric ECM Cell Adhesion Array Kit (Life Sciences, Merck, Darmstadt, Germany) was used to 

determine the most suitable coating for pericyte adhesion and proliferation. The cells were seeded with 

Assay Buffer in the 96-well plate containing the different ECM matrix and incubated for 1h on an 

incubator with a humidified atmosphere with 5% CO2 at 37 °C. Afterwards, the medium is discarded 

and the cells washed 2 to 3 times with Assay Buffer. 100 µL of Cell Stain Solution is added to each well 

and the plate incubated for 5 minutes at room temperature. After that time, the solution is removed; the 

cells are washed 3 to 5 times with deionized water and then let to air dry. Finally, 100 µL of Extraction 

Buffer is added to each well and incubated at room temperature until the stain is completely solubilized. 

The plate is analyzed using a microplate reader at 540 nm and the results presented as the absorbance 

in function of the concentration of the ECM protein. 

2.3.4.  Immunostaining 

After the 6 days of culture, the medium is removed from the inserts and they are washed with PBS [+] 

[+] (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). After removing the content of both 

compartments, absolute ethanol at -20° C is added drop by drop both to the luminal and the abluminal 

side. The plate is then placed at -20° C for 10 minutes. Afterwards the ethanol is removed and PBS [+] 

[+] is added. The cells are kept at 4° C until the staining.  

Table 2 - Primary and secondary antibodies, their suppliers and used dilutions. 

  Antibody Supplier Dilution 

Primary Claudin-5 Antibody 
(4C3C2) 

Thermo Fisher 
Scientific, Waltham, 

MA, USA 

1/100 

Anti von-Willebrand 
Factor 

1/50 

ZO-1/TJP1 Antibody 1/100 

Monoclonal Anti-Actin 
α-Smooth Muscle 

antibody 

Sigma-Adrich, Saint-
Louis, MO, USA 

1/200 

        

Secondary Alexa Fluor 568 goat 
anti-rabbit IgG 

Life Technologies, 
Thermo Fisher 

Scientific, Waltham, 
MA, USA 

1/200 

Alexa Fluor 568 goat 
anti-mouse IgG  

Alexa Fluor 488 goat 
anti-mouse IgG  

        

  Rhodamine Phalloidin  Invitrogen, Thermo 
Fisher Scientific, 

Waltham, MA, USA 

1/500 

In order to perform the staining, the cells are washed 3 times for 10 minutes with PBS [+] [+], followed 

by a 10 minutes permeabilization with Triton 100X 0.1% at room temperature. Afterwards the cells are 

washed with PBS [+] [+] 3 times for 10 minutes. The culture insert, containing the cells, is cut in several 

pieces and each one is put to saturate in PBS [+] [+] with 3% of Bovine Serum Albumin (Sigma-Aldrich, 

Saint-Louis, MO, USA) for 30 minutes. After that time the solution is removed and the primary antibodies 
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diluted in PBS [+] [+] with 1% of Bovine Serum Albumin are added. The cells are then put to 4° C 

overnight in humidified conditions. The next day the cells are washed 3 times for 10 minutes with PBS 

[+] [+], followed by the addition of the secondary antibodies diluted in PBS [+] [+] with 1% of Bovine 

Serum Albumin. The cells are put in the dark for 1h to incubate. Next, the cells are washed again 3 times 

for 10 minutes with PBS [+] [+], followed by a distilled water wash. At this point, each piece of the culture 

insert is placed over a drop of glycergel (Dako, Agilent Technologies, Glostrup, Denmark) with DAPI 

(Sigma-Aldrich, Saint-Louis, MO, USA) at 1/500 concentration, over the lamella, and topped with a 

lamina.  

The photos are taken using a ZEISS Axio Imager 2 microscope, with a MetaSystems CoolCube camera 

and with Isis Image Acquisition System. After acquisition the images are treated with the software 

ImageJ.  

2.4. U effects on the NVU  

2.4.1. Uranium contamination 

Whatever the speciation, after exposure, U is under the uranyl ion in the body, and then forming 

complexes with citrate, bicarbonate, or proteins in the plasma [114]. In order to mimic that, the utilized 

U for in vitro experiments is under the form of uranyl nitrate hexahydrate, after the reaction with 

bicarbonate solution. 

This form of U is highly toxic and oxidizing, it is stable in solution and only precipitates in concentrations 

superior to 100 µM in cell culture medium [91, 115]. The range of experienced concentrations (50 pM to 

500 µM) are used to test every possible effect of DU in the BBB, even if the highest concentrations 

(superior to 100 µM) are unlikely to be attained in vivo [115]. 

A 10 mM stock solution was prepared by dissolving the DU powder (AREVA-COGEMA, France) in 100 

mM NaHCO3 solution. The radioactive specific activity of DU is 1.4 x10-4 Bq/g, its isotopic composition 

is 238U = 99.74%, 235U = 0.255%, and 234U = 0.0055% and its pH of 7.4. DU solutions used for 

experiments were prepared by dilution of the stock solution in cell culture medium. 

Different DU contamination profiles were modelled to mimic both acute and chronic exposures. The 

acute was reproduced with 24, 4 and 1 hour of exposure before the experiment. As for the chronic, it 

was performed by a 3 day exposure, with the presence of DU in the first 3 days (D0D3) or in the last 3 

days of culture (D3D6). A long chronic exposure was performed by maintaining DU contamination during 

all the culture (D0D6). All these conditions are summarized in Figure 14. 
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Figure 14 - Representation of the timeline used to mimic acute and chronic exposures 

2.4.2.  Cell Viability 

The cell’s viability and proliferation is assessed using the Cell Proliferation Kit I (MTT) (Roche, France). 

The cells are seeded on 96-well plates coated with collagen-I at 50000 cells/cm² concentration. U is 

added to the medium at different concentrations, from 50 pM to 500 µM, and kept on the incubator at 

37°C, with 5% CO2. In the day after the seeding, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) salt is added to each well and, 4 hours later, the solubilization agent is also added to 

each well. Each condition is done in sextuplicate. The reaction occurs overnight in the incubator, 

allowing the evaluation of the plate on the next day with a microplate reader at 570 nm. 

In order to analyse the results, the mean absorbance value measured for only the medium, without cells, 

is subtracted from all the conditions, to remove the background noise. Afterwards, the absorbance of 

the control is stablished as 100 and all the conditions are represented as percentages of the control. 

2.4.3. Uptake 

U was quantified by Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) (ICP-MS, PQ, Excell, 

Thermo Electron, France) using a 7700X series (Agilent Technologies, Les Ulis, France), calibrated with 

a SPEX CertiPrep uranium standard solution (Jobin Yvon, Longjumeau, France). The results of the 

analysis are expressed as parts per trillion. 

2.4.3.1. Extracellular 

The cells are seeded at a 50000 cells/cm² concentration on 24 mm or 12 mm Transwells with 0.4 µm 

pores polyester membrane insert (Corning, NY, USA), coated with collagen-I. 1 mL of the luminal and 

of the abluminal medium is collected at D3, for each insert. The medium in the inserts is changed and 

U is added to the medium at different time points, according with the different contaminations in study 

(see Figure 14). At D6 the medium is again collected. The samples of each condition are diluted with 

2% nitric acid, to be in the range of the standard of 1 to 1000 parts per trillion, and U is measured in the 

ICP-MS.  
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2.4.3.2. Intracellular 

The cells are seeded on the bottom of 6- or 12-well plates coated with collagen-I at 25000 cells/cm2. For 

EC, U is added after 24h of seeding and the samples collected after 48h of seeding. For the pericytes, 

U is added after 48h of seeding and the samples are collected after 96h of seeding. In order to gather 

the samples, the cells are washed repeatedly with PBS [-] [-]  more or less supplemented with Bovine 

Serum Albumin and then collected with 200 µL of 69% nitric acid (Aristar quality grade, VWR Prolabo). 

The tested concentrations are 1 µM, 10 µM, 50 µM, 100 µM and 250 µM of DU. Each concentration is 

tested in duplicate. The samples of each condition are diluted with 2% nitric acid, to be in the range of 

the standard of 1 to 1000 parts per trillion, and U is measured in the ICP-MS. 

2.5. Statistical Analysis 

All results are expressed as mean ± Standard Deviation (SD) from at least three independent 

experiments, each one with triplicates for each condition tested, unless stated otherwise. The 

significance of variability between results from various groups was determined by One-way ANOVA if 

normality was verified and Kruskal–Wallis if not. Post-test analysis was verified by Dunn’s test. This 

analysis was performed using the SigmaPlot 11.0 software. The results were considered statically 

different when p<0.05. The associated subtitle are * for p< 0.05, ** for p<0.005 and *** for p<0.001.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results 

3.1. Previous data 
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Preceding the start of the present work, several experimental settings had already been tested in order 

to determine the most suitable conditions to culture the hCMEC/D3 and develop the BBB model.  

After transfer from Institut Cochin, the EC were put into culture in the lab of IRSN and they presented 

the expected appearance and growth characteristics. It had been defined that the state of the cells, and 

therefore the robustness of the model, would be tested by evaluating their paracellular permeability. 

This test is suitable for the intended investigation since it evaluates in a simple way the tightness of TJ 

of the EC and thus the BBB phenotype. This parameter was assessed by LY permeability tests, which 

are used in most of the literature, and are possible due to the two compartment configuration of the 

model. After testing several settings of culture, by varying the day of seeding and of changing the 

medium, the lower values of permeability were observed when the medium was changed at D3 and the 

experiences carried at D6. The proper phenotype of the cells was also confirmed by cytological staining 

analysis in these conditions. This was then accepted as the standard time window to use in future tests. 

Afterwards, the influence of the culture insert and of the coating was determined. Tests showed that the 

best choice to culture EC was Transwells polyester inserts, either in 6 or 12-well format, with 0.4 µm 

pore size, from Corning, with a collagen-I coating. Whether the 6 or the 12-well format is chosen depends 

on the technique of the pretended final test. 

3.2. Characterization of the hCMEC/D3 model 

Until this point the cells’ phenotype and the robustness of the model had been evaluated using LY 

permeability tests and there are numerous examples of published data using the same type of technique 

[116-118]. However, there are still some other reports that use TEER measurements as an evaluation 

of the model and of the evolution of the cells’ state [64, 119]. This technique has the advantage of not 

being invasive, allowing to follow the tightness of the TJ day by day. For these reasons, it was verified, 

using STX2 electrodes, if this parameter would be suitable to evaluate the model.  

Table 3 - TEER measurements of hCMEC/D3 at D3 and D6 using STX2 electrodes. Results expressed as 
Mean±SD of the TEER values of each insert subtracted the TEER of a blanck insert. N=3 in triplicate. 

TEER Mean ± SD [Ω.cm2] 

Day 3 246±98 

Day 6 196±67 

 

However, as it can be seen by Table 3, the obtained results were unexpected and need some 

discussion. Firstly, the TEER seems to decrease with time during the culture, which should not be 

possible. As the time passes, cells reach confluence, creating inter-endothelial junctions and increasing 

tightness, which should lead to an increase in TEER. Secondly, it is also visible that the errors in the 

acquisitions are extremely large, making the measurements unreliable. Thirdly, as it comes to TEER, 

reports indicate values for  hCMEC/D3 using STX-2 ranging between 30-123 Ω.cm2, for 12- and 24-well 

format, respectively [120, 121]. The range of values obtained in this experiment is higher than that range, 

what could indicate that this method could be promising to evaluate these cells. 
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The disparities found may be due to multiple reasons. This technique has an intrinsic high variability in 

the moment of the acquisition since the measured value depends on the distance of the electrodes and 

the location in the insert, resulting in a deviation of 10 to 30 Ω [122]. In addition, the electrodes are not 

capable of delivering uniform current density when used to read TEER through large membranes [122], 

as the ones of 6-well plates used in this experiment. Lastly, since the measurements are made in the 

wells containing medium, it is also possible that the abundant quantity of proteins present may also 

influence the action of the electrodes by depositing on them. One possible alternative would be to 

acquire the measurements using Hanks’ Balanced Salt Solution. 

Taking into account the obtained results, it is conclusive that this method is not sensitive or reproducible 

in this experimental set-up. Therefore, it was chosen not to proceed with this system of evaluating the 

cells’ tightness and barrier properties. The alterative chosen was to continue with the LY permeability 

assays. 

3.3. Application of the hCMEC/D3 model to U exposure 

At this point, the first model using EC in a Transwell support was already characterized and optimized, 

with all the necessary parameters defined. Therefore, it was possible to start applying it to DU exposition 

and evaluate its effects.  

3.3.1. Cytotoxicity test 

In order to evaluate the effects of DU contamination in hCMEC/D3 it was necessary, before any other 

experiment, to determine whether U is toxic to the cell line. For this purpose, a MTT test was applied to 

growing cells subjected to crescent concentrations of DU, between 50 pM and 500 µM, in sextuplicate. 

This colorimetric test allows the evaluation of the cell viability in a simple way after 24h of exposition to 

DU, using hCMEC/D3 cells without any U exposure as a control. 

 

Figure 15 - Evaluation of DU cytotoxicity in hCMEC/D3 by MTT assay. Results expressed as Mean±SD. *p<0.05; 
***p<0.001. N=3 in sextuplicate 

The graphic in Figure 15 represents the viability of the cells subjected to each concentration of U, 

normalized to the control (non-contaminated cells). Until 250 µM, none of the tested concentrations 

presents a marked variation in cell viability when compared to the control. For the 500 µM conditions 
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there is a statistically significant decrease (of about 50%) on the percentage of living cells (p <0,001).  

As for the 250 µM, despite the fact that there is no statistical significant difference, a tendency towards 

the diminution of cell viability is notable. Furthermore, it is also visible that all the data presents a 

considerable SD in all the conditions. 

The results seem to indicate that U does not affect considerably the viability and proliferation of growing 

cells at concentrations under 500 µM. In other words, in a 24h exposure to this range of concentrations 

of U, the cells seem to be able to continue to grow and divide at normal rates. On the other hand, 500 

µM of U seems to exert a deleterious effect on growing EC.  

Relatively to the observable SD, one can infer that these variations come from the fact that the test is 

performed in a 96-well plate, which carries intrinsic technical difficulties and biological variability, 

resulting in a slight variability between repetitions. 

These results come in line with previous MTT cytotoxicity studies performed in other cells. There are 

reports of studies with DU in rat lung epithelial cells that indicate a dose-dependent decrease effect, 

with a significant decrease in cell viability after 500 µM after 72h of exposition [123]. The same type of 

results is found in tests done in renal epithelial cells, showing 20% of viability reduction at 500 µM and 

minimal alteration at 250 µM when exposed for 24h [124]. Furthermore, despite the fact that this test 

has never been performed in human endothelium, there is one report on rat brain endothelial cells that 

found no toxic effects at 10 and 50 µM both for 3 and 6h of contamination [125]. Concluding, all of these 

studies support the fact that short term exposures do not cause any visible effects on the cell’s viability 

until relatively high concentrations, namely 500 µM.  

According to this test, expositions to concentrations up until 500 µM of DU do not seem to affect the 

viability of the hCMEC/D3 cell line. However, even if the viability of the cells has not changed, it was still 

possible that the presence of DU disturbs the cells’ well-functioning, namely the tightness of TJ. If that 

happens, it could affect the ensuing tests that depend on the tightness of the junctions to ensure the 

BBB phenotype. Therefore, it was necessary to test the effects of U in TJ in order to define a working 

concentration of DU that besides not affecting the viability also does not compromise the normal 

functioning of the inter-endothelial junctions. 

3.3.2. Determination of the working concentration 

In order to find the most suitable working concentration, it was necessary to evaluate the effects of 

different concentrations of U in the tightness of the cell layer and, therefore, in the barrier properties of 

the model. For that, a LY permeability study was performed by adding DU in concentrations from 1 to 

500 µM, as tested before, to the cells in the moment of the permeability test. Like this, it would be 

possible to detect if the presence of U causes any changes in the TJ function throughout the test. The 

results are presented in Figure 16.  
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Figure 16 - LY Permeability of HCMEC/D3 cells subjected to 1 to 500 µM of DU in the moment of the test. Results 
expressed as Mean±SD. N=3 in triplicate. 

The first bar represents the permeability of cells that were subjected to 1.4 M of mannitol 30 minutes 

before the experiment. Mannitol induces an osmotic shock, therefore the disarrangement of the cells 

and the disruption of the TJ, interfering with the barrier properties of the monolayer. The cells indicated 

a very high permeability value, as expected, acting as a positive control. The negative control here found 

is non-contaminated cells and presents a value of 1.36 x10-3 cm.min-1.  

It is visible that U does not affect the state of the TJ regardless of the concentration, since the 

permeability remains unchanged in every condition when compared to the negative control. This means 

that 500 µM despite being cytotoxic, when added to the cells in the moment of the test, it does not 

disturb the cell’s TJ. 

Taking into consideration that DU does not perturb the permeability at any tested concentration and it is 

only toxic at 500 µM, it was legit to assume that any concentration from 1 µM until 250 µM was 

acceptable to work with in future researches. It was decided to pursue the investigations with a fixed 

concentration of 50 µM. This was chosen since it does not disturb the cells’ TJ, it is not cytotoxic and it 

is high enough to have sensitivity for the techniques used afterwards. 

At this point, there was already the first BBB model set up, with all the technical parameters 

characterized and optimized. In addition, there was also a chosen concentration of DU which would 

affect neither the cell viability nor the paracellular permeability. In this view, all the necessary conditions 

were met to start testing the effects of U contamination. 

3.3.3. Effects of different exposure times 

It is possible that for each different time of exposure, the effects and consequences may be different, 

creating the need to investigate it. For that, several time windows of contamination of the model were 

defined in order to mimic both acute (1, 4 and 24h) and chronic exposures (D0D3, D0D6, D3D6).  

The tested conditions are depicted in Figure 14. The 1, 4 and 24h expositions were selected to simulate 

acute exposures and detect if the duration of this exposure may have any influence on the effects.  The 

chronic exposure was tested in different arrangements. In the condition D0D3 the cells are exposed to 
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U in the first 3 days of culture, when they are not yet confluent. This situation is designed to reproduce 

an accidental exposure. In the D3D6 condition the U is only present in the last 3 days of culture, when 

the cells have already reached confluence, which could influence the outcome to be different to the 

D0D3 exposure. Lastly, the D0D6 condition represents a long, chronic exposure. After the 6 days of 

culture, a LY test is performed to evaluate if the barrier properties were compromised by the presence 

of the U and if these effects were dependent of the length of exposure. 

 

Figure 17 - LY permeability test of hCMEC/D3 cells subjected to 50 µM of DU during different time durations. 
Results expressed as Mean±SD. N=3 in triplicate. 

The results are depicted in Figure 17. In first analysis it is possible to detect that the control presents a 

normal permeability value, 0.96 x10-3 cm.min-1. All the other conditions will be compared to this. 

When observing the graphic in Figure 17, it is possible to understand that all the tested settings present 

values of permeability coefficient within the normal values. In fact, when statistical analysis is performed, 

comparing each one to the control, it is demonstrated that there is no detectable difference between the 

groups. 

Previously it was already demonstrated that U does not affect the viability of the cell until 250 µM and 

does not disturb the TJ of the EC until a concentration of 500 µM when applied in the moment of the 

test of permeability. With this test it is also proven that when the cells are subjected to 50 µM of U, in all 

the tested durations of contamination, it does not exert an effect on the cells’ paracellular permeability 

in a detectable fashion. This indicates that neither short nor long term exposure to U seems to affect the 

tightness of the monolayer. These results lead to think that the barrier properties of the cells seem to be 

intact after the U contamination.  

The results were supported by immunostaining. In Figure 18 it is possible to see the staining of Claudin-

5 in control cells (A) and cells subjected both to acute, e.g. 1h of DU (B) and to chronic, e.g. D0D6 of 

DU (C) exposure. No difference is visible between the photos, confirming that the Claudin-5, which is a 

protein responsible for barrier properties, continues to be expressed after DU exposure. Same patterns 

have been observed for all exposure detailed in figure (data not shown). 
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Figure 18 - Immunostaining of Claudin-5 in hCMEC/D3. A – Control. B – 1h. C – D0D6. Scales are indicated in 
the figure. 

However, there are several studies that indicate that U is able to reach the brain in animal models [92, 

102, 106], therefore surpassing the BBB. Yet, in situ brain perfusion tests indicate that the BBB is not 

damaged [107]. The results obtained with this human in vitro model also confirm that U does not disturb 

the BBB integrity. This means that the mechanism for U permeability is not clear, since the paracellular 

permeability seems to be unaffected. Therefore, it was necessary to understand how U can overcome 

the BBB possibly by some other route. 

3.3.4.  Uranium uptake test 

Since the TJ appear to be intact following DU contamination at 50 µM, regardless of the time of 

exposure, the question of other possible route for the passage of U arises. One possible alternative is 

that U is capable of surpassing the BBB by entering the EC, by one of numerous possible mechanisms, 

and then be expelled to the abluminal side. The first step to further investigate this possibility is to 

investigate if the U is capable of entering the cell.  

3.3.4.1. Intracellular 

In order to better understand the mechanism through which U reaches the CNS, a test was performed 

to detect if, following contamination, it is possible to find U inside the cell. In experimental set-up the EC 

are cultured on 6-well plates and, one day after seeding, the cells are subjected to a 24h contamination 

by DU from 1 to 250 µM. After this time, the cells are photographed by a phase contrast microscope, 

then thoroughly washed and finally the quantity of U inside the cells is measured. In other words, the 

objective of this test was to know if EC are capable of incorporating U and if this level of uptake is 

dependent of the U concentration. The results are presented in both Figure 19 and Figure 20. 

 

Figure 19 - Intracellular U mass in hCMEC/D3 cells subjected to 1 to 250 µM of U. Results expressed as 
Mean±SD. N=3 in duplicate. 
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In terms of U found inside the cells, it starts at very small values. The control cells, non-contaminated, 

have a value of 0.12 ng of U. The following points, corresponding to contaminations at 1, 10 and 50 µM, 

correspond to masses less than 55 ng. The last two points, of 100 and 250 µM, represent much higher 

values of recovered mass, reaching about 78000 ng of U in the more concentrated contamination. 

Lastly, in a different analysis, it is possible to detect a considerable error bar in the higher concentrations.  

When analyzed from an uptake point of view, i.e., the quantity of U that was found in comparison with 

the quantity that was added, the pattern is the same. At lower concentrations, the quantity of U found is 

very small, with uptakes inferior to 2% until 50 µM. However, at the two highest concentrations, the 

uptake rises to 14% in 100 µM and 25% in 250 µM. 

By observing the photos taken before the washes and sample collection, it is possible to see that until 

50 µM there is no difference in growth or morphology of the cells in comparison to the control. However, 

in the 100 µM condition, despite the fact that the cells are still alive, there are already some differences 

in morphology. Moreover, in the 250 µM condition, besides the differences in morphology there are also 

evidences of cell death. Additionally, in the larger magnification photos, there are visible black dots either 

on the surface or inside the cell. The number of these black dots seems to increase with the 

concentration of U. 
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Figure 20 - Phase contrast photos of hCMEC/D3 obtained after 24h contamination to 1 to 250 µM of DU. Scales 
are indicated in the figure. 
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In Figure 19, the quantity of U found inside the cells is certainly intracellular due to the exhaustive 

washings that precede the sample collection. Therefore, the analysis of the results gives the information 

that DU is capable of entering into EC and that the cellular uptake increases with the quantity of DU 

added to the culture medium. It also seems that the uptake increases very slowly for smaller 

concentrations but, beyond 50 µM, it appears to increase almost linearly. The literature states similar 

results with other cell types. One paper states that DU enters rat brain endothelial cells after only 15 

minutes in the presence of 10 and 50 µM [125]. Another paper indicates that with concentrations starting 

at 10 µM, DU is capable of entering into HepG2, an immortalized liver cell line, after only 5 minutes 

[126]. However, this paper also states that the majority of U is incorporated in the HepG2 cells following 

a 24h contamination, which is not in agreement whit what was found with EC. As seen before, the data 

here presented show considerable low values for the uptake. This may be explained by the hypothesis 

suggested before that the EC are capable of releasing U after the uptake, as a detoxifying system, but 

that this capacity is exceeded when the concentration is high and the cells start to fail their capacity to 

block the entry of U. This would explain the small quantity of DU found inside EC, by comparing with the 

quantity found in the kidney cells, and would also explain the accentuated increase in the uptake for 100 

and 250 µM. Lastly, the paper states that kidney cells seem to react non-homogeneously to the exposure 

of U, sometimes not presenting any uptake. This seems also to occur with EC since there is a slight 

variability between the quantities of U found in each repetition, that lead to the considerable error bars 

represented in Figure 19. 

The consequences of this uptake are seen in the photos as changes in morphology in the 100 µM and 

as reduction of the cell viability in the 250 µM condition. Even though the statistical analysis of the 

cytotoxicity test results did not indicate the 250 µM as significantly different from the control, it is visible 

in the graphic in Figure 15 that cells seem to die with this concentration. In this test the same was found 

but more pronouncedly. The differences may come from the differences in format (96- and 6-well). 

As for the appearance of black dots in the photos, since it increases for the higher concentrations, it is 

possible that they could be precipitates of U. The same study in HepG2 indicates that, at the lowest 

concentration, 10 µM, the DU remains soluble and it is mainly located in the cell’s nucleus. However, 

after 24h of exposure, precipitation starts to occur at 50 µM and it is quite visible at 100 µM, with 

precipitates in the cytoplasm and around the cell membrane [126]. Therefore, this phenomenon may 

also be present in EC for higher concentrations during 24h, explaining the black dots in the photos. Such 

hypothesis could be verified in the future by applying Secondary Ion Mass Spectrometry techniques 

currently performed in the LRTOX, as done in the HepG2 cells. 

All this information together leads to the reasoning that when the uptake increases, augmenting the 

quantity of U inside of the cell, it leads to a precipitation of the soluble U. Furthermore, it is still possible 

to extrapolate that these precipitates, beyond a certain quantity, disturb the functioning of the cell, 

causing the visible changes in morphology at higher concentrations. These should be further 

investigated in the future, in order to understand exactly what changes are induced and by which 

pathways. For instance, as it was done in other papers with DU [126] parameters such as Caspase 

activity to verify apoptosis and inflammation induction, production of superoxide anion and antioxidant 
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enzymes to verify RedOx homeostasis or production of Heat Shock Proteins as a cellular stress marker, 

should be verified. 

Even more, when a critical amount of U precipitates is reached, the cell’s viability is compromised, 

resulting in the notable cell death found at higher magnification photos (which could induce errors in the 

measurement, leading to the considerable error bars). This could indicate that the cells may have the 

capacity to incorporate the U and then release it, as a detoxifying system, but this capacity is incapable 

of eliminating all the uranium at higher concentrations. 

However, besides all the information provided by this test the question of how U can surpass the BBB 

still remains. It is unclear how the cell manages the U in the intracellular domain, whether it continues 

stocked in some cell element or, contrarily, if it is then expelled. Furthermore, if it is expelled, the 

following question is to which side it will occur, luminal or abluminal. In order to investigate that, another 

test was set-up in order to analyze the quantity of U that exists in each compartment following the same 

type of contamination as explained in Figure 14. 

3.3.4.2. Extracellular 

With these results it is possible to assume that when the cells are contaminated, they possess a system 

capable of transporting the U into the cell. However, the further mechanisms for dealing with DU are still 

unknown. In order to investigate it, another uptake test was performed but this time by analyzing the 

evolution of the quantity of U in the medium of each compartment throughout the 6-day culture. For that, 

the same contamination profiles were applied, as detailed in Figure 14, to mimic acute (1h, 4h and 24h) 

and chronic (D0D3, D0D6, D3D6) contaminations. The quantity of U in the medium was measured in 

day 3, before the medium was changed, and in day 6, in the end of the culture. The U that was measured 

is represented as percentages of the mass that was added to the cells. The results are depicted in 

Figures 21, 22 and 23. 

3.3.4.2.1. Acute exposure 

The acute exposure is achieved by contaminating the cells with DU for 1, 4 or 24h before the collection 

of the medium. Therefore, these conditions only have values for D6.  

 

Figure 21 - Extracellular concentrations of DU at day 6 in luminal and abluminal compartments following acute 
exposure of the hCMEC/D3 model. N=3 in triplicate. 
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The first information that this experiment provides is that the U is capable of accessing the abluminal 

side, since there is a significant value for this compartment in every condition. Next, there are visible 

differences between the conditions.  

In the shorter contaminations, for 1 and 4h, the majority of U stays in the luminal compartment (46 and 

43%, respectively). However, the quantity that reaches the abluminal side is bigger in the 4h case, with 

48% of the DU in the lower compartment against 20% for the 1h case. By evaluating the mass balance 

it is possible to see that a considerable quantity of DU (between 10 and 35%) is not found in neither in 

the luminal nor the abluminal side. It is possible that this DU stays inside the cells, decreasing as the 

abluminal quantity increases (from 1 to 4h). 

Analyzing the 24h case, the response is completely different. The quantity of DU in both compartments 

is considerably smaller (6% in the luminal and 2% in the abluminal).  

The fact that the U was capable of entering the cells was already shown in the previous experiment and 

corroborated by published works [125, 126]. With this experiment there is the certainty that DU is not 

only capable of entering the cells but also that it can exit, as supposed before. In addition, it also 

indicates that the DU can be expelled to the abluminal side. For this to happen it is necessary that DU 

passes through the cells, since they are alive and the permeability is not altered, as shown before. It 

was shown for the first time in an all-human in vitro model that U is able to reach the abluminal, here 

mimicking the cerebral, compartment just as it was seen in the animal models. 

Comparing the results obtained for 1h and 4h of contamination, as time increases the quantity in the 

luminal side decreases, the quantity in the abluminal increases and the quantity presumably inside the 

cells decreases. It suggests an initial passage of DU from the luminal to the abluminal compartment by 

a transcellular route. 

Furthermore, by comparing the 24h to the 4h results, the found quantity of DU diminishes in both sides. 

This indicates that as time passes, the cells incorporate U from both compartments, stocking it. It is also 

visible that the quantity of DU that the cells are capable of withholding is very large, about 90 % of the 

total amount added.  

 

3.3.4.2.2. Chronic exposure 

The chronic exposure is performed by either 3 or 6 days of contamination, as shown in Figure 14. These 

conditions have values for both D3 (Figure 22) and D6 (Figure 23).  
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Figure 22 - Extracellular concentrations of DU at day 3 in luminal and abluminal compartments following chronic 
exposure of the hCMEC/D3 model. N=3 in triplicate. 

First of all, for the chronic case, the profile does not change: U is present in the abluminal compartment. 

Starting the analysis at D3, it is visible that D0D6 and D0D3 present very similar values for both 

compartments (12% and 17% for the luminal, 22% and 21% for the abluminal, respectively). This shows 

reproducibility of the method, since until D3 both were subjected to the same conditions (3 days of 

contamination). Even more, U found in the abluminal compartment is also due to its free passage during 

cell growth, since U is added during cell seeding at D0 when there is still no monolayer and even less 

TJ. 

By comparing these conditions with the 24h obtained before, it is visible that a long exposure causes 

the EC to release the DU, since the quantity found in both compartments at D3 for D0D3 and D0D6 was 

significantly higher than at 24h. Furthermore, it is visible that the cells release the U to both 

compartments. Lastly, it continues to indicate that a great quantity of DU (about 60%) also stays inside 

the cells. 

 

Figure 23 - Extracellular concentrations of DU at day 6 in luminal and abluminal compartments following chronic 
exposure of the hCMEC/D3 model. N=3 in triplicate. 

Analyzing the data for D6, it is visible that the D0D3 condition presented values of 0.7% for the luminal 

and 1% for the abluminal side, which means that there is U in both compartments even though the 

contamination was stopped at D3. Again, this data suggests that cells uptake the U, stock it and then 

have a detoxifying system that releases U.  

The D0D6 condition presents a slight increase in the abluminal quantity (from 22% to 40%) from D3 to 

D6. This shows that a long chronic exposition has different effects than a shorter one, as obtained for 
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the 3-day contaminations. This condition does not have a value for luminal compartment at D6 because 

since the cells are contaminated twice, at D3 and D6, it wouldn’t be possible to analyze the results and 

know from which contamination the U came from. 

Lastly, the D3D6 condition presents values (21% in the luminal and 36% in the abluminal) slightly 

different of the ones obtained with D0D3 at D3. These conditions were expected to be quite similar since 

they are both 3-day long contaminations. The small difference may be explained by the fact that cells 

achieve confluence around D3, meaning that as the time passes the number of cells increases in the 

monolayer. This means that by starting the contamination at D3, there are more cells that allow the 

passage of U to the abluminal compartment, justifying the increase from D0D3 to D3D6 (21% to 36%). 

The fact that a great quantity of U seems to be stocked inside the cells in every condition is not surprising. 

In vivo, these cells are responsible for protecting the brain from any harmful substance present in the 

blood current. Therefore, it may be hypothesized that EC stock the U as much as possible to avoid that 

it reaches the brain. However, beyond its capacity to stock the U, the cells are obliged to release it, 

doing it to both the luminal and the abluminal side, allowing it to reach the brain. In order to confirm it, 

further uptake tests should be performed by measuring the quantity of U found in each compartment 

and also inside the cells to allow a mass balance.  

All together these results suggest that the time of exposure influences the response of the system, as 

was already discussed for in vivo models. Furthermore, since the presence of DU in the abluminal side 

is undeniable it also shows that EC allow the passage of DU, by some mechanism, as it happens in the 

animal models, when trace amounts of DU are found after chronical ingestion.  

The mechanism through which the U is capable of accessing the cells is still an open question. One 

work [88] performed in LLC-PK1 cells, a kidney epithelial cell line, states several different conclusions. 

First, the uptake was significantly reduced when performed at 4°C, which implicates a transport system 

and not a diffusion process, and then the group demonstrates that U uptake is concentration-dependent. 

Furthermore, it was shown that using several inhibitors of absorptive endocytosis, the uptake of U was 

compromised and it had a significant linear correlation with FITC-albumin. However, it was also seen 

that cytotoxicity was not reduced when endocytosis was inhibited, leading to the theory that U is also 

taken up by a transport system at a lesser degree. This system is probably the type IIa sodium-

dependent phosphate transporter (NaPi-IIa). Despite the fact that this work already suggests possible 

mechanisms, EC are a particular type of cells with a high control of what compounds can enter and exit. 

Furthermore, it is known that, specifically, type II sodium-dependent phosphate transporters are not 

expressed in brain EC [127]. Thus, it is necessary to verify the actual mechanisms in EC in the future. 

Many metals are essential and required for optimal CNS function, as calcium, copper, magnesium, 

manganese, zinc, etc. In order for them to reach the brain in a controlled fashion, the EC have active or 

receptor-mediated transport systems. Other metals, considered non-essential, like mercury, cadmium 

and lead, can also access the brain [128]. There are already some investigations about the entry of 

these metals through the BBB that could provide some indications of what could happen with U. There 

is even a paper stating the existence of a synergistic passage of different metals to the BBB [128]. In 
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this work, it was found that some metals, or mixture of metals, could induce the passage of other 

endogenous metals to the brain. For example, rats with embedded DU fragments have an increase 

uptake of cobalt in advanced age. This collaborative action between metals could indicate a similar 

transport mechanism and/or a common one, which could saturate. 

Regarding the stocking of metals, EC seem to accumulate iron in an extracellular concentration-

dependent manner and, when the storage capacity is exceeded, iron is transported across the BBB  

[129]. For iron transporters, such as holotransferrin, lactoferrin, and melanotransferrin, they are 

described in vitro to be transported across the brain endothelial cell monolayer, without any degradation 

in the lysosomal compartment. These molecules are thus transcytosed through BBB by a receptor-

mediated transport [130-132]. Drawing the parallelism, it seems to be the approximately the same effect 

found with U: the uptake is dependent of the extracellular concentration and after the capacity of stocking 

is overwhelmed, EC expel U to both compartments. In fact, there are also other reports that indicate that 

after the entrance of lead to the EC, the metal is expelled by a transport protein both present in the 

luminal and abluminal membranes [133]. It is possible that the same happens with U, leading to its 

release towards both compartments, as seen in this work. As for exactly what transporter could be 

responsible for this passage, it is still unknown. Some suggest the divalent metal transporter 1 (DMT-1) 

as a possible answer [125], since this transporter is known to have a wide range of substrates, mediating 

the passage of numerous metals to the BBB, both essential (as iron, cooper and cobalt) and non-

essential (as cadmium and nickel). However, it is still possible that U is capable of entering through more 

than one mechanism, as was found in LLC-PK1 cells and as it happens in EC for mercury and iron [134]. 

One other possible insight could be the work developed with bacteria strains from the Chernobyl zone 

[135]. This strain has a high resistance to U thanks to multiple detoxifying mechanisms. One of the found 

mechanisms involves the release of inorganic phosphate that forms a uranyl-phosphate complex with 

U which is then effluxed to the extracellular domain. Even more, these inorganic phosphates can also 

be released to complex with U extracellularly and avoid its entrance. This inorganic polyphosphates are 

also expressed in the mammalian brain [136].  

It is visible that the question of the entry mechanism is far away from answered, leading to many possible 

lines of investigation. Beyond the internalization mechanism, the cellular processes that occur after the 

uptake of U by the EC are still unknown. In order to provide some clues regarding this question, results 

of Transmission Electron Microscopy of EC subjected to the different contaminations lengths are still 

awaited in the scope of this project to allow the visualization of the cell’s ultrastructure. 

Deepen the cellular and molecular mechanisms of U entry should be the goal of future investigations. 

For the moment, the present work aims at modelling the NVU and evaluating the response to U 

exposure. Therefore, the next step in this project was to complexify the model in order to approximate 

it to the physiological structure.  

3.4. Setting up of in vitro model with hCMEC/D3 and Pericytes 
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The model containing the hCMEC/D3 is already robust and representative. It provided a lot of 

information regarding the passage of U through the BBB. However, since the aim is to characterize the 

passage of U in humans, the in vitro models need to approach the in vivo situation as much as possible 

and EC are not an isolated system. They interact and are modulated by the other cell types present in 

their microenvironment.  

As previously said, the NVU is composed by several cell types that are greatly connected with one 

another in order to maintain the highly controlled brain homeostasis. For this reason, it was necessary 

to complexify the model by adding other cell types, characterize it and evaluate if the co-culture has any 

effects on the permeability, as was found before [33]. Afterwards, it would be possible to assess the 

behavior of this new model when subjected to U contamination and evaluate if the co-culture had any 

influence on the response.  

The first cell type to be added to the model was Pericytes. These cells were chosen to be the first 

iteration of this model due to their importance in the NVU [137]. As detailed before, they play a key role 

in modulating the EC and in transmitting signals between the different actors of the NVU. In addition, 

there are also reports of increased tightness of the EC in vitro co-cultured with pericytes [138]. 

3.4.1. Establishing Pericyte culture 

After receiving the cells, the conditions stated by the supplier for the initial seeding were followed. Using 

Pericyte Medium, the cells were thawed and seeded in a Poly-D-Lysine coated flask. The following day, 

the cells showed good attachment and the medium was changed. After 4 days of culture, the cells were 

already confluent and shown directionality, as seen in Figure 24. It was then possible to perform the first 

passage. In order to do so, the protocol for trypsinization the EC was applied, as described in the section 

Materials and Methods. 

 

Figure 24 - Phase contrast photo of the first culture of pericytes after 4 days. Scales are indicated in the figure. 

Despite the fact that the protocol suggested by the supplier showed good results, the final goal for these 

cells was to perform co-culture with the EC. For that, it was necessary to match the culture protocols as 

much as possible. Therefore, the following logical steps were to test different conditions of culture in the 

Pericytes in order to approximate them to the ones defined for EC. 

3.4.1.1. Determination of the most suitable culture medium for pericytes 

The supplier recommended the use of Pericyte Medium. However, the model of EC was stablished with 

EndoGro MV medium. Therefore, the first essay was to test the influence of the culture medium. In order 
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to do so, after the first passage, the cells were seeded in flasks coated with Poly-D-Lysine with 4 different 

medium compositions, with the aim of assessing its influence on the cell growth and morphology. The 

tested conditions were 100% of Pericyte Medium, 75% of Pericyte Medium and 25% of EndoGro MV, 

50% of Pericyte Medium and 50 % of Endogro MV and 100% of EndoGro MV. After 4 days of culture 

the cells were as depicted in Figure 25. 

 

Figure 25 - Phase contrast photos of Pericytes in culture with (A) 100% of Pericyte Medium, (B) 75% of Pericyte 
Medium and 25% of EndoGro MV, (C) 50% of Pericyte Medium and 50% of EndoGro MV and (D) 100% of 

EndoGro MV. Scales are indicated in the figure. 

In a first analysis, there were no sign of cell death on any of the conditions. Furthermore, all of them 

showed signs of confluence after the 4 days. Lastly, by observing the cell morphology, there seems to 

be no apparent change between the conditions. 

These photos, presenting the same level of confluence and showing no changes in cell morphology in 

all the conditions, indicate that the medium did not disturb the normal growth of the cells. Therefore, 

they indicate that there is no incompatibility between the Pericytes and the EndoGro MV medium. In this 

view, it was decided to continue the culture of the Pericytes using EndoGro MV medium, facilitating the 

co-culture with the EC. 

3.4.1.2. Determination of the most suitable Extracellular Matrix protein coating 

The following step was to determine which (Extracellular Matrix) ECM protein would be more appropriate 

to coat the culture supports. Despite the fact that Poly-D-Lysine worked adequately, there was the 

chance of existing other protein with better results. In order to investigate so a commercially available 

ECM Cell Culture Optimization Array was applied to the Pericytes. In this test, the cells are seeded on 

wells coated with different ECM proteins in increasing concentrations. The tested proteins are 

vitronectin, laminin, fibronectin and collagen. After a period of incubation, the level of proliferation and 

adhesion is analyzed. The results are depicted in Figure 26. 
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Figure 26 - Evaluation of different ECM proteins in the adhesion and proliferation of pericytes. Results expressed 
as Mean. N=1 in triplicate. 

As it is possible to deduct from the graph, until 5 μg/mL all the proteins have similar effects in pericytes. 

When the concentration increases to 10 μg/mL the vitronectin has an evident better effect. However, at 

20 μg/mL, despite the fact that vitronectin is also highlighted, collagen is the protein with higher 

adherence and proliferation.  

This result is the most suitable to the co-culture model since EC are also seeded on a collagen matrix, 

making the seeding technically easier. Nonetheless, it was necessary to test if the culture in supports 

coated with collagen would be suitable to promote the growth of Pericytes. For that, the cells were 

seeded on a collagen-I coating at 150 μg/mL as EC, on the presence of EndoGro MV and Pericyte 

Medium. The results of such culture are depicted in Figure 27. 

 

Figure 27 - Phase contrast photos of pericytes cultured in (A) collagen with EndoGro MV and (B) collagen with 
Pericyte Medium. Scales are indicated in the figure. 

As it can be seen, the cells seem to grow equally on both conditions. In addition, the cells do not present 

any visible morphology alteration. Even more, the cells show increase directionality, as it is expected of 

muscle-like cells as pericytes, in the presence of collagen and EndoGro MV medium, just as they did 

with the parameters recommended by the supplier (Figure 24). This is the most suitable result since 

they represent the parameters already defined for the EC culture, facilitating the co-culture. 

Concluding, at this point it was defined that the culture of pericytes would continue by using collagen-I 

as a coating and EndoGro as medium. Also, it was also noted that by seeding the pericytes at the same 

concentration as the EC, they would be confluent at D3. This would allow the maintenance of the same 

time window. Taking everything into consideration, it was possible to apply these parameters in the 

following tests, matching the protocol of pericytes with the one of EC. Therefore, it was possible to start 

defining the conditions of co-culture.  

3.5. Characterization of the hCMEC/D3 + Pericytes model 
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Having defined the specifications to culture the pericytes it was necessary to characterize it when 

cultured in the insert format. The first technical parameter to be defined would be the location of pericytes 

in the Transwell. In vivo, pericytes are located on the abluminal side of EC. Besides, there are reports 

saying that pericytes exert a better effect when cultured in contact with EC. For those reasons, two 

experimental set-ups were verified: Pericytes OVER and Pericytes UNDER (Figure 28). In the modality 

with Pericytes OVER, the cells are seeded inside of the filter one day before the EC, staying just below 

them. In the Pericytes UNDER modality, the cells are seeded below the filter also one day before EC. 

 

Figure 28 - Schematic representation of the hCMEC/D3 + pericytes model in the (A) Pericytes OVER and (B) 
Pericytes UNDER configuration. 

Since the pericytes were going to be co-cultured with EC, integrating the model, it was necessary to 

assess the effects of adding this new cell type. The permeability is the most important characteristic of 

the model, making it necessary to evaluate it in the presence of pericytes.  

Firstly, analysing the in vivo situation, the cells directly responsible for the barrier capacity are EC. In 

other words, pericytes do not exert any physical barrier activity. Therefore, when adding the pericytes 

to the model, it was expected that its influence would not be of a physical barrier. However, it was 

necessary to confirm it in order to know if the future permeability studies would be altered.  

3.5.1.  Evaluation of Pericytes Capacity as a Physical Barrier 

This permeability test aimed at understanding if, in the Transwell apparatus, the pericytes would act as 

a physical barrier. In order to test it, a LY permeability assay was performed with only pericytes seeded 

on the Transwell, in both OVER and UNDER configurations, after 6 days of culture. The control to which 

all the other conditions are compared is the EC model, as previously described. The results are 

presented in Figure 29. 

 
Figure 29 - LY permeability test in Transwells only containing pericytes. Results expressed as Mean±SD. *p<0.05, 

***p<0.001. N=3 in triplicate. 
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Pericytes in both configurations present extremely high values of permeability coefficient. In fact, 

statistical analysis indicates that there is a significant difference between the two groups and the control, 

with p<0.001 for Pericytes OVER and p=0.005 for Pericytes UNDER.  

This suggests that neither Pericytes OVER nor Pericytes UNDER represent a physical barrier to LY. 

This result was already anticipated since pericytes do not express the proteins responsible for TJ. In 

other words, pericytes are not expected to present tight monolayers with inter-cellular junctions that act 

as barriers. Therefore, the application of this cell type to the model should not interfere, in a strictly 

physical point of view, with the model’s permeability. 

At this point it was already possible to proceed to the co-culture of the two cell types and analyse the 

permeability of the model. 

3.5.2.  Permeability of the model hCMEC/D3 + Pericytes 

In order to evaluate the effects of the co-culture over EC, and therefore over the permeability, another 

LY assay was performed. Both configurations of pericytes culture were tested. The time window and 

seeding parameters of the EC model were applied. The obtained results are presented in Figure 30. 

 

Figure 30 - LY permeability test on co-culture of hCMEC/D3 and pericytes in both configurations. Results 
expressed as Mean±SD. N=3 in triplicate. 

Firstly, the value obtained for the control in this test seems to be adequate, 0.92 x 10-3 cm.min-1, 

continuing within the same range as obtained before. Secondly, the settings that include Pericytes 

OVER present a value of permeability higher than the control. As for Pericytes UNDER, its value of 

permeability coefficient, 0.7 x 10-3 cm.min-1, is very close to the one of the control, even lower. The 

statistical analysis does not detect any significant difference between the two.  

The data obtained for Pericytes OVER can be explained by the fact that pericytes are seeded on the 

day before of the EC. By the time that the hCMEC/D3 are added, it is mostly probable that the pericytes 

are not yet confluent, leading to a mixture of the two cell types in the layers. Logically, as EC are not in 

close contact in a monolayer, they are unable to properly form inter-endothelial junctions, limiting their 
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capacity to act as barrier and, consequently, causing an increase in the permeability coefficient. In 

conclusion, this data indicates that this is not the best arrangement to apply in the co-culture model.  

On the other hand, the set-up with Pericytes UNDER seems to present a good alternative. The results 

do not detect a significant difference between this condition and the control. However, the graph 

indicates that the presence of pericytes seems to slightly induce a tighter barrier. Taking everything into 

consideration, the co-culture will be continued using the organization of Pericytes UNDER. 

The validity of the technical protocol for this configuration was confirmed by immunostaining. As seen 

in Figure 31, the hCMEC/D3 still express Claudin-5 (in green) as seen before. In addition, the existence 

of pericytes in the configuration UNDER is confirmed by the staining of smooth muscle α-actin (in red), 

typical of muscle cells.  

 

Figure 31 - Immunostaining of (A) Claudin-5 in hCMEC/D3 and (B) α-actin in pericytes. Scales are indicated in the 
figure. 

There are several reports of co-culture models between EC and pericytes, using either animal [110] or 

hCMEC/D3 [112] cells. Regardless of their origin, all the cells presented better permeability when co-

cultured in contact with pericytes seeded on the bottom side of the porous membrane. This may be due 

to the secretion of factors by pericytes or by the contact with EC through gap junctions [138]. These 

results may be theoretically corroborated by the fact that, in vivo, pericytes communicate directly with 

EC by their cytoplasmatic extensions and also through the holes in the BL, the peg-and-socket contacts. 

In fact, even with both sides of the Transwell coated, the pericytes and the EC produce their own 

extracellular matrix. This may be comparable to the BL, since pericytes are the main responsible for its 

production, taking one step forward to the resemblance to the in vivo case. The fact that in this work the 

differences were not found as significant may be due to the use of different analytical methods. In he 

presented data the used method was the evaluation of LY permeability, whereas in the quoted papers 

it was used the evaluation of TEER by an EndOhm apparatus.  

Since the co-culture model was defined and validated at this point, it was possible to start applying it to 

the final objective: U exposure. 

3.6. Application of the hCMEC/D3 + Pericytes model to U exposure 

Following the same reasoning as explained in previous sections, before testing the response of this 

model of co-culture to U, it was first necessary to characterize the response of pericytes alone to U. For 

that, the same type of tests that had already been applied to EC was performed in pericytes. 
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3.6.1. Cytotoxicity test 

As investigated previously, a test to determine if U is toxic to this cell line was performed. A MTT assay 

was applied to growing cells subjected during 24h to crescent concentrations of DU, between 50 pM 

and 500 µM, performed in sextuplicate. The results are normalized as percentages of the control and 

presented in Figure 32. 

 

Figure 32 - Evaluation of DU cytotoxicity in pericytes by MTT assay. Results expressed as Mean±SD. ***p<0.001. 
N=3 in sextuplicate. 

There is no noteworthy difference between the viability and proliferation of the control and of the cells 

subjected to concentrations up to 250 µM. On the other hand, the 500 µM condition exhibits a notable 

decrease in cell viability. The statistical analysis also detects a significant difference to the control, with 

p<0,001. 

These results are, in general, congruent with the ones obtained for hCMEC/D3. This means that 24h 

exposure of U does not exert any toxic effect on pericytes until 250 µM, leading to the same type of 

discussion as done for EC. However, there are no previous reports of the U effects in this cell type in 

order to establish a comparison. 

Still, the results are positive since the working concentration for U exposure is 50 µM and, at this 

concentration, pericytes do not display any sensitivity. Therefore, the experiment of U contamination 

may proceed as defined before for the hCMEC/D3 model. As done previously, the following test was 

the U uptake capacity of the cells. 

3.6.2.  Effects of different exposition times 

Since U does not disturb the cell’s viability and proliferation at 50 µM, it was then possible to continue 

to use this concentration in the following tests. The next step was to evaluate the effects of exposures 

with different durations. Like this, it was possible to determine if the presence of pericytes in the model 

would alter the response obtained before with EC. The same parameters were applied in terms of time 

windows, leading to the results presented in Figure 33. 
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Figure 33 - LY permeability test of co-culture subjected to 50 µM of DU during different time lengths. Results 
expressed as Mean±SD. N=3 in triplicate. 

The control presents a permeability coefficient of 0.6 x10-3 cm.min-1, the same range as obtained in 

previous experiments for the co-culture. The other conditions present permeability coefficients similar to 

the control despite of how long the contamination has lasts. In addition, there was no significant 

difference detected by statistical analysis. 

It is visible that the permeability values are slightly smaller than the ones obtained with the mono-culture, 

which was already present in the previous experiment and in the literature. However, these smaller 

values are present in all the conditions. This suggests that neither acute nor chronic contamination by 

50 µM of U causes detectable alterations in the tightness of the EC monolayer, even in co-culture with 

the pericytes. In other words, the co-culture induced slightly lower permeability in the EC but it did not 

affect its response to U contamination. 

Since the permeability was not disturbed, as also seen for the mono-culture, it was possible to continue 

with the reasoning that the U passes by some other routes, without disturbing the barrier properties of 

the BBB. It was worth exploring if this passage was altered or not by the presence of pericytes. Even if 

the response regarding paracellular permeability after exposure was not altered, it was still possible that 

the pericytes could influence the uptake and release of U found before in the mono-culture. 

3.6.3.  Uranium Uptake Test in Pericytes 

The same reasoning used before was applied to the uptake of pericytes. Before evaluating the response 

of the model as a whole, it was necessary to verify the passage of U through the pericytes to see if this 

could influence the response of the whole model. For that, the same uptake tests that were used with 

hCMEC/D3 were used in pericytes.  

3.6.3.1. Intracellular 

The first step was to verify if pericytes are capable of incorporating U and if this level of uptake is 

dependent of the U concentration, just as performed for the hCMEC/D3. The tested concentrations were 

again from 1 to 250 µM. The obtained results are presented in Figure 34. 
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Figure 34 - Intracellular U mass in pericytes subjected to 1 to 250 µM of U. Results expressed as Mean±SD. N=3 
in duplicate. 

The quantity of U found inside the cells starts at extremely reduced values. The control cells, non-

contaminated in the experience, have a value of 0.04 ng of U. The contaminations at 1 and 10 µM 

correspond to masses less than 13 ng. The 50 µM has already an increase to 86 ng and, the last two 

points, of 100 and 250 µM, represent much higher values of recovered mass, reaching about 40000 ng 

of U in the more concentrated contamination. In addition, also in this experiment is possible to detect 

considerable error bars.  

As for the uptake, at lower concentrations it is very reduced, always inferior to 0.2% until 50 µM. 

Nonetheless, at higher concentrations, the uptake increases substantially: 17% for 100 µM and 12 % 

for 250 µM.  

In addition, when analyzing the phase contrast photos presents in Figure 35, it is noticeable that at 50 

µM the cell morphology is already altered. These signs increase in severity in the higher concentrations 

of U, especially in the 250 µM condition, with clear evidences of cell death. Lastly, as it was seen in the 

photos of the EC subjected to the same test, the appearance of black dots also increases in the cells as 

the concentration of U increases.  
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Figure 35 - Phase contrast photos of pericytes obtained after 24h contamination to 1 to 250 µM of DU. Scales are 
indicated in the figure. 
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Again, pericytes are also capable of incorporating U and this phenomenon is dependent of the 

extracellular concentration: the quantity of recovered U in the cells increases with the quantity of U 

added to the medium, as seen in Figure 34. At low concentrations, 1 and 10 µM, pericytes are able to 

incorporate a small mass (less than 13 ng) of U and still present normal proliferation and morphology. 

However, at a 50 µM concentration the amount of U incorporated is still reduced but it already caused 

alterations in the cell’s morphology. Conversely, the cells subjected to higher concentrations 

incorporated considerably more mass of U and presented a much higher value of uptake.  Furthermore, 

there are signs of proliferation impairment and cell death, as well as the appearance of black dots. Again, 

these black dots are thought to be deposits of U that precipitates outside and inside the cell. 

It seems that U is able to enter in pericytes in a concentration dependent manner. These results were 

already expected since there are several reports that state the capacity of U to enter in different cell 

types. Despite the fact that none of them were performed in muscle cells, there was no reason to suspect 

that pericytes would act differently. 

Comparing these data  with the one obtained with D3, it is notably the same pattern of uptake. However, 

by analyzing the quantity of U found in pericytes, it is visible that pericytes incorporate considerably less 

U than hCMEC/D3. The same type of data was found in Lead exposure since there are reports stating 

that it seems to accumulate more in brain EC than other cell types [139]. 

In addition, evidences of changes in cell morphology start earlier, at 50 µM. These evidences and of cell 

death are dramatically increased in the two following concentrations. Consequently, pericytes seem to 

be more sensitive to the effects of U. These results may be explained by the fact that, physiologically, 

EC are responsible for the barrier action. They are expected to block and retain these compounds as 

much as possible. Contrarily, pericytes are located on the abluminal surface of the microvessels. In vivo, 

they are protected from any xenobiotic or chemical agent present in the blood current by the BBB. In 

other words, pericytes would not be normally exposed to harmful substances, presenting a higher 

sensitivity to them, more visible deleterious effects and a smaller capacity to integrate them. 

3.6.3.2. Extracellular 

Knowing at this point the type of response that pericytes produce when exposed to U, it was possible to 

test if their presence would influence the level of uptake that EC perform. In this test it was applied the 

same contamination conditions used before, as explained in Figure 14, for acute (1h, 4h and 24h) and 

chronic (D0D3, D0D6, D3D6) conditions. The results obtained are expressed as percentages of the 

mass that was added to the cells. 

 

 

 

3.6.3.2.1. Acute 
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The acute exposure is achieved by contaminating the cells with DU for 1, 4 or 24h before the collection 

of the medium. Therefore, these conditions only have values for D6. The results are depicted in Figure 

36.  

 

Figure 36 - Extracellular concentrations of DU at day 6 in luminal and abluminal compartments following acute 
exposure of the hCMEC/D3 + pericytes model. N=3 in triplicate. 

In this model it is confirmed that the U is capable of accessing the abluminal compartment in every 

condition. In the 1 and 4h contaminations there are no great differences in both compartments: 37% and 

32% for the luminal, 12% and 13% for the abluminal, respectively. In the 24h contamination there is a 

great quantity of U that reaches the abluminal side, 46%, and only 7% that remains on the luminal one. 

With the mass balance it is possible to see that a considerable quantity of DU (43% to 55%) probably 

stays inside the cells in all the conditions. 

The capacity of U to surpass the EC and the pericytes to reach the lower compartment is here shown. 

Besides, it also shows that in this model 4h is not a long enough contamination in order to have a 

substantial quantity of U in the abluminal side, since the profiles in 4h and 1h are quite similar.  

Then, the data shows that after 24h the majority of U passes from the luminal side to the cells and to 

the abluminal side, since the quantity of U in the lower compartment is considerably higher than in the 

4h condition.  

Comparing these results with the ones obtained with hCMEC/D3, some differences are visible. The 24h 

condition in the mono-culture has reduced quantities of U in both sides (6% in the luminal and 2% in the 

abluminal). The 24h condition in the co-culture also has a reduced quantity of U in the luminal but a 

considerably larger quantity in the abluminal side (7% and 46%, respectively) that was considered as 

statistically different (p<0.05). This requires confirmation, since the experiment for the 24h condition in 

the co-culture model was only repeated twice, lacking one repetition. In addition, in the mono-culture 

model the data between 1h and 4h presented some changes, as for the co-culture there is none. Even 

more, the quantity of U found in the abluminal compartments in 1h and 4h were detected as significantly 

different from the ones found in the hCMEC/D3 model (p<0.05 and p<0.005, respectively). This indicates 

that, when acutely exposed, the co-culture model responds differently than the mono-culture. Therefore, 

pericytes seem to influence EC in the way they respond to DU exposure. Furthermore, it is possible that 

pericytes also release U to the abluminal compartment, since they are too capable of uptake it. 

3.6.3.2.2. Chronic 
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The same profiles of chronic exposure were performed, by either 3 or 6 days of contamination, as shown 

in Figure 14. These conditions have values for both D3 (Figure 37) and D6 (Figure 38).  

 

Figure 37 - Extracellular concentrations of DU at day 3 in luminal and abluminal compartments following chronic 
exposure of the hCMEC/D3 + pericytes model. N=3 in triplicate. 

As seen before, U is present in the abluminal compartment. Analyzing first the results from D3, it is 

evident that D0D6 and D0D3 have the same response (19% and 20% for the luminal, 30% and 34% for 

the abluminal, respectively). This continues to suggest reproducibility of the method as found in the 

mono-culture data. Lastly, it is visible that a great quantity of DU also stays inside the cells. 

By comparing these conditions with the 24h obtained before, there is a change in the pattern. The 

quantity of U decreases in the abluminal side and increases in the luminal one in a mild form. This 

suggests that the cells were capable of incorporating the U from the abluminal side and releasing it to 

the luminal one. 

 

Figure 38 - Extracellular concentrations of DU at day 6 in luminal and abluminal compartments following chronic 
exposure of the hCMEC/D3+pericytes model. N=3 in triplicate. 

Moving to the data obtained in D6, the D0D3 has values of 0.4% in the luminal compartment and 0.7% 

in the abluminal one, despite the fact that the contamination was stopped at D3. These values are 

smaller than the ones found with the mono-culture system (0.7% for the luminal and 1% for the abluminal 

side). The luminal quantity was even marked as significantly different (p<0.05). Nonetheless, they still 

provide the same information. The cells uptake the U, stock it and then release it, preferentially to the 

abluminal side, suggesting a detoxifying system which saturates. 

As for the D0D6 condition, again, it does not have values for luminal compartment at D6 because since 

the cells are contaminated twice, at D3 and D6, it wouldn’t be possible to analyze the results and know 

from which contamination the U came from. This condition presents only a slight increase in the 
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abluminal quantity of U (from 30% to 35%) in comparison to D3. This indicates that with the co-culture 

model, the long chronic exposure does not cause responses different from the ones obtained with 

shorter ones, since the profile is similar to D0D3 and D3D6. This is difference from the information 

collected with the mono-culture, where the D0D6 showed differences to the 3-day long contaminations. 

Moreover, the D3D6 condition has the same values (21% for the luminal and 34% for the abluminal) as 

the ones found in D0D3 at D3. This indicates that the state of confluence of the cells does not influence 

the response in this model. Again, this result is different from the one found in the hCMEC/D3 model. 

These changes between the two models indicate a possible effect of the presence of pericytes. It is 

possible that part of the decrease in U in the abluminal compartment may be due to the uptake made 

by the pericytes, which was proven that they were capable of. However, it is also probable that pericytes 

communicate with EC and exert an effect of further blocking of U, strengthening the barrier properties. 

An effect of pericytes co-culture with EC seems to be evident. Yet, the actual mechanisms of influence 

are still to be investigated. A work performed with primary rat cells indicates that pericytes exert their 

function in ameliorating EC functions by continuous TGF-β production [140], which should be confirmed 

in this human model. Besides, the limitations of the in vitro model should be exploited regarding the ratio 

between the number of EC and the number of pericytes. Physiologically, it is known that pericytes cover 

20 to 30% of the vascular circumference [39], whereas in this model the parameters were chosen in 

order to have a confluent layer of pericytes at D6, meaning that these cells cover 100% of the abluminal 

surface of the EC. Therefore, it could be important to verify if by changing this ratio, the influences on 

EC would be different. 

Again, as explained before for the mono-culture model, it would be important to verify the quantity of U 

found inside of the pericytes, as well as inside of the EC, in order to do a mass balance with the quantity 

that is measured in the upper and lower compartments. Even more, since pericytes also seem to 

influence the way that EC respond to U contamination, it should be verified what types of molecular 

expression changes are induced in pericytes following exposure.  

These results supported a lot of the information already obtained with the mono-culture model but it is 

also provided the notion that the interaction between the cell types influences the type of response 

obtained when the cells are contaminated by U. This shows the importance of complexifying the model, 

bringing it closer to the in vivo structure.  

3.7. Setting up of in vitro model including human post-mitotic neuron-like cells (NT2-N) 

Having correctly incorporated pericytes into the in vitro model and applied it to analyze the exposure of 

U, it was possible to take the following step in the complexification of the model. This step was to add 

another cell type: neuronal cells.  

The addition of neurons represents a great advantage to the model since they will influence the other 

cell types, modelling the permeability and approximating the model to the in vivo case. In addition, it 

allows the direct evaluation of the effects of the agent in study in the neurons, which are usually the 
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target in the CNS, allowing the investigation of what were the effects in these cells that lead to behavioral 

changes found in humans and animal models. 

The chosen cells are post-mitotic neuron-like cells, NT2-N. These cells were courtesy from the Institut 

Pasteur, already differentiated. In addition, the settings for coating and medium requirements were 

already defined. These tests indicated that the neurons should be seeded over a Poly-D-Lysine and 

Laminin coating but could be maintained with EndoGro MV medium. 

These cells are to be cultured in the bottom of the well in the model apparatus.  The setting-up of the 

model here explained is still preliminary, only the first results were obtained. Further studies would be 

necessary in order to fully analyze the final model and then apply it to U contamination. 

The first stage of the optimization was to test the co-culture of NT2-N cells with only hCMEC/D3 and 

evaluate its effects. 

3.7.1.  Co-culture of hCMEC/D3 and NT2-N 

As proceeded before with the pericytes, when a new cell type is added to the model it is necessary to 

evaluate its effects. Since the final objective of the model is to mimic the BBB, the principal characteristic 

to be evaluated should be the permeability. For that, a LY permeability experiment was performed in 

order to evaluate the effects of the co-culture with NT2-N on the permeability of EC. Such evaluation 

was varying between D0 and D5 the day in which the two cell types were put together in co-culture. The 

control continues to be the permeability of the mono-culture of EC. The results are represented in Figure 

39. 

 

Figure 39 - Influence of the day of beginning of co-culture on LY permability of the hCMEC/D3 + NT2-N model. 
N=3 in triplicate. 

The control of this test has a permeability coefficient of 1.12 x 10-3 cm.min-1. Every other condition 

presents values not very distant from the one of the control. In fact, statistical analysis did not detect 

any significant difference between the groups and the control. 
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The co-culture of EC and NT2-N cells does not seem to have any consequences on the permeability. 

In this view, the choice was made to start the co-culture at D0 since it would facilitate the experiences 

from a technical point of view. Moreover, preliminary data from the lab (not shown) suggests that the 

co-culture system seems to be more stable when cells are co-cultured from D0.Therefore, with this 

parameter defined it was possible to perform the tri-culture.  

3.7.2.  Permeability of the hCMEC/D3 + Pericytes + NT2-N model 

Since it was defined that the co-culture would start at D0, it was possible to perform the co-culture of 

the 3 cell types. Again, since the permeability is the most important parameter of the model it was the 

first to be evaluated in the tri-culture model. Due to limited resources of NT2-N cells, there was only one 

experience of LY permeability with the three cell types. The control is still the mono-culture of EC and 

the results are depicted in Figure 40. 

 

Figure 40 - LY permeability of the different models. N=1 in triplicate. 

The control in this test presents a value of 1.06 x 10-3 cm.min-1, a normal value for the mono-culture. 

The co-culture with NT2-N cells, at D0 as defined before, presents a value of 1.24 x 10-3 cm.min-1. Lastly, 

the obtained value for the tri-culture is 1.08 x 10-3 cm.min-1. Statistical analysis does not detect any 

significant difference between the control and the other conditions. 

As said before, these results come from only one test, causing the obvious need to repeat the 

experiment in order to be representative. Nonetheless, these first values are encouraging. The co-

culture with NT2-N does not seem to disturb the integrity of the barrier neither does the tri-culture. 

Therefore, this model should be further developed and characterized and then applied to the position of 

U. Even more, it would also be interesting as a future research line to add other cell types, as astrocytes, 

in order to complete the model. Furthermore, there is also a report that discusses the importance of this 

cell type in the contamination by metals [141]. Besides, it was proven in this work that the 

complexification of the model modulates its way of responding to U contamination, justifying the need 

to follow this direction. 

4. Conclusion 

The presence of natural U in the Earth’s crust, together with man-made activities, civil, military or 

nuclear, that create large amounts of DU increase the risk of human contamination. There is data that 
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suggests behavioural changes in exposed workers [96] and cognitive impairment in exposed Gulf War 

veterans [97-99]. These symptoms lead to the investigation of the possible routes and consequences 

for this contamination both in by numerous animal models. Results show that DU affects certain 

physiological systems, as the CNS. Rat models subjected to chronic exposures to low doses of uranium 

showed signs of behavioral changes, as transient memory changes and locomotion alterations, and 

modifications in the metabolism of certain neurotransmitters. In fact, there were even traces of U in 

certain areas of the brain of contaminated animals [92, 106, 142]. However, results indicate that the 

BBB integrity seems to be intact after DU perfusion [107], meaning that DU can reach the brain without 

disturbing intercellular junctions. This creates questions of how does the DU reach the brain, how the 

DU interacts with the BBB, what are the effects of DU in the BBB, and what is the influence of the other 

cell types in the microenvironment of the BBB, namely the human NVU. In vivo models provide with a 

more complete response but they are non-human, much more expensive, have reduced throughput, in 

addition to the increasing number of directives to limit their use. Therefore, in order do to investigate this 

subject, it was necessary to develop in vitro models to mimic the in vivo situation, which is nowadays a 

big challenge. Even if further characterizations of the already existing models are necessary, function of 

BBB and NVU phenotypes, results obtained about TJ characteristics (paracellular permeability and 

presence of TJ proteins between cells) are very promising and allow to investigate DU interaction with 

cerebral endothelium. 

In this work three different human models with increasing complexity were used using a time window of 

6 days of culture. The first model to be developed was the simplest, mimicking only the BBB by culturing 

a human EC line, hCMEC/D3, in a Boyden-like chamber over a semi-permeable porous membrane. The 

second model includes also human primary pericytes on the other side of the filter. Finally, the third 

model results from the tri-culture of EC, pericytes and neurons seeded on the bottom of the chamber. 

The three models were set-up and characterized and the first two were used to study the effects of DU 

contamination. 

It was demonstrated that DU is not cytotoxic until it reaches very high concentrations (500 µM) both to 

hCMEC/D3 and pericytes when exposed during 24h. Furthermore, it was also shown that DU does not 

disturb the permeability of EC, and therefore the TJ, in both the first and the second model. With this 

data it was possible to establish a working concentration and test the effects of different time exposures, 

mimicking acute and chronic exposures. The results indicated that the permeability of the BBB also does 

not change when the time of exposure varies. At this point, it is difficult to exactly mimic the in vivo 

situation since these models are static whereas in vivo DU exposure comes from blood flow, so in the 

future laminar flow dimension must be added to improve these models. Even so, using a permeability 

approach allows working in a concentration independent way. The working concentration of DU is fixed 

in order to be easily detectable by the measurement devices. 

The data obtained lead to think that U could surpass the BBB by some alternative route besides 

paracellular transport. The possibility of transport by transcellular pathways induced the investigation of 

whether U was capable of entering the cells. Uptake tests show that DU is capable of entering in a 

concentration-dependent manner in both cell types but mostly in EC.  
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Afterwards, it was investigated how the quantity of DU changed in both compartments of the model 

throughout different exposures, acute and chronic. It was shown for the first time, in our human models, 

that DU is capable of accessing the abluminal compartment, here mimicking the cerebral. In addition, it 

was shown that the response to acute and to chronic exposures is different. Furthermore, it indicates 

that EC incorporate the DU, stock it and then release it by a detoxifying system. This system liberates 

the DU back to the extracellular domain to both compartments, allowing it to reach the abluminal side. 

Finally, the data seems to show an influence of the communication between EC and pericytes due to 

the slight differences in the quantity of DU found in the abluminal side between the mono-culture and 

the co-culture. 

Further experiments will help to understand which are the routes taken by DU to the EC of BBB and 

what are its molecular effects. 

In the end, all the tests show that the mono-culture model is already robust, providing with a lot of 

information regarding the reaction of the BBB upon DU contamination. Nonetheless, the addition of 

another cell type in order to complexify the model into the NVU seems to be relevant, justifying the last 

step of the present work. This data highlights the fact that it is necessary and more efficient to work on 

a group of different cell types than on an isolated one. 

Early results were obtained from the tri-culture of EC, pericytes and neuron cells (NT2-N cells). The data 

from the first test seems to indicate that the tri-culture does not disturb the permeability of EC. These 

results are certainly promising since this more complex model would allow a more complete response 

to DU exposure, allowing even to evaluate directly the effects of DU in the neurons.  

 

In a more general future perspective, the data collected with this model could one day be useful to 

understand which are the NVU actors’ signalling pathways that are involved in behaviour disorders 

observed in human and in rodent models after DU exposure. 

Nevertheless, all these results are comforting regarding exposed populations since the BBB helped by 

its vicinity plays its role of protecting the brain by avoiding U to reach easily cerebral parenchyma. Now, 

it is necessary to continue the investigation with the data from TEM approach combined with DU 

permeability. These new inquiries will be essential to speculate on what are the cellular and molecular 

mechanisms involved in brain DU uptake in order to find the best target to care the disorders observed 

after U exposure. 
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