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RESUMO

A cada ano, o acidente vascular cerebral (AVC) é responsável por mais de 6 milhões de mortes,
representando a primeira causa de morte em Portugal e a quinta nos EUA. Uma das principais causas
para estes números perturbadores é a falta de opções terapêuticas. Na verdade, existe apenas um
tratamento aprovado para AVC isquémico, o activador de plasminogénio tecidual recombinante, um
agente anti-trombolítico. Embora existam outras terapias a emergir, como a trombectomia
mecânica, estas não são adequadas para todos os tipos de AVCs e seu uso é restrito a uma curta
janela de tempo para evitar lesões de reperfusão. Consequentemente, ainda há uma grande parcela
de pacientes que não cumpre os critérios de terapia e permanece sem tratamento. Além disso,
nenhuma das terapias atuais tem a capacidade de proteger a penumbra de danos adicionais.
Portanto, o AVC constitui uma necessidade clínica não atendida.
Os agentes neuroprotetores são uma terapia promissora para o tratamento de AVC. O principal
objetivo da neuroproteção é evitar a expansão da lesão, impedindo danos adicionais na penumbra.
Assim, as moléculas neuroprotetoras são desenhadas para contrariar os eventos patológicos do AVC,
tais como excitotoxicidade e stress oxidativo. Muitos neuroterapêuticos foram desenvolvidos no
passado, mas nenhum deles foi traduzido em prática clínica. Para superar algumas limitações dos
neuroterapêuticos anteriores, uma abordagem diferente foi desenvolvida: o uso de nanotecnologia.
Esta abordagem baseia-se no uso de nanopartículas como transportadores desses agentes
neuroprotetores. Esta nova estratégia permite não só proteger os agentes administrados da
degradação nos fluidos corporais, mas também entregá-los de maneira controlada e localizada,
reduzindo as doses de administração e a frequência, quando aplicável.
Para atingir o tecido cerebral, essas nanopartículas devem atravessar as barreiras do sistema
nervoso central. Quando administrados por via intravenosa, eles precisam atravessar a barreira
hematoencefálica (BHE). BHE é uma interface dinâmica e complexa entre o sangue e o tecido
cerebral, que controla estritamente as trocas entre eles. O objetivo desta tese foi implementar um
modelo da BHE in vitro para ser usado como uma plataforma para teste de sistemas de nano-entrega, em especial de dendrímeros conjugados com de ácidos nucleicos terapêuticos.
Usando uma linha celular de células endoteliais do cérebro (bEnd.3) em co-cultura com
astrócitos primários de rato e privando esta co-cultura de oxigénio e glucose, foi possível
implementar com sucesso um modelo in vitro de AVC isquémico. Este modelo mostrou ter uma
permeabilidade elevada e baixa impedância elétrica em relação a um modelo controlo. Este
aumento de permeabilidade pensa-se ser devido à destruição de tight junctions, uma vez que as
proteínas destas junções parecem ter movido da periferia para o núcleo com a privação de oxigénio
e glucose.
O potencial dos dendrímeros para serem usados em neuroterapia através de administração
intravenosa foi comprovado usando o modelo in vitro de BHE de AVC. Os dendrímeros de poli
vii

(amidoamina) (PAMAM) modificados com polietilenoglicol (PEG) mostraram permear o modelo in
vitro de BHE, sob condições controlo e de privação de oxigénio e glucose, sem comprometer ainda
mais a integridade da barreira. Eles permeiam melhor o modelo in vitro de BHE exposto a privação
de oxigénio e glucose, conforme esperado. No entanto, ainda existem algumas questões a serem
resolvidas, como a sua internalização celular e a exocitose.
Na tentativa de melhor simular as condições de BHE in vivo, outro modelo in vitro de BHE foi
estabelecido através da cultura de células endoteliais (bEnd.3) sob um fluxo. Para isso, um
biorreator não comercial foi usado, LiveBox4 (LB4). O fluxo mostrou influenciar as propriedades de
barreira e morfologia celular. No entanto, no modelo atual, o fluxo parece tem efeitos prejudiciais
e mais otimização é necessária no futuro.
Em geral, esta tese demonstra o potencial dos dendrímeros para serem usados como veículos
de entrega para a administração neuroterapêutica do cérebro, assim como também destaca a
importância dos modelos in vitro de BHE. No nosso melhor conhecimento, este trabalho representa
o primeiro estudo em que um modelo in vitro de BHE em condições de AVC foi usado para testar a
permeabilidade das nanopartículas.

PALAVRAS-CHAVE: BARREIRA HEMATOENCEFÁLICA; MODELOS IN VITRO; AVC; NEUROTERAPÊUTICOS; DENDRÍMEROS
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ABSTRACT

Every year, stroke is responsible for more than 6 million deaths, representing the first cause of
death in Portugal and the fifth in the USA. One of main causes for this disturbing numbers is the
lack of therapeutic options. In fact, there is only one approved treatment for ischemic stroke, the
recombinant tissue plasminogen (rtPA), an antithrombotic agent. Even though there are other
therapies emerging, such as mechanical thrombectomy, these are not suitable for all types of stroke
and their use is restricted to a limited time window, to avoid reperfusion injuries. Consequently,
there are still a large portion of patients which do not fulfil the therapy criteria and stay untreated.
Moreover, none of these therapies have the ability to protect the penumbra tissue of further
damage. Therefore, stroke still constitutes a large and unmet clinical need.
Neuroprotective agents are a promising therapy for stroke treatment. The main goal of
neuroprotection is to avoid expansion of lesion by preventing the penumbra tissue from further
damage. Thus, the neuroprotective molecules are designed to counter with the pathological events
of stroke, such as excitotoxicity and oxidative stress. Many neurotherapeutics have been developed,
yet none of them was translated into clinical practice. To overcome some limitations of the
previous

neurotherapeutics,

a

different

approach

has

been

hypothesised:

the

use

of

nanotechnology. This approach is based on the use of nanodelivery systems as carriers to these
neuroprotective agents. This new strategy allows not only to protect the administered agents from
degradation in the body fluids, but also to deliver it in a controlled and local-specific manner,
reducing the administration doses and frequency when applicable.
To reach the brain tissue, these nanoparticles must be able to cross the central nervous system
(CNS) barriers. When administered intravenously, they need to cross the highly selective
semipermeable blood-brain barrier (BBB). BBB is a dynamic and complex interface between blood
and the brain tissue, which strictly controls the exchanges between them. The aim of this thesis was
to implement an in vitro BBB model of stroke to be used as a testing platform of newly designed
dendrimer-based nanodelivery systems of therapeutic nucleic acids.
By using an immortalised brain endothelial cell line (bEnd.3) and primary rat astrocytes co-cultures that were subjected to oxygen and glucose deprivation (OGD), one was able to successfully
implement an in vitro model of ischemic stroke. It presented elevated permeability and lower
electrical impedance, in relation to a control model. This increase of permeability is hypothesised
to occur due to tight junctions dismantling since the tight junction proteins seem to move from
periphery to the nucleus after OGD.
The potential of dendrimers to be used as vehicles for neurotherapeutics’ brain delivery
through intravenous administration was proven using the in vitro BBB model of stroke. Polyethylene
glycol (PEG) modified poly(amidoamine) (PAMAM) dendrimers could cross the in vitro BBB model,
ix

both under control and OGD-exposed conditions, without further compromising the barrier integrity.
They permeate better on OGD-exposed in vitro BBB model, as expected. Yet, there are still some
issues to be solved, such as dendrimers’ cellular internalization and exocytosis.
In an attempt to better mimic the in vivo BBB conditions, another in vitro BBB model was
established by seeding endothelial cells (bEnd.3) under shear stress. To do so, a non-commercial
bioreactor was used, LiveBox4 (LB4). The shear stress could influence bEnd.3 barrier properties and
morphology. Yet, on the present model, it has detrimental effects and further optimization are
needed in the future.
Overall, this thesis not only demonstrates the potential of dendrimers to be used as
nanocarriers for neurotherapeutic brain delivery but also highlights the importance of in vitro BBB
models. To the best of our knowledge, it represents the first study in which an in vitro BBB model of
stroke was used to test the permeability of nanoparticles.

KEYWORDS: BLOOD-BRAIN BARRIER; IN VITRO MODELS; STROKE; NEUROTHERAPEUTICS; DENDRIMERS
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INTRODUCTION

- This page was intentionally left blank. –

2

1. Stroke – A Major Killer of Our Society
Stroke is the fifth leading cause of death and the leading cause of adult disability in the USA
(Stroke Association, 2014)

and

it is the first cause of death in Portugal. In 2015, stroke was

responsible for 6.7 million deaths in the world (WHO, 2015). Annually, it affects more than 15 million
people worldwide.
Stroke is caused by a severe reduction of blood perfusion of the brain tissue, resulting in brain
damage due to oxygen and nutrients deprivation. This acute disorder can result either from a
haemorrhage or local ischemia. In strokes caused by ischemia (ischemic stroke), a blood clot, formed
locally (thrombus) or elsewhere (emboli), creates a blockage or narrowing of the vessel, affecting the
perfusion of the surrounding tissue. Ischemic strokes represents 87% of all strokes (Stroke Association,
2014). In all scenarios, brain damage may not be reversed and patient’s physical and mental
impairment are common.
The main risk factors of stroke are hypertension, cholesterol, obesity, tobacco consumption and
being physically inactive.

1.1.

Ischemic Stroke – biochemical description

In most cases of ischemic stroke, a thrombus or emboli creates an occlusion of a cerebral artery.
Around the occlusion, it occurs a reduction or loss of regional cerebral blood flow (rCBF), depriving
the surrounding cells of oxygen and nutrients. These hypoxic/ischemic conditions induce a cascade of
pathological events: energy failure, excitotoxicity, peri-infarct depolarizations, inflammation and,
finally, cell death both by necrosis and apoptosis (Figure 1.1) (Allt & Lawrenson, 2001; Dirnagl,
Iadecola, & Moskowitz, 1999; Woodruff et al., 2011).
The first pathological event to occur is energy failure. Since the neural tissue strongly depends
on oxidative phosphorylation for adenosine triphosphate (ATP) production, the local loss of glucose
and oxygen quickly leads to energy failure. With ATP depletion, neuronal cells cannot maintain
energy-dependent processes, like presynaptic reuptake of excitatory amino acids and maintenance of
ionic gradients. As a consequent, the ionic balance is lost, neurons and glia depolarize and excitatory
amino acids, like glutamate, accumulate in the extracellular space. The neuronal depolarization leads
to the activation of somatodendritic and presynaptic voltage-dependent calcium channels which
further increases extracellular accumulation of glutamate (Dirnagl et al., 1999). The elevated levels
of glutamate cause the so-called excitotoxicity by the activation of glutaminergic calcium and
monovalent ions receptors, like N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) receptors. Their activation leads to the influx of calcium (Ca 2+),
sodium (Na+) and chloride (Cl-) ions (Dirnagl et al., 1999) into the cells. The increasing number of ions
within neurons and glia is passively followed by water, resulting in cell swelling (cellular oedema).
On the other hand, the blood clog induces an increase on the pressure over the vessels which, together
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with cellular oedema of endothelial cells, could increase the permeability of the vessels and result
on vasogenic oedema. Vasogenic oedema hamper perfusion of surrounding regions of the ischemic
core, increased intracranial pressure, vascular compression and herniation.
In addition to the oedema, the increased level of intracellular Ca2+ initiates a cascade of events.
Calcium, being a universal second messenger, induces the activation of proteases, kinases,
phospholipases, cyclooxygenases and endonucleases. The proteolytic enzymes, such as tissue
plasminogen activator (tPA), matrix-metalloproteins (MMPs), cathepsins and heparases, degrade
cytoskeleton and extracellular proteins, resulting in cell destabilization, extracellular matrix
degradation and blood-brain barrier (BBB) disruption (Dirnagl et al., 1999; Sandoval & Witt, 2008).
The activation of phospholipases and cyclooxygenases lead to lipid peroxidation and membrane
degradation. In turn, the oxidation of lipids generates free-radical species, extremely reactive. These
species react with biomolecules as proteins, lipids, DNA and so on. Altogether, intracellular Ca 2+ leads
to considerable damage of proteins, DNA and cell membranes which, combined with cell swelling,
will ultimately result in cell death by necrosis.

Figure 1.1 — Schematic overview of the pathological events in acute ischemic stroke. Firstly, the oxygen and
nutrient deprivation leads to energy failure, which results in glutamate release. Excessive levels of glutamate
cause excitotoxicity by activation of glutaminergic receptors (NMDA and AMPA), resulting in ion uptake. High
concentration of ions is followed by water, resulting in cellular oedema. Calcium ions, which are the main player
on excitotoxicity, induce catalytic enzymes which results in membrane degradation, free radical production,
mitochondria damage and DNA damage, that will lead to inflammation and apoptosis (Dirnagl et al., 1999)
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Free-radical species and reactive oxygen species (ROS) are another important feature of
excitotoxicity. These highly reactive molecules, such as superoxide anion radical, hidroxyl radical and
peroxynitrite, cause toxicity by reacting with cell components. In homeostasis, neurons are exposed
to a baseline of oxidative stress from exogenous and endogenous sources. This oxidative stress is
balanced with antioxidative enzymes, such as superoxide dismutase (SOD), catalase (CAT) and
glutathione peroxidases (GPx), and non-enzymatic antioxidative defences, such as glutathione, uric
acid, vitamins C and E (Margaill, Plotkine, & Lerouet, 2005). During stroke, the oxidative stress
produced overwhelms the endogenous antioxidant systems, leading to cell damage. The sources of
this oxidative stress are several: (1) Mitochondria, which represent the primary source of ROS.
Through electron transportation, it produces superoxide anion radicals which is further converted in
water. In stroke-conditions, due to nutrients deprivation and excitotoxicity, the inner membrane is
disrupted and the mitochondria becomes leaky, exposing these radicals to the cell cytosol; (2) Post-ischemic neurons can also produce free-radical species, through the metabolism of arachidonic acid
by cyclooxygenases and lipoxygenases; (3) Activated microglia and infiltrating leucocytes can also
generate ROS via NADPH oxidase (Sims & Muyderman, 2010; Woodruff et al., 2011).
Nitric acid (NO) is also an important oxidative molecule in stroke. NO is intra- and intercellular
signalling molecule, naturally synthetase by NO synthase (NOS) through reaction of L-arginine and
oxygen. It has vasodilation properties and it is involved in neuronal transmission, immunomodulation,
cardiac contraction, inhibition of platelet aggregation, stem cell differentiation and proliferation
(Lei, Vodovotz, Tzeng, & Billiar, 2013). Under ischemic conditions, an inducible form of NOS (iNOS) is
activated, leading to high levels of NO which has been reported to have harmful effects on cells
(Dirnagl, Iadecola, & Moskowitz, 1999). Also, neuronal NOS (nNOS) and endothelial cell NOS (nNOS)
are stimulated by high levels of intracellular Ca2+, increasing NO levels as well. However, it seems
that NO produced by eNOS has a neuroprotective effect, since it leads to the formation of a
microvasculate which protects the penumbra (Chan, 2001; Dirnagl et al., 1999; Woodruff et al., 2011).
The presence of free-radical species and ROS trigger other pathological events, namely
inflammation and apoptosis. Firstly, elevated levels of ROS, and hypoxia itself, trigger the activation
of several proinflammatory pathways through the expression of proinflammatory transcription factor,
such as nuclear factor-κB (NF- κB), hypoxia inducible factor 1 (HIF-1), interferon regulatory factor 1
and signal transducer and activator of transcription 3 (STAT3) (Chan, 2001; Dirnagl et al., 1999). These
transcriptional factors lead to the secretion of proinflammatory cytokines (tumour necrosis factor-α
(TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β)), chemokines (monocyte chemoattractant
protein-1 (MCP-1), cytokine-induced neutrophil chemoattractant (CINC)), and increased expression of
endothelial cell adhesion molecules (Chan, 2001; Dirnagl et al., 1999; Woodruff et al., 2011),
produced by resident cell populations such as microglia, astrocytes, neurons and endothelial cells.
Altogether, they result in microglia and astrocytes activation, leucocyte recruitment and infiltration.
The leucocyte infiltration enhances inflammatory activity and toxic free radical production.
ROS react with biomolecules such as proteins, lipids and DNA, leading to membrane degradation,
mitochondria damage and DNA damage. This damage will ultimately result in cell death, either by
necrosis or apoptosis. Necrosis is characterized by cellular and organelle swelling with subsequent
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disruption of nuclear, organelle and plasma membrane. The disintegration of nuclear structure and
cytoplasmic organelles occur, followed by their extrusion into the extracellular space. On the other
hand, apoptosis is an orderly and energy-dependent process which minimize the side damages for the
surrounding cells. The cells form apoptotic bodies which will be reabsorbed my phagocytic cells
(Woodruff et al., 2011).
Even though the described phenomena are inter-related, they affect differently the surrounding
tissues. At the epicentre of the lesion, the cells are strongly affected by energy failure and
excitotoxicity, resulting in necrosis. Since the deprivation of oxygen and glucose is so severe, they
cannot repolarize and avoid excitotoxicity. These cells may not be salvaged. Around this ischemic
core, lies a less affected area – the penumbra or peri-infarct zone. In the penumbra, the blood flow
is still maintained above a neuronal disabling level (20 to 30% of normal blood flow)(Barone &
Feuerstein, 1999). Even though the functions of these cells are impaired, they can still maintain
electrophysiological activities and be metabolic active. Therefore, at the penumbra, cells can
repolarize, at the expense of further energy consumption, avoiding excitotoxicity. With the increasing
of glutamate and potassium (K+) ions, coming from the ischemic core, penumbra’s neurons and glia
will depolarize and repolarize again. These repetitive repolarizations are called peri-infart
depolarizations. If the glucose and oxygen supplies are not restored nor a protective effect occur,
these cells will eventually not be able to repolarize and will suffer excitotoxicity. This still-viable
area will progress to infarction and the ischemic core volume will increase. They will be subject of
excitotoxicity, inflammation and will be prone to apoptosis.

1.2.

Available therapies – current and emerging therapies

In acute ischemic stroke, the main goal of treatment is to salvage the still viable damaged area,
the penumbra. Since this area will be irreversibly affected if the rCBF is not re-established, the
primary focus of therapy is reperfusion. To reperfuse the tissue, the occlusion must be eliminated
either by chemical degradation or mechanical removal.
The first and only approved agent for the treatment of acute ischemic stroke is the intravenous
recombinant tissue plasminogen (rtPA), an antithrombotic agent. Antithrombotic agents are
administered to degrade the blood clog, reperfuse the tissue and, hopefully, salvage further damages
of the penumbra. Besides the fact that it is only suitable for ischemic stroke, rtPA use is limited to a
short time window (up to 4,5 hours after disease onset) and it may even exacerbate the brain
damages, since it may lead to an intracerebral haemorrhage, BBB disruption or other neurotoxic
phenomena (Asadi, Williams, & Thornton, 2016; Blackham et al., 2012; Yepes et al., 2003). Thus, this
therapy is applied to less than 10% of patients (Donnan et al., 2011). Furthermore, the success rate
of recanalization of rtPA is rather unsatisfactory, ranging between 30 and 50%, depending on the
thrombus site and size. In 2011, a retrospective review showed that 76 patients out of 138 treated
with intravenous rtPA did not achieve recanalization. Those patients had clot lengths which exceeded
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8 mm (Riedel et al., 2011). There are other factors that can influence rtPA efficacy including thrombus
type, location and extent, collateral circulation, underlying comorbidities, patient’s age, time to
commencement of treatment and time to recanalization (Asadi et al., 2016).

1.2.1.

Upcoming therapies

Even though there is only one approved agent for the treatment of ischemic stroke, there are
other alternatives being exploited in preclinical and clinical trials. Other intravenous antithrombotic
agents were developed which have higher affinity to fibrin, expanded treatment time windows, longer
half-life and have less side effects. Examples of these drugs are Tenecteplase, Desmoteplase and
Ancrod. Furthermore, there is a new class of treatment – the endovascular treatment with mechanical
thrombectomy.
The first mechanical thrombectomy device cleared for human use in the USA was MERCI retriever
(Concentric Medical, Mountain View, California, USA), in 2004 (Asadi et al., 2016; Spiotta et al., 2015).
This device had a corkscrew-shape with nitinol loops to allow full thrombus removal. Following MERCI,
several other devices were developed (Figure 1.2). The most recent and successful ones are retriever
stents. These stents, in addition to force out the thrombus to the periphery, thus immediately
restoring the flow, can also arrest the thrombus in their interstices, making it possible to remove the
clog together with the stent. Examples of retriever devices are Solitaire-FR™ (Covidien®), Trevo™,
Trevo-ProVue™ (Stryker®) and Revive™ (Johnson & Johnson®) (Asadi et al., 2016). Regarding efficacy
and safety, these devices have been tested in several clinical trials and the results are very promising.
The recanalization rates with retriever stents were above 80%, there was a significantly smaller infarct
volume and better 90-day clinical outcome, comparing with control groups (Bracard, Guillemin, &
Ducrocq, 2015; Campbell et al., 2015; Davalos et al., 2015; Fransen et al., 2014; Goyal et al., 2015).
These devices were found to be superior to the Merci device, leading to rapid and widespread adoption
(Spiotta et al., 2015). In most cases, and if possible, they are combined with rtPA to maximize
efficacy.
Even though the new reperfusion techniques described seem promising, the success of
thrombectomy and thrombolysis is strongly dependent on when the treatment is administered after
stroke onset. It is established that the time windows of mechanical thrombectomy is 6 hours
(Rabinstein, 2017). If these treatments are performed when there is already a large ischemic area,
even within this time window, there are strong possibilities that the patient may suffer reperfusion
injuries, like haemorrhage and oedema, affecting the clinical outcome (Rabinstein, 2017). Thus, there
are still a large portion of stroke patients to whom there are no treatment available. Additionally,
there are no therapies which treat or repair brain damages already present. Therefore, there has
been a research and commercial interest for the development of neurotherapeutics to repair and
protect the neural cells of further damage.
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Figure 1.2 — Illustration with a brief overview of the evolution of thrombectomy devices (Spiotta et al., 2015)

1.2.2.

The crucial stroke treatment – neuroprotection

The main goal of neuroprotection is to avoid expansion of lesion by preventing the penumbra
tissue from further damage. Therefore, a neuroprotective agent must salvage the ischemic tissue,
limit infarct size, prolong the time window for thrombolytic therapy or minimize post-ischemic
reperfusion injuries (Sutherland et al., 2012). Over the past years, there has been intensive research
on the area which resulted in the development of over 1000 neuroprotective agents tested in basic
stroke studies with promising results. They resulted in 200 clinical trials (O’Collins et al., 2006).
The emerging molecules were designed to counter with the pathological events of stroke —
excitotoxicity, oxidative stress, inflammation and apoptosis. One example of one of these molecules
is NXY-059. This compound is a nitrone with free radical scavenging properties, which inhibits many
stages of the ischemic pathological events. In in vivo studies (in rodents and marmosets), it has shown
significant neuroprotective effects, with an overall reduction in infarct volume of 43% (Bath et al.,
2009; MacLeod et al., 2008). Many other molecules, reviewed elsewhere (Majid & Arshad, 2014),
showed promising results with reduction of infarction volume, reduction of BBB disruption and
oedema.
Despite the promising results of neuroprotection in rodents, these compounds have fail to
translate into clinically meaningful drugs with significant benefits. In fact, none of them succeeded
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in translation to clinical practice, including the NXY-059. There are several reasons that may justify
the disappointing situation. Firstly, most neuroprotective agents target early pathological events of
the ischemic cascade. While in stroke animal models there is absolute control over the onset and
duration of the ischemia, allowing a strict control the therapeutic time window and early treatments,
the same is not true for humans. The onset of the disease is most times not clear or, if it is, the
available treatment time window is rarely the same as in preclinical trials, making it difficult to get
comparable results. Secondly, the animal models fail to represent correctly the nature of the human
stroke. Available animal models of stroke resemble less than 25% of all strokes (Sutherland et al.,
2012). Furthermore, the animals are usually young and have limited comorbidities, opposing to the
elderly and who have several comorbidities patients. Thirdly, the translation of preclinical to clinical
practice may fail due to flaws in preclinical and clinical trials’ design. In preclinical trials, there is a
vast number of different animal models and endpoints used, making the available data rather
inconsistent within the preclinical stroke field (Neuhaus, Couch, Hadley, & Buchan, 2017). On the
other hand, the design of the clinical trials is crucial to translate preclinical to clinical practice. There
are some trials which have failed due to delayed treatment time window, small sample sizes, different
outcome measures, insufficient dosing, and failure to achieve adequate plasma levels of study
medications (Sutherland et al., 2012). Finally, most clinical trials are design for the testing of a single
agent. However, stroke is a very complex disease involving different, yet interconnected, pathological
events. Thus, a single approach may fail to change the clinical outcome. Opposing, combination of
thrombolysis and neuroprotection may have a better outcome.
In spite of repeated failures of neuroprotective agents over the past years, there are still ongoing
clinical trials which show promising results. One example is minocycline. Minocycline is a tetracycline,
broad spectrum antibiotic. Besides antibacterial activity, it has shown to have anti-inflammatory and
antiapoptotic properties (Zemke & Majid, 2004). In animal studies, it lead to a 30% reduction of
infarction volume (O’Collins et al., 2011). It also proven to be effective in clinical trials, the clinical
outcome of minocycline-treated patients was significantly better (Amiri-Nikpour, Nazarbaghi, HamdiHolasou, & Rezaei, 2015). There were no significant differences in clinical complication between
groups, proving the safety of minocycline. The proposed mechanisms of action of minocycline include
anti-inflammatory effects, reduction of microglial activation, MMPs activity, NO production and
inhibition of apoptosis (Lampl et al., 2007; Sutherland et al., 2012).
A more recent approach has been the use of nanoparticles as nanotherapeutic constructs for the
delivery of neuroprotective agents. This concept emerged from the hypothesis that the nanoparticles
could protect the administered agents from degradation and other undesirable interactions with
body’s microenvironment, along with improving its solubility, enhance their pharmacokinetics
properties and reduce toxicity (Leiro, Garcia, Tomás, & Pêgo, 2015). Moreover, due to their small
size, nano-constructs have the potential to cross the BBB, which can be a powerful asset to reach less
affected areas of the ischemic brain in which the BBB has not been compromised, the penumbra.
Nanoparticles also allow the delivery of this neurotherapeutics in a controlled and local-specific
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manner, reducing the administration doses and frequency when applicable. Thus, nanotherapeutic
constructs for the delivery of neuroprotective agents represent a strong candidate for stroke
treatment.
Several carriers have been studied in different fields: polymers, micellar assemblies, liposomes,
polymersomes, and, more recently, dendritic structures (dendrimers and dendrons) (Cho, Wang, Nie,
Chen, & Shin, 2008). Dendrimers have a special interest for nanotherapeutic applications due to their
characteristics and their good pharmacokinetic properties (Leiro, Garcia, Tomás, & Pêgo, 2015).
Dendrimers are a class of highly branched polymers which consist of a central core in which repeated
units or monomers are covalently attached. Every monomer has terminal functional groups, allowing
the covalently attachment of more monomers, forming layers called “generations” (G). The most
commonly used dendrimers are poly(amidoamine) (PAMAM), poly(propyleneimine) (PPI), and
poly(lysine)-based dendrimers (Leiro, Duque Santos, Lopes, & Paula Pêgo, 2017). Dendrimers have
unique characteristics which makes them good candidates for theragnostic applications: globular,
well-defined and very branched structure together with monodisperse and controllable size.
Moreover, they have a high density of terminal functional groups which allow the shackling of different
ligands in a specific and controllable manner, simulating the multivalency present in many biological
systems (Leiro et al., 2015). This allows them to be explored as carriers for several applications,
including gene delivery in stroke (An et al., 2013; Jeon, Choi, Oh, & Lee, 2015; Kim et al., 2012).

1.3.

Stroke – an unsolved need

Even though stroke affects billion of people and there is a vast research on the topic, there is
only one therapeutic agent approved for ischemic treatment, as referred above. Even with the
emerging therapies, there is still a large portion of patients which do not fulfil the therapy criteria
and stay untreated. For those, they can only receive basic life support and later rehabilitation.
Therefore, ischemic stroke is still a large and unmet clinical need (Woodruff et al., 2011). Besides
the aforementioned reasons, the numerous clinical trials may have failed partly due to the complexity
of the pathology or partly due to the difficulty of reaching the brain area, either because of the low
blood flow or the BBB. Thus, in order to solve this problem, it is important to fully understand the
ahead problem.
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2. Blood-brain barrier
The blood-brain barrier (BBB) is a dynamic and complex interface between blood and the
central nervous system (CNS) that rigorously controls the exchanges between the blood and
CNS compartments. Together with the blood-cerebrospinal fluid barrier (BCSFB) and avascular
arachnoid barrier (AAB), they limit molecular exchanges between blood and neural tissues and
fluids (Abbott, 2004; Abbott, Patabendige, Dolman, Yusof, & Begley, 2010; Bicker, Alves,
Fortuna, & Falcão, 2014). Even though BCSFB and AAB have both critical importance, BBB has
by far the largest interface and shortest diffusion for blood-brain exchange, making it the most
relevant barrier in regulating therapeutics blood permeability to the brain (Abbott, 2004;
Abbott et al., 2010). It is responsible for maintaining the brain’s homeostasis and represents a
shield against many toxic compounds and pathogens (Cardoso, Brites, & Brito, 2010). In fact,
all large-molecule and over 98% of small- neurotherapeutic molecules never reach the market
due to its inherent inability to cross the BBB (William M Pardridge, 2005). Therefore, BBB is
considered “the bottleneck in brain drug development and is (…) the limiting factor of the
growth of neurotherapeutics” (William M Pardridge, 2005).
The restricted permeability of BBB arises from the cellular features of brain microvascular
endothelial cells (BMVEC). The phenotype of BMVEC is quite different from other endothelial
cells since it includes the presence of tight junctions (TJs), no fenestrae and have low pinocytic
activity, resulting in restricted passage of solutes and cells to the brain. Additionally, these
cells have a large apparatus of influx/efflux transporters allowing them to strictly control what
comes through them. These transporters are responsible for controlling what reaches the brain
by specific transendothelial transport pathways while also having metabolic and detoxifying
functions (Abbott, Rönnbäck, & Hansson, 2006). These and other characteristics reflect the
functions of the BBB, which are: (1) maintenance of CNS homeostasis through regulation of ion
balance and compounds influx/efflux, (2) protection of brain from its external environment,
(3) supply of nutrients by specific transport systems and (4) direct inflammatory cells to act in
response to changes in local environment (Cardoso et al., 2010).
Although BMVEC have such an important role in BBB permeability, they do not act alone.
Brain microvascular biology results from the overall interactions of these cells with the
basement membrane and neighbouring glial cells, such as astrocytes and microglia (Kaur & Ling,
2008), as well as pericytes and neurons. Altogether, they form the neurovascular unit (NVU)
(Figure 1.3) (Wolburg & Lippoldt, 2002; Zlokovic, 2008; Zozulya, Weidenfeller, & Galla, 2008).
The role of each of these cell types is described in more detail in the following section.
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Figure 1.3 — Neurovascular unit (NVU) and closer look to endothelial characteristics. The neurovascular
unit is composed by BMVEC and pericytes housed in a basement membrane, together with astrocytes,
microglia and neurons. Pericytes, astrocytes, microglia and neurons secrete agents which modulate
BMVECs phenotype, highlighting their importance. Where one read Cerebral endothelial cell, it can be
read brain microvascular endothelial cells (Bicker et al., 2014).

2.1.

2.1.1.

Neurovascular Unit (NVU)

Endothelial cells

BMVEC form a cellular layer in the inner surface of the brain capillaries, being the first
cells to be in contact with substances in the blood. This cellular layer is strongly sealed by
junctional complexes between adjoining cells, namely adherent junctions (AJs) and TJs. These
junctions eliminate gaps between cells, preventing free diffusion of blood-borne substances
into the neural tissues and fluids (Cardoso et al., 2010). In AJ, transmembrane proteins, namely
cadherins, span to the intercellular cleft and interact with cadherins from another cell, forming
a homophilic cell-cell adhesion (Yap, Brieher, & Gumbiner, 1997). These proteins are linked to
actin filaments (cytoskeleton) by the proteins α-, β- and γ-catenin. The AJs mediate adjoining
endothelial cells adhesion and are likely to play a crucial role in the assembly of TJs, since
blocking antibodies that disrupt E-cadherin-based AJs cause dissociation of TJs (Behrens,
Birchmeier, Goodman, & Imhof, 1985; Hawkins & Davis, 2005). A TJ consists of a complex of
proteins (occludin and claudins), spanning into the intercellular cleft, and junctional adhesion
molecules (JAM) (Wolburg & Lippoldt, 2002; Wolburg, Noell, Mack, Wolburg-Buchholz, & FallierBecker, 2009). Occludin and claudins are bonded to a number of cytoplasmic scaffolding and
regulatory proteins Zonula occludens (ZO)-1, ZO-2, ZO-3 and cingulin (Abbott et al., 2010;
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Cardoso et al., 2010). Both junctions allow the brain microvessels to be 50 to 100 times tighter
than peripheral ones (Cardoso et al., 2010), which translates in considerably higher in vivo
values of transendothelial electrical resistance (TEER) (range of 1100–1500 .cm2 instead of 220 .cm2 (Butt, Jones, & Abbott, 1990; Wolburg & Lippoldt, 2002)). Additionally, the tightness
of this endothelial results in high electric impedance, which is a indicative of restricted
movement of ions and limited crossing through this layer (Abbott et al., 2010, 2006; Wilhelm,
Fazakas, & Krizbai, 2011a).
BMVEC differ in several features from other endothelial cells. They have no fenestration,
exhibit low pinocytic activity, have a continuous basement membrane and a higher negative
surface charge (Abbott et al., 2010, 2006; Bicker et al., 2014; Cardoso et al., 2010). BMVEC
also express high levels of enzymes like alkaline phosphatase (AP), -glutamyl transpeptidase,
aromatic acid decarboxylase and several cytochrome P450 (CYP) enzyme, all enzymes identified
to metabolize numerous xenobiotics. Since their expression in BMVEC is much higher than in
non-neuronal capillaries, they are considered BBB markers (Nicolazzo, Charman, & Charman,
2006). Additionally, these cells have a lot of efflux carriers expressed in the apical surface,
most of them belong to the adenosine triphosphate-binding cassette (ABC) transporter family
(Abbott, 2004). These transporters mediate the efflux of lipophilic compound that, otherwise,
would cross the BBB. They include P-glycoprotein (P-gp) and multidrug resistance-associated
proteins (MRP) (Abbott et al., 2010). Both detoxifying enzymes and influx/efflux transporters
require energy expend to function. BMVECs possess a higher number and volume of
mitochondria than other cells, allowing them to produce higher amounts of energy from
compound’s break down and activate transportation (Cardoso et al., 2010). Altogether, these
special characteristics of BMVEC make this cellular layer a selective barrier that strongly
determine the BBB permeability to the circulating compounds.

2.1.2.

Astrocytes

Astrocytes are glial cells whose end-feet cover a large part of the basolateral surface of
BMVEC and respective basement membrane (Abbott, 2002), contacting closely with BMVEC
(Figure 1.3). They ensure adequate neuronal function (Persidsky, Ramirez, Haorah, &
Kanmogne, 2006) and the control of the cerebral blood flow (Koehler, Roman, & Harder, 2009).
The perivascular end-feet of astrocytes exhibit specialized features: high density of orthogonal
arrays of particles (OAPs), like water channel aquaporin 4 (AQP4), and the potassium channel
Kir4.1, which are involved in ion and volume regulation (Abbott et al., 2006), suggesting BBB
permeability modulation. Also, they seem to be essential for maintaining and up-regulating
specific BMVEC characteristics, such as elevated number of TJs, specialized enzyme systems
and polarized transporter location (Correale & Villa, 2009). In fact, when endothelial cells are
cultured with astrocytes or astrocyte-conditioned medium, they recover BBB properties such
as high TEER (Siddharthan, Kim, Liu, & Kim, 2007). Therefore, they condition the unique
phenotype of BMVEC.
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Even though astrocytes have close contact with BMVEC, their control on BBB permeability
and characteristics seems not to be due to direct contact with BMVEC but rather by the release
of regulatory factors which condition the proper differentiation of BMVEC. In fact, some brain
microvessels lack astrocytic ensheathment, yet still exhibit BBB features (Abbott, 2002). The
same phenomenon has been demonstrated in in vitro studies in which BMVEC showed typical
properties of a tight BBB properties (up-regulated levels of TJ proteins ZO-1 and occludin;
reduced transendothelial permeability), even though astrocyte cells were not in direct contact
with the BMVEC monolayer (Colgan et al., 2008; Siddharthan et al., 2007). Being said that, the
astrocytes conditioning of BMVEC is likely to be due to soluble factors from astrocytes. Several
molecules have been described as important in the BBB properties conditioning such as the
glial-derived neurotrophic factor (GDNF), transforming growth factor-β1 (TGF-β1), basic
fibroblast growth factor (bFGF), IL-6 and angiopoietin 1 (Abbott et al., 2006; Bernacki,
Dobrowołska, Nerwińska, & Małecki, 2008; Correale & Villa, 2009).

2.1.3.

Pericytes

Pericytes are multifunctional cells associated with capillaries and post-capillary venules.
They extend long cytoplasmic processes over the surface of the BMVEC, contacting with them
through gap junctions, TJs and AJs (Allt & Lawrenson, 2001). In the NVU, they are physically in
contact with BMVEC and share the same basement membrane (Figure 1.3). There has been
evidence that the communication between pericytes and BMVEC is important for the
maturation, remodelling and maintenance of the vascular system. This communication occurs
via secretion of growth factors or extracellular matrix modulation (Allt & Lawrenson, 2001).
There is also evidence that pericytes are involved in the transport across the BBB and the
regulation of vascular permeability (Allt & Lawrenson, 2001). Additionally, Annika Armulik and
co-worker showed that pericytes have at least two functions in the BBB: regulation of BBB-specific gene expression patterns in endothelial cells and induction of the polarization of
astrocyte end-feet surrounding CNS blood vessels. These results indicate a novel and critical
role for pericytes in the integration of endothelial and astrocyte functions at the NVU, and in
the regulation of the BBB (Armulik et al., 2010).

2.1.4.

Neurons

BMVEC and/or associated astrocytic processes are innervated by noradrenergic,
cholinergic, and GABAergic neurons which may indicate possible innervation and, consequently,
control over BBB properties (Persidsky et al., 2006). There is a close relationship between
regional brain activity and blood flow, which was demonstrated by functional neuroimaging
(Paemeleire, 2002). However, the exact mechanism by which neurons influence BBB properties
is still unknow. There has been studies that show evidences that neurons can induce protein
expression of BMVEC enzymes (Persidsky et al., 2006; Tontsch & Bauer, 1991), induce BMVEC
to synthesize and sort occludin to the cell periphery and may induce the characteristic
permeability limitations of a functional BBB (Cestelli et al., 2001). In summary, there are
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significant evidence that neurons can regulate BBB function.

2.1.5.

Microglia

Microglial cells are generally considered the immune cells of the CNS. They respond to any
kind of pathology with a reaction termed microglial activation, passing from a resting to an
activated state (Hanisch & Kettenmann, 2007; Tremblay & Sierra, 2014). They are thought to
solve microdamage such as localized openings of BBB which, if not resolved, can result in influx
of plasma constituents leading to brain toxicity (Hanisch & Kettenmann, 2007). Also, they may
modulate specific BBB properties by regulating TJs on BMVEC and, consequently, the
paracellular permeability (Zenker, Begley, Bratzke, Rübsamen-Waigmann, & von Briesen,
2003). They have a specific role on BBB during disease. In the context of disease, the activated
state of these cells secrets several proinflammatory agents which increases BBB permeability
(Sumi et al., 2010).

2.2.

Transport across blood-brain barrier

The usual pathways of diffusion of solutes across capillary endothelial barriers are the
paracellular pathway – transport between endothelial cells’ gaps – and the transcellular
pathway – involves either endothelial pinocytosis for large molecules or passive diffusion across
the plasma membrane for small molecules (William M Pardridge, 2002). Due to BBB
characteristics, like low pinocytosis activity and high number of junctions, both pathways are
challenging. Thus, to reach the brain interstitial fluid, blood circulating molecules need to be
transported through endothelial cells. This transportation might occur by lipid-mediated
passive diffusion or by accessing specific transport systems, such as carrier-mediated transport,
active-efflux transport and transcytosis (William M Pardridge, 2002) (Figure 1.4). On the one
hand, the lipid-mediated free diffusion of a molecule requires that it has both lipid solubility
and a molecular mass under a threshold of 400–500 Da (W. Pardridge, 1998; William M
Pardridge, 2002). On the other hand, accessing specific transports systems, present on the
luminal and/or abluminal side of BMVEC, allows every molecule to cross the BBB, as far as it
has a targeting for that receptor. Both transport systems are important for the control of the
brain environment and are being explored for delivering therapeutics into the brain.

2.2.1.

Passive Diffusion

Aforementioned, passive diffusion is only possible for lipid soluble and small molecules
(Abbott et al., 2010; W. Pardridge, 1998; William M Pardridge, 2002). However, these are not
the only requirements. The charge of the molecule seems to have a significant role as well.
Positive molecules have an advantage over negative ones when penetrating the BBB. It is
probably the cationic section of these molecules that interacts electrostatically with the
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negatively charged glycocalyx (heparan sulphate proteo-glycans) and phospholipid head groups
of the outer leaflet of the cell membrane, which may facilitate their entry (Abbott et al., 2010).
Examples of molecules which reach the brain through this route are ethanol, nicotine and
caffeine (A. D. Wong et al., 2013).

Figure 1.4 — Routes of transportation across BBB. When crossing the blood-brain barrier, molecules may
follow different pathways, depending on their nature, size and/or affinity to a specific receptor. While
small molecules of with lipophilic properties can cross the barrier through transcellular lipophilic pathway,
bigger molecules must cross by transcytosis either mediated by a receptor/protein or through adsorption.
(Abbott, Rönnbäck, & Hansson, 2006)

2.2.2.

Carrier-mediated transport – Solute carriers (SLC)

Due to the high volume of junctional complexes, the BBB is comparable to a continuous
cell membrane, which strongly decreases paracellular transport pathways. This decrease could
restrict brain tissue of polar nutrients like glucose or amino-acid. Thus, specific solute carriers
(SLC) are present in the luminal and/or abluminal side of the brain endothelium for
transportation of such molecules. Examples of such molecules are glucose, amino acids,
nucleosides, nucleotide and nucleobases. Some examples of SLC are glucose transporters
(GLUT1, Sodium-dependent glucose transporter (SGLT1)), monocarboxylate transporter 1
(MCT1), large neutral amino acid transporter (LAT1) and concentrative nucleoside transporter
2 (CNT2) (Abbott et al., 2010; William M Pardridge, 2002). It is also important to mention that
the expression of these receptors is not equitable but rather polarized. This fact may result in
preferential transport of substances into or across the endothelium (Abbott et al., 2010). For
example, cationic L-amino acid transporter (CAT1 (y+)) is only present on luminal side of the
endothelium, which indicates that the cationic L-amino acids are transported from blood to the
endothelium but are not transported across it. In contrast, GLUT1 is expressed in both luminal
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and abluminal which allows transport of glucose across the endothelium, from blood to brain
interstitial fluids.

2.2.3.

Active-efflux transport – ABC transporters

Active efflux transport has the main function to extrude low-molecular-mass metabolic byproducts and xenobiotics from the brain. By doing so, the endothelium is removing potentially
neurotoxic molecules and carrying out a vital neuroprotective and detoxifying function (Abbott
et al., 2010; William M Pardridge, 2002). Most efflux transporters belong to the ABC transporter
family (Abbott, 2004), being the most significance the P-gp and MRP family (Abbott et al.,
2010). These transporters are mainly expression the luminal side of the endothelium, which is
congruent with detoxifying functions. However, some of the MRP isoforms appear to be
expressed in either the luminal or the abluminal membrane, or sometimes both (Roberts et al.,
2008). The substrates of these transporters are lipid soluble non-polar molecules and conjugates
(Abbott et al., 2010).

2.2.4.

Transcytosis

The transport of macromolecules like peptides or proteins to the brain is performed by
transcytosis via endocytosis. These mechanisms involve either a receptor-mediated transcytosis
(RMT) or adsorptive-mediated transcytosis (AMT). In RMT, the binding of macromolecular
ligands to specific receptors on the cell surface triggers an endocytic event, leading to the
cluster (receptor and ligand) internalization and transport across the cell. Examples of
transport systems for this route are transferrin receptor, insulin transporter and apolipoprotein
E receptor 2 (Abbott et al., 2010). Regarding AMT, the process requires an excess positive
charge on the molecule for binding to the negative cell surface, inducing endocytosis and
subsequent

transcytosis.

Cationised

albumin

(cationised

at

pH

=

7.8

with

hexamethylenediamine) is an example of a substrate that can be uptake by for AMT (W M
Pardridge, Triguero, Buciak, & Yang, 1990).

2.2.5.

Cell migration

Mononuclear leukocytes, monocytes and macrophages can be recruited to the CNS in
pathological conditions, and play a complementary role to resident microglia (Davoust,
Vuaillat, Androdias, & Nataf, 2008). In normal BBB, mononuclear cells appear to able to
penetrate the BBB without TJ disruption by a process of cell transcytosis. This transport is done
preferentially through the transcellular pathway as opposed to the paracellular pathway
(Wolburg, Wolburg-Buchholz, & Engelhardt, 2005). In inflammatory pathological states which
affect the BBB, described below in more detail, the TJs between BMVEC may be compromised
due to the inflammatory process and mononuclear cells may then enter by both transcellular
and paracellular routes (Abbott et al., 2010).
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3. Blood-brain Barrier and disease
BBB phenotype and permeability change in the context of disease. In some cases, increased
BBB permeability is a consequence of the pathology, such as with ischemic stroke and traumatic
brain injury, whereas in other cases BBB opening may be a precipitating event, such as in
multiple sclerosis (MS) (Hawkins & Davis, 2005). There are also other CNS pathologies which
induce BBB dysfunctions including Alzheimer’s disease, Parkinson’s, brain tumours, epilepsy
and acquired immunodeficiency syndrome (AIDS) (Abbott et al., 2010, 2006; Ballabh, Braun, &
Nedergaard, 2004; Chen & Liu, 2012; Palmer, 2010).
In pathologic conditions, several chemical mediators are released which increase BBB
permeability. These mediators of BBB opening include inflammation-associated molecules
(TNF-α, IL-6, IL-1β, NO and ROS), MMPs, and other molecules like glutamate, aspartate and ATP
(Abbott et al., 2010, 2006; Zlokovic, 2011). The source of these molecules is diverse. The origin
of inflammation-associates molecules is mainly produced by activated-microglia, activatedastrocytes, and other mononuclear cells that may be on the inflammatory bed (Abbott et al.,
2006; Zlokovic, 2011). The other molecules can either be originated by these cells, neurons or
even BMVEC themselves. Other humoral agents reported to increase BBB permeability are
bradykinin, serotonin (also known as 5-hydroxytryptamine), histamine, thrombin, substance P,
and platelet activating factor. Some of these agents are released by the endothelium and in
turn the endothelium itself responds to the released agents (Abbott et al., 2010; Zlokovic,
2011).
Besides the release of molecules which modulate BBB phenotype, there are several
diseases in which either the level of TJ components is lower than on healthy BBB or defective
TJ proteins are expressed. This strongly compromise the TJ number and integrity, leading to
looser BBB. Examples of diseases in which this happens are MS and Alzheimer’s disease (Abbott
et al., 2010, 2006, Zlokovic, 2008, 2011).

3.1.

Stroke

In ischemic strokes, the ischemia induces a cascade of pathological events, being one of
them the NVU dysfunction which leads to BBB disruption. The dysfunction and disruption of BBB
is a consequence of the pathological cascade induced by hypoxia. Over the disease progression,
there has been reported distinct BBB openings – a ischemia-induced BBB permeability, a
reperfusion-associated BBB opening and a “biphasic” opening after reperfusion (Figure 1.5).
The first increase on BBB permeability is induced by ischemic pathology. As discussed in a
previous section, the ischemic phase is characterised by loss of rCBF and oxygen/nutrients
deprivation. This leads to depletion of ATP, excitotoxicity by glutamate efflux, ionic imbalance
leading to oedema, oxidative stress, and lastly, activation of inflammatory and apoptotic
processes (Sandoval & Witt, 2008). These pathological events affect not only the neurons but
all the other cell types of the NVU. Firstly, the oedema caused by ionic imbalance leads to
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internal capillary diameter shrinkage, due to endothelial, astrocytes and neurons swelling. The
swelling of astrocytic end-feet and subsequent loss of its endothelium adhesion, may lead to
TJ dysregulation. The induction of proteases by Ca2+, like MMPs, contribute to BBB ECM
degradation which, together with BMVEC swelling, may lead to their detachment from the
basement membrane leading to apoptosis (Grossmann, 2002) and, consequently, barrier
disruption. Secondly, hypoxia itself has been described to induce BBB opening. In in vitro
studies, there has been evidences that hypoxic conditions alter the localization and expression
of claudin-5 protein in bEnd.3 cells, translating in a decrease of TEER (Koto et al., 2007).
Finally, NO has been implicated in increasing permeability of BBB, being reported as a
modulator of the transport of ions, nutrients, and other molecules, consequently, regulating
some of the function of BBB (Janigro, West, Nguyen, & Winn, 1994).
Reperfusion comprehends several phases of increased BBB permeability: an initial
reperfusion permeability associated with acute elevations in rCBF (hyperemia), followed by a
“biphasic” permeability response (Figure 1.5) (Sandoval & Witt, 2008). Hyperemia occur
immediately after the reperfusion. It is thought to be responsible for the acute opening of the
BBB TJ because of perfusion pressure. However, how the TJs reassemble is still unclear.
Following the initial hyperemia, hypoperfusion of the ischemic area occurs (i.e. no-reflow
effect). It has been attributed to continued cerebral metabolic depression, microvascular
obstruction, occlusion via endothelial and astrocytic end-feet swelling, and the formation of
endothelial microvilli (Sandoval & Witt, 2008). The first phase of the biphasic permeability
occurs between 3 to 8 hours after reperfusion. It has been connected to increased inflammatory
and oxidative stress on the BBB, conjugated with enzymatic degradation of the ECM (Ji, Sang,
& Seung, 2005; Wang & Shuaib, 2007). Since hypoperfusion may enhance neutrophil adhesion
and subsequent inflammatory activity, it may directly contribute to the increase of oxidative
and inflammatory stress, resulting in increased BBB paracellular permeability. The final phase
of the biphasic BBB TJ permeability, around 18 to 96 hours after reperfusion, is coincident with
angiogenesis and increased vasogenic edema, being upstream inflammatory activity a
contributor to this final phase.
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Figure 1.5 Schematic of BBB phasic events associated with cerebral ischemia and reperfusion timecourse (Sandoval & Witt, 2008)

20

4. Blood-brain Barrier models
Not only to better understand how the BBB characteristics and function are modulated
under physiological and pathological conditions but also to predict the permeability of
therapeutic molecules, several in silico, in vitro, ex vivo and in vivo models have been
developed (Bicker et al., 2014). The process of therapeutics development is long, risky and
costly, which makes the use of a good screening models imperative. Due to BBB characteristics,
the therapeutics’ brain permeability is difficult to predict, thus, these models represent an
asset in this screening process. In fact, they have been used with that purpose, particularly, in
vitro and in vivo models of the BBB. They have contributed to the development of new CNS
therapeutics that lately emerged, by allowing an estimation of their biodistribution and brain
uptake (H. L. Wong, Wu, & Bendayan, 2012).

4.1.

In vitro models

The principal advantages of the in vitro models, particularly in comparison with the in vivo
ones, are the higher throughput capacity, the lower cost and lower amount of compound that
is required. Also, they allow to directly quantify compounds and to identify early signs of cell
toxicity, which could be challenging in in vivo models (Lundquist et al., 2002). Morever, these
models offer the possibility to reduce or even avoid the use of animals, depending on the type
of model. Furthermore, if a cell-based model is constructed, human cells can be used, allowing
a better approximation for therapeutic applications.
A good in vitro model should be simple, reproducible, and mimic as closely as possible the
in vivo BBB characteristics in functional and anatomic terms. Thus, an in vitro model must
reproduce the following properties: expression of TJs between BMVEC; exhibit low pinocytic
activity; selective and asymmetric permeability to physiological ions and compounds and
expression of BBB-specific transporters. These properties’ evaluation can be performed by TEER
measuring, permeability assessment with tracers and localization of BBB markers on BMVEC by
immunohistochemistry.
During the past years, several in vitro models have been developed from simpler models,
such as the one explored in the parallel artificial membrane permeability assay (PAMPA), to
more complex systems involving cell cultures and dynamic conditions. PAMPA uses a multi-well
system in which the donor and the acceptor compartments are separated by a porous filter
where a lipid artificial membrane is incorporated. The effective permeability can be
determined by the quantification of the test compound on each compartment, after its
movement from the donor to the acceptor compartment by crossing the lipid membrane (Bicker
et al., 2014). This lipid membrane can be adjusted and modified to mimic the BBB permeability
(Di, Kerns, Fan, McConnell, & Carter, 2003; Mensch et al., 2010). Even though these models
have a high predicting power over the in vivo BBB permeability, they lack the influx and efflux
transport which can strongly influence the BBB permeability of a certain compound. Therefore,
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cell-based models are most commonly used.
Cell-based in vitro models have several conditions that strongly influence their reliability
and applicability. To evaluate the reliability of a cell-based system as a selective and tight
barrier, besides a morphological characterization, functional tests should be performed.
Measuring the TEER and evaluating the permeability of hydrophilic tracers with known
molecular weight are the most commonly conducted tests (Wilhelm, Fazakas, & Krizbai, 2011b).
An acceptable in vitro model, for new therapeutics permeability studies, should present high
values of TEER and small solute permeability (on the order of 10−6 cm/s) (Wuest, Wing, & Lee,
2013). The permeability assessment is evaluated by using tracers for paracellular and
transcellular transport. Sodium fluorescein, lucifer yellow and fluorescein isothiocyanate
(FITC)-labelled substances, such as FITC-bovine serum albumin, are frequently used as
paracellular tracers. In contrast, propranolol is often utilized as a transcellular tracer due to
its lipophilic nature (Bicker et al., 2014; Cardoso et al., 2010).
The functional properties of the in vitro models strongly depend on its constitution.
Therefore, when designing such a model, several parameters should be considered such as the
type of cells used, the substrate where cells are grown, conditions of the culture (static or
dynamic) and culture medium.

4.2.

In vivo models

In vivo brain uptake techniques provide the most reliable evaluation and characterization
of therapeutics BBB penetration (Bicker et al., 2014; Cardoso et al., 2010). In these models,
live animals, such as rat and mice, are exposed to the testing compound, by intravenous
injection, intraperitoneal, oral or other administration pathway. The course of the compound
is then followed through distinct techniques. Since wild type or disease-model animals can be
used, these approaches are very versatile. They are widely used for therapeutic development
since they take into account not only a section but the whole brain microenvironment and
biological processes, allowing a good estimation of permeability and brain penetration (Jeffrey
& Summerfield, 2010).
The key concepts used for estimating the ability of a compound to reach brain tissue and
fluids, through BBB crossing, include the rate of BBB permeation and the extent of compound
that cross BBB (Reichel, 2009). The extent of the compound that across BBB can be determined
by sampling plasma and brain tissue over time, which allow to quantify the compound
concentrations in these phases. Furthermore, the rate of BBB permeation can be determined
in vivo by invasive techniques, such as brain uptake index technique, the in situ brain perfusion
method and intracerebral microdialysis (Bicker et al., 2014). Non-invasive imaging techniques
are also adequate for this purpose. The presence of the compound should be also quantified on
the urine to evaluate this clearance and elimination.
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Even though these models are the closest approximation to human BBB and are commonly
used in therapeutics development, they are quite expensive. They also require special facilities
for animals and specialized handling and surgical skills, which make these models not accessible
for every laboratory. Moreover, they have a low throughput, requiring usually a large number
of animals which raises ethical issues. Therefore, other alternatives, which are more
economical and less technical demanding are most often chosen, such as the in vitro models
described above.
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Despite the fact that stroke affects billions of people, there is only one approved therapy
on the market and a large portion of patients stays untreated. Therefore, ischemic stroke
represents a large and unmet clinical need. A promising approach expected to impact at a
functional level after stroke is neuroprotection.
Even though previous interventions targeting neuroprotection failed in the past, there are
new approaches that bring renewed hope. One is the use of neurotrophic factors. Neurotrophic
factors are proteins that can modulate neurons survival, growth and synaptic plasticity (Goss,
2007). Among them, brain derived neurotrophic factor (BDNF) seems a strong candidate since
it has been shown in in vivo studies to reduce the infarction size, promote neural regeneration
and angiogenesis and improve functional outcome (Guan et al., 2012; Han et al., 2011;
Yamashita, Wiessner, Lindholm, Thoenen, & Hossmann, 1997). Yet, its therapeutic
administration faces several barriers such as reduced plasma half-life and poor BBB penetration
(Adachi et al., 2014). A possibility to overcome this problem would be to deliver BDNF to
neurons in other ways, for example, through BDNF-encoding nucleic acids.
The present thesis is part of a larger project where dendrimers are being explored to serve
as vehicles to deliver nucleic acids encoding for neuroprotective proteins to ischemic neurons.
These systems are to be administered intravenously on early stages of ischemic stroke to
protect still viable neurons. Due to this route of administration, these particles must be able
to cross the BBB. The aim of this thesis was to implement an in vitro BBB model of stroke to be
used as a testing platform to assess the capacity of the designed dendrimers to cross the BBB
barrier in the aftermath of a stroke. To accomplish this goal, this work was divided in two parts:
1. Establishment of a static, Transwell®-based in vitro BBB model of stroke to test the
capacity of selected nanodelivery carriers, here polyethylene glycol (PEG) modified
PAMAM dendrimers, of crossing this barrier. To do so, a “physiological” in vitro BBB
model was implemented first, and then its permeability was increased to mimic
ischemia conditions. Finally, the dendrimers’ permeability was tested in both models.
2. Improvement of the previously established model to resemble more closely the in vivo
BBB by using shear stress stimulation. Here a dynamic in vitro BBB model was explored
using a bioreactor.
The work developed and the data obtained during the thesis is described in Chapter 3 and
Chapter 4, respectively.
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1. Introduction
1.1.

Modelling BBB in vitro – a promise and a challenge

The BBB is a dynamic and complex barrier, with very restrictive and selective properties.
Moreover, its building cells are numerous and firmly connected, which makes very challenging not
only to understand how each cell type influences the barrier properties but also to mimic this barrier.
Thus, when trying to mimic in vitro a cell-based BBB model, there are several considerations to have
in mind.
The first consideration is which endothelial cells will be used. Primary BMVEC provide the closest
phenotypic resemblance to the in vivo BBB, since they present similar protein expression patterns.
Yet, the use of primary cells is associated with several constraints such as complex, time consuming
and labour-intensive cell isolation, challenging elimination of non-endothelial cells (like pericytes),
batch-to-batch variability, low yield and high costs (Bicker et al., 2014). Moreover, many of the
primary BMVEC features have the tendency to be lost when in culture, which may be attributed to
the removal of BMVEC from its own brain microenvironment (Calabria, Weidenfeller, Jones, De Vries,
& Shusta, 2006). To overcome primary cells’ limitations, several immortalized BMVEC cell lines were
developed to provide a stable source with high yield, homogeneity and consistency throughout
numerous passages. The most commonly used BMVEC cell lines are mouse bEnd.3 and human
hCMEC/D3 (Bicker et al., 2014).
bEnd.3 is an immortalised cell line established from endothelial cells from mouse cortices by the
Polyoma virus middle T-antigen transformation. Besides being fast growing, stable and commercially
available cells, they have also been described to have relevant features for BBB transport
investigations. In fact, they are able to form tight monolayers which present barrier properties, such
as high TEER values and low paracellular permeability (Brown, Morris, & O’Neil, 2007; G. Li et al.,
2010; Y. Omidi et al., 2003). Furthermore, they express specific polarized apparatus of influx and
efflux receptors, such as glucose receptor (GLU-1), amino acids transporters and functional P-gp, all
of which are BBB markers (Y. Omidi et al., 2003). Thus, bEnd.3 are strong candidates for in vitro BBB
modelling. As a matter of fact, these cells have been widely used for this purpose (G. Li et al., 2010;
Martins, Alves, Neto, & Lamghari, 2016; Wuest & Lee, 2012).
Even though BMVEC cell lines like bEnd.3 present basic cerebral endothelium-like features, when
cultured on a monolayer, they originate a barrier with leakier properties than primary endothelial
cells. Therefore, their use could be unadvised for permeability studies (Bicker, Alves, Fortuna, &
Falcão, 2014). Yet, their barrier properties can be enhanced by co-culture with other NVU cell types,
like astrocytes, or addition of conditioned medium or culture supplements.
The most commonly used cells to co-culture with BMVEC are astrocytes, due to their key
influence on BMVEC phenotype (Abbott, Rönnbäck, & Hansson, 2006). Once more, the source of
astrocytes is also an important issue. As well as in the case of BMVECs, one may use primary astrocytes
or immortalized astrocytes. Even though primary astrocytes are most used, since they are able to
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better maintain the BMVEC phenotype, the CTX-TNA2 and the C6 glioma cell line have also been
explored (Cantrill, Skinner, Rothwell, & Penny, 2012; Y. Omidi et al., 2003). Other astrocyte line with
potential to be used in in vitro BBB modelling is A7 (Beuckmann, Dernbach, Hakvoort, & Galla, 1997).
A7 cells correspond to an SV40 large T antigen-immortalized astrocytic cell line produced from the
neonatal rat optic nerve, first described by H. M. Geller and M. Dubois-Dalcq (Geller & Dubois-Dalcq,
1988). These cells show phenotypic markers of astrocytes like glial fibrillary acidic protein (GFAP)
expression. They also expressed other astrocytic surface markers like fibronectin, laminin, and the
neural cell adhesion molecule (N-CAM) (Geller & Dubois-Dalcq, 1988; Isono, Geller, Poltorak, & Freed,
1992).
Finally, endothelial cell could also be co-cultured with other NVU cells, such as pericytes,
neurons and microglia (Al Ahmad, Gassmann, & Ogunshola, 2009; Cestelli et al., 2001; Kim et al.,
2006; Sumi et al., 2010) though these approaches are not so common.
Supplementation of culture medium with glucocorticoids and cAMP elevators can strongly
enhance BBB properties. Hydrocortisone (HC), which is a glucocorticoid produced by the zona
fasciculata of the adrenal cortex within the adrenal gland, has been described as an effective
enhancer of the barrier properties. In several studies, HC was found to increase TEER, decrease
paracellular permeability and increase the expression of TJ proteins, such as occludin and Claudin-5
(Förster et al., 2008; Hoheisel et al., 1998). On the other hand, several papers have reported that
elevated levels of cAMP also led to tighter endothelial layer, translated in higher TEER and lower
permeability. Y. Omidi et al. demonstrated that, when bEnd.3 were co-culture with C6 glioma cells
and treated with cAMP elevators, the TEER values were significantly higher, averaging a value of 130
Ω.cm2 at day 6, comparing to 80 Ω.cm 2 without cAMP modulation (Y. Omidi et al., 2003). The most
common used cAMP modulators are 8-4-chlrophenylthio-cAMP (8-CPT-cAMP) and RO20-1724.
8-CPT-cAMP is a membrane permeable cAMP analogue, which virtually increases the cAMP levels.
RO-20-1724 elevates the endothelial levels of cAMP by preventing its rapid metabolization and is
consequently combined with 8-CPT-cAMP in culture media to decrease the paracellular permeability
(Bicker, Alves, Fortuna, & Falcão, 2014).
Finally, one must have in consideration where and how cells are going to be cultured. The
Transwell® system is the most commonly used platform for in vitro BBB modelling, yet with several
variations. Firstly, if one has in mine to co-culture endothelial cells with other NVU cells, these cells
may be seeded in different orientations — contact or non-contact orientations. If non-endothelial
cells are seeded on the abluminal side of the insert’s membrane (contact orientation), they can
directly contact with endothelial cells by the membrane pores which may closely resemble the in vivo
conditions. In fact, Shayan et al. showed that astrocytes are able to reach the endothelial cells by
end-feet extension when the in vitro cultures are made in contact orientation (Shayan, Choi, Shusta,
Shuler, & Lee, 2011). On the other hand, if other sNVU cells are seeded on the bottom of the well
(non-contact orientation), they can influence endothelial phenotype by factors’ secretion. Secondly,
the membrane of the Transwell® insert can also be customized to better fulfil the purpose of the in
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vitro BBB model. The membrane can be chosen by material type, pore size and density. The choice
of the pore can determine whether the inter-cell contact occurs or not. The pore size of 0.4 µm is
considered appropriate for restricting astrocyte cell bodies to the seeded side, while allowing
astrocytic end-feet to pass through the pores and interact with endothelial cells seeded on the
opposite side (Ma, Lepak, Hussain, Shain, & Shuler, 2005; Wuest, Wing, & Lee, 2013). On the other
hand, if one intends to see cell migration, the pore size should be higher (1.0 or 3.0 µm).

1.2.

Modelling BBB in stroke

Stroke is a complex disease, which comprehends several inter-related pathological events, such
as energy failure, excitotoxicity and inflammation. Another pathological feature is BBB disruption in
the aftermath of stroke. This BBB opening will result in increased permeability, allowing blood
components to reach brain tissue that otherwise would not cross the BBB. The BBB disruption could
be traced back to all pathological events off stroke, yet hypoxia and inflammation seem to have a
marked role on BBB dysfunction.
The most commonly used in vitro BBB model for stroke is oxygen and glucose deprivation (OGD).
OGD is one of the first pathological effects that cells feel in the faced stroke area, thus it can mimic
early stages of the disease. In vitro, this insult is mimicked by the cell medium exchange for a
deoxygenised, serum- and glucose-free medium (OGD medium) followed by cell incubation on a
hypoxia chamber for a defined period of time. The composition of the OGD medium, time of exposure
and levels of oxygen and glucose can be adapted to the objective of the study. In some cases, the
OGD conditioning is followed by a re-oxygenation period (reperfusion) which occurs in a normoxic
chamber. OGD exposure has been described to increase paracellular permeability, change the cellular
location of TJ proteins (Claudin-5, Occludin, ZO-1 and ZO-2) from cytoplasmic membrane to the
nucleus periphery and decrease of TEER values (Koto, Takubo, Ishida, Shinoda, Inoue, Tsubota, Okada,
Ikeda, et al., 2007; Karen S Mark & Davis, 2002). Thus, this model can closely mimic BBB increased
permeability.
In vitro ischemic conditions can also be achieved by using hypoxia-mimetic agents. One strategy
is to induce HIF-1 expression, a transcriptional factor highly expressed on hypoxia conditions. Chatard
et al. successfully established an ischemic in vitro BBB model by using hydralazine. Hydralazine is a
vasodilator used as treatment for severe hypertension, congestive heart failure, myocardial infarction
and preeclampsia. Yet, it was also stated it induces a transient and physiological HIF-1 overexpression
by inhibiting prolyl hydroxylase domain (PHD) activity (Chatard, Puech, Roche, & Perek, 2016). By
using bEnd.3 and C6 cells in vitro BBB model, they showed that hydralazine induced a decrease of
TEER values, an increase of permeability to fluorescein and a decrease of ZO-1 expression, indicating
increased paracellular permeability. More importantly, these data were comparable with OGD model
values which indicates a good induction of ischemia-like environment. Yet, there are other ways to
increase HIF-1 levels such as using cobalt chloride (CoCl2) (Y. Wang et al., 2012; S.-J. Yang et al.,
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2004).
Another pathological event which seems to strongly influence BBB properties is inflammation.
Thus, the use of pro-inflammatory cytokines, such as IL-1β and TNF-α, and oxidative stress molecules,
such as NO, has also been described as a way to increase the barrier permeability in vitro. For
example, TNF-α have shown to decrease the TEER values and increase paracellular permeability in
several in vitro BBB models (De Vries et al., 1996; Dobbie, Hurst, Klein, & Surtees, 1999; K S Mark,
Trickler, & Miller, 2001). However, there were also reports that showed no effect on BBB permeability
by TNF-α (Fillebeen et al., 1999), which could be explained by different TNF-α doses used and
different in vitro BBB models. IL-1β and NO have similar effect on the barrier permeability.
Lastly, one could induce an increase of paracellular permeability by using osmotic agents, such
as mannitol or arabinose. These molecules can induce a rapid and reversible decrease in TEER and
increase of permeability of the barrier. These molecules have already been used on several in vitro
BBB models, including a dynamic one (Brown, Egleton, & Davis, 2004; Cucullo, Marchi, Hossain, &
Janigro, 2011; S. Fischer, Renz, Schaper, & Karliczek, 1995; Hurst & Fritz, 1996). However, this
strategy is not stroke-specific.

The aim of this study was to establish a Transwell®-based in vitro BBB model, which would
resemble as closely as possible the barrier properties of in vivo BBB under physiological and ischemia
condition. This in vitro BBB model would then be used for testing the ability of PEG-PAMAM dendrimers
to cross these barriers. To do so, an in vitro BBB model was established by co-culturing bEnd.3 cells
with astrocytes, in contact orientation. A7 cells were used and compared to primary rat astrocytes to
validate their potential in in vitro BBB modelling and to overcome the issues of using primary
astrocytes. To improve the barrier properties of this model, HC and cAMP elevators were also tested.
After establishing the best in vitro BBB model possible, its permeability was verified after OGD
exposure to resemble BBB opening in stroke. Finally, dendrimer crossing was tested on both models.
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2. Materials and methods
2.1.

Rat astrocytes Isolation and culture

Rat primary astrocytes were kindly provided by E. Carvalho, nBTT, i3S. Briefly, cells were isolated
from Wistar Han rat pups in post-natal day 2, as previously described (McCarthy & De Vellis, 1980).
After thorough meninges removal and cortex dissection, cortices were digested by mechanical
digestion, followed by enzymatical digestion (0,0025% (w/v) trypsin (27250018, Gibco) in Hank's
Balanced Salt Solution (HBSS) without calcium and magnesium (H2387, Sigma-Aldrich), and
0.001mg/mL DNase I (Applichem LifeSciences) for 15 minutes at 37 °C. Then, they were homogenised
in Dulbecco’s modified Eagle medium (DMEM) Glutamax high glucose (31966-021, Gibco)
supplemented with 10% (v/v) heat-inactivated foetal bovine serum FBS (F7524, Sigma-Aldrich)
(inactivated at 56 °C for 30 minutes) and 1% (v/v) penicillin/streptomycin (P/S) (L0022, BioWest),
and centrifuged at 500g for 10 minutes. The supernatant was discarded, the pellet of mixed glial cells
(MGCs) re-suspended in serum supplemented DMEM and then filtered through a 40 µm nylon cell
strainer to remove large cell clusters. The cells were plated in T75 cell culture flasks and maintained
in culture for 14 days, with culture medium change every 2-3 days. At day 14 after plating, a preshake of the MGC cultures (210 rotations per minute (RPM) at 37ºC for 2 hours) was performed to
remove most loosely adherent microglia cells. Then, the plate was shaken overnight (230 RPM at 37ºC)
to further detach microglia and oligodendrocyte progenitor cells (OPCs). The shaken T75 were then
cultured at 37ºC, 5% CO2 and weekly shaken. After the third shake, the remaining cells are mainly
astrocytes. To obtain pure astrocytes, cells were trypsinized and seeded on new T75 flasks at least
three times. Astrocytes were maintained in culture or frozen for future use.
All experiments involving animals and their care were performed in agreement with institutional
ethical guidelines (IBMC/INEB/i3S), the EU directive (2010/63/EU) and Portuguese law (DL 113/2013).
All procedures involving animals were conducted by FELASA C graded researchers, and all efforts were
made to minimize the number of animals used as well as their suffering.

2.2.

Cell culture

Immortalised mouse brain endothelial cells, bEnd.3 (American Type Culture Collection, USA),
primary rat astrocytes and neonatal rat optic nerve immortalized astrocytic cell line (A7) (a kind gift
of Professor James Fawcett, Cambridge University) were each cultured in DMEM Glutamax (High
glucose) supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v) P/S. The cells were
maintained in a humidified chamber at 37 ºC and 5% CO 2, the culture medium was exchanged every
2-3 days, and cells were harvested at 80% confluence using a 0.25% trypsin/EDTA solution with 0.05%
glucose (T4799, Sigma-Aldrich).
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2.3.

In vitro BBB model

The established in vitro BBB model was based on the Transwell® system and the protocol was
adapted from previously described models (G. Li et al., 2010; Martins et al., 2016).
Before cell seeding, 12-well inserts (polyethylene terephthalate(PET) with 0.4 µm of pore size,
2.0±0.2 X106 pores/cm2, 353180, Falcon) were coated with poly-D-lysine (PDL) (P6407, Sigma-Aldrich)
on the abluminal side (4.0 µg/cm2) for 30 minutes at 37 °C. Then, the PDL was aspirated and the
surface was rinsed three times with sterile distilled water. Following PDL coating, the luminal side of
inserts’ membrane was coated with collagen from rat tail (C7661, Sigma-Aldrich) diluted in 0.1M
acetic acid solution (10 µg/cm2) at room temperature (RT) for at least four hours. Then, the excess
of collagen solution was discarded and the inserts were let to dry overnight in the flow chamber.
Astrocytes, primary rat astrocytes (passage 4-8) or A7 cells (passage 3-18), were seeded on the
abluminal side of the insert at the density of 4.0X104 cells/cm2. The cells were allowed to adhere for
3 hours in a humidified chamber at 37 ºC and 5% CO 2, and then grown for 2 days in DMEM Glutamax
supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v) P/S. Afterwards, the endothelial cells
were seeded on the luminal side of the inserts by exchanging the luminal culture medium for a bEnd.3
(passage 3-15) suspension at 1.8X105 cells/mL or 4.5X105 cells/mL (for high density cell experiment).
The final bEnd.3 cell density was 1.0X105 cells/cm2 or 2.5X105 cells/cm2 (for high density cell
experiment). The co-cultures were maintained for 11 days in a humidified chamber at 37 ºC and 5%
CO2. Every other day, the culture medium was carefully exchange to fresh culture medium, being half
of which conditioned medium of rat astrocytes/A7 cells cultured on 24-well tissue culture treatedplates on the same day and with the same cell density of Transwell astrocytes. The conditioned
medium was added both to the luminal and abluminal sides of the inserts.
To serve as a control, bEnd.3 monocultures were cultured on the same conditions. Yet, for these
cultures no conditioned medium was added when the culture medium was exchanged.

2.3.1.

Culture medium supplementation

The effect of HC and cAMP modulators (RO20-1724 and 8-CPT-cAMP) was evaluated on the in
vitro BBB model, established as in 2.3, by supplementation of the culture medium with these
molecules. Briefly, a 50 µg/mL stock solution of HC was prepared by firstly dissolving 1.0 mg of HC
(H0888, Sigma-Aldrich) in 1.0 mL of absolute ethanol (Merk), which was then added to 19 mL of sterile
DMEM Glutamax. This solution was then storage at 4ºC upon use. A RO20-1724 stock solution was
prepared by dissolving 10,0 mg of RO20-1724 (18272, Cayman) in Dimethyl sulfoxide (DMSO) (D2650,
Sigma-Aldrich) which was then diluted on phosphate buffered saline (PBS) (1:20) to obtain a final
concentration of 0.5 mg/mL. The 8-CPT-cAMP stock solution was obtained by diluting 25 mg of 8-CPTcAMP (C3912, Sigma-Aldrich) in ultrapure water. Both RO20-1724 and 8-CPT-cAMP were stored at -20
°C upon use.
On the day of exposure, the supplements were diluted on culture medium (DMEM Glutamax
supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v) P/S) so that the final concentration
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of supplements was 850 nM for HC, 17.5µM for RO20-1424 and 312.5 µM for 8-CPT-cAMP. For culture
exposed only to HC, its final concentration was also 850 nM. The old culture medium was carefully
aspirated, the inserts and wells were carefully rinsed once with pre-warmed PBS and the
supplemented culture medium was added, both on the luminal and abluminal side. A second addition
of supplemented medium was made, but the culture medium was not exchanged between those days.
A second experiment was performed in which the supplements were diluted in conditioned
medium and fresh culture medium (50:50). The rest of the protocol was the same, including the final
concentrations of the supplements.

2.4.

Cell morphology and phenotype

Cell morphology and phenotype was evaluated by immunocytochemistry. Briefly, bEnd.3
monocultures and co-cultures were maintained for 11 days, as described on section 2.3. At day 11,
cells were fixed with 4% paraformaldehyde (PFA) (158127, Sigma-Aldrich) for 15 minutes at RT,
followed by 10 minutes of permeabilization with 0.2 % (v/v) Triton X-100 (234729, Sigma-Aldrich) in
PBS, at RT. To minimize non-specific protein adsorption, both cell layers were incubated with a
blocking buffer (5 % Horse serum (16050122, Gibco), 3 % bovine serum albumin (BSA) (15260-037,
Gibco) and 0.05% Triton X-100 in PBS) for 60 minutes at RT. Then, both sides of the insert membrane
were incubated with rabbit anti-GFAP (Z0334, Dako) (1:500 in blocking buffer) and goat anti-platelet
endothelial cell adhesion molecule-1 (PECAM-1) (1:50 in blocking buffer) (sc-1506, Santa Cruz
Biotechnology, Inc.), overnight at 4 °C. On the following day, the membranes were rinsed three times
with PBS and then incubated with the secondary antibodies - donkey anti-rabbit Alexa-Fluor® 647
(1:1000) (A 31573, Invitrogen) and donkey anti-goat Alexa-Fluor® 488 (1:1000) (A11055, Invitrogen),
both diluted in blocking buffer – for 60 minutes at RT. After washout of the secondary antibodies,
cells were incubated with Alexa Fluor® 594 Phalloidin (1:100) (Invitrogen) for 60 min at RT. Finally,
nucleus was counterstained with DAPI (D9542, Sigma-Aldrich) (0.1 µg/mL in PBS) for 15 min. The
membranes were assembled in FluoromountTM mounting medium (F4680, Sigma-Aldrich), and
observed at TCS SP5 microscope (Leica Microsystems, Germany)

2.5.

Cellular metabolic evaluation

To evaluate cell metabolic activity, the resazurin assay was used. Briefly, 10% (v/v) resazurin
(R7017, Sigma-Aldrich) (from an initial stock of 0.1 mg/mL in PBS) was added to each insert and well.
The cells were incubated in a humidified chamber at 37 ºC and 5% CO 2 for two hours. Then, 100 μL
aliquots of the medium were transferred to a black-walled 96-well plate with clear bottom (Brand
GMBH) and fluorescence was measured (λexc=530nm; λem=590nm) using a spectrophotometer
microplate reader (SynergyMX, Biotek). To determine background fluorescence levels, average
fluorescence value correspondent to the conditioning medium without cells was measured.

43

2.6.

Characterization of the in vitro BBB model

2.6.1.

Transendothelial Electrical Resistance measurements

Transendothelial Electrical Resistance (TEER) values were measured using the Millicell® ERS-2
(Merck Millipore, USA), as previously described (Gaillard & De Boer, 2000). Briefly, the cells were
transferred to RT for 15 minutes. Then, the pre-sterilised STX01 electrode was perpendicularly placed
between the insert and the well, so that the longer leg of the electrode touched the well bottom, yet
not allowing the shorter leg to touch the cell layer. The measurements were performed in ohm mode.
TEER values of each condition were calculated by subtracting the measured TEER values of the blank
insert (PDL and collagen coated insert without cells) and multiplying that values for the surface area
of the insert (0.9 cm2). For each condition, at least three TEER readings were made.

2.6.2.

Paracellular permeability evaluation

The paracellular permeability of the in vitro BBB model was evaluated by using fluorescein as
tracer. The permeability assay was performed as previously described (Wuest et al., 2013). Briefly,
either on day 7 or day 11 of culture, the inserts were carefully rinsed twice with pre-warmed HBSS
with calcium (H6136, Sigma-Aldrich) and then transferred to a new plate, in which each well had
already been filled with 1 mL of pre-warmed HBSS. To the luminal side, 1 mL of sodium fluorescein
(F6377, Sigma-Aldrich) solution (100 µg/mL in HBSS) was added to each insert. After 30 minutes of
fluorescein exposure, the inserts were withdrawn from the wells and the fluorescein concentration
of the abluminal HBSS was determined. To do so, 100 μL aliquots of the HBSS were transferred to a
black-walled 96-well plate with clear bottom and fluorescence was measured (λexc=485 nm; λem=535
nm) using a spectrophotometer microplate reader (SynergyMX, Biotek). For each well, at least 4
samples were read.
The permeability values were calculated by a series of mathematical transformations. Firstly,
the amount of fluorescein that crossed the barrier was expressed as volume of donor solution which
was cleared to the abluminal side (Equation 1). Cabluminal is the fluorescein concentration in the
abluminal side, Vapical is the volume on fluorescein solution added to the apical side of the insert and
Capical the concentration of fluorescein in the donor solution.

𝐶𝑙𝑒𝑎𝑟𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 (𝜇𝐿 ) =

𝐶𝑎𝑏𝑙𝑢𝑚𝑖𝑛𝑎𝑙 × 𝑉𝑙𝑢𝑚𝑖𝑛𝑎𝑙
𝐶𝑙𝑢𝑚𝑖𝑛𝑎𝑙

(1)

Then, this cleared volume was divided by the time of the assay, determining the volume of
fluorescein that crossed over time (PS). The permeability to fluorescein values (cm/s) were then
calculated according to the following equation:
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1
1
1
PSapp − PSinsert
𝑃𝑒 =
insert surface area

(2)

Where Pe is the permeability coefficient (cm/s) and PSapp and PSinsert are the fluorescein
cumulative transports through the cell-cultured and blank inserts, respectively, over time (μL/s).

2.6.3.

Tight junction Immunocytochemistry

bEnd.3 monocultures and co-cultures were maintained for 7 or 11 days, as described on section
2.3, after which the cells were fixed with 4% PFA for 15 minutes at RT. To minimize non-specific
protein adsorptions, both cell layers were incubated with a 10% (v/v) heat-inactivated FBS in PBS for
60 minutes at RT. Then, both sides of the insert were incubated overnight at 4 °C with the rabbit
anti-ZO-1 (61-7300, ThermoFischer) (1:100) and mouse Alexa Fluor® 488-conjugated anti-Claudin-5
(4C3C2, ThermoFischer) (1:100) primary antibodies which were diluted in 10% (v/v) FBS in PBS. On
the following day, the membranes were rinsed three times with PBS and then incubated with donkey
anti-rabbit Alexa-Fluor® 647 (1:1000 in 5% FBS) for 60 minutes at RT. After washout the secondary
antibodies, cells were incubated with Alexa Fluor® 594 Phalloidin (1:100 in 5% FBS) for 60 min at RT.
Finally, nucleus was counterstained with DAPI (0.1 µg/mL in PBS) for 15 min. The membranes were
assembled in FluoromountTM mounting medium and observed at TCS SP5 microscope.

2.7.

Oxygen and glucose deprivation

To mimic the increase of permeability that happens in stroke, the established in vitro BBB model
was exposed to OGD. Briefly, primary rat astrocytes (passage 4-8) were seeded on the abluminal side
of pre-coated inserts, at the cell density of 4,0X104 cells/cm2. After 3 hours of adhesion, the inserts
were flipped and the astrocytes were grown for two days in DMEM Glutamax supplemented with 10%
(v/v) heat-inactivated FBS and 1% (v/v) P/S. Afterwards, the endothelial cells were seeded on the
luminal side of the inserts by exchanging the luminal culture medium for a bEnd.3 (passage 3-15)
suspension with final cell density of 1.0X10 5 cells/cm2. The cells were maintained in a humidified
chamber at 37 ºC and 5% CO2. Every other day, the culture medium was exchange by carefully
aspiration of the old culture medium, followed by carefully rinse with pre-warmed PBS and addition
of half fresh, half conditioned culture medium. The conditioned medium was from primary rat
astrocytes cultured on 24-well plates on the same day and with the same cell density of Transwell
astrocytes. To serve as a control, bEnd.3 monocultures were cultured on the same conditions. Yet,
for these cultures no conditioned medium was added when the culture medium was exchanged.
On the 7th day, the cells were subject to OGD. On the day before OGD, HBSS with calcium was
equilibrated overnight in a humidified chamber at 37 ºC, 0.1 % O 2 and 5% CO2 (hypoxia chamber).
Before OGD, the barrier integrity was assessed by TEER measurement and the cells observed under
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an inverted microscope. The inserts which present TEER values lower than 20 Ω.cm2 or 40 Ω.cm2 for
mono- or co-cultures, respectively, or showed an odd morphology were discarded. After TEER
measurement, the culture medium was aspirated and cells were carefully rinsed once with prewarmed HBSS. Then, deoxygenised, glucose- and serum-free HBSS was added to each insert and well
and cells were placed in a humidified chamber at 37 ºC, 0.1 % O2 and 5% CO2 (hypoxia chamber) for 4
hours. Permeability tests were performed immediately after those 4 hours. As a control, the same
cultures were maintained the same 4 hours in a humidified chamber at 37 ºC and 5% CO2.
A different OGD medium was tested in a similar experiment where deoxygenised, glucose- and
serum-free DMEM (11966-025, Gibco) was added to each insert and well. Cells were placed in a
humidified chamber at 37 ºC, 0.1 % O2 and 5% CO2 (hypoxia chamber) for 4 hours. Permeability tests
were performed immediately after those 4 hours. The DMEM without glucose was deoxygenised by
equilibration overnight in a humidified chamber at 37 ºC, 0.1 % O2 and 5% CO2 (hypoxia chamber).
As a control, the same cultures were subject to a similar procedure. Briefly, after TEER
measurements and morphological assessment of the cultures, the culture medium was aspirated and
cells were carefully rinsed with pre-warmed PBS once. Then, fresh culture medium (DMEM Glutamax
supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v) P/S) was added to each insert and
well. For co-cultures, half of the fresh medium was replaced for conditioned medium of primary rat
astrocytes cultured on 24-well plates (cultured on the same day and with the same cell density of
Transwell astrocytes). Cells were placed in a humidified chamber at 37 ºC, 5% CO2 for 4 hours.

2.8.

Evaluation of OGD exposure effects

2.8.1.

Transendothelial Electrical Resistance measurements

After the 4 hours of OGD exposure, the TEER values were monitored every hour for 4 hours.
Briefly, the cells were taken from the hypoxia chamber to RT for 15 min and TEER values were
measured as described on section 2.6.1. The cells were placed in a humidified chamber at 37 ºC, 5%
CO2 and were withdraw again 10-15 minutes before the next measurement. TEER values were
calculated as described on section 2.6.1. For each condition, at least three TEER readings were made.

2.8.2.

Paracellular permeability evaluation

The paracellular permeability of the OGD-exposed barrier was evaluated using fluorescein as a
tracer. Immediately after the 4 hours OGD, the cultures were carefully rinsed once with pre-warmed
HBSS and transferred to a new plate, in which each well had already been filled with 1 mL of prewarmed HBSS. To the luminal side, 1 mL of sodium fluorescein solution (100 µg/mL in HBSS) was
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added to each insert. Every 30 minutes, a 500 µL sample of the abluminal medium was taken and
replace by 500 µL of HBSS. The fluorescein concentration of these samples was measured as previously
described (Section 2.6.2). For each sample, at least four readings were made. In between samples
harvest, the cultures were maintained in a humidified chamber at 37 ºC and 5% CO2.
For the control plates, after 4 hours of normoxia, the cells were carefully rinsed twice with prewarmed HBSS, transferred to a new plate and exposure to fluorescein solution on the luminal side.
Samples of 500 µL were also taken and replaced by pre-warmed HBSS, in the same timepoints of the
OGD-exposed cultures. In between samples harvest, the cultures were maintained in a humidified
chamber at 37 ºC and 5% CO2.
The permeability to fluorescein values for each timepoint were calculated as described on
section 2.6.2.

2.9.

Rhodamine-labelling and PEgylation of PAMAM dendrimers

Generation 4 (G4) of an amine-terminated PAMAM (PAMAM-NH2) (Dendritech, Inc.) dendrimers
were labelled with Rhodamine using 5(6)-Carboxy-X-rhodamine N-succinimidyl ester (5(6)-ROX) (sc210422, Santa Cruz Biotechnology, Inc.) and PEGylated with methoxy PEG Succinimidyl Carboxymethyl
Ester (MeO-PEG-NHS) (Jenkem Technology USA) (performed by V. Leiro, nBTT, i3S). Amine groups
from PAMAM-NH2 will react with the succinimidyl ester groups, yielding stable amide bonds.
Briefly, a 5(6)-Carboxy-X-rhodamine N-succinimidyl ester (1.2 equivalents) solution was added
drop by drop to a PAMAM-NH2 solution (1 equivalent), both in dry DMSO, and the reaction mixture was
magnetically stirred at RT for 12 h under inert atmosphere (Ar). The resulting mixture was transferred
into a dialysis membrane tubing (3500 MWCO) (Jenkem Technology) and purified by dialysis against
deionized water during 48 h (water changes were carried out every 4 h, except during the nights).
Finally, the resulting solution was freeze-dried yielding the PAMAM-5(6)-ROX conjugate as a dark pink
powder (96 % yield).
In order to get the PEGylation of the previous conjugate, MeO-PEG-NHS (10 equivalents) was
added to a PAMAM-5(6)-ROX (1 equivalent) solution in dry DMSO. The reaction mixture was
magnetically stirred at RT for 12 h under inert atmosphere (Ar). Next, the previously described
procedure for the purification by dialysis was followed. After freeze-drying of the corresponding
dialyzed solution, PEG-PAMAM-5(6)-ROX conjugate was obtained as a dark pink foaming solid (91 %
yield), which was stored at -20 °C until further use.

2.10.

Characterization of PEG-PAMAM-5(6)-ROX dendrimers

Zeta potential of PEG-PAMAM-5(6)-ROX was measured at 633 nm on a dynamic scattering
instrument (Zetasizer Nano ZS, Malvern Instruments, UK), performed with a detection angle of 173º.
The Smoluchowski model was applied for zeta potential determination. The measures were made by
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using DTS1070 capillary cells. For these measurements, PEG-PAMAM-5(6)-ROX were dissolved in ultrapure water at RT (25 °C), yielding a final concentration of 0.125, 0.250 or 0.500 mg/mL.
Size and polydispersity index (PDI) measurements were measured on a dynamic scattering
instrument (Zetasizer Nano ZS, Malvern Instruments, UK) (performed by M. Torrado, nBTT, i3S). PEGPAMAM-5(6)-ROX were diluted in ultra-pure water, yielding 0,4 mg/mL. The measurements were
performed at 25 °C, with a 60 seconds stabilisation time and using UV Cuvettes (759200, Brand).

2.11.

Cytotoxicity of PEG-PAMAM-5(6)-ROX on OGD-exposed cells

The cytotoxicity of PEG-PAMAM-5(6)-ROX was determined indirectly by resazurin reduction assay,
as previously described (Xavier et al., unpublished data). Astrocytes and bEnd.3 cells were seeded on
PDL or collagen-pre-coated 96-well plates, at a cell density of 4.0x104 cells/cm2 and 1.0x105
cells/cm2, respectively. After 24 hours, the culture medium was carefully aspirated, the wells were
rinsed once in pre-warmed HBSS and deoxygenised, glucose- and serum-free HBSS was added to each
well. The plate was then placed in a humidified chamber at 37 ºC, 0.1 % O2 and 5% CO2 for 4 hours.
The same number of wells were left on normoxia conditions, to serve as a control.
After the 4 hours of OGD, the HBSS was carefully aspirated, the wells were rinsed once in prewarmed HBSS and 100 µL of fresh PEG-PAMAM-5(6)-ROX containing HBSS (10 µg/mL) was added to half
of the wells. For the other half, 100 µL of fresh HBSS was added. The same procedure was done for
non-OGD-exposed cells. After 4 hours of PEG-PAMAM-5(6)-ROX exposure, the HBSS was removed and
replaced by fresh DMEM Glutamax supplemented with 10% (v/v) heat-inactivated serum, 1 % (v/v) P/S
and 10% (v/v) of resazurin solution. After 2 hours of resazurin exposure, 100 μL of the medium were
transferred to a black-walled 96-well plate with clear bottom and fluorescence was measured
(λexc=530nm; λem=590nm) using a spectrophotometer microplate reader (SynergyMX, Biotek). To
determine background fluorescence levels, average fluorescence value correspondent to the
conditioning medium of unseeded cells was measured.

Results are expressed as fold-change of

metabolic activity of PAMAM-exposed cells relative to non-OGD and non-PAMAM-exposed cells.

2.12.

Assessing the effect of PEG-PAMAM-5(6)-ROX on BBB integrity

The effect of PEG-PAMAM-5(6)-ROX on the barrier integrity was assessed by TEER monitoring over
time. Briefly, after 4 hours of OGD exposure, the culture medium was carefully aspirated, the cells
were carefully rinsed once with pre-warmed HBSS and fresh HBSS was added to the inserts and wells.
Before addition of the PEG-PAMAM-5(6)-ROX, the barrier integrity was evaluated by TEER
measurement, as described on section 2.6.1. Then, a PEG-PAMAM-5(6)-ROX solution (1 mg/mL in
ultra-pure water) was added to the luminal side of the inserts yielding a final concentration of 10
µg/mL. The cells were placed in a humidified chamber at 37 ºC and 5% CO 2. Every 60 minutes, TEER
measurements were performed. Cells were withdrawn from the humidified chamber 10-15 minutes
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before the TEER measurements. TEER values of each timepoint for each condition were calculated as
described on section 2.6.1. For each condition and each timepoint, at least three TEER readings were
made.

2.13.

PEG-PAMAM-5(6)-ROX permeability on in vitro BBB model

The PEG-PAMAM-5(6)-ROX permeability through the in vitro BBB model was evaluated, both for
non-OGD-exposed and OGD-exposed cultures. Briefly, the in vitro BBB model was exposed to OGD,
as described on section 2.7. For OGD-exposed cultures, immediately after the 4 hours of OGD, the
cells were carefully rinsed with pre-warmed HBSS and transferred to a new plate, in which each well
had already been filled with 1 mL of pre-warmed HBSS. To the luminal side of each insert, 1 mL of a
HBSS containing PEG-PAMAM-5(6)-ROX (10 µg/mL). Every 60 minutes, a 500 µL sample of the abluminal
HBSS was taken and replaced by 500 µL of HBSS. The PEG-PAMAM-5(6)-ROX concentration of these
samples were measured by fluorescence reading. To do so, 100 μL aliquots of these samples were
transferred to a black-walled 96-well plate with clear bottom and fluorescence was measured
(λexc=585 nm; λem=602 nm) using a spectrophotometer microplate reader (SynergyMX, Biotek). For
each sample, at least four readings were made. In between samples harvest, the cultures were
maintained in a humidified chamber at 37 ºC and 5% CO2.
For the control plates, after 4 hours of normoxia, the cells were carefully washed twice with prewarmed HBSS, transferred to a new plate and exposure to HBSS containing PEG-PAMAM-5(6)-ROX (10
µL/mL) on the luminal side. Samples of 500 µL were also taken and replaced by pre-warmed HBSS, in
the same timepoints of the OGD-exposed cultures. In between samples harvest, the cultures were
maintained in a humidified chamber at 37 ºC and 5% CO2.
The permeability to PEG-PAMAM-5(6)-ROX values for each time point was calculated as described
on section 2.6.2.

2.14.

Dendrimer uptake by bEnd.3 cells

bEnd.3 cells were cultured into collagen-pre-coated 12-well chamber (81201, ibidi) (10 µg/cm2),
at a cell density of 1.0x105 cells/cm2. After 24 hours, the culture medium was carefully aspirated,
the wells were rinsed once in pre-warmed HBSS and deoxygenised, glucose- and serum-free HBSS was
added to each well. The plate was then placed in a humidified chamber at 37 ºC, 0.1 % O2 and 5% CO2
for 4 hours. The same number of wells were left on normoxia conditions, to serve as a control. After
the 4 hours of OGD exposure, the HBSS of each well was carefully aspirated, the wells were rinsed
once in pre-warmed HBSS and 200 µL of PEG-PAMAM-5(6)-ROX containing culture medium (DMEM
Glutamax, 10 % (v/v) heat-inactivated FBS and 1% (v/v) P/S) was added. The final concentration of
PEG-PAMAM-5(6)-ROX was 10 µg/mL. The same procedure was done for non-OGD-exposed cells, yet
the wells were washed twice to better resemble the OGD-exposed protocol. After 4 hours of PEG-
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PAMAM-5(6)-ROX exposure, the culture medium was carefully aspirated, and the cells were rinsed
twice with PBS to remove unbound dendrimers. Then, cells were fixed with 4% PFA for 15 minutes at
RT. To minimize non-specific protein adsorptions, both cell layers were incubated with a blocking
buffer (10% FBS in PBS) for 60 minutes at RT. After washout of the blocking buffer, cells were
incubated with Alexa Fluor® 488 Phalloidin (1:50 in PBS) (Invitrogen) for 30 min at RT. Finally, nucleus
was counterstained with DAPI (0.1 µg/mL in PBS) for 15 min. The membranes were assembled in
FluoromountTM mounting medium and observed at TCS SP5 microscope.

2.15.

Statistical analysis

All statistical analyses were performed with the GraphPad Prism 7 Software (Prism 7 for windows,
version 7, GraphPad Software, Inc.). Data is presented as mean ± standard deviation (SD). In each
legend, the sample size of each condition (n) is presented. Independent one-way or two-way analysis
of variance (ANOVA) statistical analysis were performed. The significance level was set at 0.05, and
significant differences are indicated, accordingly.
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3. Results and discussion
3.1.

Establishment of an in vitro BBB model under physiological condition

bEnd.3 and primary rat astrocyte presented the expected phenotype and
morphology, yet A7 fail to present astrocytic phenotypical features
bEnd.3 phenotype was confirmed by the presence of platelet endothelial cell adhesion molecule-1 (PECAM-1). PECAM-1 is a multifunctional endothelial cell adhesion molecule which is typically
expressed on the surface of vascular cells, such as endothelial cells, monocytes and neutrophils. It
has been shown to have an important role in angiogenesis, mechanotransduction and paracellular
permeability (Privratsky & Newman, 2014). It has also been described as an important player in
decreasing paracellular permeability by AJ modelling (Biswas et al., 2006; Fernández-Martín et al.,
2012). In fact, the absence of PECAM-1 has been found to result in decreased barrier properties of
the endothelium, with increased permeability (Ferrero, Ferrero, Pardi, & Zocchi, 1995; P. Sharma,
Templin, & Grabham, 2013).
Both when bEnd.3 were cultured alone or together with astrocytes (A7 or primary rat astrocytes),
bEnd.3 expressed PECAM-1 in the cell borders (Figure 3.1A, B, C). Moreover, the location of these
protein is coherent to what has been described (DiMaio & Sheibani, 2008). Besides bEnd.3 phenotype,
their morphology was also evaluated by F-actin labelling. Both in monoculture and co-culture, bEnd.3
present a spindle-shape morphology which is consistent to that what been described (Figure 3.1D,E,F)
(Mühlner et al., 1999; Sheibani N, 1995). Additionally, it was possible to identify the presence of
stress fibres, indicating focal adhesion with subtract and AJ and TJ between cells. This data indicates
that bEnd.3 have a typical endothelial phenotype.
Regarding astrocytes co-cultured with the endothelial cells, their phenotype was evaluated by
GFAP presence. Firstly, both the cell line and primary cells showed GFAP expression (Figure 3.2E, F).
However, GFAP expression pattern was quite different between cell sources. While primary rat
astrocytes showed a noticeable expression of GFAP with typical filamentous pattern, the A7 cells
expressed reduced amounts of GFAP. Furthermore, it was diffused through the cytoplasm. An
explanation for the odd pattern of GFAP expression on A7 cells could be their high passage number,
which have been previously described to alter GFAP expression (Geller & Dubois-Dalcq, 1988). The
morphology on both primary rat astrocytes and A7 cells was evaluated by F-actin labelling as well
(Figure 3.2A, B, C, D). Both A7 cells and primary rat astrocytes showed reticular, star-shaped
morphology. Thus, even though A7 and primary present similar morphology, only rat astrocytes
presented phenotypical features.
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Figure 3.1 — Phenotypic and morphological analysis of bEnd.3 cells when cultured alone, or in the presence of A7
or primary rat astrocytes in contact orientation. (A-C) Phenotypic evaluation of bEnd.3 by PECAM-1 presence when
bEnd.3 were cultured alone (A), or together with A7 (B) or primary rat astrocytes (C). White arrows highlight the
PECAM-1 presence. (D-F) Morphological analysis of bEnd.3 cells when cultured alone (D), or together with A7 (E) or
primary rat astrocytes (F) by F-Actin staining.

The in vitro BBB model showed high TEER values, low permeability and functional
TJs
The first approach to establishing an in vitro BBB model was based on previous works (G. Li et
al., 2010; Martins et al., 2016). Briefly, astrocytes (primary rat astrocytes or A7 cells) were seeded
on the abluminal side of 12-well inserts, two days before the seeding of bEnd.3, on the luminal side.
The co-culture was maintained for 11 days since the TEER values were described to be the highest
(Martins et al., 2016). Every other day, the culture medium was exchange by fresh medium and
conditioned medium of rat astrocytes/A7 cells, cultured on 24-well tissue culture treated-plates. The
conditioned medium was added on both luminal and abluminal sides of the inserts. As a control,
monocultures of bEnd.3 were maintained in the same conditions. For bEnd.3 monocultures, no
conditioned medium was added.
Since fresh and frozen primary astrocytes were used, thawed astrocytes were compared with
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fresh ones to evaluate if the freezing and thawing process changed their ability to condition
endothelial phenotype.

Figure 3.2 — Phenotypic and morphological analysis of A7 cells and primary rat astrocytes. (A-D) Morphological
analysis of A7 cells (A,C) and primary rat astrocytes (B,D) by F-Actin staining. (E,F) Phenotypic evaluation of A7
cells (E) and primary rat astrocytes (E) by GFAP immunolabelling.
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At day 11, the TEER values were 51.5±4.9 Ω.cm2 for bEnd.3 alone, 59,1±4.2 Ω.cm2 for co-culture
of bEnd.3 with A7 astrocytes and 73,8±8.5 Ω.cm 2 or 82.2±2.9 Ω.cm2 for co-culture of bEnd.3 with rat
astrocytes, either fresh or thawed (respectively). Only the rat astrocytes (fresh or thawed) showed
statistically significant differences to bEnd.3 monoculture (Figure 3.3A). There were no significant
differences between thawed or fresh astrocytes.
TEER values found on the literature are described to be between 30-40 Ω.cm2 for bEnd.3
monocultures and 70-80 Ω.cm2 for co-culture of bEnd.3 and primary rat astrocytes (Martins et al.,
2016; Y. Omidi et al., 2003; Wuest et al., 2013). Thus, the obtained values were according to the
ones found in the literature.

Figure 3.3 —TEER assessment in bEnd.3 mono- and co-cultures over time. (A) TEER measurements of bEnd.3
mono- and co-cultures with an initial bEnd.3 density of 1.0X105 cells/cm2 (n=3, data from one independent
experiment). (B) TEER measurements of bEnd.3 mono- and co-cultures with an initial bEnd.3 density of 2.5X105
cells/cm2 (n=2, data from one independent experiment). The values represent mean ± SD. ****p < 0.0001, ***p <
0.001, **p < 0.01, *p < 0.05 used for, at the same time point, significant differences from bEnd.3 monoculture.

The paracellular permeability of this barrier was also evaluated by fluorescein crossing from the
luminal to abluminal side of the insert. Fluorescein (376 g/mol) is a synthetic fluorescent molecule
used as a fluorescent dye. Due to its small size and no binding to influx or efflux transporters, it can
cross the BBB by paracellular transportation (Bicker et al., 2014). Thus, it is a common tracer to
evaluate paracellular permeability of in vitro BBB models.
On day 11, the permeability to fluorescein of the monoculture was (12.52±1.69) x 10-6 cm/s.
When co-cultured with A7, permeability values were lower ((8.09±2.42) x 10-6 cm/s, day 7, and
(8.94±2.35) x 10-6 cm/s, day 11), yet not statistically different. On the other hand, when bEnd.3 cells
were cultured with rat astrocytes, the paracellular permeability significantly decreased comparing to
bEnd.3 alone, corresponding to a 67.6 % decrease for fresh astrocytes ((4.06±0.10) x 10-6 cm/s) and a
69.8 % decrease for thawed astrocytes ((3.79±0.10) x 10-6 cm/s), both on day 11. These decreases
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were statistically significant (p<0.001). The paracellular permeability differences were not so marked
on day 7. On this day, permeability to fluorescein was higher for bEnd.3-rat astrocytes co-culture
(either fresh or thawed, (10.35±0.82) x 10-6 cm/s and (5.52±0.5) x 10-6 cm/s, respectively), comparing
to bEnd.3 alone ((15.31±3.71) x 10-6 cm/s). The permeability differences between fresh and thawed
astrocytes were no statistically significant. All permeability values to fluorescein were according to
the ones found on the literature (Gaillard et al., 2001; Martins et al., 2016; G. Sharma, Modgil, Sun,
& Singh, 2012; C. X. Wang & Shuaib, 2007; Wuest et al., 2013; Xu, Yan, Li, Fang, & Liu, 2012).
Barrier properties were also confirmed by TJ immunocytochemistry on 11th day of culture (Figure
3.4). It was possible to identify the presence of ZO-1 and Claudin-5 proteins in all conditions,
indicating the presence of TJ. Additionally, the localization of these proteins is mostly on cell
periphery, indicating the presence of functional TJs between endothelial cells. More importantly,
these proteins seem to form a continuous and organized apparatus of junctions (Figure 3.4J, K, L),
which is known to be required for the formation of a highly restrictive barrier (Cardoso, Brites, &
Brito, 2010; Hawkins & Davis, 2005; Persidsky, Ramirez, Haorah, & Kanmogne, 2006). There were no
significantly differences between monoculture and co-cultures. Moreover, fresh or thawed astrocytes
had a similar phenotype (data not shown).
To sum up, the present in vitro BBB model showed high TEER values, low permeability to
fluorescein and TJs presence, all indicators of a tight barrier. However, there have been similar
studies which demonstrated higher values of TEER and lower permeabilities (Calabria et al., 2006;
Yadollah Omidi et al., 2003; Wuest & Lee, 2012). Thus, further improvements to this model can be
made. Moreover, since there are not significant changes between fresh and thawed astrocytes, one
could conclude that thawed astrocytes could induce barrier properties on bEnd.3, comparable with
fresh astrocytes. Therefore, thawed and fresh astrocytes distinction was not made on the following
sections.

Increase of endothelial cell number does not translate in better barrier properties
Upon seeding, the bEnd.3 cell number should be enough to reach high impedance resistance and
low permeability promptly. Wuest et al. showed that higher cell density could led to better barrier
properties (Wuest & Lee, 2012). Thus, a higher cell density of bEnd.3 was tested (2.5 X 10 5 cells/cm2)
as opposed to the initial cell density of 1,0 X 105 cells per cm2.
Discordant to what was expected, the increase of initial cell density did not translate in higher
TEER values. Instead, the maximum TEER values were lower than before and were reached earlier
(Figure 3.3B). After day 7, TEER values decreased, suggesting that the system had reached a
saturation point and cells became senescent after that. This hypothesis is supported by cell viability
testing with AlarmarBlue® (Figure 3.5).
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Figure 3.4 — Immunolabelling of tight junction proteins (ZO-1 and Claudin-5) on bEnd.3 cells when cultured
alone, or together with A7 cells or primary rat astrocytes at an initial cell density of 1.0X105 cells/cm2. (A-C)
Overview of the ZO-1 and Claudin-5 labelling in low magnification (scale bar 100 µm). (D-F) Immunolabelling of
ZO-1 proteins on bEnd.3 cells after 11 days of culture. (G-I) Immunolabelling of Claudin-5 proteins on bEnd.3
cells after 11 days of culture. (J-L) Merge image of immunolabelling of ZO-1 and Claudin-5. For all
immunostaining, the bEnd.3 were either cultured alone (A, D, G and J), or together with A7 cells (B, E, H and K)
or primary rat astrocytes (C, F, I and L). White arrows highlight the presence of functional TJ.

AlarmarBlue®, or resazurin, is a blue, cell-permeable and non-fluorescent compound which can
be metabolized by viable cells to resofurin (a pink fluorescent product). By quantification of resofurin,
one can tell if cells are metabolically activity and obtain, indirectly, a quantitative measure of cell
viability. Figure 3.5 has the results of this test for the in vitro BBB model with lower cell density
(Figure 3.5A, C) and higher cell density (Figure 3.5B, D), both for the luminal and abluminal side.
Since resazurin can be metabolized by both bEnd.3 and astrocytes, possible diffusion of resofurin
through the membrane might complicate the results’ analysis for the co-cultures. Yet, the diffusion
of resofurin through the membrane seems negligible, as indicated by the results with monoculture
(Figure 3.5C,D). Thus, the fluorescence levels of the luminal side could be attributed to bEnd.3
metabolization alone while the ones of the abluminal side correspond to astrocytes.
On the in vitro BBB model with lower bEnd.3 cell density, the fluorescence levels of resofurin on
the luminal side (bEnd.3 side) were different for monocultures and co-cultures (Figure 3.5A). When
bEnd.3 cells were co-cultured with A7 or primary rat astrocytes, the fluorescence level were
significantly increased in relation to bEnd.3 monocultures (p<0.05 and p<0.01), suggesting that
astrocytes increased bEnd.3 metabolic activity and viability. This increase correlates with the
increase of TEER values. Between day 7 and 11, there was an increase of metabolic activity, which
may explain the improvement of the barrier properties between those days, as previously showed by
higher TEER values (Figure 3.3A). On the other hand, for the in vitro BBB model with higher bEnd.3
cell density, the fluorescence levels of the luminal side were constant over time (Figure 3.5B). The
failure to increasing the fluorescence on day 7 may indicative that the cells were not metabolic
capable and, thus, had probably worst health status. Furthermore, the level of resofurin fluorescence
was equivalent between the two cell densities, showing that the cells seeded in higher density were
metabolic less active. This lower metabolic activity could explain the lower maximum TEER values.
Regarding the abluminal side (astrocytes side), the results of the two systems were quite distinct
for both cell types. Concerning primary rat astrocytes, for both models, their metabolic activity
followed a similar pattern to the bEnd.3 cells, yet with lower values (Figure 3.5C, D). Lower levels of
fluorescence were expected as their initial cell density was lower than for the bEnd.3 (4 X 104
cells/cm2 instead of 1.0 or 2.5X105 cells/cm2). Concerning A7 cells, the results were quite incoherent.
When cultured together with less bEnd.3 cells, their metabolic activity was low, except for the day 9
and 11. Oddly, when A7 cells were cultured with higher density of bEnd.3, the fluorescence values
spiked, reaching much higher values. The abrupt increase of fluorescence could be explained by their
fast pace growing. As they replicate fast, their cell number increases drastically over time, increasing
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as well the resazurin metabolization. Plus, endothelial cells have been described to influence
astrocyte phenotype (Mi, Haeberle, & Barres, 2001), thus the increase of metabolic activity of both
rat astrocytes and A7 cells might have been a consequence of higher number of bEnd.3.

Figure 3.5 — Viability of bEnd.3 and A7 cells or primary rat astrocytes as an indirect measure of resazurin
reduction assay. (A,C) Resofurin fluorescence of the luminal side (A) and abluminal side (C) of bEnd.3 mono- and
co-cultures when bEnd.3 initial cell density was 1.0X105 cells/cm2. (B,D) Resofurin fluorescence of the luminal
side (B) and abluminal side (D) of bEnd.3 mono- and co-cultures when bEnd.3 initial cell density was 2.5X105
cells/cm2. Fluorescence values were obtained by subtracting the average fluorescence value of blank inserts
(PDL and collagen-coated inserts without cells). The values represent mean ± SD (n=3, data from one independent
experiment). ****p < 0.0001, **p < 0.01, *p < 0.05 used for, at the same time point, significant differences from
bEnd.3 monoculture.

The permeability to fluorescein of the higher cell density in vitro model was evaluated on day 7
and day 11 as well. The permeability values showed no differences between day 7 and 11, for bEnd.3
alone ((7.14±0.40) x 10-6 cm/s vs (8.80±5.57) x 10-6 cm/s) and bEnd.3&A7 co-cultures ((13.09±3.91) x
10-6 cm/s vs (9.24±3.49) x 10-6 cm/s). These values were very similar to the values found in the in
vitro BBB model with lower bEnd.3 density. For bEnd.3 & rat astrocytes co-culture, the paracellular
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permeability decreased 69.8 % from day 7 to day 11 (6.89±0.30 Ω.cm2 vs 2.08±0.75 Ω.cm2). This
decrease is the same as for the previous BBB model, suggesting a similar behaviour of barrier
tightening. However, these values were not supported by the TEER measurements. Overall, the
increase of bEnd.3 density did not seem to improve the paracellular permeability of the barrier.

Figure 3.6 — Immunolabelling of tight junction proteins (ZO-1 and Claudin-5) of bEnd.3 cells when cultured
alone or together with primary rat astrocytes at an initial cell density of 2.5X10 5 cells/cm2. (A,B)
Immunolabelling of ZO-1 proteins on bEnd.3 cells after 11 days of culture. (C,D) Immunolabelling of Claudin-5
proteins on bEnd.3 after 11 days of culture. (E,F) Merge image of immunolabelling of ZO-1 and Claudin-5. For all
immunostaining, the bEnd.3 were either cultured alone (A, C and E) or together with primary rat astrocytes (B,
D and F). White arrows highlight the presence of functional TJ.
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The TJ expression for the higher bEnd.3 density in vitro model was evaluated on day 11 (Figure
3.6). TJ proteins ZO-1 and Claudin-5 were presented on both monoculture and co-culture of bEnd.3
& rat astrocytes. Moreover, these proteins formed a continuous and organized apparatus of junctions,
suggesting a tight barrier (Figure 3.6E, F, white arrows). However, the ZO-1 cell localization did not
seem so well-established as on the 11th day of culture of the previous model (Figure 3.6A, B vs Figure
3.4D, F). Instead, the localization of ZO-1 was spread over the entire cell. Yet, the peripheric
junctional apparatus is still evident (Figure 3.6, white arrows). The failure to move the ZO-1 from the
cytosol to the periphery could explain the low TEER values after day 7. Furthermore, the lower
metabolic activity of bEnd.3 after day 7 could explain why there was no ZO-1 translocation. Claudin5 expression and localization seemed equivalent to the previous model.
Altogether, these data suggested that the increase of the initial cell density of bEnd.3 did not
result on better barrier properties. Instead, the maximum reached TEER values were lower,
paracellular permeability was equivalent and ZO-1 localization changed. These results could be
justified by the low metabolic activity of bEnd.3 as suggested by viability test. The decrease of
metabolic activity could be due to an excessive number of cells for the growth area.

Hydrocortisone and cAMP modulators led to a transient increase of barrier tightness
In order to increase the tightness of the present in vitro BBB model, the effect of HC and cAMP
modulator (RO20-1724 and 8-CPT-cAMP) were evaluated. The addition of HC alone on the 5th day of
culture resulted on a 37% increase of TEER values for bEnd.3 monocultures and a 62% or 30% increase
for co-cultures with A7 cells or rat astrocytes, respectively (Figure 3.7A). However, these initial
increases were followed by an abrupted decrease of TEER values on the following day, indicating a
transient effect. The system was still responsive to a second addition of HC, as shown in figure 3.7A.
While for bEnd.3 co-cultures the TEER values increased in a similar manner, bEnd.3 monocultures
were less responsive to the second stimulus, as shown by the less pronounced slope. Once again, after
the second HC stimulus, there was a pronounced decrease of TEER values on the following day.
Nevertheless, in both HC stimulations, the TEER values on the second day after each stimulation were
never lower than the TEER values before stimulation, indicating that even though the HC effect was
transient, there were not detrimental effects on the barrier.
The combination of HC with cAMP modulators (RO20-1724 and 8-CPT-cAMP) showed similar
results to HC alone (Figure 3.7B). There was an increase of TEER values upon the first and the second
addition, being the first increase more pronounced. Yet again, following the increase of TEER, there
was a decrease on the following day.
Taking into consideration the transient effect of both HC and HC conjugated with cAMP
modulators, it would be advantageous if these supplements were applied on the day before the
intended measurement in order to have better barrier properties upon nanoparticles testing.
However, the cells seem to lose their ability to respond to the stimulus with time (Figure 3.7C,D). If
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the stimulus is applied on day 10, cells did not respond, while at day 6, the responsiveness of cells
were shown by the increase of TEER values.

Figure 3.7 — Effect of HC and cAMP elevators on TEER values over time. (A) Effect of HC alone on TEER
measurements of bEnd.3 mono- and co-cultures (n=3, data from one independent experiment). The black arrows
indicate when the HC was added to the cells, both to the luminal and abluminal side. (B) Effect of HC, RO20-1724 and 8-CPT-cAMP on TEER measurements of bEnd.3 mono- and co-cultures (n=3, data from one independent
experiment). The black arrows indicate when the HC, RO20-1724 and 8-CPT-cAMP were added the cells, both to
the luminal and abluminal side. (C,D) Effect of a single stimulation of HC or HC, RO20-1724 and 8-CPT-cAMP on
the TEER values when the supplements were added on day 6 (C) or day 10 (D). This analysis was only performed
in bEnd.3 and rat astrocytes co-cultures in which the supplements were diluted on culture medium and
conditioned medium (50:50) (n=3, data from one independent experiment). The values represent mean ± SD.
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 used for, at the same time point, significant differences from
bEnd.3 monoculture. ++++p < 0.0001, +++p < 0.001, ++p < 0.01, +p < 0.05 used for significant differences between
consecutive days within the same condition.
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HC alone or HC with cAMP modulators also changed the permeability to fluorescein but only for
bEnd.3 and only at day 11. Both HC alone or combined with RO20-1724 and 8-CPT-cAMP induced a
significant decrease on the permeability to fluorescein in bEnd.3 monocultures on day 11 (p<0.001)
(Figure 3.8B, bEnd.3, HC (2x), HC & RO20-1724 & 8-CPT-cAMP (2X)). However, HC appeared to
increase the paracellular permeability of bEnd.3 & A7 co-cultures, which seems as rather
contradictory (Figure 3.8B, bEnd.3 &A7, HC (2x)). These changes in results could be due to an
uncontrolled variable of the experiment as they do not correlate with previous TEER measurements.
On the other hand, there were no significant differences on the permeability for the bEnd.3 & Rat
astrocytes co-culture on day 11 (Figure 3.8B, bEnd.3 & Rat Astrocytes, HC (2x), HC & RO20-1724 & 8CPT-cAMP (2X), HC (1X), HC & RO20-1724 & 8-CPT-cAMP (1X)). Yet, when the supplements were added
on day 6, the permeability was slightly lower, but not statistically significant (Figure 3.8A, bEnd.3 &
Rat astrocytes, HC (1X), HC & RO20-1724 & 8-CPT-cAMP (1X)). Thus, even though the bEnd.3 & Rat
astrocytes co-culture seem not to change their permeability to fluorescein after 11 days of culture,
they seem responsible if the stimulus is given earlier, which is coherent with the previous TEER data.

Figure 3.8 — Permeability to fluorescein values for several conditions. (A) Permeability to fluorescein values
measured on the 7th day of culture. (B) Permeability to fluorescein values measured on the 11 th day of culture.
Left legend is suitable to A and B graphs. bEnd.3 label corresponds to bEnd.3 monoculture, bEnd.3&A7 label
corresponds to bEnd.3 and A7 co-culture, and bEnd.3&Rat astrocytes label corresponds to bEnd.3 and primary
rat astrocytes co-culture. The values represent mean ± SD. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 used
for pointing out significant differences between the indicated conditions.
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Figure 3.9 — Effect of HC and cAMP elevators on TJ expression and localization on bEnd.3 cells. (A-C)
Immunolabelling of ZO-1 proteins present on bEnd.3 cells co-cultured with rat astrocytes and which have been
subject to HC (B) or HC and cAMP elevators (C) stimulation on the day before staining. For comparison, the
expression of ZO-1 on bEnd.3 cells was also analysed when they were cultured with rat astrocytes without
supplements (A). (D-F) Immunolabelling of Claudin-5 protein present on bEnd.3 cells co-cultured with rat
astrocytes and which have been subject to HC (E) or HC and cAMP elevator (F) stimulation on the day before
staining. For comparison, the expression of ZO-1 was also analysed on cells only subject only to CM (D). (G-I)
Merge image of immunolabelling of ZO-1 and Claudin-5 for CM (G), HC (H) or HC and cAMP elevators (I)
stimulation. These staining correspond to culture exposed to a single stimulation of the supplements. Staining
was performed on the 7th day of culture. White arrows highlight the presence of functional TJ.

The TJ proteins localization was also changed with the presence of these supplements (Figure
3.9). When HC alone or HC and cAMP modulators were added on day 6 of culture, the localization of
TJ proteins became more peripheric, especially Claudin-5. In the presence of these supplements, TJ

63

seem to be better established, forming a continuous and organized apparatus of junctions (Figure
3.9H, I). Nevertheless, when no supplementation is done, one can still identify the presence of TJ
(Figure 3.9A, D, G, white arrows). The combination of all supplements seems to have a higher impact
on TJ modulation. As for day 11, no main differences were observed between conditions, which is
coherent with the TEER and permeability data (Supplementary data, Figure S1).
All this data together showed that HC alone or combined with RO20-1724 and 8-CPT-cAMP could
increase the barrier properties of the in vitro BBB model, specially TEER values and TJ expression,
yet in a transient manner. Although the transient action of these supplements has been already
described (Wuest & Lee, 2012), it was not expected such an early drop, restricting their action to a
small time window before decline. Since this decline could compromise the evaluation of further
results, we decided not to use them for the further experiments, despite their positive influence on
the properties.

Primary rat astrocytes are more appropriate to improve barriers properties of
bEnd.3 monolayer than A7 cells
Even though primary astrocytes have been described to positively influence the barrier properties
of endothelial cells on in vitro BBB models, their use has some limitations. For instance, they have a
long and time-consuming protocol of isolation and purification, are subject to batch-to-batch
variability and have a low growth rate which, most of the times, translates in long periods of coculture with endothelial cells for significant differences. Thus, the hypothesis of using an astrocyte
cell line was tested — A7 cell line.
To sum up the different analysis performed above, the co-culture of bEnd.3 with astrocytes (A7
cells or primary rat astrocytes) gave rise to better barrier properties than bEnd.3 monocultures. This
improvement of barrier properties was coherent with the expectations, since astrocytes have been
described as important modulators of BBB properties (Abbott et al., 2006; Correale & Villa, 2009;
Siddharthan, Kim, Liu, & Kim, 2007). However, the extent of barrier improvement was different for
bEnd.3&A7 and bEnd.3& Rat astrocytes co-cultures.
In all experiments, the co-culture of bEnd.3 with primary rat astrocytes resulted in higher TEER
values than the co-cultures with A7 cells (Figure 3.3 and Figure 3.7). Furthermore, the permeability
to fluorescein values were much lower on bEnd.3 & primary rat astrocytes co-cultures, being around
half of the values of bEnd.3 & A7 co-cultures (Figure 3.8). Additionally, only primary rat astrocytes
could induce statistically significant differences between bEnd.3 monocultures and co-cultures, both
for TEER and permeability values (Figure 3.3, 3.7 and 3.8). Yet, the expression and location of ZO-1
and Claudin-5 proteins in bEnd.3 cell did not seem to change when they were co-cultured either with
A7 or primary rat astrocytes co-cultures.
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Even though the A7 cells were able to induce improvements on barrier properties of the in vitro
BBB model, the extent was not comparable with primary rat astrocytes. This difference could be a
result of the immortalization process. In fact, when rat optic nerve astrocytes were immortalised by
SV40 large T transformation, some characteristics were lost. With the increase of passage number,
more characteristics could be lost. For example, the expression of GFAP on A7 cells have been shown
to decrease with passage number (Geller & Dubois-Dalcq, 1988). Thus, together with these
characteristics, they could have lost part of their ability to condition endothelial cell phenotype,
resulting in not statistically significant barrier improvement. Therefore, primary rat astrocytes are
more suitable for conditioning of the bEnd.3 and were used on the further parts of the study.

At day 7 in vitro, co-cultures presented good barrier functions
We have compared different time points for the establishment of the in vitro BBB model,
regarding TEER, permeability and TJs. The earliest time point, with good characteristics, was at day
7 of culture. When closely analysing the TEER evolution over time of the first in vitro model, it was
possible to notice that the increase of TEER is more pronounced on the first 7 days of bEnd.3 culture,
both for monocultures and co-culture (Figure 3.3A). Then, between the 7th and the 11th day of culture,
the values seemed to reach a steady-state plateau and oscillate around this plateau. The same
behaviour can be seen on Figure 3.7D. Thus, even though there may still be slight increases of TEER
after day 7, these were not significantly different.
Permeability to fluorescein values showed the same behaviour. Comparing permeability values
of day 7 and day 11, there were not significant changes between days, within each culture (Figure
3.8). Thus, the paracellular permeability does not seem to decrease between day 7 and 11.
Regarding TJ expression, when comparing day 7 and day 11, even though the amount of
junctional proteins did not seem significantly different, their localization in the cell did. While on the
11th day of co-culture (Figure 3.4), ZO-1 and Claudin-5 were mostly confined to the cell periphery, on
day 7, they were also spread over the entire cell, especially ZO-1. Yet, the peripheric junctional
apparatus was still evident, indicating the presence of functional TJ (Supplementary data, Figure S2,
white arrows). Thus, there may be a movement of TJ proteins from the cytosol to the periphery
between day 7 and day 11. However, since TJs were already identifiable on day 7, one may conclude
that on day 7, the endothelial monolayer already presents barrier properties.
In summary, even though the barrier properties, namely TEER and permeability values, have
been described to be better on the 11th day of the co-culture (Martins et al., 2016), the present results
suggested that the 7th day of co-culture presents similar values to the 11th day. Furthermore, between
day 7 and day 11 of in vitro BBB model culture, there were no significant changes on electrical
impedance properties and paracellular permeability, indicating that the in vitro BBB model had
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already good barrier properties on day 7. On the other hand, TJ apparatus seemed to be more welldefined on day 11. However, at day 7 the TJ apparatus was already clear which indicates barrier
properties. Therefore, day 7 was chosen to proceed with studies concerning hypoxia and nanoparticleBBB interaction.
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3.2.

Establishment of an in vitro BBB model under stroke-like condition

Oxygen and glucose deprivation induced the opening of the barrier
To mimic the BBB disruption that occurs in stroke, the established in vitro BBB model was subject
to a period of oxygen and glucose deprivation (OGD). Although other options to increase the barrier
permeability were possible, OGD was the one chosen since it is the best-established model and it
mimics early stages of stroke, which is the optimal treatment window for neuroprotective approaches.
Briefly, on day 7 of culture, both bEnd.3 monocultures and bEnd.3 and rat astrocytes co-cultures were
exposed to OGD by culture medium exchange by oxygen-, glucose- and serum-free HBSS followed by
four hours of ischemia exposure in a humidified chamber at 37 °C, 0,1% O2 and 5% CO2. In parallel,
control cultures were maintained in normoxia conditions. After OGD, TEER and permeability to
fluorescein were evaluated over time.
After 4 hours of OGD, TEER values decrease in both mono- and co-cultures (Figure 3.10). There
was a decrease of 56.5 % and 26.3% of TEER values for bEnd.3 monoculture and bEnd.3 and rat
astrocytes co-cultures (respectively), comparing to the TEER values measured before exposure. These
results point out not only that the barrier integrity was compromised during OGD exposure but also
that OGD induced a higher extent of damage to bEnd.3 alone. Furthermore, over the 4 hours following
OGD exposure, the TEER values were maintained low within each condition, indicating that the barrier
did not recover its integrity during this time. Additionally, even after OGD exposure, the co-cultures
exhibited significantly higher values of TEER when compared to monocultures, showing better barrier
properties.

Figure 3.10 — Effect of OGD on the barrier integrity, assessed by TEER monitoring over time. Effect of OGD on
TEER values over time (n=6, data from two independent experiments). Black arrow represents the 4 hours of
OGD. The values represent mean ± SD. ****p < 0.0001, ***p < 0.001, **p < 0.01 used for indicating significant
differences between bEnd.3 and bEnd.3 & Rat Astrocytes. ++++p < 0.0001, +++p < 0.001, ++p < 0.01, +p < 0.05 used
for significant differences between TEER values before OGD.
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The permeability to fluorescein values showed a similar tendency. For both mono- and cocultures, the permeability values were higher after OGD, comparing to the corresponding control
cultures (Figure 3.11A,B). Again, the extent of damage was higher on bEnd.3 monocultures. At 30
minutes timepoint, the permeability to fluorescein values was (16.62±3.98) x 10-6 cm/s for OGDexposed bEnd.3 monocultures, contrasting to the value of (7.85±1.37) x 10-6 cm/s for control
monoculture. These values indicate a 2.11-fold increase of permeability values when cells were
subject to OGD (Figure 3.11A). On the other hand, at the same timepoint, bEnd.3 and rat astrocytes
cultures exhibited permeability values of (7.58±0.61) x 10-6 cm/s for OGD-exposed cells and
(4.96±0.14) x 10-6 cm/s for non-OGD-exposed cells, resulting in 1.53-fold increase of permeability to
fluorescein (Figure 3.11B). However, the paracellular permeability of OGD-exposed cultures seemed
to decrease over time from 150 minutes on, both for mono- and co-culture condition while for cells
without OGD the values were maintained constant. These decreases could indicate that the cells were
recovering from the damage.

Figure 3.11 — Effect of OGD on the barrier permeability to fluorescein (HBSS as OGD medium) (A,B) Effect of
OGD on permeability to fluorescein values for bEnd.3 monocultures (A) and co-cultures with primary rat
astrocytes (B). The values represent mean ± SD (n=9, data from three independent experiments). ****p < 0.0001,
***p < 0.001, **p < 0.01, *p < 0.05, nsp>0.05 used for indicating significant differences from non-OGD-exposed
cultures. CTR = control cultures (non-OGD-exposed cultures) (C) Cumulative concentration of fluorescein on the
abluminal side of the insert. The values represent mean ± SD. There were significant differences between: blank
conditions and all culture conditions (p<0.0001); bEnd.3 mono- and co-cultures under control (p<0.01) and OGD
(p<0.0001); bEnd.3 under control and OGD(p<0.0001) and bEnd.3&Rat astrocytes under control and OGD
(p<0.0001).
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The curve of fluorescein concentration on the abluminal side is also presented (Figure 3.11C).
The OGD-exposed cultures curves were above control cultures, both for mono- and co-cultures,
indicating a higher crossing of fluorescein and, consequently, increased permeability. Also, the
presence of astrocytes seems to minimize this shift, since the curve of OGD-exposed co-culture is
much closer to the control co-culture than on the monoculture case.
Both TEER and permeability values showed that when bEnd.3 cells were cultured with astrocytes,
the degree of damage was lower, comparing to the bEnd.3 monoculture. This may indicate that rat
astrocytes have a protective role over the pathological effect of OGD on the bEnd.3 monolayer. This
protective effect of astrocytes has been previous showed in other in vitro studies (S. Fischer, Wobben,
Kleinstück, Renz, & Schaper, 2000; Kondo, Kinouchi, Kawase, & Yoshimoto, 1996). However, the
opposite idea has also been described (Y.-N. Li et al., 2014; Mysiorek et al., 2009; Neuhaus et al.,
2014; T. Yang, Roder, & Abbruscato, 2007). For instance, Neuhaus et al. showed that astrocytes have
a detrimental effect on the BBB by increasing OGD-induced damage. They used an endothelial cell
line (cerebEND) and C6 glioma cells to establish an in vitro BBB model. After 4 hours of OGD, only
cerebEND and C6 co-cultures showed a decrease on TEER values. Also, the increase of permeability
to fluorescein was higher for these co-cultures, comparing to cerebEND alone after OGD. They also
showed that the presence of astrocytes on OGD induced an increase of MMPs and tPA activity, both
of them associated with BBB disruption (Sandoval & Witt, 2008).
Even though Neuhaus results are contradictory to the ones presented here, they do not invalidate
them. Firstly, the used cells were different. Even though cerebEND are comparable to bEnd.3, the
same could not be true for primary rat astrocytes and C6 astrocytes. Since C6 cells are derived from
a rat glial tumour, their phenotype may have features of other glial cells, like microglia. Therefore,
C6 could react more aggressively to hypoxia and glycemia, produce more proinflammatory cytokines
and ROS, which may lead to a detrimental effect on endothelial layer. However, the possibility that
primary rat astrocytes could induce detrimental effects if OGD period was increased should not be
excluded. Secondly, Neuhaus’s in vitro BBB model was based on a non-contact orientation (astrocytes
at the bottom of the plate). When in contact, astrocytes could be less damaged by OGD exposure
and, thus provide a positive support to the endothelial layer. In fact, the detachment of the astrocytes
end-feet, as a result of cellular oedema, have been described to lead to TJ disassembly. Thus, 4 hours
of OGD could not be enough to disrupt bEnd.3-rat astrocyte contact and, consequently, to not induce
further pathology.
Overall, by exposing the previous established in vitro BBB model to 4 hours of OGD, one
successfully induced an opening of the barrier as showed by the decrease of TEER values and increase
of permeability to fluorescein.
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The opening of the barrier was independent of the medium used
OGD exposure was performed using deoxygenised HBSS as OGD medium (HBSS-OGD). HBSS is a
balanced salt solution which maintain pH and osmotic balance, providing the essential inorganic ions
to cells. HBSS was chosen as OGD media since it has been previously used for that purpose (Allen,
Srivastava, & Bayraktutan, 2010; Narasimhan, Liu, Song, Massengale, & Chan, 2009; Yin et al., 2010).
Still, when the culture medium is exchanged to HBSS, one is not only depriving the cells of glucose
and serum, but also from a lot of other supplements, like amino acids. To rule out the possibility that
lack of these supplements is influencing the cell response, OGD conditioning was performed with
deoxygenised DMEM without glucose rather than HBSS.

Figure 3.12 — Effect of OGD on the barrier permeability to fluorescein (DMEM no glucose as OGD medium) (A,B)
Effect of OGD on permeability to fluorescein values for bEnd.3 monocultures (A) and co-cultures with primary
rat astrocytes(B). The values represent mean ± SD (n=3, data from one independent experiment). ****p < 0.0001,
***p < 0.001, **p < 0.01, *p < 0.05, nsp>0.05 used for indicating significant differences from non-OGD-exposed
cultures. CTR = control cultures (non-OGD-exposed cultures) (C) Cumulative concentration of fluorescein on the
abluminal side of the insert. The values represent mean ± SD. There were significant differences between: blank
conditions an all culture conditions (p<0.0001); bEnd.3 mono- and co-cultures under control (p<0.0001) and OGD
(p<0.0001); bEnd.3 under control and OGD(p<0.0001) and bEnd.3&Rat astrocytes under control or OGD
(p<0.0001).
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After OGD exposure using deoxygenised, glucose- and serum-free DMEM (DMEM-OGD), the barrier
was compromised in a similar manner to HBSS-OGD. There was an increase of permeability values of
OGD-exposed cultures comparing to control cultures, as after OGD exposure with HBSS media (Figure
3.12A,B). Yet, in DMEM-OGD, the extent of opening for mono- and co-cultures was similar. At 30
minutes timepoint, the OGD-exposed monocultures showed a 2.34-fold increase while the co-cultures
showed a 2.63-fold increase, comparing to the control cultures. Also, there was an increase of
permeability values for OGD-exposed cells in DMEM-OGD, suggesting a slightly bigger opening of the
barrier in this case. Nevertheless, the presented values correspond to a single experiment and, to
draw better conclusions, these results would need to be replicated.
The fluorescein concentration curves can also be compared. Firstly, the curves of fluorescein of
DMEM-OGD exposed cultures had a similar profile to HBSS-OGD ones, indicating similar fluorescein
transportation (Figure 3.12C vs Figure 3.11C). Secondly, the concentration curves of OGD-exposed
cultures, both mono- and co-culture, slightly shifted to higher values in DMEM-OGD. This shift can
explain why the permeability values increased. Yet, this shift was not followed by non-OGD-exposed
curves, indicating that control was not different.
In summary, the change of OGD media was not translated on a significant difference of barrier
opening which indicates that the OGD was the main responsible for barrier properties change.
Additionally, since in this experiment the media exchange of control cultures was exactly the same
as the OGD culture and no changes were seen on control, one may conclude the cell detachment due
to media change is not cause for barrier properties change either.

The opening of the in vitro BBB model by OGD induces tight junction disruption
TJ integrity was evaluated by immunocytochemistry for TJ proteins. For both mono- and co-cultures, there were changes on TJ proteins localization. On both conditions, OGD exposure led to
TJ dismantling and a marked movement of ZO-1 and Claudin-5 from the cytoplasmic membrane to
the nucleus, comparing to normoxia cultures (Figure 3.13 and Figure 3.14, blue arrows). This effect
seemed to be more marked on OGD-exposed monocultures than co-cultures, since in co-cultures one
could still identify functional TJ (Figure 3.14F, white arrows). Thus, astrocytes seemed to have a
protective affect over the TJ disruption, which is coherent with the previous reported data.
OGD-induced dislocation of TJ proteins, occurred both for ZO-1 and Claudin-5 protein, yet for
Claudin-5 this was more evident and marked. The displacement of Claudin-5 during ischemia has been
already described in vitro, which validates these results (Koto, Takubo, Ishida, Shinoda, Inoue,
Tsubota, Okada, Ikeda, et al., 2007).
Regarding TJ proteins amount, no significant differences seem to occur between the amount of
Claudin-5 and ZO-1 comparing control and OGD situation (Figure 3.13 and Figure 3.14). However, Koto
et al. showed that bEnd.3 monoculture exposed to hypoxia resulted in decreased level of Claudin—5
(Koto, Takubo, Ishida, Shinoda, Inoue, Tsubota, Okada, & Ikeda, 2007). Thus, to draw better
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conclusions, one could quantify the amount of TJ proteins by western blot.

Figure 3.13 — Effect of OGD on TJ expression and localization on bEnd.3 cells cultured alone. (A, B)
Immunolabelling of ZO-1 proteins present on bEnd.3 cells monocultures after normoxia (A) or OGD exposure (B).
(C, D) Immunolabelling of Claudin-5 protein present on bEnd.3 cells monocultures after normoxia (C) or OGD
exposure (D). (E, F) Merge image of immunolabelling of ZO-1 and Claudin-5 after normoxia (A,C) or OGD exposure
(B,D). The immunostaining was performed on the 7 th day of culture. White arrows highlight the presence of
functional TJ. Blue arrows highlight the movement of TJ proteins from the cell periphery to the nucleus
periphery.
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Figure 3.14 — Effect of OGD on TJ expression and localization on bEnd.3 cells cultured with primary rat
astrocytes. (A, B) Immunolabelling of ZO-1 proteins present on bEnd.3 cells cultured with primary rat astrocytes
after normoxia (A) or OGD exposure (B). (C, D) Immunolabelling of Claudin-5 protein present on bEnd.3 cells
cultured with primary rat astrocytes after normoxia (C) or OGD exposure (D). (E, F) Merge image of
immunolabelling of ZO-1 and Claudin-5 after normoxia (A,C) or OGD exposure (B,D). The immunostaining was
performed on the 7th day of culture. White arrows highlight the presence of functional TJ. Blue arrows highlight
the movement of TJ proteins from the cell periphery to the nucleus periphery.

73

3.3.
Assessment of dendrimers-based nanoparticles on physiological and
ischemic BBB models

PEG-PAMAM-5(6)-ROX characterization
PEG-PAMAM-5(6)-ROX were obtained by functionalization of commercially available PAMAM (G4)
with a PEG and rhodamine (5(6)-ROX). PEG molecules were added to the PAMAM structure (10 PEG
molecules per dendrimer) to improve its biocompatibility and reduce cytotoxicity. 5(6)-ROX, a
fluorescence molecule, was used for quantification of the molecules. Since PEG-PAMAM-5(6)-ROX
dendrimers are intended to complex nucleic acids and cross the in vitro BBB model to deliver them,
it is important that one knows its size and surface charge (zeta potential).
The hydrodynamic size of the PEG-PAMAM-5(6)-ROX dendrimer was evaluated by dynamic light
scattering. PEG-PAMAM-5(6)-ROX showed to have a mean size diameter of 72.08±39.41 nm and a PDI
of 0.53±0.10. The obtained size is coherent to what was expected. The nanoscale size (<100 nm) could
allow the PEG-PAMAM-5(6)-ROX to cross freely the BBB by paracellular permeation.
The measured average surface charge of PEG-PAMAM-5(6)-ROX was 46.6±2.3 mV (n=2, data from
two independent experiment). The positive charge is coherent to what was expected since PAMAM
are positive-charged dendrimers. Moreover, the positive charged surface of dendrimers will allow
them to bind negatively charged nucleic acid by electrostatic interactions. Thus, these results prove
PEG-PAMAM-5(6)-ROX potential as a nucleic acid carrier. There were no significant differences
between measured surface charge at different PEG-PAMAM-5(6)-ROX concentrations, indicating that
particles do not aggregate (Supplementary data, Figure S3).

PEG-PAMAM-5(6)-ROX can induce cytotoxicity, yet in a very low level and only to
OGD-exposed cells
PAMAM dendrimers could have cytotoxic effect on cells due to its positive charge and added
concentration (D. Fischer, Li, Ahlemeyer, Krieglstein, & Kissel, 2003; Malik et al., 2000). Yet, the
functionalization of PAMAM with PEG has been described to avoid this toxicity (Jevprasesphant et al.,
2003). Furthermore, PEGylation could improve other properties of the nanoparticles such as reduce
opsonization, immunogenicity and increase their biodistribution. The cytotoxicity of these dendrimers
on bEnd.3 cells and primary rat astrocytes have been already tested at several concentrations (0.01,
0.1 and 1 mg/mL) and no negative effects were noticeable at concentrations lower than 0.1 mg/mL
(Xavier et al., unpublished data). To make sure the PEG-PAMAM maintained the non-cytotoxic
behaviour on OGD conditions, we evaluated what was the impact of dendrimers on bEnd.3 cells and
astrocytes, after OGD.
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Firstly, the OGD exposure seem to slight decrease the bEnd.3 viability, yet not significantly.
Thus, the increase of permeability associated with OGD seems only to perturb TJ arrangement and
not the cell metabolic activity of bEnd.3 at this time point.
Secondly, the presence of 10 µg/mL of dendrimer did not compromise the bEnd.3 viability under
normoxia conditions, according to what have been described (Xavier et al., unpublished data).
However, for OGD-exposed bEnd.3 cells, the presence of PEG-PAMAM-5(6)-ROX led to a significant
decrease of cell viability (p<0.001) (Figure 3.15A). Thus, PEG-PAMAM-5(6)-ROX seem to induce
cytotoxicity in a synergetic manner i.e. only the combination of OGD and PAMAM can induce a
decrease in viability.
The demonstrated cytotoxicity of PEG-PAMAM-5(6)-ROX on bEnd.3 could be an obstacle for its
use as a nanodelivery device. Yet, as previously shown, the astrocytes can have a neuroprotective
role over the bEnd.3 under OGD, which could change the cytotoxic effects of PEG-PAMAM-5(6)-ROX.
Therefore, in future works, the same viability tests should be performed on the in vitro BBB model to
better understand the cytotoxicity of PEG-PAMAM-5(6)-ROX.
Although this decrease in bEnd.3 viability is statically relevant, the cell viability was still higher
than 70% (0.77±0.14). Thus, even though PEG-PAMAM-5(6)-ROX influence the bEnd.3 viability after
OGD conditioning, the extent of induced damages was not very high. Yet, to better understand the
PEG-PAMAM-5(6)-ROX cytotoxicity other times of exposure and concentrations could be exploited in
the future.

Figure 3.15 — Effect of PEG-PAMAM-5(6)-ROX on bEnd.3 and primary rat astrocytes viability, indirectly assessed
by resazurin reduction assay. (A) Viability of bEnd.3 when exposed to PEG-PAMAM-5(6)-ROX after normoxia (CTR)
or OGD conditioning (OGD) (n=8, data from two independent experiment). (B) Viability of primary rat astrocytes
when exposed to PEG-PAMAM-5(6)-ROX after normoxia (CTR) or OGD conditioning (OGD) (n=5, data from one
independent experiment). Data is expressed as fold-change variations in relation of the non-OGD and non-PEGPAMAM-5(6)-ROX- exposed cells (CTR, w/o PAMAM). The values represent mean ± SD. ****p < 0.0001, ***p < 0.001,
**p < 0.01, *p < 0.05 used for pointing out significant differences between the indicated conditions.
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Regarding primary rat astrocytes, the presence of PAMAM-PEG-5(6)-ROX at 10 µg/mL strongly
increased their metabolic activity, irrespective of the OGD stimulus. (Figure 3.15B) Besides
unexpected, this contradicts what have been described (Xavier et al., unpublisehd data).
The OGD decrease the cells viability significantly (Figure 3.15B). Thus, OGD seems to induce
damage on rat astrocytes by disturbing their viability. This data could justify why Neuhaus et al.
showed an increase of permeability when astrocytes were present in a non-contact orientation. To
better understand if the orientation of the co-culture is truly the reason why astrocytes had a
protective role on our system, one would have to compare this data with viability data of the in vitro
BBB model on the same conditions. Yet, it is important to highlight that the data from astrocytes
cytotoxicity is from a single experiment. Thus, to draw better conclusions, these experiments should
be replicated.

PEG-PAMAM-5(6)-ROX dendrimers do not affect the BBB integrity
Before PEG-PAMAM-5(6)-ROX addition, both OGD-exposed mono- and co-cultures presented
significant lower TEER values in comparison to the corresponding cultures under normoxia conditions,
as previously described (Figure 3.16, Before PAMAM).

Figure 3.16 — Effect of PEG-PAMAM-5(6)-ROX on the barrier integrity, assessed by TEER monitoring over time.
TEER values were monitored over time on bEnd.3 monocultures under normoxia (bEnd.3, CTR) or OGD
conditioning (bEnd.3, OGD). The same analysis was performed for bEnd.3 co-cultured with primary rat astrocytes
(bEnd.3 & Rat Astrocytes) (n=5, data from two independent experiments). The values represent mean ± SD. ****p
< 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 used for significant differences from bEnd.3 monocultures under
normoxia conditions (bEnd.3, CTR). ++++p < 0.0001, +++p < 0.001, ++p < 0.01, +p < 0.05 used for significant
differences from bEnd.3 and primary rat astrocytes co-culture under normoxia conditions (bEnd.3&Rat
astrocytes, CTR)
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The addition of PEG-PAMAM-5(6)-ROX did not change significantly the TEER values over time,
since the TEER values were constant. Moreover, the TEER values seemed to oscillate around a virtual
mean TEER value. Thus, these data indicate that PEG-PAMAM-5(6)-ROX did not perturb the barrier
integrity. Other studies have also shown that dendrimers do not affect BBB permeability (Dhanikula,
Hammady, & Hildgen, 2009), yet not with PEG-PAMAM-5(6)-ROX dendrimers. A similar evaluation has
been made with PEG-PAMAM-5(6)-ROX previously in the group (Xavier et al., unpublised data).

Permeability of PEG-PAMAM-5(6)-ROX increases under OGD
The ability of PEG-PAMAM-5(6)-ROX dendrimers to cross the BBB was subsequently assessed. To
do so, 10 µg/mL of PEG-PAMAM-5(6)-ROX was added on the luminal side of the insert and the
concentration of this compound on the abluminal side was measured over time. As a control, the same
experiment was performed with non-OGD-exposed cultures.
For both mono- and co-cultures which have been exposed to OGD, PEG-PAMAM-5(6)-ROX
permeability values were significantly higher than control cultures (Figure 3.17A,B). Thus, PEGPAMAM-5(6)-ROX permeability increased when the permeability of the barrier had increased as well,
indicating a paracellular route of transportation. Yet, the PEG-PAMAM-5(6)-ROX permeability values
tend to decrease over time, indicating either a time-dependent crossing or the recovery of the barrier.
When looking to the concentration curves of PEG-PAMAM-5(6)-ROX, the curves of all cultures
presented a difference profile from the blank (insert without cells) curve (Figure 3.17C). While the
blank curve shows a crescent curvature, which is typically associated with passive diffusion, the other
curves seem to tend to a plateau. In fact, this plateau appears to have been achieved after 180
minutes. Moreover, the curvature of the PEG-PAMAM-5(6)-ROX are quite different from the fluorescein
one, for the same conditions (Figure 3.11C). These disparities could be indicated that PEG-PAMAM5(6)-ROX are not exclusively crossing the in vitro BBB model by paracellular diffusion but they are
also interacting with the bEnd.3 cells. PEG-PAMAM-5(6)-ROX are probably being internalized.
Even though OGD induced an increase on PEG-PAMAM-5(6)-ROX permeability, both on mono- and
co-cultures, the extent of crossing was different in these cultures. For bEnd.3 monocultures, the PEGPAMAM-5(6)-ROX permeability values were much higher than the ones of bEnd.3 and rat astrocytes
co-cultures. These differences are coherent with the previous results since bEnd.3 and rat astrocytes
have shown lower paracellular permeability (Figure 3.11). The permeability to PEG-PAMAM-5(6)-ROX
values are coherent data previously reported on primary brain capillary endothelial cells monolayer
(Huang et al., 2009). It is also important to mention the high standard deviation, especially on bEnd.3
monocultures. This shows how different the permeability to PEG-PAMAM-5(6)-ROX was on the two
experiments. Therefore, to draw better conclusions, these experiments would have to be replicated.
Overall, the PEG-PAMAM-5(6)-ROX showed to cross the in vitro BBB model, both under control
and OGD-exposed conditions, proving its suitability to be used as nanocarrier of neurotherapeutics
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for ischemic stroke. However, it is important notice that the present data only takes into
consideration the carrier. These results could differ if the dendrimer complexes with nucleic acid
were tested. By adding the nucleic acids to dendrimers, the hydrostatic size of the final nanoconstruct would be change, which could alter its crossing through the BBB. Therefore, in future works
the permeability of the nucleic acid loaded-PEG-PAMAM-5(6)-ROX should be tested.

Figure 3.17 — PEG-PAMAM-5(6)-ROX permeability through the in vitro BBB model after normoxia or OGD
conditioning. (A,B) Permeability to PEG-PAMAM-5(6)-ROX values for bEnd.3 monocultures (A) and co-cultures
with primary rat astrocytes (B). The values represent mean ± SD (n=5, data from two independent experiments).
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, nsp>0.05 used for indicating significant differences from nonOGD-exposed cultures. CTR = control cultures (non-OGD-exposed cultures) (C) Cumulative concentration of PEGPAMAM-5(6)-ROX on the abluminal side of the insert. The values represent mean There were significant
differences between blank conditions and bEnd.3 (OGD) (p<0.01) and blank and the other culture conditions
(p<0.0001).

As a control of PEG-PAMAM-5(6)-ROX, the same permeability study was performed with 5(6)-ROX
alone (Figure 3.18). Firstly, permeability to 5(6)-ROX (631.67 g/mol) values were very similar to the
permeability values of fluorescein (Figure 3.11A,B). Since the two molecules have an analogous
structure, this would be expected. When comparing the permeability values of 5(6)-ROX and PEG-
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PAMAM-5(6)-ROX, some differences were found for bEnd.3 monocultures. Even though the control
values were similar, for OGD-exposed bEnd.3 monolayers, the PEG-PAMAM-5(6)-ROX permeability was
higher than the 5(6)-ROX permeability, especially on the first two hours. This data goes against what
one could expect since PEG-PAMAM-5(6)-ROX is much bigger. Yet, the standard deviations of the PEGPAMAM-5(6)-ROX permeability assay were quite high, which could mean that these differences could
have no significance. On the other hand, it has been shown that PEG-PAMAM-5(6)-ROX reduced the
viability of OGD-exposed bEnd.3. Thus, the decrease of bEnd.3 viability caused by PEG-PAMAM-5(6)ROX could also be translated into an increased permeability, which could explain why the PEG-PAMAM5(6)-ROX permeability was so high. For bEnd.3 and rat astrocytes co-cultures no significant differences
were found.

Figure 3.18 —5(6)-ROX permeability through the in vitro BBB model after normoxia or OGD conditioning. (A,B)
Permeability to PEG-PAMAM-5(6)-ROX values for bEnd.3 monocultures (A) and co-cultures with primary rat
astrocytes (B). The values represent mean ± SD (n=1or 2, data from one independent experiment). CTR = control
cultures (non-OGD-exposed cultures).

PEG-PAMAM-5(6)-ROX are internalized by bEnd.3
PEG-PAMAM-5(6)-ROX internalization by bEnd.3 was evaluated both on bEnd.3 cultured on 12well IBIDI chambers and inserts. For both experiments, the cells were exposed to 10 µg/mL of PEGPAMAM-5(6)-ROX for 4 hours and then prepared for immunocytochemistry.
When bEnd.3 were cultured on non-permeable supports (IBIDI chambers), it was possible to see
PAMAM internalization (Figure 3.19). No significant differences were found between normoxia and
OGD conditions, indicating that the extent of internalization is not influenced by ischemia. With a
closer inspection, PEG-PAMAM-5(6)-ROX appeared to be located preferably around the nucleus (Figure
3.19, white arrows).
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Figure 3.19 — PEG-PAMAM-5(6)-ROX are internalized by bEnd.3 cells when cultured on non-permeable support
(ibidi). (A, B) Internalization of PEG-PAMAM-5(6)-ROX (red) by bEnd.3 monolayer which were not exposed to OGD.
(D, E) Internalization of PEG-PAMAM-5(6)-ROX (red) by bEnd.3 monolayer which have been previously exposed to
4 hours of OGD. The bEnd.3 were stained with antibody for F-actin (green) and counterstained with cell nucleus
dye DAPI (blue). White arrow highlight the PEG-PAMAM-5(6)-ROX presence.

Then, the PEG-PAMAM-5(6)-ROX internalization was evaluated on permeable systems – the
Transwell® inserts. Once again, it was possible to identify PEG-PAMAM-5(6)-ROX aggregates inside of
bEnd.3, indicating internalization (Figure 3.20). There were no significant differences between monoand co-cultures neither between normoxia and OGD. Furthermore, in these cultures it was possible
to see PEG-PAMAM-5(6)-ROX on the cell nucleus (in all conditions). The PAMAM-marked cells seemed
senescent, which explains the strong accumulation of PEG-PAMAM-5(6)-ROX.

80

The confirmation of the PEG-PAMAM-5(6)-ROX internalization proves the previously hypothesis.
When PEG-PAMAM-5(6)-ROX are added on the luminal side of the insert, even though some molecules
can cross the in vitro BBB model by paracellular diffusion, part of these dendrimers are internalised
by bEnd.3, as previously hypothesised. On the present study, it was not possible to see if the
dendrimers are excreted to the abluminal side after internalization. If exocytosis does not happen, it
could mean that a large part of dendrimers may be retained on the BBB, compromising the delivery
efficiency of the nanocarrier.

Figure 3.20 — PEG-PAMAM-5(6)-ROX are internalized by bEnd.3 cells when cultured on permeable support
(Transwell®), either alone or co-culture with rat astrocytes. (A, B) Internalization of PEG-PAMAM-5(6)-ROX (red)
by bEnd.3 monolayer which were not exposed to OGD, both for bEnd.3 cultured alone (A) or with rat astrocytes
(B). (D, E) Internalization of PEG-PAMAM-5(6)-ROX (red) by bEnd.3 monolayer which have been previously exposed
to 4 hours of OGD, both for bEnd.3 cultured alone (C) or with rat astrocytes (D). The bEnd.3 were stained with
antibody for F-actin (green) and counterstained with cell nucleus dye DAPI (blue). White arrow highlight the PEGPAMAM-5(6)-ROX presence.
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4. Conclusions
By using a Transwell®-based system, one could establish an in vitro BBB model by co-culturing
endothelial cells (bEnd.3) and astrocytes. After evaluating the effect of bEnd.3 initial cell density,
HC and cAMP elevators, and astrocyte type, we could establish a robust in vitro BBB model by coculturing bEnd.3 with primary rat astrocytes for 7 days without supplementation. The model showed
high TEER values, low permeability to fluorescein and a continuous and well-defined TJ apparatus,
indicating tight barrier properties. All obtained values were according to the literature. The
permeability of this barrier was then successfully increased by OGD, to mimic BBB opening in stroke.
After OGD exposure, the TEER values decreased, the permeability to fluorescein increased and the
TJ apparatus was dismantled, indicating that the barrier integrity was compromised during OGD.
bEnd.3 and primary rat astrocytes co-cultures were less affected by OGD than bEnd.3 monoculture,
which is contradictory to some studies on the literature, while others are in accordance. Finally, the
PAMAM dendrimers were tested on both physiological and OGD-exposed models. PEG-PAMAM-5(6)-ROX
could cross the in vitro BBB model, both under control and OGD-exposed conditions, without further
compromising the barrier integrity. They permeate better on OGD-exposed in vitro BBB model, as
expected. Therefore, the potential of PEG-PAMAM-5(6)-ROX to be used as a nanocarrier for delivery
of nucleic acids to ischemic brain was proven. Yet, there are still some issues to be solved, such as
bEnd.3 internalization and exocytosis.
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1. Introduction
An in vitro BBB model is a simplified representation of a complex and dynamic structure, that
should represent as closely as possibly the in vivo properties of such barrier. The standardized in vitro
BBB models are established under static conditions in multi-well plates using a Transwell® insert.
However, this is far from in vivo conditions, in which endothelial cells are exposed to shear stress.
Shear stress is the force generated by blood flow, to which the apical surface of endothelial cells is
constantly exposed to in vivo (Janigro, Leaman, & Stanness, 1999; Stanness et al., 1997). The
exposure of the membrane to shear stress is essential to promote growth inhibition and differentiation
of BMVEC. In fact, the presence of flow has been described to increase not only the RNA levels of the
junctional proteins, such as Claudin-5, ZO-1 and Cadherin-1, but also the RNA levels of efflux
transporters, such as MRP-1 and MRP-2, several cytochrome P450 enzymes and specialised transport
systems, such as GLUT-1 and GLUT-2 (Cucullo, Hossain, Puvenna, Marchi, & Janigro, 2011). Thus,
shear stress seems to be a key element in BMVEC differentiation. Moreover, when in vitro models of
endothelial monolayer were subject of shear stress, the TEER values strongly increased and the
paracellular permeability decreased, indicating better barrier properties (Ross Booth & Kim, 2012;
Cucullo, Hossain, et al., 2011; Santaguida et al., 2006). Therefore, exposing cells to shear stress
seems a necessary improvement to be standardized in in vitro BBB models.
Even though shear stress seems to have such an important role on BBB properties, there are few
dynamic in vitro BBB models described in the literature. One of them was designed by Siddharthan
and colleagues. They developed a dynamic in vitro BBB model which consists of a transparent plastic
chamber, with upper and lower parts. In between those two, a 12-mm diameter snapwell insert is
housed, on which the cells would be cultured. Flow chamber is connected to the speed-controllable
peristaltic pump, which allows to subject the cells to controlled shear stress (Siddharthan, Kim, Liu,
& Kim, 2007). In these conditions, a tighter BMVEC monolayer was achieved, as revealed by the
increased expression of the TJ protein ZO-1 and the decreased permeability (Siddharthan et al.,
2007).
Another approach was developed by Janigro et al. They constructed a capillary-like scaffold
(hollow fibres) which serves as cell support allowing at the same time the simulation of blood flow
(Cucullo et al., 2002, 2007; Janigro, Leaman, & Stanness, 1999; Stanness et al., 1997). The threedimensional dynamic in vitro BBB (DIV-BBB) model is composed by a cartridge with a replaceable
bundle of porous poly(propylene) hollow fibres, a servo-controlled variable-speed pulsatile pump and
a media reservoir (Figure 4.1A). In this bioreactor, BMVEC are seeded in the lumen of the hollow fibres
and are exposed to controlled flow conditions, whereas astrocytes (or other NVU cell type) are
cultured on the extraluminal surface of the tube. The dynamic in vitro BBB model can be used not
only to test the effect of shear stress on the cells but also for permeability studies, since it has two
sampling ports of the extraluminal space. Moreover, the model can be adapted to the requirements
of the experiment. For example, the pore size of the hollow fibres could be increased for migration
studies (Cucullo, Marchi, Hossain, & Janigro, 2011) or other modules could be added to better
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represent the endovascular system (Cucullo, Hossain, Tierney, & Janigro, 2013). Furthermore, in the
last iterations of the model, four electrodes were incorporated in the cartridge of fibres, allowing the
continuous monitoring of TEER. By virtue of its performance and versatility, this system is now
commercialised by Flocel Inc. (Flocel Inc., 2015). Despite the huge advantages, this system has some
limitations that have prevented its disseminated use: (1) cell growth cannot be directly evaluated, it
is assessed through the consumption of glucose and/or production of lactate; (2) TEER measurements
require a hardware adaptation, also commercialised by Flocel Inc.; (3) long period of time is needed
to reach steady-state TEER values and (4) the hollow fibres thickness could prevent the contact
between endothelial cells and astrocytes.
A more recent approach to dynamic in vitro BBB modelling was through microfluidics. Ross Booth
and Hanseup Kim developed a polymer-based microfluidic BBB (µBBB) with a much thinner culture
membrane (Figure 4.1B). Besides the shear stress stimulus, this thin cell membrane (10 µm)
encourages cell-cell interactions, which is difficult in DIV-BBB due to a thick membrane (150 µm thick
hollow fibres), and allows a better diffusion of factors. It also enables installation of electrodes for
TEER monitoring and allows non-destructive microscopy of the system, other disadvantage of DIVBBB. Their legitimacy was tested with bEnd.3 endothelial cells in presence or absence of astrocytes.
They demonstrated a high TJ expression, reduced paracellular permeability and high TEER values.
More importantly, these tighter barrier properties required much less time than previously described.
By day 3 of endothelial culture, TEER levels typically exceeded 250 Ω.cm 2 in µBBB co-cultures while
these values were only 25 Ω.cm2 in Transwell® co-cultures (R. Booth & Kim, 2014; Ross Booth & Kim,
2012). On DIV-BBB, in order for the culture to reach steady-state TEER values, it must be maintained
9 to 12 days. The design of µBBB have been patented (Hanseup Kim, 2013) and could outperformed
DIV-BBB anytime. Yet, since it is a microfluidic device, any small error in its fabrication could lead to
enormous variances on fluidic conditions and, consequently in cell behaviour. Thus, its manufacturing
needs to be thoroughly thought. Even so, µBBB could become a fast and simple way to mimic BBB in
vitro.
Despite these promising developments, none of these dynamic in vitro BBB models is compatible
with the high throughput requirements of the pharmaceutical industry due to their high technical
demands. Therefore, new approaches are necessary.
The LiveBox 2 (LB2) (IVtech, Inc.) is a two-chamber device for use with fluidic systems, allowing
the simulation of blood flow. The two chambers are defined by a thin porous membrane on which
endothelial cells can be seeded. This membrane is housed in a removable holder which not only allow
easy and safe handling of the membrane where cells are seeded but also post-culture imaging
including staining procedures without compromising the cell architecture. Furthermore, the system
supports live imaging and it can be connected to other cell culture systems to mimic multi organ
simulation.
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Figure 4.1 — Diagrammatic representation of dynamic in vitro models. (A) Overview of the Dynamic in vitro BBB
(DIV-BBB) model developed by Janigro and co-workers and commercially available through Flocel (“DIV-BBB
Technology,” n.d.). The bioreactor is composed by a cartridge with replaceable hollow fibers, which is connected
to a servo-controlled variable-speed pulsatile pump and media reservoir. Gas exchange occurs through gas
permeable tubing connected to the intraluminal portion of the apparatus. (B) Schematic illustration of µBBB. Its
porous polycarbonate membrane is sandwiched between two polydimethylsiloxane (PDMS) layers, each one
corresponding to a channel (luminal or abluminal). Through this channels culture medium flows creating shear
stress. On each side of this “sandwich”, there is a glass containing TEER electrodes, allowing TEER monitoring
over time. Finally, this system is topped in both sides with a PDMS top and bottom layer (Ross Booth & Kim, 2012)

The main disadvantage of LB2 is that it does not allow to monitor TEER over time. Thus, to
overcome this limitation, the commercially available system (LB2) was adapted to incorporate
electrodes for TEER measures. This optimised system was developed and tested by Ludovica
Cacopardo from Faculty of engineering of University of Pisa in collaboration with INEB (Cacopardo,
Ahluwalia, Giusti, Ana, & Pêgo, 2015). The novelty of this new device is to allow not only the
measurements of TEER without disassembling the system but also to do it inside the culture chamber.
Thus, one can monitor the barrier properties over time with minimal interference. The new device
(LiveBox4) was adapted from LB2 by incorporation of four silver electrodes, two in each chamber
(voltage and current electrodes). These electrodes were then connected to an interface box, which
was in turn connected to the Millicell® ERS-2 (Figure 4.2). This interface transmits not only the
measured current signal to the Millicell® ERS-2 for resistance conversion but also controls the voltage
stimulation that cells suffer.
Therefore, the aim of this study was to test this new device with an immortalised brain
endothelial cell line (bEnd.3) and determine if one could resemble more closely the in vivo BBB
conditions and thus improve the barrier properties of the bEnd.3 monolayer by subject it to shear
stress. To do so, a dynamic in vitro BBB model was explored by using bEnd.3 and subjected to
controlled flow. This in vitro BBB model was tested using the new and non-commercial device – the
LiveBox4 (LB4).
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Figure 4.2 — Schematic representation of the LiveBox4 setup for TEER measurement. Both upper and lower
chamber have two silver electrodes (voltage and current electrodes). These electrodes are connected to the
interface box by electrical wires. The interface box is connected to the Millicell® ERS-2 both to input and output
ports. The two chambers are separated by a thin membrane on which bEnd.3 would be seeded (black line). The
chambers are maintained together by a clapping system (two blue pieces and the two white columns). Gray
represents PDMS, blue represents acrylonitrile-butadiene-styrene (ABS) and black the interface box itself. Not at
scale.
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2. Materials and methods
2.1.

Cell culture

Immortalised mouse brain endothelial cells, bEnd.3 (American Type Culture Collection, USA),
were cultured in DMEM Glutamax (High glucose) (31966-021, Gibco) supplemented with 10% (v/v)
heat-inactivated FBS (F7524, Sigma-Aldrich) (inactivated at 56 °C for 30 minutes) and 1% (v/v) P/S
(L0022, BioWest). The cells were maintained in a humidified chamber at 37 ºC and 5% CO 2, the culture
medium was exchanged every 2-3 days, and cells were harvested at 80% confluence using a 0.25%
trypsin/EDTA solution with 0.05% glucose (T4799, Sigma-Aldrich).

2.2.

Dynamic in vitro BBB model

The dynamic in vitro BBB model was based on a non-commercial device, developed in the master
dissertation of Ludovica Cacopardo (Faculty of engineering of University of Pisa) in collaboration with
INEB (Cacopardo et al., 2015). This dynamic device was based on a previous design, LB2, commercially
available by IVTech (LB2, IVTech).
The dynamic in vitro BBB model was established by culturing bEnd.3 on a membrane hold within
the device. The membrane (ipCELLCULTURE) was custom made by it4ip using PET, with 0,45 µm pore
size, 2.0X 106 pore density and 12 µm thick. After sterilization of the cell-culture membrane with 70%
ethanol for 15 minutes, this was placed in between the holding rings so that no wrinkles were present
(Figure 4.3B, 4,5). The membrane was then coated with collagen from rat (C7661, Sigma-Aldrich) (10
µg/cm2) on the inner side and PDL (P6407, Sigma-Aldrich) on the outer side (4.0 µg/cm2). The
bioreactor was assembled as illustrated on Figure 4.3A, under sterile conditions. Briefly, the bottom
chamber was assembled first by placing the bottom housing (Figure 4.3B, 2) on the base of the clamp
system (Figure 4.3B,1) in an alignment manner. Then, a glass disc (Ø 20 mm) was inserted into slot of
the bottom housing, followed by the lower inner cylinder (Figure 4.3B,3), slightly pressing it to ensure
a tight contact. The upper chamber was assembled in a similar manner: the top chamber was covered
with a glass disc which was then topped with the upper cylinder (Figure 4.3B, 7,8). The membrane
was placed on top of the bottom part, with the inner part facing up, the upper chamber was place on
top of the holding rings and gently pressed downwards to join them together through their malefemale joint. Lastly, the system was tightened by placing the S-shape element and rotating it to fit
with the slot of the columns (Figure 4.3B, 6).
After assembling the system, from herein named bioreactors, the bottom chamber was filled
with DMEM Glutamax supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v) P/S (≈1 ml)
using a syringe. Then, bEnd.3 (passage 3-15) were seeded on the upper chamber. Briefly, the cells
were detached from the T75 using a 0.25% trypsin/EDTA solution with 0.05% glucose and then counted
with Trypan Blue (T8154, Sigma-Aldrich), using a Neubauer chamber. The cells were resuspended to
a concentration of 3.9X105 cells/mL and 2,2 ml of this suspension was filled into the upper chamber
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using a syringe. The final cell density was 1.0X105 cell/cm2 (Growth area=1.77 cm2). Both chambers
were filled avoiding bubbles inside the chambers.
After 24 hours of seeding, the upper chambers were connected to the fluidic circuit (Figure 4.3C)
which was then placed on the peristaltic pulp. The peristaltic pulp was set at its minimum value (53
µL/min) and ran uninterruptedly. All the components were placed in a humidified chamber at 37 ºC
and 5% CO2. The culture medium was exchanged every 2-3 days by carefully substituting the old
culture medium by fresh medium with a syringe. The cells were daily checked for morphology and
health status by using an inverted optical microscope.
To serve as a control, half of the total bioreactors were left under no flow conditions. They were
subject to the same conditions as dynamic bioreactors, including culture medium exchange.
Additionally, at least one bioreactor per experiment was assembled without cells.
At the end of each experiment, the bioreactors were thoroughly washed with 10% (v/v) sodium
hypochlorite and rinsed with distilled water. The inner components of the bioreactors (Figure 4.3B,C)
were sterilised in the autoclave (121°C for 20 minutes) for further use.

Figure 4.3 — LiveBox4 (L4) components. (A) Schematic design of LB4. (B) Layout of all LB4 components. 1 - base;
2 - bottom housing; 3 - lower inner cylinder; 4,5 - holder pieces; 6 - s-shape element; 7 - top and 8 - upper
cylinder. (C) LB4 assembled with fluidic circuit. (D) LB4 and interface box. (E) TEER measurements setup
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2.2.1.

Model optimisation

To optimise the in vitro BBB model two modifications were made – the time before flow exposure
and/or the initial density were increased.

For both modifications, the in vitro BBB model was

established as described on section 2.2. The optimizations were the increase of time before starting
flow from 24 hours to 48 hours and/or the increase of initial cell density from 1.0 X105 to 2.0X105
cells/cm2.

2.3.

Characterization of the dynamic in vitro BBB model

2.3.1.

Transendothelial Electrical Resistance measurements using Millicell® ERS2 system and incorporated electrodes

LB4 reactor has silver electrodes incorporated in its design, allowing to monitor TEER values over
time without disassembling the system. To do so, a bioreactor was withdrawn from the humified
chamber 10-15 minutes before the reading. Each electrode was connected to the interface box using
electrical cables. The interface box was then connected to the Millicell® ERS-2 by a registered jack
(RJ) (input signal) and Bayonet Neill–Concelman (BNC) connector (analogue output). The interface
box was also connected to a PC by a USD port for energy. The setup for the measure is represented
on Figure 4.3E.
Then, the interface box was triggered to measure TEER by pressing a button. The TEER values
could be read either from the Millicell® ERS-2 screen or on the PC through Arduino Software, every
60 seconds. For each bioreactor, at least 5 readings were made. This procedure was repeated for
every bioreactor, including the blank bioreactor (collagen and PDL coated membrane, without cells).
The measurements were performed in ohms and millivolts mode.

2.3.2.

Transendothelial Electrical Resistance using Millicell® ERS 2 system and
STX01 electrodes

To compare TEER measurements using incorporated electrodes and STX01 electrodes, used for
the Transwell® TEER measurements, the bioreactors were disassembled and the membranes with the
holding rings were carefully removed and placed on a 6-well plate, pre-filled with pre-warmed HBSS.
Then, the piece was carefully fixed to the walls of the plate with hair hooks, using forceps to help
(Figure 4.4). HBSS was added to the upper part of the membrane as well. The holding rings were fixed
as parallel as possible to the bottom of the well and so that longer leg of the STX01 electrode touched
the well bottom, yet not allowing the shorter leg to touch the cell layer. Then, the pre-sterilised
STX01 electrode was perpendicularly placed between the holding rings and the well and TEER was
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measured (ohm mode). TEER values of each condition were calculated by subtracting the measured
TEER values of the blank membrane (PDL and collagen coated membrane without cells) and
multiplying those values for the surface area of the membrane (1.77 cm2). For each condition, at least
three TEER readings were made.

Figure 4.4 — TEER measurement using STX01 electrodes. (A) Holding rings and membrane were fixed to a 6-well
plate by using hair hooks for TEER measurements. (B) Example of TEER measurement using the STX01 and
Millicell® ERS-2. Normal measurements were performed under sterile environment.

2.3.3.

Paracellular permeability evaluation

The paracellular permeability of the in vitro BBB model was evaluated using fluorescein as tracer.
Briefly, on the 7th day of culture, the bioreactors were disconnected from the fluidic circuit and the
upper and bottom chambers were carefully perfused with pre-warmed HBSS (at least twice the
chamber volume) to rinse the system. Both chambers were carefully aspirated by applying negative
pressure with a syringe. Then, the bottom chamber was carefully filled with 1 ml of pre-warmed
HBSS, avoiding bubble inside the chambers. The upper chamber was filled with 1 mL of sodium
fluorescein (F6377, Sigma-Aldrich) solution (100 µg/mL in HBSS) so that no solution was left on the
tubes. After 30 minutes of fluorescein exposure, the HBSS on the bottom chamber was carefully
aspirated and the fluorescein concentration was determined. To do so, 100 μL aliquots of the HBSS
were transferred to a black-walled 96-well plate with clear bottom (Brand GMBH) and fluorescence
was measured (λexc=485 nm; λem=535 nm) using a spectrophotometer microplate reader (SynergyMX,
Biotek). For each bioreactor, at least 4 samples were read.
The permeability values were calculated as previously described (Chapter 3, Section 2.6.2)

2.3.4.

Cell Morphology

Cell morphology was evaluated by cytochemistry. Briefly, bEnd.3 monocultures were fixed with
4% PFA (158127, Sigma-Aldrich) for 15 minutes at RT, followed by 10 minutes. To minimize non-
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specific protein adsorption, both cell layers were incubated with 10% (v/v) heat-inactivated FBS in
PBS for 60 minutes at RT. Then, the upper side of the membrane was incubated with Alexa Fluor®
594 Phalloidin (1:100) for 60 min at RT. Finally, nucleus was counterstained with DAPI (0.1 µg/mL in
PBS) for 15 min. The membranes were assembled in FluoromountTM mounting medium (F4680, SigmaAldrich), and observed under an inverted fluorescence microscope (Zeiss AxioVert).

2.3.5.

Tight junction Immunocytochemistry

bEnd.3 cells were fixed with 4% PFA for 15 minutes at RT. To minimize non-specific protein
adsorptions, both cell layers were incubated with a 10% (v/v) heat-inactivated FBS in PBS for 60
minutes at RT. Then, the upper side of the membrane was incubated with the rabbit anti-ZO-1 (617300, ThermoFischer) (1:100) and mouse Alexa Fluor® 488-conjugated anti-Claudin-5 (4C3C2,
ThermoFischer) (1:100) primary antibodies, overnight at 4 °C. Both primary antibodies were diluted
in 10% (v/v) FBS in PBS. On the following day, the membranes were rinsed three times on PBS and
then incubated with donkey anti-rabbit Alexa-Fluor® 647 (1:1000 in 5% FBS) for 60 minutes at RT.
After washout the secondary antibodies, cells were incubated with Alexa Fluor® 594 Phalloidin (1:100
in 5% FBS) for 60 min at RT. Finally, nucleus was counterstained with DAPI (0.1 µg/mL in PBS) for 15
min. The membranes were assembled in Fluoromount TM mounting medium and observed at TCS SP5
microscope.

2.3.6.

Live/Dead Assay

Calcein AM (C3100MP, Invitrogen) and propidium iodide (PI) (P4170, Sigma-Aldrich) were used to
evaluate viability. Briefly, at the day of experiment, the cells were incubated with 4 µM calcein
diluted in PBS for 20 minutes at 37 °C and PI in the last 10 min to a final concentration of 3 µM. After
rising twice with PBS, the cells were visualized and photographed under the Inverted Fluorescence
Microscope (Zeiss AxioVert). The images were processed using ImageJ (ImageJ 1.51n, W. Rasband,
National Institutes of Health, USA). The viability was calculated by the number of Calcein-labelled
cells (live) and propidium iodide labelled cells (dead).

2.4.

Membrane optimization

In an attempt to improve the adhesion of bEnd.3 cells to the PET membrane, a membrane
treatment and different coatings were tested. Briefly, the membranes were treated with 1M NaOH
for one minute. Then, the membranes were carefully transferred to a new 6-well plate for coating.
The membranes were firstly coated with PDL (4 µg/cm 2) and, on the same side, coated with collagen
from rat tail (10 µg/cm2). The same protocol of coating was used in non-treatment membranes, for
comparison. Additionally, NaOH-treated membranes were coated only with collagen. As a control,
both ipCELLCULTURE and Transwell® insert membrane were coated with collagen (10 µg/cm 2), in a
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similar way as before.
After membrane coating, the bEnd.3 were seeded on the coated-side of the membrane. Briefly,
the bEnd.3 (passage 25-45) were detached from the T75 using a 0.25% trypsin/EDTA solution with
0.05% glucose, counted and seeded on the membranes at 1.0X105 cells/cm2. Cells were let to adhere
for at least 2 hours and then the wells (6-well plate) were filled with DMEM Glutamax supplemented
with 10% (v/v) heat-inactivated FBS and 1% (v/v) P/S. The cells were maintained in a humidified
chamber at 37 ºC and 5% CO2 for 7 days with culture medium exchange every 2-3 days.
On the 7th day of cell seeding, the cells were carefully rinsed twice in pre-warmed PBS, fixed
using 4% PFA for 15min at RT and their morphology was evaluated by staining F-actin with Phalloidin
(1:100) (Invitrogen). The staining protocol was performed as described on section 2.3.4.

2.5.

Statistical analysis

All statistical analyses were performed with the GraphPad Prism 7 Software (Prism 7 for windows,
version 7, GraphPad Software, Inc.). Data is presented as mean ± standard deviation (SD). In each
legend, the sample size of each condition (n) is presented. Independent one-way or two-way analysis
of variance (ANOVA) statistical analysis were performed. The significance level was set at 0.05, and
significant differences are indicated, accordingly.
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3. Results and discussion
3.1.

Evaluation of Barrier properties of the dynamic in vitro BBB model

TEER monitoring with incorporated electrodes failed to give meaningful values
After various optimization steps, that included overcoming several issues with the proposed
bioreactor system (such as culture medium leakage, contaminations and proper assemble of the
system), one was able to conduct the culture of endothelial cells within the bioreactor. To do so, the
PET membrane was pre-coated with PDL and collagen, the bioreactor was assembled and the bEnd.3
were seeded on the upper chamber at the cell density of 1,0X10 5 cells/cm2. Both upper and bottom
chambers were filled with culture medium. 24 hours after seeding, the fluidic circuit was added to
the bioreactor and it was connected to a peristaltic pump. The cells were then exposed to a 53 µL/min
flow over a period of 6 days. Control bioreactors were maintained under the same conditions during
the 6 days but not subjected to flow. The TEER values were monitored over time by using the
incorporated electrodes. Millicell® ERS-2 has two modes of acquisition – millivolts (mV) and ohms (Ω)
mode. LB4 has been described to be more trustworthy on mV mode (Cacopardo et al., 2015). Yet,
both modes were tested.
When analysing the data from the measurements, neither the TEER values obtained on mV nor Ω
mode were acceptable (Figure 4.5). The obtained values were disperse, variable and seemed to be
randomly distributed without showing any tendency over time. In fact, even the TEER values for the
blank membrane were variable (Figure 4.5, B1, B2), pointing out the instability of the system.
Repetition of the shown experiment (Figure 4.5) showed similar distributions. These results made us
doubt the reliability, and consequently suitability, of the TEER measuring system.
There are several possibilities that can explain this result. Firstly, this is the first prototype of a
non-commercially available reactor model. Thus, there could be inherent variability between
different reactors which could explain some of the differences. Secondly, the system may have decalibrated over time, especially the interface box. Moreover, the silver electrodes could have suffered
oxidation, compromising the readings. Since the order of magnitude of the measured currents is quite
small, small de-calibrations could have an enormous impact on the final TEER readings. Also, because
four of the six available bioreactors had to be repaired, for example, new male pins had to be soldered
to the silver electrodes (tin solder), this might have changed the conductivity of the system, thus
influencing the measures. In the future, one should explore the use of more stable electrodes. These
may be more expensive but could prevent the deterioration of the system.
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Figure 4.5 — TEER measurements over time using incorporated silver electrodes. (A) TEER readings with
Millicell® ERS-2 mode on ohms. (B) TEER readings with Millicell® ERS-2 mode on millivolts (mV). The values
represent mean ± SD (data from one independent experiment and 5 measurements). When the curves were
interrupted either the electrodes broken or the bioreactor contaminated. When no error bars are shown, the
error is smaller than the symbol length. In both (A) and (B), B1 and B2 represent two independent bioreactors
assembled with a blank membrane (PDL and collagen coated membrane, without cells), S1 and S2 represent two
independent bioreactors with a bEnd.3 monolayer which was not subjected to flow, D1 and D2 represent two
independent bioreactors with a bEnd.3 monolayer which was subjected to flow.

New approach to read TEER values of the system
Since the LB4 failed to give meaningful TEER values, another approach was evaluated. The
bioreactor was disassembled and the TEER values measured using the STX01 electrode and Millicell®
ERS-2. The TEER was then measured as it would be on a Transwell® insert.
By disassembling one bioreactor per condition per day, it was possible to measure TEER over time
(Figure 4.6A). The presence of shear stress induced a decrease of TEER values comparing to the same
cells under static condition, which contradicts what have been described on the literature (Ross Booth
& Kim, 2012; Cucullo, Hossain, et al., 2011; Santaguida et al., 2006). In fact, the TEER values of shear
stress-exposed bEnd.3 monolayers were lower than the ones found for static conditions, with the
exception of day 3 (two days under shear stress), in which the barrier integrity seemed to be higher
on shear stress-exposed monolayer. Moreover, only the TEER values of cells maintained under static
conditions increased over time, while the ones subjected to a 53 µL/min flow showed a decrease,
especially after day 4. This suggests that the barrier integrity under dynamic conditions could be
compromised after 4 days of culture. In fact, when analysing the cell morphology by F-actin
immunolabelling for day 5 and day 6 of culture, not only fewer cells were present in dynamic
conditions but also their morphology was distinct (Figure 4.7F, H). The cells seemed to have detached
from the membrane and washout with the flow, thus justifying the low TEER values. The cell
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detachment could either be caused by damaging effects of long exposure to flow or low adhesion to
the support membrane, which could lead to cell detachment upon flow disturbance. Furthermore,
the remaining cells had a different structure and shape: they were bigger and had a flat spread shape,
comparing to the cells cultured under static conditions. Also, one could identify the presence of stress
fibres (Figure 4.7F, H, blue arrows). Thus, the remaining cells were probably trying to re-establish
the endothelial monolayer by stretching themselves to reach other cells. On the other hand, the
bEnd.3 cells cultured under static conditions do not seemed to change their morphology nor their
number over time, which can explain why their TEER values were crescent.

Figure 4.6 — Characterization of barrier properties of the in vitro BBB model. (A) TEER measurement of
independent bioreactors over time (n=2, data from two independent experiments). The values represent mean
± SD. *p < 0.05 used for significant difference from no-flow condition. +p < 0.05 used for significant difference
between the pointed day and the day 3 of culture, within the same condition. (B) Permeability to fluorescein
values for two independent experiments of the same conditions, measured on the 7th day of culture. Each dot
indicates a single bioreactor. Red dot highlights one bioreactor with a permeability to fluorescein value
comparable with Transwell® values.

When comparing the TEER values of the bioreactors to the ones obtained on the Transwell® in
vitro BBB model, namely to the bEnd.3 monocultures, there were slight differences. Transwell®seeded bEnd.3 monoculture presented an average TEER value of 49.4±11.1 Ω.cm2 on day 7 of culture
(data from 13 independent experiments, each with 2 or 3 replicas). While flow-exposed bEnd.3
monolayers presented similar TEER values to the Transwell® system, the bioreactor-seeded bEnd.3
monolayers under no-flow conditions exceeded these values, since its maximum value was 86.4±8.1
Ω.cm2 (Figure 4.6A, Day 5, No flow). Therefore, the bEnd.3 could be forming a more cohesive cell
layer on the bioreactor membrane than on the Transwell® membrane. However, this hypothesis is
not supported by morphological analysis since the bEnd.3 monolayer showed the presence of gaps on
the cell layer, in every condition and time of culture (Figure 4.7, white arrows). Moreover, there were
big disparities between TEER measurements, as pointed out by high SD values. The positioning of the
membranes in the 6-well could have make TEER diverge. Thus, a larger number of experiments should
be performed to draw more accurate conclusions.
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Figure 4.7 —Morphological analysis of bEnd.3 cells when cultured under flow or no-flow conditions over time.
(A, C, E, G) Morphological analysis by F-Actin staining of bEnd.3 cells when cultured under static conditions (no
flow). (B, D, F, H) Morphological analysis by F-Actin staining of bEnd.3 cells when cultured under dynamic flow
of 53 µL/min. The analysis was performed on day 3 (A,B), day 4 (C,D), day 5 (E,F) and day 6 (G,H) of bEnd.3
culture. White arrows highlight the presence of holes on the endothelial monolayer. Blue arrows highlight the
presence of stress fibres. Scale bar 250 µm.
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Paracellular permeability of the barrier
The permeability of the endothelial cultures was also tested by fluorescein crossing. On the 7th
day of culture, the permeability values showed a similar tendency as TEER measurements (Figure
4.6B). Once again, when cells were not exposed to shear stress, the cell layer showed better
properties, as pointed out by lower paracellular permeability, in comparison to the ones exposed to
shear stress. Some of the permeability values were quite high, especially when cells were exposed to
shear stress (Figure 4.6B). These values could be a result of cell detachment, which was already
discussed. Nevertheless, even when cells were not exposed to shear stress, the permeability to
fluorescein values were much higher than the ones for the Transwell® cultures, except for one
bioreactor (Figure 4.6B, No flow, red dot). For this single bioreactor, the permeability to fluorescein
was (12.24±0.55) x 10-6 cm/s, which is comparable to the average value obtained on the 7th day of
bEnd.3 monocultures seeded on Transwell® insert ((12.04±4.23) x 10-6 cm/s, data from 6 independent
experiments, each with 3 replicas). When closely looking to the morphology of these particular cells,
they presented a well-defined and continuous monolayer, without gaps (Figure 4.8A). On the other
hand, the rest of the monolayers presented gaps, which can justify the high permeability values
(Figure 4.8B,C, white arrows). Interestingly, it was possible to identify overlaying of cells, even under
dynamic conditions (Figure 4.8D, blue arrow). Yet, there has been evidences that when cells are
exposed to shear stress, one of the effects is its perfect alignment in a monolayer, which did not
occur (Cucullo et al., 2002). Thus, the flow might not be properly stimulating the cells.

Figure 4.8 —Morphological analysis of bEnd.3 cells when cultured under flow or no-flow conditions over time.
(A, C) Morphological analysis by F-Actin staining of bEnd.3 cells when cultured under static conditions (no
flow). (B, D) Morphological analysis by F-Actin staining of bEnd.3 cells when cultured under dynamic flow of 53
µl/min. White arrows highlight the presence of holes on the endothelial monolayer. Blue arrows highlight the
presence of stress fibres. Scale bar 50 µm.
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Another relevant issue is the noticeable disparity between similar experiments and independent
bioreactors within the same experiment, especially for flow-exposed cultures. Even though the cells
were seeded under similar conditions, the permeability values were quite distinct (Figure 4.5B). This
points out not only the difficulties one could have to establish conclusions from this system but also
that the system still needs a lot of optimizations in order to obtain reproducible results.

Tight junctions were present in this model
The TJ’s presence and localization was also analysed by immunocytochemistry. The analysis was
performed on day 3 and 6 of culture (Figure 4.9). Even though the endothelial monolayers were not
continuous, it was possible to identify functional TJ on intact parts of the monolayer. For the bEnd.3
cell layer which was maintained under static conditions, a well-defined and well-established TJ
apparatus was evident, even on the 3rd day of culture. Both ZO-1 and Claudin-5 had a preferential
peripheric localization forming functional TJs (Figure 4.9A-F). On the other hand, the monolayer
exposed to shear stress only presented a well-defined apparatus of junctions on the 6th day of culture.
On the 3rd day of culture, both ZO-1 and Claudin-5 were spread out over the cytoplasm and fail to
form a peripheral apparatus of junction. Yet, some TJ could be identified (Figure 4.9G, white arrows).
This observation is in accordance with the previous results, namely TEER values (Figure 4.6A). For no
flow conditions, the TEER values were increasing over time which is only possible if a good TJ
apparatus is present, as occurred in Day 3 (Figure 4.9A-C). On the other hand, for flow-exposed
monolayers, the TEER values seemed to be constant over time, which is coherent with a poor TJ
apparatus on day. The improvements of TJ apparatus on day 6 could mean that the TEER values would
increase on the future. Thus, in future experiments the TEER could be monitored for longer times.
Nonetheless, not only the sample size of the TEER measure was small but also the replicability of the
system is discussable, as shown by the disparity of the permeability values and high SDs, thus the
TEER measurements should not be treated as an absolute value. To draw better conclusion, both the
TJ immunocytochemistry and TEER analysis would need to be replicated.

Cell viability was not altered by shear stress
In both TEER measurement and permeability assay, the shear stress-exposed cells presented
worse properties than the static monolayer. One explanation of these results could be that the shear
stress is having a detrimental effect on the monolayer by reducing cell viability. Thus, to test this
hypothesis the calcein AM viability test was performed. Calcein is a membrane-permeable dye which,
after entering the cell, is cleaved, yielding the membrane-impermeable compound. Apoptotic and
dead cells with compromised cell membranes do not retain calcein. On the other hand, PI enters cells
with damaged membranes and binds to the nucleic acids while it is excluded from healthy cells. Thus,
by counterstaining the dead cells with PI, one could count the live and dead cells and, in that way,
obtain the viability of cells.
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Figure 4.9 — Immunolabelling of tight junction proteins (ZO-1 and Claudin-5) on bEnd.3 cells when exposed or
not to shear stress at an initial cell density of 1.0X10 5 cells/cm2. (A-F) Immunolabelling of TJ proteins on bEnd.3
cultured under no-flow conditions, either on day 3 (A-C) or day 6 (D-F) of culture. (G-L) Immunolabelling of TJ
proteins on bEnd.3 cultured under flow conditions, either on day 3 (G-I) or day 6 (J-K) of culture. (A,D,G,J)
immunolabeling of ZO-1 proteins on bEnd.3 cells. (B,E,H,K) Immunolabeling of Claudin-5 protein on bEnd.3 cells.
(C,F,I,L) Merge image of immunolabeling of ZO-1 and Claudin-5. White arrows highlight the presence of functional
TJ.
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Even though there were slight differences between values, no significant differences in the
percentage of live cells were found between groups (Figure 4.10C). Thus, the shear stress does not
seem to influence the cell viability. Even though the high percentage of live cells, dead ones were
identifiable on both conditions (Figure 4.10A,B). These cells were either dispersed through the
monolayer or concentrated on certain area (data not shown). This phenomenon was both present in
flow and no flow conditions.
Between day 4 and 6 there was a slight decrease of the mean values, yet not significant. This
could explain the decrease of TEER values between those days. Furthermore, on the 5th and 6th day
of culture, few cells were identifiable on the membrane which have been exposed to shear stress
(data not shown). This points out again that cells detach after the 4 th day of culture. Yet, the one
that remained attached seemed to be viable.

Figure 4.10 — Viability assessment of bEnd.3 cells when exposed or not to shear stress at an initial cell density
of 1.0X105 cells/cm2. (A-B) Representative images of calcein (green) and PI (red) immunolabelling on bEnd.3
cultured under no-flow (A) or flow conditions (B), both after 4 days of culture. Scale bar represents 200 µm. (C)
Percentage of live cells over time under flow or no flow conditions. The values were calculated by dividing the
number of live cells by the total number of cells (live and dead cells). The number of cells was counted using
ImageJ Software. The values represent mean ± SD (data from a single experiment and analysis of 11-15 imagens
per condition). *p < 0.05 used for significant difference between the indicated conditions.
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3.2.

Further improvements of the in vitro BBB model

Delaying the flow start slightly improves the barrier properties
In previous experiments, cells which were subjected to flow failed to form a cohesive monolayer
of cells. Most importantly, the barrier morphology seemed to change over time. On the first days of
culture, the cell monolayer only presented small gaps which, over time, turn into bigger holes and,
ultimately, led to cell detachment. A possible explanation of this phenomenon could be the low
adherence of cells both to the subtract and to each other. For instance, after 24 hours of seeding,
the cells were found to have adhered to the membrane (which is visible under optical microscopy,
data not shown) and formed cell-cell interactions between them, yet probably not in a strong manner.
Then, when they were exposed to flow, the shear force could detach the weakly adherent cells,
forming small gaps. These gaps represent weak spots on the cell layer and, over repetitive exposure
to flow, could become starting points for cell detachment. In an attempt to avoid this, the in vitro
BBB model was established using bEnd.3 in the same initial cell density, yet, the time of culture
before shear stress exposure was increased for at least 48 hours. This way, cells would have more
time not only to strongly adhere to the substrate but also to establish cell-cell interactions which may
prevent detachment.
By increasing the time of culture before flow, the magnitude of the TEER values did not change
considerably (Figure 4.11A, B). Once again, the TEER values of the shear stress-exposed monolayer
were lower than the control monolayer. Thus, the shear stress seems to have a detrimental effect on
cells. When analysis the morphology of cells, one could still identify holes in the cell layer, in both
conditions (Figure 4.12, white arrows). Most of the cells on the dynamic bioreactor have detached
either due to flow conditions (Figure 4.12B). Yet, the remaining cells presented a spindle-shape
morphology, indicating a good adhesion to substrate. These cells were located on the borders of the
membrane, which is where the flow is weaker due to edge effects. Thus, the flow could be causing
its detrimental effect due to high flow rate (yet reducing the flow rate in not possible) or the uneven
distribution of stress hear. In fact, in a very similar reactor to LB4 (LB1), it has been shown that the
shear stress was not distributed equally trough the membrane but rather more centrally focused
(Giusti et al., 2017). If the LB4/LB2 presents the same pressure pattern as LB1, the cell detachment
could be explained.
The permeability to fluorescein values were not significantly different between static and
dynamic conditions with longer plating time (Figure 4.11C). While the permeability value of shear
stress-exposed monoculture was (14.83±4.83) x 10-6 cm/s, the average value for the same cells under
static conditions was (12.64±4.03) x 10-6 cm/s. Yet, the permeability value of the flow-exposed
monolayer was lower than the ones found in the previous dynamic in vitro BBB model (with lower
plating time). Thus, the increase of the time of culture before flow seems to improve the barrier
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permeability, yet not in a sufficient manner. However, this hypothesis is not supported by the TEER
measurements since the values were equivalent between higher and lower plating time.
To sum up, by increasing the time of culture before flow, small improvements on permeability
values were visible but they were not enough to outperform the static conditions. Again, in this
condition, the shear stress exposed cells had worse barrier properties than the non-exposed
monolayer, and cell detachment was still evident.

Figure 4.11 — Characterization of barrier properties of the in vitro BBB model. (A) TEER measurement of
independent bioreactors over time exposed or not to shear stress 48 hours after seeding (initial cell density
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1.0X105 cells/cm2) (n=1, data from a single experiment). (B) TEER values on the 7th day of culture of bEnd.3 cells
exposed or not to shear stress 48 hours after seeding (initial cell density 1.0X105 cells/cm2) (n=2, data from a
single experiment) (C) Permeability to fluorescein values for bEnd.3 cells exposed or not to shear stress 48 hours
after seeding (initial cell density 1.0X105 cells/cm2), measured on the 7th day of culture (n=2, data from a single
experiment). Each bar indicates a single bioreactor. (D) TEER values on the 7th day of culture of bEnd.3 cells
exposed or not to shear stress 48 hours after seeding (initial cell density 2.0X105 cells/cm2) (n=2, data from a
single experiment) (E) Permeability to fluorescein values for bEnd.3 cells exposed or not to shear stress 48 hours
after seeding (initial cell density 2.0X105 cells/cm2), measured on the 7th day of culture (n=2, data from a single
experiment). Each bar indicates a single bioreactor. Values represent mean ± SD. No statistical differences were
found between groups.

Figure 4.12 —Morphological analysis of bEnd.3 cells when cultured under flow or no-flow conditions over time.
(A, C) Morphological analysis by F-Actin staining of bEnd.3 cells when cultured under static conditions (no flow).
(B, D) Morphological analysis by F-Actin staining of bEnd.3 cells when cultured under dynamic flow of 53 µl/min
after 48 hours of seeding. White arrows highlight the presence of holes on the endothelial monolayer. Blue arrows
highlight the presence of stress fibres. Scale bar 50 µm.

Increasing initial cell density and time before flow
When looking closely to the cell morphology, one can identify holes on the cell layer even on
static conditions (Figure 4.7, 4.8, 4.12, white arrows). Thus, the shear stress could not be the only
reason for the presence of gaps. These gaps could also be caused by insufficient number of cells. In
fact, when comparing Transwell® and LB4 seeding, the same initial cell density could be translated
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in a different number of available cells for seeding since it is very likely that some cells would be lost
into the tubing of LB4 (namely on the tubes of 3 and 7, Figure 4.3B). Thus, the initial cell density was
doubled (2.0X105 cells/cm2) and the bioreactor in vitro BBB model was established as before. The
time of culture before shear stress exposure was maintained at 48 hours to make sure that cells had
time to strongly adhere to the substrate and to each other.
The increase of cell number was not translated in an increase of TEER values nor a decrease in
permeability to fluorescein values (Figure 4.11D,E). While the bEnd.3 monolayer under non-dynamic
conditions presented equivalent TEER and permeability values to the previous in vitro BBB model
(1.0X105 cells/cm2 and 48 hours of plating), the same was not true for bEnd.3 under flow. For these
cultures, the presence of flow decreased the TEER values and increased the permeability to
fluorescein values (Figure 4.11D,E vs Figure 4.11B,C). Thus, the increase on the number of cells was
not beneficial but rather detrimental. Once more, for both TEER and permeability values, the static
conditions presented better barrier properties than dynamic ones. When analysing the cell
morphology, the F-actin organization was very similar to the one on previous experiments, yet gaps
in the cell layer were still identifiable (data not shown). Therefore, increasing the cell number does
not seem to improve the barrier tightness. However, it is important to notice that this data is from a
single experiment. As it was pointed out before, this system is very susceptible to variability within
the same conditions. Therefore, in order to draw better conclusions, these conditions should be
replicated.
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3.3.

Membrane coating optimization

Since neither the increase of time before shear stress exposure nor the increase of cell number
induce better barrier properties, especially in flow conditions, it is very likely that cells are not
strongly adhering to the membrane. For bEnd.3 cultures, the PET membranes were coated with
collagen from rat tail, which has been described and previously reported to be sufficient for bEnd.3
adhesion (Martins, Alves, Neto, & Lamghari, 2016). Yet, the ipCELLCULTURE membrane (it4ip, Inc.)
could not be adsorbing correctly the collagen and, consequently, could be influencing the cell
adhesion. To improve the collagen adsorption, the membrane was pre-treated with sodium hydroxide
(NaOH) and/or pre-coated with PDL before collagen coating. The treatment with NaOH has been
described to make the materials more prone to adsorption (Tanahashi et al., 1995). On the other
hand, PDL could help collagen to adsorb due to its positive charge. Thus, this approach could lead to
better collagen adsorption and, consequently, better bEnd.3 adhesion to the substrate. The effect of
these changes was observed by morphological analysis of bEnd.3 seed on these membranes, after
seven days of culture. For comparison, the bEnd.3 cells were also seeded on Transwell® membranes
and non-treated ipCELLCULTURE membranes.
Figure 4.13 shows the results of this assay. Firstly, when comparing the Transwell® (Figure
4.13A,B) with ipCELLCULTURE membrane-seeded bEnd.3 (Figure 4.13C,D), the cell morphology looked
similar, but the second condition presented gaps on the monolayer, which was not visible on the first.
Thus, ipCELLCULTURE membrane seems to influence cell adhesion, as hypothesised. Yet, the
differences between the Transwell® and ipCELLCULTURE membranes were not significant, as shown
by the higher magnification images (Figure4.13A vs Figure 4.13C).
Secondly, when comparing all the modification on the ipCELLCULTURE membrane, neither of
them led to a significant improvement of adhesion. In all conditions, the cell layer showed evidence
of gaps. Thus, the modification seemed not to alter the collagen adsorption. Yet, the cell morphology
was identical to the Transwell, indicating good cell adhesion. Therefore, even though the tested
modifications fail to avoid the gaps on the monolayer, the monolayer morphology was rather
satisfactory and showed good cell adhesion. Thus, the issue of monolayer gaps and cell detachment
could have other reasons which must be addressed in the future.
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Figure 4.13 —Morphological analysis of bEnd.3 cultured by seven days of culture on different membranes.
(A, B) Morphological analysis by F-Actin staining of bEnd.3 seeded on Transwell® membranes coated with
collagen. (C, D) Morphological analysis by F-Actin staining of bEnd.3 seeded on ipCELLCULTURE membranes
coated with collagen. (E, F) Morphological analysis by F-Actin staining of bEnd.3 seeded on ipCELLCULTURE
membranes coated with PDL and collagen. (G, H) Morphological analysis by F-Actin staining of bEnd.3 seeded on
ipCELLCULTURE membranes treated with NaOH and coated with collagen. (I, J) Morphological analysis by F-Actin
staining of bEnd.3 seeded on ipCELLCULTURE membranes treated with NaOH and coated with PDL and collagen.
White arrows highlight the presence of holes on the endothelial monolayer.
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4. Conclusions
The bEnd.3 monolayers exposed to dynamic conditions seemed to have worse barrier properties
than static monolayers seeded on the same conditions, namely lower TEER values and higher
permeability to fluorescein values. However, bEnd.3 cells seemed responsive to the shear stress at
least for a short period of time (one or two days). This decrease in integrity could be correlated with
cell detachment, which in turn could be caused by weak adherence of cells to the substrate. In an
attempt to overcome this problem, one tried to increase the time before exposure of shear stress and
cell number, yet with no success. Therefore, the main issue could be the membrane itself. However,
under static conditions no main differences were found which indicates that the issue of monolayer
gaps and cell detachment could have other reasons. In the future, this issue should be addressed.
To sum up, shear stress can indeed influence bEnd.3 barrier properties and morphology.
However, on the present model, it has detrimental effects, thus further optimization would be
necessary to implement a dynamic in vitro BBB model using LB4 and bEnd.3 cells.
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CHAPTER 5
GENERAL CONCLUSIONS AND FUTURE
PERSPECTIVES

- This page was intentionally left blank. –

120

Stroke is a disease with an elevated incidence and, more importantly, a high mortality
rate, which makes it one of the first causes of death in occidental societies. One of main causes
for this disturbing numbers is the lack of therapeutic options. In fact, a large portion of stroke
patients remain untreated and only receive basic life support. Furthermore, the available
therapies fail to treat the damaged area since their only aim is to restore the flow by thrombus
removal. Therefore, neuroprotective therapies are imperative not only to protect the still
viable cells of further damage but also to stimulate the recovery and regeneration of the tissue.
A novel and recent neurotherapeutic approach is the use of nanotechnology to deliver
neurotherapeutics to the brain. By using nano-scale particles as carriers of neurotherapeutics,
undesirable interactions with body fluids can be avoided along with improvements of the
neurotherapeutics’ solubility and pharmacokinetic properties. Moreover, their deliver can be
done in a controlled and local-specific manner, reducing the administration doses and
frequency when applicable.
To reach the brain tissue, this nanodevices must cross one of the CNS barriers. If
administrated intravenously, they must cross the highly selective semipermeable BBB. Thus,
the aim of this thesis was to establish an in vitro BBB model of stroke to serve as a testing
platform for BBB permeabilization of these new therapeutics constructs, in particular
dendrimer-based nanoparticles.
As described in Chapter 3, an in vitro BBB model of stroke was successfully established by
exposing a bEnd.3 and primary rat astrocytes co-culture to oxygen and glucose deprivation
(OGD). This model presented lower TEER values and higher permeability to fluorescein values
than the control in vitro BBB model, indicating increased permeability. The TJ apparatus of
bEnd.3 seem to have been disrupted during OGD since the TJ proteins moved from the periphery
to the cellular nucleus. Therefore, the increase of permeability could be caused by TJ
dismantling. However, to better characterize these and other changes caused by OGD, other
tests should be done in the future, such as TJ proteins quantification by Western Blot. This in
vitro BBB model of stroke could also be further improved. Primary endothelial cells could be
applied instead of bEnd.3 or other NVU cells could be included, such as pericytes. Additionally,
other pathological mediators, such as NO or TGF-β, could be added to OGD in order to better
mimic the environment sensed by the BBB in the aftermath of stroke.
Having an in vitro BBB model of stroke, the PEG-PAMAM suitability to be used as a
nanodelivery carrier was evaluated. In this study, PEG-PAMAM-5(6)-ROX showed to cross the in
vitro BBB model, both under control and OGD-exposed conditions, without further
compromising the barrier integrity. As expected, they permeate much better on OGD-exposed
in vitro BBB model. Thus, not only PEG-PAMAM-5(6)-ROX showed to be able to cross the BBB
without interfering with BBB properties, but also displayed an increased BBB permeability on
stroke conditions, indicating that PEG-PAMAM would most likely accumulate on lesion sizes and
deliver the neurotherapeutic agents in a localized manner. Therefore, PEG-PAMAM seem good
candidates to be used as a nanocarrier in ischemic stroke. Yet, the present data corresponds
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to the PEG-PAMAM dendrimer alone. To better understand the potential of these nanoparticles
as carrier for delivery of nucleic acids to ischemic brain, the same experiences should be
performed using PEG-PAMAM-5(6)-ROX conjugated with nucleic acids.
PEG-PAMAM-5(6)-ROX dendrimers were also found to be internalized by bEnd.3 cells. This
internalization could not only compromise the delivery of the therapeutic agents to the target
cells (neurons) but also induce unwanted outcomes caused by endothelial response to the
agents. Thus, in future works, the bEnd.3 internalization must be looked more closely to better
comprehend how PEG-PAMAM-5(6)-ROX dendrimers interact with the endothelial cells. It would
be important to determine the extent of internalization, how they are internalised and what
happens to the PEG-PAMAM when inside the endothelial cells. On the other hand, it is important
to take into consideration that the internalization of PEG-PAMAM conjugated with nucleic acids
could be different. The PEG-PAMAM conjugation with nucleic acids will change the hydrostatic
size of PEG-PAMAM, thus altering not only its permeability through the BBB but also their
internalization. Therefore, this hypothesis should be pursued in the future.

Besides the Transwell®-based model, another in vitro BBB model was explored that
involved the culture of the endothelial cells (bEnd.3) on a bioreactor (LiveBox4) that allows the
exposure of the culture to shear stress. The shear stress-exposed monolayers showed worse
barrier properties than non-exposed ones, namely lower TEER values and higher permeability
to fluorescein values. However, bEnd.3 cells seemed responsive to the shear stress at least for
a short period of time (one or two days). Then, the shear stress-exposed barrier seemed to
slowly deteriorate, which ultimately resulted in cell detachment. Cell detachment could be
caused by weak adherence of cells to the subtract. Different strategies were explored to
improve cell adhesion. One tried to increase the time of culture between seeding and shear
stress exposure, as well as increase cell seeding number, yet with no success. A number of
surface modifications of the used membrane were also investigated. Once again, it was not
possible to significantly improve cell behaviour. Yet, other modifications could be tried in the
future, such using other coating proteins. However, when bEnd.3 cells were seeded on
ipCELLCULTURE membrane and maintained under static conditions, bEnd.3 presented a spindleshape morphology which is consistent to that what has been described (Mühlner et al., 1999).
The normal morphology indicates that bEnd.3 are adherent to the substrate and healthy. Thus,
the membrane might not be the main issue but rather the flow itself. The LB4/LB2 design may
be not allowing the establishment of a uniform flow which could be translated in uneven
distribution of shear stress to the culture. In fact, this has been described for a similar
bioreactor (Giusti et al., 2017). If this should be the case, the observed cell detachment could
be explained. Therefore, in the future one should explore other devices or bioreactor
geometries to induce shear stress. Possibilities could be microfluidic devices as the ones
developed by Booth et al (Booth & Kim, 2012). Furthermore, in future studies, the presence of
astrocytes should be also considered.
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To sum up, in this thesis two in vitro BBB models were explored – a static, Transwell®based in vitro BBB model of stroke and a dynamic in vitro BBB model using LB4. By using the
first model it was possible to show the promising potential of PEG-PAMAM to be used as vehicle
to deliver neurotherapeutics to the brain. In the time frame of this thesis, it was not possible
to successfully implement the dynamic in vitro BBB model. Nevertheless, we believe that the
barrier improvements described in the past (Booth & Kim, 2012; Santaguida et al., 2006) could
be an important contribution to the robustness of the model so the implementation of this
system should be pursued in the future.
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Figure S1 — Effect of HC and cAMP elevators on TJ expression and localization on bEnd.3 cells. (A-C)
Immunolabelling of ZO-1 proteins present on bEnd.3 cells co-cultured with rat astrocytes and which have been
subject to HC (B) or HC and cAMP elevators (C) stimulation on the day before staining. For comparison, the
expression of ZO-1 on bEnd.3 cells was also analysed when cultured without supplements (A). (D-F)
Immunolabelling of Claudin-5 protein present on bEnd.3 cells co-cultured with rat astrocytes and which have
been subject to HC (E) or HC and cAMP elevator (F) stimulation on the day before staining. For comparison, the
expression of ZO-1 was also analysed on cells only subject only to CM (D). (G-I) Merge image of immunolabelling
of ZO-1 and Claudin-5 for CM (G), HC (H) or HC and cAMP elevators (I) stimulation. These staining correspond to
culture exposed to a single stimulation of the supplements. Staining was performed on the 11th day of culture.
White arrows highlight the presence of functional TJ.
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Figure S2 — Immunolabelling of tight junction proteins (ZO-1 and Claudin-5) on bEnd.3 cells when cultured
alone, or together with A7 cells or primary rat astrocytes at an initial cell density of 1.0X105 cells/cm2. (A-C)
Overview of the ZO-1 and Claudin-5 labelling in low magnification (scale bar 100 µm). (D-F) Immunolabelling of
ZO-1 proteins on bEnd.3 cells after 7 days of culture. (G-I) Immunolabelling of Claudin-5 proteins on bEnd.3 cells
after 11 days of culture. (J-L) Merge image of immunolabelling of ZO-1 and Claudin-5. For all immunostaining,
the bEnd.3 were either cultured alone (A, D, G and J), or together with A7 cells (B, E, H and K) or primary rat
astrocytes (C, F, I and L). White arrows highlight the presence of functional TJ.

Figure S3 — Zeta potential at different concentrations. The values represent mean ± SD (n=2, data from a single
experiment)
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