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Resumo 

A metanfetamina (MET) é uma droga de abuso muito viciante com grande popularidade 

mundial, e que causa sérios problemas de saúde. Apesar da extensa caracterização da 

sua neurotoxicidade nos últimos anos, muitas questões continuam sem resposta. Alguns 

estudos têm mostrado que o stresse oxidativo, a disfunção mitocondrial e a 

neuroinflamação são alguns dos efeitos nefastos da MET. Mais recentemente 

demonstrou-se que a MET interfere com a função normal da barreira hematoencefálica 

(BHE), causando alterações na homeostase da água o que pode levar a uma situação de 

edema cerebral. Para além disso, sabe-se também que os astrócitos têm um papel muito 

importante na modulação da estrutura e função da BHE, bem como na regulação do 

conteúdo de água cerebral. No entanto, o efeito da MET na comunicação entre as células 

endoteliais (CEs) e os astrócitos nunca foi estudado anteriormente. Por outro lado, o 

movimento de moléculas de água entre os diferentes compartimentos do cérebro e entre 

o parênquima cerebral e a corrente sanguínea ocorre de forma controlada. Assim, 

distúrbios nesta homeostase irão causar uma situação de edema, o qual terá um impacto 

negativo na função cerebral. O transporte de água na BHE é regulado por canais de água, 

denominados aquaporinas (AQPs), sendo que a AQP4 é a mais importante no Sistema 

Nervoso Central, e encontra-se expressa nas terminações dos astrócitos que contactam 

com os vasos cerebrais. De facto, o edema cerebral ocorre em muitas neuropatologias, e 

o consumo de MET não é exceção. No entanto, o papel da AQP4 nos efeitos da MET é 

ainda desconhecido. Além disso, a AQP4 tem duas isoformas, a M1 e a M23, e é a sua 

proporção que regula a homeostase da água, uma vez que a presença da isoforma M23 

estabiliza a função do canal de água enquanto a isoforma M1 causa alterações na função 

da AQP4. Deste modo, é importante esclarecer o papel da AQP 4 na disfunção da barreira 

hematoencefálica e na formação do edema cerebral induzidos por MET.  
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A presente tese está dividida em 5 capítulos. No capítulo 1 é apresentada uma revisão 

da literatura sobre os diversos temas estudados no laboratório e detalhados nos capítulos 

seguintes. 

No capítulo 2 investigou-se o efeito da MET na comunicação entre astrócitos e CEs com 

particular interesse no papel do fator de necrose tumoral alfa (TNF-α). Depois de mostrar 

um aumento da libertação de TNF-α induzido por MET, quer pelos astrócitos quer pelas 

CEs, provou-se que esta citocina pró-inflamatória estava envolvida no aumento da 

permeabilidade das CEs através da ativação da via de sinalização do fator nuclear kappa 

B (NF-κB). Estes resultados foram corroborados por estudos em animais onde se 

observou um aumento da permeabilidade da BHE e dos níveis de TNF-α no estriado de 

murganho, efeitos estes que foram prevenidos pelo bloqueio da via do NF-κB. Deste 

modo, conclui-se que a via de sinalização do TNF-α/NF-κB está envolvida na disfunção 

da BHE induzida por MET. 

De seguida, no capítulo 3 avaliou-se o impacto direto da MET no sistema da AQP4 e foi 

possível demonstrar que esta droga de abuso, para além de induzir uma disfunção da 

BHE, também originou um edema cerebral citotóxico e comportamento do tipo depressivo. 

Curiosamente, a AQP4 teve um papel predominante nestas alterações já que o seu 

bloqueio preveniu todos os efeitos observados nos murganhos. In vitro foi também 

possível comprovar o papel importante da AQP4 via produção de espécies reactivas de 

oxigénio já que o silenciamento deste canal de água ou a sua inibição farmacológica, bem 

como a exposição a um antioxidante (vitamina C) preveniram as alterações morfológicas 

induzidas pela MET nos astrócitos. Em conclusão, a AQP4 foi identificada como um alvo 

importante para prevenir as alterações neurogliovasculares e comportamento depressivo 

induzidos por MET.  

Na sequência dos efeitos negativos da MET observados nos capítulos 2 e 3, colocou-se 

a hipótese de uma nova abordagem com um produto natural de origem vegetal. Deste 

modo, no capítulo 4 concluíu-se que o partenolídeo (PTL), um extrato obtido da artemísia 

dos prados (Tanacetum parthenium), tem um papel anti-inflamatório e preveniu o aumento 
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da permeabilidade da BHE e formação de edema cerebral induzidos por MET. Mais ainda, 

foi possível demonstrar que o TNF-α, através da ativação do seu recetor TNFR1, estava 

envolvido no aumento de volume dos astrócitos observado na presença de MET. Assim, 

este trabalho permitiu concluir que o PTL tem um feito benéfico em condições de 

neuroinflamação e disfunção neurogliovascular induzidos por MET.  

Por último, o capítulo 5 inclui uma discussão geral sobre os resultados obtidos nos 

capítulos anteriores.  

Em conclusão, esta tese permitiu mostrar que a MET interfere não só com a homeostase 

da água no cérebro, mas também com a função da BHE, e que estes efeitos podem 

conduzir a alterações comportamentais. Para além disso, demonstrou-se ainda que a 

neuroinflamação e o stresse oxidativo estão subjacentes aos efeitos negativos causados 

pela MET e foram identificadas duas abordagens para prevenir estes efeitos, tais como o 

bloqueio da AQP4 e o uso do partenolídeo. 

 

Palavras-chave: Aquaporina-4; Astrócitos; Barreira hematoencefálica; Comportamento 

animal; Edema cerebral; Fator de necrose tumoral alfa; Metanfetamina; Neuroinflamação; 

Partenolídeo.
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Summary 

Methamphetamine (METH) is a powerful psychostimulant drug of abuse that has gained 

worldwide popularity, and its use originates severe health problems. Despite extensive 

characterization of METH-induced neurotoxicity over the last years, many questions 

remain unanswered. Several reports have demonstrated that oxidative stress, 

mitochondrial dysfunction, and neuroinflammation are some of the neurotoxic features of 

METH. More recently, it was shown that METH compromises the blood-brain barrier (BBB) 

and causes a disturbance in the water homeostasis leading to brain edema. Additionally, 

it is well known that astrocytes play a crucial role in modulating BBB structure and function, 

as well as in regulating brain water content. However, the effect of METH on the crosstalk 

between brain endothelial cells (ECs) and astrocytes has never been addressed before. 

Also, water fluxes that take place between the different compartments of the brain, and 

between brain parenchyma and the blood are highly controlled. Thus, disturbances in this 

well-regulated homeostasis cause brain edema, which will have deleterious effects on 

brain function. Importantly, the water transport at BBB is regulated by water channels, 

aquaporins (AQPs), and AQP4 is the most important at the Central Nervous System, being 

express on astrocytic endfeet in contact with brain vessels. Brain edema is a hallmark of 

several neuropathologies, and METH consumption is not an exception. Yet, to date, 

nothing is known about the role of AQP4 under METH conditions. Furthermore, AQP4 has 

two isoforms, M1 and M23, and the ratio M1/M23 regulates water homeostasis since M23 

stabilizes the channel function but M1 disrupts the AQP4 structure. Taking into 

consideration all the gaps in this field, it is urgent to clarify the role of AQP4 in METH-

induced BBB dysfunction and brain edema formation. 

The present thesis is divided into 5 chapters. In chapter 1 is presented a review of the 

literature about the different themes that were explored in the laboratory and detailed in 

the following chapters. 
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In chapter 2, the impact of METH on astrocytes-ECs crosstalk was investigated with a 

particular interest in the role of tumor necrosis factor alpha (TNF-α). After observing that 

METH increased TNF-α released by both astrocytes and ECs, it was also proved that this 

proinflammatory cytokine was responsible for endothelial permeability through the 

activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

pathway. These in vitro results were corroborated by animal studies showing an increase 

of BBB permeability and TNF-α levels in the mice striatum, which was prevented by NF-

κB pathway blockade. Overall, it was shown that TNF-α/NF-κB signaling pathway has a 

key role in METH-induced BBB dysfunction. 

Next, in chapter 3, it was investigated the direct effect of METH on AQP4 system 

concluding that METH, besides BBB dysfunction, is also able to induce a cytotoxic brain 

edema and depressive-like behavior. Curiously, AQP4 was shown to have a predominant 

role of such alterations since its inhibition prevented all the effects observed in mice. 

Moreover, AQP4 via reactive oxygen species (ROS) production was involved in cell 

swelling and altered astrocyte morphology triggered by METH since AQP4 knockdown or 

its pharmacological blockade, as well as an antioxidant treatment (namely vitamin C) were 

able to prevent METH effects in astrocytes. In conclusion, AQP4 was identified as a new 

target against METH-induced neurogliovascular dysfunction and depressive-like behavior. 

Following the results observed in chapter 2 and 3, a new strategy to counteract the 

negative effects of METH was applied by using a natural flower product. Thus, in chapter 

4, it was proved that parthenolide (PTL), a feverfew plant extract, has an anti-inflammatory 

role and prevented METH-induced BBB permeability and brain edema. Additionally, TNF-

α via activation of its receptor 1 (TNFR1) was involved in astrocytic swelling induced by 

METH. In sum, PTL plays a beneficial role against neuroinflammation and 

neurogliovascular dysfunction triggered by METH.  

Finally, in chapter 5, a general discussion is presented.  

Overall, the present work shows that METH interferes with brain water homeostasis and 

BBB function, culminating in behavioral abnormalities. Moreover, both neuroinflammation 
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and oxidative stress are involved in such negative effects of METH, and new strategies to 

counteract these deleterious consequences were identified, such as AQP4 blockade and 

the use of PTL.  

 

Keywords: Animal behavior; Aquaporin-4; Astrocytes; Blood–brain barrier; Brain edema; 
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1.1. Methamphetamine 

Methamphetamine (METH) is a highly addictive drug of abuse that belongs to the group 

of amphetamine-like stimulants, along with amphetamine and ecstasy (or 3,4-

methylenedioxymethamphetamine, MDMA).  METH was first synthesized in 1893 by the 

Japanese chemist Nagai Nagayoshi, however, its use has only become trivial during World 

War II mostly among German air force pilots.  

METH can be consumed in various ways such as smoked, the most common, but can also 

be injected, snorted and taken orally (Winslow et al., 2007; Nakama et al., 2008). The 

worldwide amphetamines consumption annual prevalence is between 0.5% and 2.1%, in 

Europe and Australia, respectively, among people aged 15-64. These numbers make 

METH the second most widely used synthetic drug globally (UNODC, 2015; EMCDDA, 

2016). Concerning the consumption in Portugal, the last report from “Serviço de 

Intervenção nos Comportamentos Aditivos e nas Dependências 2016” (SICAD, 2016) 

shows that in 2012, 0.5% of the total population and of young adults were amphetamine 

consumers. However, this report includes both amphetamine and methamphetamine, 

which means that there are no national statistics of detailed METH consumption. 

In humans, after the rapid absorption of METH in the gastrointestinal tract, it is metabolized 

in the liver by aromatic hydroxylation, N-dealkylation, and deamination. Additionally, METH 

excretion takes place mainly in the urine and it is dependent on urine pH. In fact, alkaline 

urine increases METH half-life. The biological half-life of this drug ranges between 4 to 5h 

and within 24h more than 60% of an oral dose will be eliminated in the urine (de la Torre 

et al., 2012). Commonly abused doses are between 100-1000 mg/day, and up to 5000 

mg/day in chronic binge use (NHTSA, 2015). In contrast, a therapeutic dose of METH 

(under the name of Desoxyn) does not exceed 60 mg/day.  
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METH negatively interferes with the normal function of peripheral organs (Darke et al., 

2008) as well as with the central nervous system (CNS) (Silva et al., 2010; Gonçalves et 

al., 2014), leading to widespread organ failure. Indeed, METH can cause irreversible 

disturbance of brain cells creating neurological and psychiatric abnormalities. Immediately 

after consumption, METH leads to euphoria, alertness, wakefulness, increased activity 

(Quinton et al., 2006; Yamamoto et al., 2010), hyperthermia (Kiyatkin et al., 2007), and a 

decrease in appetite (Buchanan et al., 2010). At long-term, this drug originates anxiety, 

confusion, insomnias, mood disturbances and weight loss (Buchanan et al., 2010). 

Specifically, chronic METH abusers can experience psychotic and violent behavior, 

impaired verbal learning and memory, visual and auditory hallucinations, delusions, and 

even seizures (Quinton et al., 2006; Ramirez et al., 2009, Yamamoto et al., 2010; Buttner, 

2011). The cognitive impairments observed in METH consumers seems to be correlated 

with severe gray matter deficits in the cingulate, limbic, and paralimbic human cortices, as 

well as with white matter hypertrophy (Thompson et al., 2004).  

 

1.1.1. Mechanisms of Action: an Overview 

METH has great similarity with the neurotransmitter dopamine (Figure 1.1), which explains 

the most well-known METH cellular effects. When this drug is present in the extracellular 

space it can enter to the cytoplasm by two ways: diffuse transport due to lipophilic 

characteristics and via membrane dopamine transporter (DAT).  

 

 

Figure 1.1. The chemical structure of dopamine and methamphetamine clearly shows the similarity 

between both (adapted from Fleckenstein et al., 2007). 
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Due to its chemical properties, METH can also enter the mitochondria or other cellular 

compartments. More specifically, it can inhibit vesicular monoamine transporter (VMAT) 

acting as a competitive antagonist (Yamamoto et al., 2010). This will increase the 

dopamine content in the cytoplasm (Figure 1.2), which consequently causes oxidative 

stress accompanied by reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) accumulation. Moreover, the increase of dopamine in the cytoplasm can also 

reverse DAT transporters leading to a great release of dopamine into the synaptic cleft, 

causing an overstimulation of postsynaptic neurons via dopamine receptors (Figure 1.2; 

Kish, 2008). At the same time, METH is also capable of inhibiting the dopamine uptake 

(Rothman et al., 2001) contributing to the high levels of dopamine in the synaptic cleft. 

METH-induced oxidative stress and lipid peroxidation have been described in the rat 

striatum (Yamamoto and Zhu, 1998) and in human brain microvascular endothelial cells 

(Ramirez et al., 2009). Moreover, METH can inhibit glucose uptake in neurons and 

astrocytes (Muneer et al., 2011), as well as inhibit mitochondrial electron transport chain 

enzyme complexes causing mitochondrial dysfunction (Quinton et al., 2006; Yamamoto et 

al., 2010). Besides interfering with dopaminergic system, METH also acts as an uptake 

inhibitor of serotonin and norepinephrine increasing their levels in the extracellular space 

(Yamamoto and Raudensky, 2008). 
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Figure 1.2. Effect of METH on dopaminergic neurons. METH passes through neuronal 

membranes leading to a release of dopamine from storage vesicles, which consequently reverse 

the membrane transporter and dopamine is released into the synapse. Moreover, METH is also 

capable of directly bind to dopamine transports, inhibiting dopamine influx into the cell and leading 

to the accumulation of this neurotransmitter in the synaptic cleft. (A) Control situation; (B) 

Methamphetamine exposure. 

 

The glutamatergic system can also be affected by METH exposure (Figure 1.3). In fact, 

METH increases glutamate release (Mark et al., 2004) and intracellular calcium levels with 

activation of several kinases and proteases resulting in the disruption of cytoskeleton and 

formation of ROS (Cadet et al., 2007). Also, NMDA (N-methyl-D-aspartate) and AMPA (α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) glutamate receptors (NR and GluR, 

respectively) are altered since it has been observed an upregulation of NR2A and GluR2 

subunits in the rat hippocampus (Simões et al., 2007) and frontal cortex (Simões et al., 
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2008) after single high dose of METH (30 mg/kg), and in striatum (Simões et al., 2008) 

after an escalating dose METH paradigm (from 10 to 30 mg/kg/day, for 7 days). 

Nevertheless, METH caused a decrease in the NR1 protein levels in the hippocampus 

after single METH administration (Simões et al., 2007), and in frontal cortex after 

escalating METH protocol (Simões et al., 2008). 

METH-induced neuronal dysfunction and death have already been demonstrated in 

several rodent brain regions such as the mice hippocampus (Gonçalves et al., 2010) and 

caudate-putamen (Bowyer et al., 2008), as well as in the rat neocortex and limbic system 

(Kuczenski et al., 2007). Despite the well-known impact of METH on neurons, it is now 

unquestionable that it also interferes with other brain cells. In fact, several authors have 

shown that METH triggers a neuroinflammatory response (Yamamoto and Raudensky, 

2008; Gonçalves et al., 2010) characterized by astrogliosis in the rodent cortex, 

hippocampus and striatum (Pubill et al., 2003; Sharma and Kiyatkin, 2009; Gonçalves et 

al., 2010), as well as microglial activation in the striatum, caudate-putamen (Pubill et al., 

2003; Bowyer et al., 2008) and hippocampus (Gonçalves et al., 2010).  

More recently, some studies have suggested that METH-induced brain aberrations may 

also result from its capability to interfere with blood-brain barrier (BBB) function (Figure 

1.3), which is a crucial structure for the unique features of brain environment (Bowyer et 

al., 2006; Ramirez et al., 2009; Martins et al., 2011; Gonçalves et al., 2014). Accordingly, 

brain infection is expected as a consequence of BBB disruption mediated by METH. In 

fact, there are some studies correlating the abuse of METH with cerebral infections, such 

as human immunodeficiency virus (HIV) that causes acquired immunodeficiency 

syndrome (AIDS). Though the direct effects of both METH and/or HIV on BBB properties 

are less understood. The available literature suggests that only the co-exposure of METH 

and HIV viral proteins causes an increase in BBB permeability (Mahajan et al., 2008; 
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Banerjee et al., 2010). On the contrary, METH alone seems to be capable of increase the 

brain fungi colonies after cryptococcal infection (Park et al., 2009; Patel et al., 2013). 

 

Figure 1.3. Scheme summarizing the cytotoxicity mechanisms triggered by METH. (1) METH 

can enter the cell by diffuse transport via plasma membrane or by transport through dopamine 

transporters (DAT). Once in the cytoplasm, METH enters in dopaminergic vesicles causing an 

intracellular accumulation of dopamine (DA). (2) The presence of DA in the cytoplasm increases 

reactive oxygen species (ROS). (3) The free DA can be transported by DAT from cytosol to 

extracellular space, where it can be oxidized leading to an augmentation of ROS in the synaptic 

cleft. (4) Another negative effect caused by the presence of METH is the mitochondrial stress, 

characterized by inhibition of the electron transport chain (ETC). (5) Furthermore, METH exposure 

also causes an increase in neuronal glutamate release, leading to an increase in intracellular Ca2+ 

levels. (6) By its turn, Ca2+ will stimulate nitric oxide synthase (NOS) activity, causing an increase 

in reactive nitrogen species (RNS). (7) This cellular stress induced by METH is followed by 
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activation of calpain and proteolysis of cytoskeleton proteins, such as tau and spectrin. (8) 

Regarding glial cells, METH triggers the release of ROS and cytokines, such as tumor necrosis 

factor-alpha (TNF-α) and interleukin 1-beta (IL-1β). (9) Finally, METH is also responsible for blood-

brain barrier (BBB) dysfunction, which allows plasma proteins and water to cross the barrier into 

the brain parenchyma (adapted from Marshall and O’Dell, 2012). 

 

1.1.2. Medical Use 

The first medical use of METH was under the brand name of Pervitin, which was given to 

German air force pilots during World War II until 1940. After that, it was only in the 1950s 

that Obetrol Pharmaceuticals launched the first pharmaceutical METH product, Obetrol, 

to treat obesity, turning it into a popular diet pill in 1960s in the United States of America 

(USA). In fact, until today METH is prescribed for obese patients but it is mainly used to 

treat attention deficit hyperactivity disorder (ADHD), under the name of Desoxyn 

(manufactured by Ovation Pharma) approved by the Food and Drug Administration (FDA) 

from USA (US-FDA, 2013). Besides the USA, the medical use of METH is only recognized 

by a few countries, such as Hong Kong and Australia. In most European countries, as well 

as in Canada and Japan, the possession/consumption and production of METH are illegal 

(INCD, 2005). 

Desoxyn is sold in 5 mg tablets for oral administration for treatment of 6-year-old children 

or older diagnosed with ADHD, or for exogenous obesity as a short-treatment option. 

Regarding ADHD, the administration is recommended to be once or twice a day with a 

usual effective dose of 20-25 mg daily.  For obesity, one tablet (5 mg) is taken 30 min 

before each meal, and the treatment schedule should include only a few weeks in duration 

and is not recommended for children under 12 years of age (US-FDA, 2013). 

Finally, METH can also be ultimately recommended as a last effort in the treatment of 

narcolepsy, at a maximum dose of 40-60 mg daily, and of idiopathic hypersomnia (US-

FDA, 2013). 
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1.2. Blood-Brain Barrier 

The blood-brain barrier (BBB), one of the blood-neural barriers, is present in almost all 

brain regions and has a role in the regulation of autonomic nervous system and endocrine 

glands (Ballabh et al., 2004; Cardoso et al., 2010). At the cellular level, this dynamic and 

specialized structure is composed of endothelial cells (ECs), connected with each other 

by tight (TJs) and adherens (AJs) junctions, and associated with pericytes, basement 

membrane, astrocyte endfeet, microglia, and neurons comprise the neurovascular unit 

(NVU) (Figure 1.4). The brain endothelium, with the lack of fenestrations and low fluid-

phase endocytosis (pinocytosis), is the first “physical barrier” where intercellular 

complexes confer low paracellular permeability and high electrical resistance to the BBB 

(Choi and Kim, 2008; Cardoso et al., 2010). The core importance of the BBB is 

demonstrated by its role in the maintenance of brain homeostasis and protection against 

toxic compounds and blood fluctuations, but simultaneously provides nutrients essential 

for the normal brain function (Abbott et al., 2006; Dietrich, 2009; Cardoso et al., 2010). The 

transports across the BBB are limited, highly selective and generally divided into 

paracellular and transcellular routes  



Introduction 
 

11 

 

 

Figure 1.4. Schematic representation of the neurovascular unit. The neurovascular unit is 

formed by endothelial cells delimitating the brain microvessels, which are surrounded by basal 

lamina, pericytes, astrocytes endfeet, microglia and neurons (from Leitão et al., 2016 with 

permission). 

 

Besides the BBB, there is also the blood-cerebrospinal fluid barrier, blood-retinal barrier 

and blood-spinal cord barrier (Figure 1.5). The blood-cerebrospinal fluid barrier (BCSF) is 

present in choroid plexus at the ventricular system and it is important for the production of 

cerebrospinal fluid (CSF) that will protect the brain and spinal cord. The capillaries of this 

barrier are more permeable and have more fenestrations than BBB, but they also express 

TJs proteins. Interestingly, these proteins are not all the same since the types of claudins 

differ from one barrier to another (Ballabh et al., 2004; Choi and Kim, 2008).  

The blood-retinal barrier (BRB) is important to deliver oxygen and nutrients to the retina, 

and it is divided in two barriers: the outer and the inner BRB. The outer BRB is formed by 

retinal pigment epithelium with fenestrations, unlike the BBB. The inner BRB is formed by 
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two beds of capillary endothelia, pericytes, supporting glial cells (Müller cells and 

astrocytes) and neural cells (Choi and Kim, 2008). Finally, the blood-spinal cord barrier 

(BSCB) is very similar to BBB, since it is also formed by microvessels surrounded by 

pericytes and astrocytes endfeet. The only differences between these two barriers are that 

BSCB has glycogen deposits and a higher permeability when compared to BBB (Choi and 

Kim, 2008).  
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Figure 1.5. Blood-neural barriers present in the CNS. There are four different types of barriers. 

(A) The blood-brain barrier (BBB) separates the blood from de cerebral parenchyma. (B) The 

ependymal cells present in the blood-cerebrospinal fluid barrier (BCSF) are responsible for the 

production of the cerebral spinal fluid. In this barrier, the brain vessels are more fenestrated making 

the BCSF less restrictive than BBB. (C) The blood-retinal barrier (BRB) is composed of both inner 

and outer barriers. The inner BRB has a structure and properties similar to BBB and is formed by 

microvessels surrounded by pericytes and astrocytes endfeet; the outer BRB present fenestrated 

blood vessels and is its retinal pigment epithelium layer that forms the barrier. (D) The blood-spinal 

cord barrier protects the spinal cord microenvironment (adapted from Choi and Kim, 2008). 

 

1.2.1. Cellular Composition of the Neurogliovascular Unit 

The term of neurovascular unit emerged from the necessity to include the neurons 

surrounding brain microvessels in the BBB structure. This improvement in the designation 

of such structure enlightens the importance of neuronal cells in vascular tonus 

maintenance and control of vasoconstriction or vasodilatation under the specific stimulus. 

Nevertheless, the interface between blood flow and brain parenchyma is not composed 

only of endothelial cells, but also by the direct contact (by adhesion molecules and GAP 

junctions) and the indirect contact (by soluble molecules) with the basal membrane, 

pericytes (muscle cells), astrocytes, microglia and neurons that altogether are responsible 

for the transport/passage of molecules and cells between the two compartments (brain 

and blood). Thus, the term neurogliovascular unit appeared in 2007 reinforcing the 

importance of glial cells on the BBB (Bastide et al., 2007), and since then it is a widely 

used terminology. 

 

1.2.1.1. Endothelial Cells 

Brain ECs are the major cellular component of the NVU and have unique characteristics, 

such as high active metabolism with large number of mitochondria, presence of several 

transporters, low pinocytosis activity and absence of fenestrations (Ballabh et al., 2004; 

Kim et al., 2006; Cardoso et al., 2010). These features provide to ECs the capacity to 
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import and export different types of molecules, such as nutrients and toxic compounds, 

respectively (Cardoso et al., 2010). ECs are the main responsible for the barrier function, 

mainly due to the presence of intercellular junctions between adjacent ECs that seal the 

brain microvasculature maintaining the barrier structure and properties. Such intercellular 

complex is formed by TJs that are localized closer to the luminal side of the ECs, whereas 

the AJs are below the TJs, more close to the abluminal side (Figure 1.6; Mahajan et al., 

2008). TJs act as a physical barrier by limiting the paracellular transport and as membrane 

domain barrier dividing both luminal and abluminal sides (Abbott et al., 2006; Kim et al., 

2006; Cardoso et al., 2010). This polarity is also due to the distribution of several 

transporters.  

 

1.2.1.1.1. Tight Junctions  

The TJs are formed by transmembrane proteins, such as claudins, occludin and junctional 

adhesion molecules (JAMs), and cytoplasmic proteins, like zonula occludens (ZO), 

cingulin, AF-6, and 7H6. The cytoplasmic proteins are important to mediate interactions 

between transmembrane proteins and actin cytoskeleton (Mahajan et al., 2008; Cardoso 

et al., 2010). In detail, the claudin protein family comprises, until now, 27 members.  

Claudin-1, -3 and -5 are the most important in brain microvascular cells, and these 

phosphoproteins (20-22 kDa) have four transmembrane domains (Gonçalves et al., 2013). 

The cytoplasmic domain is the responsible for the connection with actin cytoskeleton 

mediated by ZO proteins, which act as a scaffold protein by linking the COOH-terminal of 

claudins with the actin COOH-terminal through its PDZ domain (Ballabh et al., 2004). 

Occludin and claudins show strong structural homology but with no amino acid sequence 

homology (Ballabh et al., 2004). Claudin-3 and -5 are important for BBB integrity, 

contributing to lower permeability and high transendothelial electrical resistance (Abbott et 

al., 2006; Mahajan et al., 2008; Cardoso et al., 2010). Several studies have shown that 

claudins form the primary seal of TJs by homotypic connection with claudins in the 

adjacent ECs (reviewed in Gonçalves et al., 2013). Also, Nitta et al. (2003) demonstrated 
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that homozygous mutant mice (Cld5−/− mice) were born in the expected Mendelian ratios, 

and looked normal macroscopically. However, their movements gradually ceased, and 

they all died within 10h of birth. On the other hand, the overexpression of claudin-5 was 

shown to improve the barrier function in cultured brain ECs (Ohtsuki et al., 2007). 

Regarding occludin, it is also a phosphoprotein with four transmembrane domains and two 

extracellular loops (Ballabh et al., 2004; Abbott et al., 2006). The first extracellular loop 

mediates Ca2+-independent adhesion, although ZO-1 presence is required (Cardoso et al., 

2010). The cytoplasmic domain is responsible for the association between this protein and 

the cytoskeleton, mediated by accessory proteins, like ZO-1 through its guanyl kinase-like 

(GUK) domain which stabilizes the linkage with actin COOH-terminal (Ballabh et al., 2004; 

Abbott et al., 2006). Moreover, occludin is responsible for the high electrical resistance of 

the brain ECs contributing also to BBB stabilization. Although this protein plays an 

important role in barrier function (Huber et al., 2002; Brown and Davis, 2005), it is not 

essential for proper TJs formation, and normal expression and localization of other 

junctional proteins can compensate for occludin absence. Specifically, Saitou et al. (2000) 

demonstrated that occludin knockout mice did not show any morphologic changes in TJs 

but presented impairments in general development and breeding. 

Another group of transmembrane proteins is the JAM family that includes three members 

as follows: JAM-1, -2, and -3. JAM-1 (or JAM-A) and JAM-3 are expressed almost 

exclusively in the brain (Ballabh et al., 2004; Cardoso et al., 2010). These proteins are part 

of the TJs formation as integral membrane proteins together with occludin and claudins 

(Vorbrodt and Dobrogowska, 2003). Moreover, the JAMs proteins have an important role 

in cell–cell adhesion and regulation of leukocytes migration through BBB (Persidsky et al., 

2006). Importantly, altered expression of JAM-1, in addition to affecting the junctional 

tightness, may also disturb leukocyte trafficking with implications for the immune status of 

the brain (Abbott and Friedman, 2012). Although JAM-1 and -3 do not need accessory 

proteins to bind with the cytoskeleton, they can be linked to the ZO-1 protein (Mahajan et 

al., 2008). 
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Additionally, cytoplasmic proteins make the connection between the transmembrane 

proteins and the actin cytoskeleton. Besides their important structural/support function, 

cytoplasmic proteins are also involved in the regulation of gene transcription and cell 

proliferation (González-Mariscal et al., 2009; Cardoso et al., 2010). Among these, ZO 

proteins are found in the submembranous region and mediate the connection between 

claudin or occludin with the actin cytoskeleton (Kim et al., 2006). ZO-1 is a phosphoprotein 

that seems to be one of the most important ZO family member (Kim et al., 2006; Cardoso 

et al., 2010), since its loss leads to an increase in permeability and decrease in BBB 

tightness (Choi and Kim, 2008; Cardoso et al., 2010). ZO-2 is also a phosphoprotein that 

shows a great homology in amino acid sequence and structure with ZO-1 (Ballabh et al., 

2004; Cardoso et al., 2010). The ZO-2 protein is mainly related to gene expression and 

cell cycle progression (González-Mariscal et al., 2009; Wolburg et al., 2009). Finally, ZO-

3 shows protein homology with ZO-1 and -2, and some studies have suggested that ZO-3 

is capable to directly bind to both occludin and ZO-1, stabilizing the link between these 

proteins (Cardoso et al., 2010). Additionally, cingulin, AF-6, and 7H6 play a role as a 

scaffold between transmembrane proteins and the cytoskeleton, being involved in TJs 

permeability to ions and large molecules (Sandoval and Witt, 2008).  
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Figure 1.6. Distribution of tight and adherens junctions in the brain endothelial cells. The 

intercellular complex between two adjacent endothelial cells is composed by tight and adherens 

junctions. Tight junctions (TJs) are formed by transmembrane proteins, such as occludin, claudins 

(from a total of 24 different claudins, the type 1 and 5 are the most expressed in the BBB) and 

JAMs, 1, 2 and 3. The accessory proteins of TJs are zonula occludens (ZO-1, -2 and -3) and 

cingulin, among others. Adherens junctions (AJs) are formed by transmembrane proteins 

cadherins, being VE-cadherin the most expressed in brain microvessels, and by accessory proteins 

such as catenins. Cytoplasmic proteins of both tight and adherens junctions make the connection 

between the transmembrane proteins and the actin cytoskeleton (adapted from Abbott et al., 2010). 

 

1.2.1.1.2. Adherens Junctions  

The AJs are localized closer to the abluminal side of ECs and are responsible for cell–cell 

adhesion and for cell polarity, acting as a gate between luminal and abluminal sides 

(Hawkins and Davis, 2005). These junctions include the protein family cadherins, 

composed by more than 80 different subtypes, with vascular endothelial (VE)-cadherin 

(Navarro et al., 1998) and neural(N)-cadherin (Vorbrodt and Dobrogowska, 2003) the most 

express cadherins in brain microvessels and in the brain tissue, respectively. These 

transmembrane glycoproteins mediate cell adhesion in a Ca2+-dependent manner, inhibit 
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cell proliferation, and decrease cell permeability and migration. Additionally, the catenins 

are responsible for the connection between cadherins and the actin cytoskeleton. This 

protein family is constituted by four different isoforms (α-, β-, δ- and γ-catenin), in which β-

catenin is the most expressed in brain endothelial cells. Besides the role of β-catenin in 

the anchorage of cadherins to the cellular cytoskeleton, this protein plays also an important 

role as transcription factor regulating several genes (Vorbrodt et al., 2008).  

 

1.2.1.1.3. Transport Across Endothelial Cells 

The presence of intercellular junctions is responsible for the control of paracellular 

pathway, which includes the passage of small and water-soluble molecules between 

adjacent ECs. In fact, this pathway is used by small water soluble agents and ions that 

cross the BBB accordingly to their concentration gradient (Figure 1.7; Petty and Lo, 2002). 

Since this type of transport is regulated by TJs and AJs, alterations of endothelial 

intercellular junctions will interfere with this route. Further, molecular features of 

compounds can also interfere with their entry into the brain since a polar surface area 

higher than 80 Å and/or a molecular weight greater than 450 Da will restrict BBB 

permeability.  

Regarding the transcellular transport, it can occur by passive diffusion of lipophilic com-

pounds, or mediated by vesicles or selective transporters (Figure 1.7; Abbott et al., 2006), 

such as the glucose transporter-1 (GLUT-1) and adenosine triphosphate(ATP)-binding 

cassette transporters (ABC transporters). Small lipophilic molecules and gasses (like 

oxygen and carbon dioxide) pass through endothelium by diffuse transport (Ballabh et al., 

2004; Cardoso et al., 2010).  On the other hand, most polar molecules cannot enter the 

brain by diffuse transport and for that ECs express a large number of transporters in the 

cell membrane. This type of transport includes GLUT-1 that is expressed in higher 

concentration in the abluminal membrane when compared with the luminal side (Cardoso 

et al., 2010). The importance of this asymmetrical expression is to prevent the 

accumulation of glucose in the brain in concentrations higher than those present in the 
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blood stream (Cardoso et al., 2010). The other group of transporters present in ECs is the 

ABC transporters, that includes the P-glycoprotein 1 (P-gp) and the multidrug resistance-

associated proteins (MDR). The main role of ABC transporters is to act as efflux pumps of 

a diversified range of lipid-soluble compounds (Abbott et al., 2010). The presence of P-gp 

transporter in the luminal membrane is three times greater than in the abluminal cell 

membrane, and so prevents the passage of blood-borne molecules into the brain and 

facilitates their transport out of the brain tissue. Further, P-gp can also be found on the cell 

membrane of astrocytes and pericytes (Bendayan et al., 2006). MDR transporters are 

expressed mainly in the luminal membrane of ECs and are responsible for the efflux 

transport of anionic compounds (Cardoso et al., 2010). 

Transcytosis of macromolecules in BBB can be divided as follows: receptor-mediated 

(RMT) or the adsorptive-mediated (AMT) transcytosis (Figure 1.7). The RMT involves the 

binding of a ligand to its specific receptor which will trigger the internalization of the newly 

formed complex and ultimately leads to its exocytosis on the opposite side of the cell 

(Abbott et al., 2010). Alternatively, in AMT an excessively charged molecule interacts with 

cell surface binding sites inducing the endocytic process (Abbott et al., 2010). Noteworthy, 

brain ECs present a low pinocytic activity (Claudio et al., 1989) that can highly increase 

under pathological conditions. Indeed, endocytic vesicles play an important role in the 

transport into the brain, and the most studied are the caveolae-derived vesicles. 

Importantly, caveolin-1 is the primary coat protein of caveolae and regulates cell 

proliferation, as well as both nitric oxide and calcium signaling (Minshall et al., 2003). 

Moreover, this vesicular protein seems to have a role in the downregulation of TJs proteins 

after exposure to HIV-1 Tat protein (Zhong et al., 2008). Interestingly, authors observed 

that caveolin-1 silencing protected the human brain microvascular endothelial cells from 

Tat protein-induced damage, and this effect seems to be mediated by small GTPase Ras 

pathway (Zhong et al., 2008). 

In addition to the abovementioned routes of transport, migration of cells through the BBB 

is a tightly regulated and complex process. However, peripheral immune cells are recruited 
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into the brain parenchyma under some pathological conditions. This phenomenon, known 

as diapedesis, is rare under physiological conditions and can occur through the 

transcellular or paracellular pathways with the involvement of several adhesion molecules 

(Engelhardt, 2006). A complex sequence of events ensures that leukocytes only enter into 

the brain tissue at the specific inflammatory site. The sequence of leukocytes diapedesis 

can be divided into four main steps. The first is the attachment of leukocytes to the vessel 

wall which involves L-selectin, very late antigen 4 (VLA-4), E-selectin and P-selectin ligand 

expression in leukocytes, whereas in endothelial cells the sialyl-Lewis x antigen, vascular 

cell adhesion molecule 1 (VCAM-1), E-selectin and P-selectin are the players involved in 

this migration step (Muller, 2013). Afterward, leukocytes will locomote on ECs toward the 

cell borders by an on-off interaction between leukocytes macrophage-1 antigen (Mac-1, 

also known as CD11b) and the intercellular adhesion molecule-1 (ICAM-1) expressed in 

ECs (Muller, 2013). The third step corresponds to the leukocytes transmigration through 

the endothelium and the basement membrane, and involves the interaction of 

platelet/endothelial cell adhesion molecule 1 (PECAM-1 or CD31) and CD99, both 

expressed in leukocytes and ECs (Muller, 2013). Importantly, this is a no-return step, 

meaning that once the diapedesis start there is no cellular mechanism to stop such 

process. The passage of leukocytes between adjacent ECs can occur by a rearrangement 

of TJs proteins or by a previous downregulation of intercellular proteins induced by a BBB 

injury (Engelhardt, 2006; Abbott et al., 2010). Finally, the last step of transmigration is the 

passage through the interstitial tissue where the interaction between leukocytes Mac-

1/CD11b proteins with ICAM-1 from ECs or pericytes will guide the immune cells from the 

bloodstream into the brain parenchyma (Muller, 2013). Nevertheless, the peripheral 

immune cells can penetrate brain tissue with an intact BBB using the transcellular 

pathway. Despite the poorly understanding about this diapedesis pathway, some of the 

paracellular players are also involved in the transcellular migration of immune cells, such 

as ICAM-1, PECAM, and CD99 (Muller, 2013). 
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Figure 1.7. Routes across brain endothelial cells.  The paracellular transport is relevant for ionic 

homeostasis. The selective transporters of proteins are important to suppress the nutritional needs 

of the brain. Both receptor-mediated and adsorptive transcytosis may also occur under 

physiological conditions, but at a low level (adapted from Abbott et al., 2006). 

 

1.2.1.2. Pericytes 

Pericytes, also known as vascular smooth muscle cells, cover approximately 30% of the 

brain capillaries. They have contractile proteins that give them the capacity to regulate 

blood flow and provide structural stability to brain microvasculature (Sweeney et al., 2016). 

Importantly, pericytes can communicate with ECs by gap junctions, adhesion plaques and 

soluble factors (Cardoso et al., 2010). Additionally, these cells are responsible for 

producing and releasing components of the basal lamina, including several types of 

proteoglycans (Cardoso et al., 2010), and also have an important role in the control of 

transcytosis (Bell et al., 2010) and BBB properties via upregulation of both TJs and AJs 

proteins (Armulik et al., 2010; Bell et al., 2010) In fact, more recently a triple primary 

cultures model of BBB (endothelial cells, pericytes and astrocytes) was developed with 

higher values of transendothelial electrical resistance (TEER) and lower levels of 
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permeability when compared to both co-cultures (endothelial cells and astrocytes) or 

monocultures (only endothelial cells) (Helms et al., 2016). Degeneration of pericytes 

causes BBB hyperpermeability (Bell et al., 2010) and an increase of proinflammatory 

molecules (Kovac et al., 2011; Jansson et al., 2014). 

 

1.2.1.3. Basal Lamina 

The basal lamina is the acellular component of the NVU and is composed predominantly 

of collagen type IV, laminin, fibronectin and proteoglycans (Kim et al., 2006; Cardoso et 

al., 2010). This structure is important for anchoring endothelial cells and pericytes, and for 

connecting these cells with other neighbor cells (Cardoso et al., 2010). Disruption of basal 

lamina, by downregulation of its components or by degradation, will negatively interfere 

with BBB properties (Cardoso et al., 2010). In fact, the major contributor to basal lamina 

degradation is matrix metalloproteinases (MMP), which are zinc-dependent 

endopeptidases capable of both extracellular matrix and TJs proteolytic cleavage 

(Rosenberg, 2002). Specifically, a cause-effect relation between augmentation of MMP 

expression/activity and BBB disruption with TJs protein degradation was demonstrated in 

mice exposed to a single dose of METH (Martins et al., 2011) and in a rat cerebral ischemia 

model (Yang and Rosenberg, 2011). 

 

1.2.1.4. Astrocytes 

Astrocytes, or more specifically the astrocytic endfeet, play an important role in the 

formation and maintenance of the NVU (Ballabh et al., 2004; Abbott et al., 2006; Kim et 

al., 2006; Kou and Lu, 2011). In fact, one of their functions is to connect ECs with close 

neurons by its processes (Figure 1.8; Kim et al., 2006), and to control brain water 

homeostasis due to the expression of water channels denominated aquaporins (Abbott et 

al., 2006; Nag et al., 2009). 
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It is important to highlight that astrocytes can have a dual role. They can release trophic 

and soluble factors important for neuronal survival, as well as for BBB formation and 

maintenance (Ballabh et al., 2004). Additionally, astrocytes are responsible for the 

reuptake and metabolism of some neurotransmitters, specifically glutamate and gamma-

aminobutyric acid (GABA; Abbott et al., 2006; Allaman et al., 2011). On the other hand, 

astrocytes can release MMPs (Rosenberg, 2002), proinflammatory cytokines, such as 

interleukin-1 beta (IL-1β) and tumor necrosis factor-alpha (TNF-α; Abbott, 2002; Abbott et 

al., 2006), and high concentrations of calcium to the extracellular space leading to 

excitotoxicity (Rossi and Volterra, 2009). 

 

1.2.1.5. Microglia 

Microglia is the major component of the brain immune system, and can present itself in 

two main phenotypes: resting microglia, highly ramified with long cytoplasmic protrusions 

constantly surveying the surrounding microenvironment; and activated microglia, with 

short processes, high proliferation rate, migration and phagocytic activity (Du et al., 2016). 

The most recognize activation states is also known as M1 and M2 phenotypes. The M1 

microglia is the classical activation state characterized by a robust release of inflammatory 

mediators, including ROS and proinflammatory cytokines (Choi and Kim, 2008, Coelho-

Santos et al., 2012), recruitment of peripheral immune cells and phagocytosis (Barata-

Antunes et al., 2017). In contrast, the M2 phenotype is associated with an anti-

inflammatory role of microglia (Barata-Antunes et al., 2017). Despite the classical 

classification of resting and activated microglia, this is not straightforward since microglia 

can present several phenotypes and switch between them in response to 

microenvironments changes.  
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Activation of microglia can be triggered by several stimuli, such as inflammatory molecules 

released by astrocytes, increase in extracellular glutamate and blood serum molecules 

that pass through an impaired BBB (Ransohoff and Perry, 2009). In fact, these cells can 

be found in the surroundings of BBB suggesting their participation in the barrier function 

(Choi and Kim, 2008). Moreover, growing evidence has suggested that microglial cells 

have a crucial role in neuronal development and in synaptic fine-tune (Kettenmann et al., 

2013) 
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Figure 1.8. Schematic representation of astrocytes localization in the neurovascular unit.  

Astrocytes indirectly contact with brain vessels by their endfeet, forming the astrocyte functional 

barrier. Moreover, the intercellular junctions (tight and adherens junctions) are the molecular 

players that form the barrier seal between adjacent endothelial cells. Surrounding the brain vessels 

there are also pericytes and extracellular basal membrane (EBM). Importantly, astrocytes have also 

a role in communication between neurons and endothelial cells, acting as an intermediary player 

(adapted from Sofroniew, 2015). 

 

1.2.1.6. Neurons 

Neurons are considered the major and more important cells in the brain. Regarding BBB, 

neurons are not directly connected to brain ECs and require astrocytes to mediate this link 

(Kim et al., 2006). Nevertheless, noradrenergic, serotonergic, cholinergic, and GABAergic 

neurons (Hawkins and Davis, 2005) can influence ECs function by controlling blood flow 

(Kim et al., 2006; Cardoso et al., 2010)  
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1.3. Brain Edema 

The water content in a normal brain corresponds approximately to 78% of total tissue 

weight (McIlwain and Bachelard, 1985). An alteration in this tightly controlled content leads 

to a pathophysiological condition, known as brain edema, and defined by an excessive 

water accumulation in the intracellular or extracellular spaces. Since skull free space is 

scarce, the abnormal water accumulation in the brain, even if small, will lead to an increase 

in intracranial pressure, which in turn causes brain microvasculature squeezing resulting 

in severe oxygen and nutrients supply depletion followed by cell death (Adeva et al., 2012; 

Papadopoulos and Verkman, 2013). 

Brain edema can be divided into four main categories as follows: vasogenic, cytotoxic, 

osmotic and hydrostatic, being the main differences between them the pathological 

conditions that induce the edema formation. Nevertheless, this classification cannot be 

done in a straightforward manner. In fact, in situations such as hypoxia/ischemia (Ho et 

al., 2012), traumatic brain injury (Barzó et al., 1997, Dalle Lucca et al., 2012), 

neuroinflammation (Lazovic et al., 2005), and schizophrenia (Koch et al., 2001) both 

cytotoxic and vasogenic edema can occur (Hackett, 1999). 

 

1.3.1. Types of Cerebral Edema 

Vasogenic edema is more frequent in the white matter than in the gray matter (Adeva et 

al., 2012) and is associated with microvasculature disruption leading to an accumulation 

of water in the extracellular space (Figure 1.11). This type of edema is found after trauma, 

tumors, focal inflammation, ischemia and hypertensive encephalopathy (Adeva et al., 

2012; Benga and Huber, 2012). Concerning cytotoxic edema, it is characterized by an 

intracellular water accumulation (Figure 1.11), due to an impairment in sodium and 

potassium pumps or in water channels present in cell membranes. Cytotoxic edema 

occurs in several intoxications, such as with dinitrophenol (Ennis and Keep, 2006), 

isoniazid (Hawkes et al., 2008) and hexachlorophene (Kinoshita et al., 2000), as well as 
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in ischemia, stroke or hypoxia (Strbian et al., 2012). In this type of brain edema, the BBB 

is usually found intact. Interestingly, both vasogenic and cytotoxic edemas can co-exist in 

conditions like infarct, being the cytotoxic the first to appear followed by the vasogenic 

type.  

In osmotic edema, an osmolality imbalance between cerebral-spinal fluid and plasma is 

observed. The water flow occurs from plasma into the brain due to the pressure gradient 

that is caused mainly by salts and nutrients imbalance. This type of edema is frequently 

found in hyponatremia (Ayus et al., 2008) and hemodialysis (Bagshaw et al., 2004) 

pathological conditions. Finally, in the hydrostatic type of edema the water flow into the 

brain tissue by an augmentation of cerebral capillary pressure, as observed in 

hypertension (Adeva et al., 2012). 

 

 

Figure 1.11. Vasogenic and Cytotoxic Edema. (A) Scheme representing a vasogenic edema, 

where brain water accumulation is independent of aquaporins (AQPs), but AQP4 has a key role in 

the clearance of the excessive water volume. (B) Cytotoxic edema, in which the increase in water 

brain content is due to an increase in water transport through astrocytic AQP4 (adapted from Tait 

et al., 2008). 

 

1.3.2. Some Causes of Brain Edema 

Considering the several types of brain edema it is also expected that each one present 

different etiologies. Firstly, vasogenic edema is always linked to BBB disruption, so 

alterations in the expression levels or organization of intercellular junctions’ proteins can 

explain, at least in part, the appearance of such type of edema. One of the important 
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players in BBB disruption is the MMPs because of their proteolysis ability to degrade basal 

membrane and TJs proteins (Rempe et al., 2016). Indeed, in a mouse model of acute liver 

failure, MMP-9 activity was shown to be involved in brain edema and BBB disruption and 

its inhibition prevented both water accumulation and microvasculature breakdown (Chen 

et al. 2009). On the other hand, cytotoxic edema is not usually accompanied by such 

TJs/AJs alterations, since BBB appears intact. Thus, water accumulation can be caused 

by ionic or water imbalance that forces water accumulation in brain parenchyma, or by the 

dysfunction of a system that somehow regulates the brain water homeostasis. The most 

prominent key player in this type of edema is the water channel aquaporin 4 (AQP4). AQP4 

is highly expressed by astrocytes endfeet that surround brain microvasculature (Figure 

1.12), and in ependymal cells (Tait et al., 2008). Despite the important role of this water 

channel in brain water homeostasis, it has also a role in formation and resolution of brain 

edema. Notwithstanding, the molecular mechanisms beyond its regulation, function, and 

involvement in BBB dysfunction are still unknown.  

Several mediators have been shown to have an active role in cytotoxic brain edema, such 

as ROS, vascular endothelial growth factor (VEGF), and proinflammatory cytokines 

(Walcott et al., 2012). Nevertheless, some of these molecules, such as ROS, can also be 

involved in vasogenic edema since they can lead to BBB disruption (Panahpour et al., 

2014; Abdul Muneer et al., 2015). In fact, in pathological conditions as hypoxia and diabetic 

ketoacidosis, where brain edema is a key feature, high levels of free radicals can be 

detected (Fraser, 2011). Moreover, VEGF was shown to be involved in the increase of 

brain water content and BBB hyperpermeability via hypoxia-inducible factor (HIF) 

upregulation (Argaw et al., 2009; Adeva et al., 2012). Brain tumor cells are also able to 

produce and release VEGF to increase blood and nutrients supply that are needed to grow 

and develop metastases (Trevisan et al., 2014). Additionally, proinflammatory cytokines, 

like TNF-α, interleukins, and CCL2 (chemokine (C-C motif) ligand 2), are also capable of 

causing BBB disruption (Candelario-Jalil et al., 2007) and brain edema (Collins and 

Neafsey, 2012; Kim et al., 2013). In fact, it was already demonstrated that both IL-1β and 
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TNF-α lead to an upregulation of AQP4 in cultured astrocytes (Asai et al., 2013). Moreover, 

a very recent work by Liu and collaborators (2015) showed that IL-1β knockdown 

diminished astrocyte swelling, a marker of cytotoxic edema, in an animal model of hypoxia-

ischemia. Also, a mixed solution of IL-1β, TNF-α, and interferon-gamma (IFN-γ) caused 

an upregulation of AQP4 in cultured astrocytes (Asai et al., 2013). 

 

1.3.3. Therapeutic Approaches 

Even though brain edema is a serious health condition, the available treatments are scarce 

and ineffective. The current treatments consist mainly of osmotherapy, control of arterial 

blood pressure, and surgical decompression, as the last effort to relieve the increase in 

intracranial pressure.  

The most used drug in osmotherapy is mannitol, a powerful compound that exerts its 

beneficial effects by promoting a gradient that ultimately will force water molecules to move 

out the brain tissue into the blood flow. However, mannitol can also lead to a general 

hypotension, heart failure, electrolyte abnormalities and acute renal failure (Grände and 

Romner, 2012). Another drug widely used in osmotherapy is a hypertonic saline solution, 

which shows the same effectiveness as mannitol in reducing the brain water content but 

without the diuretic effect of mannitol. Nevertheless, it can cause an imbalance in blood 

sodium levels (Walcott et al., 2012). When osmotherapy fails, barbiturates are the second 

option. One example is pentobarbital that act by reducing both intracranial blood volume 

and the metabolic demand within brain parenchyma (Walcott et al., 2012). Another 

approach to treating brain edema specifically related with brain tumors is the 

administration of corticosteroids (Heiss et al., 1996). 

Despite the abovementioned treatments, most of the times they are not sufficient to avoid 

severe sequels or even death. Therefore, it is important to improve our knowledge about 

the underlying mechanisms involved in brain edema formation to allow a more effective 

approach. Several transporters and receptors have been implicated as meaningful 
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mediators in the treatment of brain edema. One of those transporters is the Na-K-Cl 

cotransporter, responsible for the active transport of sodium, potassium, and chloride in 

and out of the cells. In fact, exposure to MDMA causes alterations in sodium homeostasis, 

leading to a reduction in sodium blood levels, known as hyponatremia (Ghatol and Kazory, 

2012), whereas METH consumption causes hypernatremia, a rise in sodium levels 

(Sharma and Kiyatkin, 2009). Concerning the receptors involved in edema, the 

vasopressin receptor is one of the most promising therapeutic targets. Conivaptan, an 

antagonist of vasopressin receptor, has been used in the treatment of brain edema due to 

its inhibitory effect on the development of hyponatremia, which is associated with the 

formation of brain edema (Walcott et al., 2012). 

 

1.3.4. Aquaporins 

The specific mechanisms underlying edema formation are still unclear, which highlights 

the urgency of dissecting such pathways to identify new targets and approaches to control 

brain water movements and homeostasis. In fact, alterations in water channel AQP4 have 

been associated with the increase of brain water content in several neuropathologies, such 

as trauma, ischemia, epilepsy, and in tumors of astrocytic origin (Nag et al., 2009). 

Aquaporins (AQPs) are small proteins with approximately 30 kDa. Despite different 

permeability coefficients, all the water channels form a tetramer and each monomer has 

its own functional channel (Smith and Agre, 1991). Aquaporin protein family comprises 13 

different proteins (0 to 12; Itoh et al., 2005) and can be divided into 4 groups regarding its 

permeability as follows: type 0, 1, 2, 4 and 5 are water permeable;  type 3, 7, 9 and 10 are 

also known as aquaglyceroporins due to their permeability to water and other small non-

polar solutes, like glycerol and urea; type 6 and 8 are also permeable to ions; and type 11 

and 12 although having amino acids sequence homology with other AQPs they lack 

structural characteristics similarities, nevertheless they are both permeable to water but at 

a low rate than the others water permeable AQPs (Rojek et al., 2008). Regarding the 
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cerebral tissue, the most expressed types are 1, 4 and 9 (Venero et al., 2001; Tait et al., 

2008; Francesca and Rezzani, 2010). AQP1 has a role in CSF formation and is present in 

choroid plexus epithelium (Zelenina, 2010). AQP9 is important to energetic metabolism, 

and is present in neurons (Amiry-Moghaddam et al., 2005), in tanycytes from the wall of 

the third ventricle, and in endothelial cells of subpial blood vessels (Tait et al., 2008). 

Finally, AQP4 has a role in both formation and resolution of cerebral edema, in K+ 

clearance during neuronal activity and can be found in astrocytes and ependymal cells 

(Zelenina, 2002).  

Each AQP4 monomer has six transmembrane domains with both terminals, carboxyl and 

amino, in the intracellular space (Figure 1.12; Preston et al., 1994; Nag et al., 2009). This 

water channel has two main isoforms originated by alternative splice, known as M1 and 

M23 (Figure 1.12; Jung et al., 1994). An additional isoform has been recently identified in 

rats as Mz with 364 amino acids (Figure 1.12) that presents a Nh2-terminal 41 amino 

acids longer than the isoform M1 (323 amino acids) (Moe et al., 2008). Isoform M23 is the 

smallest isoform with 301 amino acids but it is the most expressed in the brain.  M1 and 

M23 isoforms are organized in supramolecular structures composed of aggregates of both 

isoforms in a tightly regulated ratio (Sorbo et al., 2008), forming orthogonal arrays of 

particles (OAPs; Furman et al., 2003; Silberstein et al., 2004; Nicchia et al., 2010). 

Moreover, OAPs composition and function depend on the relative amounts of both 

isoforms since an increase in M1 isoform in the OAPs leads to a disruption of this structure 

causing a dysregulation in water homeostasis, whereas an increase of M23 stabilizes the 

supramolecular structure (Furman et al., 2003). In fact, in Chinese hamster ovary cells 

transfect with both AQP4 isoforms the presence of M23 alone creates large OAPs, while 

the presence of M1 alone creates singlets of AQP4 tetramers. Thus, when the two isoforms 

are expressed, the OAPs formed are more comparable to the structures found in 

astrocytes in situ (Furman et al., 2003). 
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Figure 1.12. Schematic representation of aquaporin-4. AQP4 has three isoforms: Mz, M1, and 

M23. The Mz isoform is the longest with 364 amino acids and is express only in rat brain tissue. 

The M1 isoform has 323 amino acids and the M23 isoform is the smallest with 301 amino acids. 

Several residues of AQP4 can be phosphorylated by different kinases, such as protein kinase C 

and calcium-calmodulin-dependent protein kinase II (adapted from Zelenina, 2010). 
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Like other channels and membrane proteins, the regulation of AQPs is crucial for normal 

cellular function. AQP4 has two well-documented regulatory sites by phosphorylation of 

serine residues (Ser111 and Ser180, Figure 1.12). The serine residue present in position 

111 (Ser111) can be indirectly phosphorylated by protein kinase C (PKC) or by 

calcium/calmodulin-dependent protein kinase II (CaMKII) through the recruitment of 

cGMP-dependent protein kinase (PKG). Interestingly, the inhibition of nitric oxide synthase 

(NOS) prevented the phosphorylation of Ser111 (Yukutake and Yasui, 2010; Zelenina, 

2010), however, the specific mechanism behind this effect is still poorly understood. 

Several studies suggest that phosphorylation of Ser111 causes an increase in AQP4 water 

permeability (Gunnarson et al., 2005; Gunnarson et al., 2008). In turn, serine residue 

present in position 180 (Ser180) is directly phosphorylated PKC (Zelenina et al., 2002; 

McCoy et al., 2010), rapidly reducing the AQP4 water permeability (Zelenina et al., 2002; 

Nagelhus and Ottersen, 2013). Moreover, longstanding PKC activation causes AQP4 

internalization and even a decrease in its de novo expression (Zelenina, 2010). Kadohira 

and collaborators (2008) also showed that phosphorylation of other COOH-terminal 

residues (Ser276, Ser285, and Thr289) by casein kinase II (CKII; Figure 1.12) are 

responsible for AQP4 transport from Golgi complex to the plasma membrane. Moreover, 

phosphorylation of Ser276 has been correlated with internalization and degradation of 

AQP4 in renal epithelial cells (Madrid et al., 2001). Importantly, AQPs are also regulated 

by metals ions like mercury (Hg) and lead (Pb). Most types of AQPs are inhibited by Hg 

(Amiry-Moghaddam and Ottersen, 2003) except for AQP6 that is activated by this metal 

(Hazama et al., 2002). Concerning AQP4, an older study classified it as mercurial-

insensitive (Shi and Verkman, 1996; Nicchia et al., 2000), but afterward, Yukutake and 

collaborators (2008) demonstrated that isoform M23 can be inhibited by Hg. This inhibitory 

mechanism involves two cysteine residues in position 178 and 253 (Figure 1.13; Yukutake 

et al., 2008). The isoform M1 of AQP4 is probably regulated by mercury through NH2-

terminal residues (Yukutake and Yasui, 2010). Additionally, AQP4 can be regulated by 
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other metal ions such as zinc (Zn) and copper (Cu), causing an inhibition of AQP4 M23 

isoform (Figure 1.13; Yukutake and Yasui, 2010). 

 

Figure 1.13. Structural 3D representation of aquaporin-4. Model of the AQP4 structure showing 

the residues involved in AQP4 inhibition by phosphorylation (Ser180) and metal binding (Cys178). 

The phosphorylation residue (Ser111) described as an inductor of water permeability is also 

indicated. The Ala210 residue, which corresponds to Cys189 on aquaporin 1 (AQP1), has been 

described as the residue responsible for channel selectivity to water molecules (adapted from 

Yukutake and Yasui, 2010). 

 

Regarding AQP4 localization, it is mainly found in perivascular astrocytes endfeet that 

surround the ECs (Figure 1.14; Amiry-Maghaddam and Ottersen, 2003), where it plays 

an important role in BBB function. The AQP4 presence in perisynaptic astrocyte processes 

is involved in neurotransmitter uptake. Moreover, its expression in astrocyte processes 

close to nodes of Ranvier and to nonmyelinated axons is involved in the K+ clearance 

(Zelenina, 2010). There is ample support for the claim that AQP4 has a crucial role in the 

control of water flux in and out the brain, and so on brain edema formation and resolution, 

respectively. Indeed, in several neuropathologies, like ischemia, traumatic brain injury, and 

brain tumors, alterations in AQP4 expression and activity are observed (Tait et al., 2008; 

Nag et al., 2009; Zelenina, 2010).  
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Figure 1.8. Aquaporin-4 in astrocytes and water movement between the capillary lumen and 

brain parenchyma. This image shows water uptake and release by astrocytic endfeet. The arrows 

indicate the direction of water movement (adapted from Amiry-Moghaddam et al., 2004). 

 

In the brain, AQP4 anchorage to cellular membrane and consequently to extracellular 

matrix is mediated by dystrophin-glycoprotein complex, that comprises dystrophin (being 

the Dp-71 the most expressed in the brain), syntrophins (with α-syntrophin the most 

important in AQP4 anchorage), and both α- and β-dystroglycan (Figure 1.15; Amiry-

Maghaddam et al., 2004; Connors et al., 2004). Interestingly, Neely and collaborators 

(2001) showed that in mice lacking α-syntrophin, the AQP4 became mislocalized and lose 

the characteristic distribution in astrocyte endfeet surrounding brain microvasculature. 
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Furthermore, an analogous effect was observed in null mice for dystrophin (Vajda et al., 

2002). Nevertheless, many questions remain unanswered particularly related to the 

molecular mechanisms that regulate AQP4 function and its possible involvement on BBB 

dysfunction. 

 

Figure 1.15. Anchoring of aquaporin-4 and interaction with dystrophin complex. AQP4 is 

anchored to the cytoplasm and basal lamina through connection with α- and β-dystroglycan (α-DG 

and β-DG, respectively) and α-syntrophin (α-syn). The association between AQP4 and α-syn occurs 

via PDZ domains. The α-syn links AQP4 to dystrophin-family proteins, such as dystrophin Dp-71 

and α-dystrobrevin. Anchorage of AQP4 to basal lamina is mediated by α-DG and β-DG that is 

associated with laminin and agrin (adapted from Amiry-Moghaddam et al., 2004). 

 

As abovementioned, in vasogenic edema (Figure 1.11A) there is an accumulation of water 

in brain extracellular space, and AQP4 has a role in the clearance of water excess. Thus, 

the water influx is AQPs-independent and seems to be due to BBB opening, whereas 

water efflux is AQP4-dependent (Venero et al., 2001; Tait et al., 2008; Nag et al., 2009; 
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Francesca and Rezzani, 2010). On the other hand, the cytotoxic edema (Figure 1.11B) 

involves the swelling of astrocytes probably due to an increase of AQP4 activity (Tait et 

al., 2008; Nag et al., 2009; Francesca and Rezzani, 2010). Therefore, depending on the 

type of brain edema, different therapeutic strategies must be adopted. The control of 

vasogenic edema can be performed via the increase of AQP4 activity, but cytotoxic edema 

treatment necessarily involves the reduction of the activity of this water channel (Nag et 

al., 2009; Francesca and Rezzani, 2010).  

Despite some advances in the field, the role of AQP4 in cerebral edema is still unclear. In 

fact, several studies with knockout (KO) animals showed contradictory results. In models 

of cytotoxic brain edema, like hyponatremia (Papadopoulos and Verkman, 2007), bacterial 

meningitis (Manley et al., 2000) and in early focal cerebral ischemia (Papadopoulos and 

Verkman, 2005), the AQP4 knockdown showed a protection against brain edema 

formation. On the contrary, AQP4 KO animals present a higher vulnerability to vasogenic 

edema, such as under brain tumor conditions (Papadopoulos et al., 2004). These 

observations suggest that in cytotoxic edema AQP4 is responsible for the increase of brain 

water content, whereas in vasogenic edema AQP4 is responsible for removing the water 

excess out of the brain. Also, some studies have shown the involvement of AQP4 in K+ 

clearance under epileptic conditions, and its deletion led to an increase in seizure 

threshold and duration (Amiry-Moghaddam and Ottersen, 2003; Binder et al., 2006). More 

recently, it was demonstrated that the inhibition of AQP4 with a novel specific inhibitor, 

TGN-020, has a protective effect against the increase of brain water content after water 

intoxication (which consists of an injection of water in a volume equal to 20% of body 

weight) and vasopressin administration (a protocol that causes brain edema without BBB 

disruption), thereby mimicking cytotoxic edema (Igarashi et al., 2011).  
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1.4. Neuroinflammation 

Neuroinflammation is a complex and heterogeneous process that occurs in the CNS. The 

tissue response can occur after bacterial or viral infections, toxins exposure, autoimmune 

reactions, or mechanical damage. Additionally, neuroinflammation has been implicated in 

several chronic neurodegenerative disorders, such as Alzheimer’s and Parkinson’s 

disease, amyotrophic lateral sclerosis, Huntington’s disease, HIV-induced dementia, 

among others (Sochocka et al., 2016). 

After the injury, the innate immune response is turned on by the expression and release 

of cellular mediators, like cytokines and chemokines, ultimately leading to proliferation and 

activation of glial cells (microglia and astrocytes). The reactive glia produces a broad 

spectrum of inflammatory factors, such as IL-1β, IL-6, TNF-α, chemokines and nitric oxide, 

promoting the buildup of the inflammatory environment (Sochocka, et al., 2016). An acute 

neuroinflammatory process has usually a beneficial effect for infectious agents or toxic 

compounds cleansing, neurogenesis, synaptic modulation and brain repair (Sochocka, et 

al., 2016; Gualtierotti et al., 2017). However, if the resolution mechanisms fail or the insult 

persists over time, a situation of chronic neuroinflammation appears with the characteristic 

glial cells overactivation (Sochocka, et al., 2016). Under this condition, the death of brain 

cells will be caused by the accumulation of neurotoxic compounds and extensive 

peripheral immune cells infiltration (Gualtierotti et al., 2017), leading to tissue degeneration 

and development of autoimmune diseases (Sochocka, et al., 2016). 

The main cellular players of neuroinflammation processes are microglia and astrocytes. 

Despite that, ECs have a crucial role in interpreting and propagate the inflammatory 

signals to the brain parenchyma (Sochocka, et al., 2016). Regarding microglia, these cells 

were the first described brain-resident immune cells. In fact, microglia cells, with a crucial 

active role in brain surveillance, can trigger neuroinflammatory processes leading to 

neurodegeneration or neuroprotection, depending on the type and duration of stimulus 

(Gualtierotti et al., 2017). On the other hand, astrocytes are the most abundant glial cell 



Introduction 
 

39 

type in the CNS, and despite the well-known roles of astrocytes on BBB maintenance, 

neuronal modulation, and water and ionic homeostasis, these stellate glial cells are also 

immune-competent cells capable of responding to insults by secrete cytokines, 

chemokines and by increasing the proliferation rate (Sochocka, et al., 2016). 

Importantly, the neuroinflammatory players are not only cells but also chemical 

compounds, such as chemokines, ROS, and both anti- and proinflammatory cytokines. 

Chemokines are small heparin-binding proteins responsible for recruitment of peripheral 

and CNS immune cells to the damaged local (Gualtierotti et al., 2017). Moreover, both 

ROS and RNS cause oxidative stress leading to lipid peroxidation and NF-κB pathway 

activation (Sochocka, et al., 2016). ROS are also a well-known inducer of deoxyribonucleic 

acid (DNA) mutations (Sochocka et al., 2013), in both nucleus and mitochondria, and 

causes Ca2+ homeostasis dysfunction (Correale, 2014). Regarding anti-inflammatory 

cytokines, IL-10 has a role in neuronal homeostasis and cell survival, being also an 

important inhibitor of proinflammatory cytokines, such as IL-1β and TNF-α. In addition, IL-

4 and IL-13 exert the anti-inflammatory effect by inducing microglial neuroprotective 

phenotype and by suppressing the expression of IL-1α/β and TNF-α. Among the 

proinflammatory molecules, TNF-α and IL-1β are the most relevant, but the IL-15 and IL-

18 have also a role in microglial and inflammatory status activation. Regarding IL-1β, it 

has been shown a link between its overexpression and neurodegeneration, glial cells 

apoptosis and Alzheimer’s disease progression (Sochocka, et al., 2016). Finally, TNF-α is 

expressed and release mainly by microglia and astrocytes. Importantly, this cytokine has 

a dual role in brain tissue being involved in neuroprotection and neurodegeneration 

depending on its levels and the receptor activated (Sriram and O’Callaghan, 2007). 
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1.4.1. Tumor Necrosis Factor-Alpha 

TNF-α is a pleiotropic cytokine produced as a 26 kDa membrane-associated precursor 

(tmTNF) that is cleaved by TNF-α converting enzyme (TACE; a matrix metalloproteinase 

family member) releasing the soluble form (sTNF) with 17 kDa as a homotrimer 

(Montgomery and Bowers, 2012). TNF-α can be produced by immune (lymphocytes and 

macrophages) and non-immune (endothelial cells, muscle cells, fibroblasts, among 

others) cells, and within CNS it is produced mainly by microglia and astrocytes, and also 

by neurons (Montgomery and Bowers, 2012). 

Regulation of TNF-α can occur in three different stages. First, at the transcriptional level 

TNF-α is controlled in its 5’ gene flanking region by κB-like enhancers and a Y-box similar 

to that present on Major Histocompatibility Complex (MHC) class II gene (Montgomery and 

Bowers, 2012). Among the several transcription factors that have an affinity to TNF-α 

promoter are included the NF-κB, the CCAAT/enhancer-binding protein β (C/EBPβ), Sp1 

transcription factor and c-Jun (Montgomery and Bowers, 2012). Secondly, the presence 

of adenine-uracil rich elements in 3’ untranslated region of TNF-α gene post-translationally 

targets the messenger ribonucleic acid (mRNA) for degradation (Kontoyiannis et al., 

1999). Finally, some inflammatory mediators can induce a downregulation of transcription 

and translation of this cytokine (Montgomery and Bowers, 2012). 

There are two different TNF-α receptors: TNF-receptor 1 (TNFR1) and TNF-receptor 2 

(TNFR2). Both receptors can be activated by sTNF and tmTNF forms but ligand-receptor 

combinations preference can be found. Specifically, sTNF has high affinity to both 

receptors, whereas tmTNF has a greater affinity to TNFR2 than to TNFR1 (Figure 1.16; 

Pozniak et al., 2014). Like TNF-α, also both receptors can be found in membrane-bound 

or in proteolytic cleaved form, whereas the soluble fragments have a role as a neutralizing 

molecule against TNF-α, protecting the tissue from its deleterious effects (Montgomery 

and Bowers, 2012). Importantly, both receptors lack enzymatic activity, therefore activation 

of signaling pathways is dependent of intracellular adaptor molecules binding through 
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death domains present in the receptors (Figure 1.16; Sriram and O’Callaghan, 2007). 

Thus, despite the well described neurotoxic effects of TNF-α, this cytokine has indeed a 

dual role dependent on to the receptor involved.  

TNF-α is found overexpressed in amyloid β plaques in human post-mortem brain tissue 

and in transgenic rodent models of Alzheimer's disease (Montgomery and Bowers, 2012). 

Moreover, it has been already described that some polymorphisms on TNF-α gene are 

linked to late-onset of Alzheimer’s disease (Collins et al., 2000). Further, the selective 

inhibition of sTNF, the administration of a monoclonal antibody against TNF-α (infliximab) 

or TNFR1 knockouts mice showed a protection against the accumulation of amyloid β 

peptide, an improvement in learning and memory scores, as well as a reduction in 

inflammatory status (Montgomery and Bowers, 2012). Regarding Parkinson’s disease, 

TNF-α overexpression is found in the substantia nigra, within the striatum, and is 

correlated with the severity of the disease (Sriram and O’Callaghan, 2007). Moreover, 

cytokine neutralization protects dopaminergic neurons in a mouse model of Parkinson’s 

disease (McCoy et al., 2006). However, data gathered by inhibition or knockdown of both 

TNF-α receptors are not consensual regarding the protective effect (Montgomery and 

Bowers, 2012). Concerning multiple sclerosis, it was expected that inhibition of TNF-α 

would result in patient improvements, however, in two clinical trials the administration of 

monoclonal antibodies caused an exacerbation of the disease (Montgomery and Bowers, 

2012). Interestingly, in mouse models, the TNFR1 blockade repressed the development 

of the disease, but the inhibition of TNFR2 caused an exacerbation of disease severity 

(Kassiotis and Kollias, 2001). Finally, TNF-α upregulation is also associated with disease 

development and brain deterioration on HIV-dementia, ischemia and traumatic brain injury. 

Once again, antibodies against TNF-α had a protective role improving the neurological 

outcome (Sriram and O’Callaghan, 2007). 

Although the abovementioned deleterious effects of TNF-α in the CNS, this cytokine has 

also a crucial role in several neuroprotective mechanisms. In particular, it was 

demonstrated that TNF-α mediated apoptosis during embryonic brain development 
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(Montgomery and Bowers, 2012) and acts as a neurogenic cytokine at low concentrations 

via activation of TNFR1 (Bernardino et al., 2008). Moreover, this cytokine has also a role 

in synaptic transmission by inducing expression of both glutamate receptors, AMPA and 

NMDA (Montgomery and Bowers, 2012). Moreover, pretreatment of mice with TNF-α 

before middle cerebral artery occlusion was able to protect from cerebral ischemia 

negative effects, such as microgliosis and infarct size (Nawashiro et al., 1997). 

Besides TNF-α and its receptors, the specific intracellular pathway that is activated under 

a certain condition will influence the final result. TNF-α can activate several signaling 

cascades (Figure 1.16), such as NF-κB pathway (Sriram and O’Callaghan, 2007), 

mitogen-activated protein kinase (MAPK; Pozniak et al., 2014), AP-1 (Pozniak et al., 

2014), c-jun N-terminal kinase (JNK; Montgomery and Bowers, 2012), and sphingosine-

base ceramide (Montgomery and Bowers, 2012). 
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Figure 1.16. Schematic representation of tumor necrosis factor receptors 1 (TNFR1) and 2 

(TNFR2) downstream signaling pathways after activation by TNF-α. Membrane-bound TNF-α 

(tmTNF) can activate TNFR2, and through Etk (endothelial/epithelial tyrosine kinase) leads to 

PI3K/Akt (phosphatidylinositol 3-kinase/protein kinase B) activation and subsequently 

proangiogenic pathways [for example vascular endothelial growth factor (VEGF) and its receptor 2 

(VEGFR2)]. Also, activation of TNFR2 is sufficient to initiate NF-κB (nuclear factor kappa-light-

chain-enhancer of activated B cells) pathway signaling. Additionally, both soluble and membrane-

bound TNF-α can activate the TNFR1. The activation of this receptor requires the association of 

TRAF2 (TNFR-associated factor 2) and TRADD (TNFR1-associated death domain protein) with the 

intracellular death domain of the receptor. The activation of the TNFR1 can trigger three major 

signaling pathways, such as NF-κB, MAPK (mitogen-activated protein kinase), and 

caspases/apoptotic pathways. Importantly, MAPK pathway can activate the downstream pathways 

like JNK (c-Jun N-terminal kinase), ERK (extracellular signal-regulated kinase), PKC (protein kinase 

C), and AP-1 (activator protein-1). The activation of caspase-8 and -3 is mediated through the FADD 

(Fas-associated protein with death domain)/TRADD complex. Importantly, in order to convert NF-

κB pathway to its activated form, the IKK (IκB kinase) complex is recruited to phosphorylate the 

IκBα (inhibitor of κB). This phosphorylation causes the unbinding of IκBα from NF-κB dimer, which 

in turn become available to nuclear translocation. Further, TNFR1 can also be negatively modulated 

by the interaction of SODD (silencer of death domains) with intracellular domains of the receptor 

(adapted from Urschel and Cicha, 2015). 
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1.4.2. NF-κB Signaling Pathway 

NF-κB is a ubiquitously expressed transcription factor that ultimately controls DNA 

transcription of genes from cytokine production to cell survival, and is formed by several 

subunits as follow: p50, p52, p65 (also known as RelA), c-Rel, and RelB (Tak and 

Firestein, 2001). NF-κB pathway can be activated by growth factors, chemokines, 

oxidative stress and cytokines (Pozniak et al., 2014), and regulates several different types 

of genes encoding from cytokines (such as TNF-α and IL-1β), chemokines, inducible nitric 

oxide synthase (iNOS), GFAP protein, as well as, cell adhesion molecules, antiapoptotic 

proteins and neurotrophic factors (Kaltschmidt et al., 2005). Therefore, the outcome of NF-

κB activation, either protective or neurodegenerative will depend on the duration of such 

activation and the differential involvement of regulatory proteins (Colombo and Farina, 

2016). 

After NF-κB activation, two different downstream pathways can be triggered, the canonic 

or the non-canonical, also known as classical or alternative pathway, respectively (Figure 

1.17). The canonic starts with the activation of IκB kinase (IKK) complex, that contains two 

catalytic kinase subunits (IKKα, IKKβ) and the regulatory non-enzymatic scaffold protein 

NEMO (NF-κB essential modulator of IKKγ), causing the phosphorylation of IκB. After that, 

dissociation of IκB from p50 and p65 subunits allow them to translocate into the nucleus 

and initiate gene transcription (Figure 1.17; Srivastava and Ramana, 2009). In the non-

canonical pathway, activation of IKK complex (which is composed of two subunits of IKKα) 

is dependent on the NF-κB-inducing kinase (NIK) activity, resulting in phosphorylation of 

the inactive form of NF-κB p100/RelB dimer. After that, the dimer is processed by selective 

degradation of its C-terminal region originating the active form of p52/RelB dimer that will 

be translocated into the nucleus and induce gene transcription (Figure 1.17; Srivastava 

and Ramana, 2009). 

The biological significance of both NF-κB downstream pathways is still poorly understood, 

however, there is sufficient literature demonstrating a dual role of NF-κB activity in the 
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CNS. In fact, this pathway has a crucial role in glutamatergic transmission, dendritic 

arborization, and axonal growth (Pozniak et al., 2014). Likewise, NF-κB signaling is 

involved in proliferation and migration of neural progenitor cells, as well as in myelination 

processes (Pozniak et al., 2014). Additionally, a deleterious effect of NF-κB pathway 

activation in several cell types has been demonstrated as the responsible for leukocyte 

infiltration (Colombo and Farina, 2016), HIV-1 genes transcription (Pozniak et al., 2014), 

and the deleterious effects observed in animal models of stroke/ischemia (Tak and 

Firestein, 2001). Interestingly, in the particular case of multiple sclerosis, neuronal NF-κB 

inhibition aggravated the disease development in a mouse model (Emmanouil et al., 

2009), but the inhibition of this pathway in all CNS cells protected the brain tissue (van Loo 

et al., 2006). 

Taking into consideration the importance of NF-κB pathway, its modulation can have a 

high impact on clinical outcomes of several neurodegenerative disorders. For example, 

the inhibition of IκBα degradation is the target of non-steroidal anti-inflammatory drugs and 

disease-modifying antirheumatic class of drugs (Tak and Firestein, 2001). Moreover, the 

anti-inflammatory effect of Aspirin appears to be due to a competitive inhibition of IKK-β, 

preventing NF-κB nuclear translocation (Tak and Firestein, 2001). More recently, cutting-

edge methodologies allowed the application of NF-κB decoy oligonucleotides, by in situ 

direct injection or by viral gene transfer, to decrease the expression of several subunits of 

the NF-κB complex (De Stefano, 2011). Similar results were obtained with the 

administration of p65 antisense oligonucleotides (Neurath et al., 1996). Equally important, 

IL-1β and TNF-α expression can be upregulated by the NF-κB pathway. On the other hand, 

the blockade of both cytokines can prevent the activation of NF-κB signaling pathway and 

so inhibit the inflammatory process. In addition, administration of antioxidants, as well as 

proteasome inhibitors have emerged as novel therapeutic targets for reducing the NF-κB 

activity and thereby diminishing the inflammatory status (Tak and Firestein, 2001). 
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Figure 1.17. Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling 

pathways. In canonical, or classical pathway (in left), the activation of a specific receptor will cause 

the phosphorylation of IκB by IκB kinase (IKK) complex, which comprises IKK-α, IKK-β and NF-κB 

essential modulator of IKKγ (NEMO). This phosphorylation allows the release of the active form of 

NF-κB dimer and its translocations into the nucleus where it will activate transcription of target 

genes. The non-canonical, or alternative pathway (right side of diagram) depends on processing 

the p100/RelB dimer, which occurs after the phosphorylation of p100 subunit by IKK complex 

(formed by two IKK-α subunits) activated by NF-κB-inducing kinase (NIK). The new formed 

p52/RelB dimer is now capable of nuclear translocation leading to transcription of the associated 

genes (adapted from Srivastava and Ramana, 2009). 
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1.5. Objectives 

On average, 3.8% of all European adults report having used amphetamines at least once 

in their lives. Moreover, in Portugal, METH consumption has also increased during the last 

few years. Despite the seriousness of this drug problem, there are still many gaps 

regarding the mechanisms underlying METH-induced brain dysfunction, particularly 

related with neurogliovascular alterations.  

Thus, our major goal was to uncover the impact of METH on the BBB and to identify new 

targets to ameliorate the negative effects of drug abuse/misuse. 

 

CHAPTER 2 

 Rationale: Brain endothelial cells (ECs) together with the basal lamina, pericytes, 

astrocytes, surrounding microglia and neurons form the neurogliovascular unit. Barrier 

function is mainly provided by ECs but astrocytes have also a crucial role in formation and 

maintenance of BBB properties. 

 Aim 1: Clarify the direct impact of METH on brain ECs and the role of these cells 

as active players in neuroinflammatory processes.  

 Aim 2: Investigate how METH interferes with the astrocyte-endothelial crosstalk 

and unravel key mediators involved in such communication.   

 

CHAPTER 3 

 Rationale: One consequence of METH abuse is the formation of brain edema, a 

phenomenon that can be linked to BBB disruption. Moreover, water homeostasis is 

controlled by specific water channels and AQP4 is the most abundant within the brain, in 

part due to its high concentration on astrocytic endfeet close to brain ECs. 

 Aim 1: Study the direct effect of METH on the AQP4 system and brain water 

homeostasis. 
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 Aim 2: Evaluate the impact of METH-induced brain edema on BBB properties and 

animal behavior. 

 Aim 3: Investigate whether vitamin C, a well-described antioxidant, could have a 

protective role in astrocytic swelling and AQP4 system dysfunction induced by METH. 

 

CHAPTER 4 

 Rationale: Neuroinflammation is recognized as one of the most deleterious effects 

of METH abuse/misuse. Yet, an effective pharmacological therapy for METH abuse is still 

missing. Importantly, the therapeutics based on natural products are seen as a promising 

strategy, and parthenolide (PTL) is one of the most used herbal extracts on the traditional 

Asian medical practice. 

 Aim 1: Unravel the protective role of PTL on METH-induced brain edema and BBB 

disruption. 

 Aim 2: Clarify the role of TNF-α signaling in such effects triggered by METH. 

 

MAJOR GOAL: 

 Dissect the neurogliovascular alterations triggered by METH in order to uncover 

new targets, and so identify new therapeutic approaches to better treat the negative effects 

of METH consumption.  Ultimately, we expect to give a contribution for health improvement 

of drug users. 
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The TNF-α/NF-κB signaling pathway has a key role 

in methamphetamine-induced blood-brain barrier 

dysfunction 

  



 

 
 

 

 



METH triggers BBB dysfunction via TNF-α 

53 

2.1. Abstract 

 

Methamphetamine (METH) is a psychostimulant that causes neurologic and psychiatric 

abnormalities. Recent studies have suggested that its neurotoxicity may also result from 

its ability to compromise the blood-brain barrier (BBB). Herein, we show that METH rapidly 

increased the vesicular transport across endothelial cells (ECs), followed by an increase 

of paracellular transport. Moreover, METH triggered the release of TNF-α, and the 

blockade of this cytokine or the inhibition of NF-κB pathway prevented endothelial 

dysfunction. Since astrocytes have a crucial role in modulating BBB function, we further 

showed that conditioned medium obtained from astrocytes previously exposed to METH 

had a negative impact on barrier properties also via TNF-α/NF-κB pathway. Animal studies 

corroborated the in vitro results. Overall, we show that METH directly interferes with EC 

properties or indirectly via astrocytes through the release of TNF-α and subsequent 

activation of NF-κB pathway culminating in barrier dysfunction. 
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2.2. Introduction 

METH abuse is a serious public health problem affecting over 35 million users worldwide 

(UNODC, 2007). The overall negative effects of this drug are well known, including 

irreversible brain damage that may cause neurologic and psychiatric anomalies 

(Thompson et al., 2004; Loftis and Janowsky, 2014). Indeed, studies with human subjects 

have shown that METH users present brain structural abnormalities, which can explain 

behavioral problems, recall capacity, as well as memory and performance deficits 

observed in verbal memory tests and executive functions (Thompson et al., 2004). 

Additionally, the long-term neuronal damage is well described in humans, nonhuman 

primates, and rodents (Krasnova and Cadet, 2009). However, despite extensive 

characterization of METH toxicity over the last years, many questions remain unanswered. 

Most hypotheses have focused on intraneuronal events such as dopamine oxidation, 

oxidative stress, and excitotoxicity (Krasnova and Cadet, 2009), but it has been recently 

suggested that METH-induced neurotoxicity may also result from its ability to compromise 

the BBB function (Martins et al., 2011). 

The BBB is a dynamic and complex interface between the blood and the CNS, having a 

key role in brain homeostasis and protection (Cardoso et al., 2010). Although cerebral 

endothelium disturbance is commonly observed in the CNS pathologies (de Vries et al., 

2012), neither its cause nor the effective participation of BBB in such diseases is well 

established. Thus, given that BBB damage is an early event in many neurologic conditions, 

it is not surprising the growing interest in this barrier as a therapeutic target. At the cellular 

level, this dynamic and specialized structure is composed of endothelial cells (ECs) 

associated with pericytes, basement membrane, astrocyte endfeet, microglia, and 

neurons, comprising the neurovascular unit (Cardoso et al., 2010). The brain endothelium 

remains the first ‘physical barrier’, with lack of fenestrations, low fluid-phase endocytosis 

(pinocytosis), and intercellular complexes that confer low paracellular permeability and 

high transendothelial electrical resistance (TEER) to the BBB (Cardoso et al., 2010). 
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Nevertheless, all BBB components have a unique role in its function and, among them, 

astrocytes are involved in the formation of the TJs complex, microvascular support, and in 

the control of water flux into the brain (Kuo and Lu 2011). 

As aforementioned, alterations in BBB function are likely involved in many 

neurodegenerative diseases, and drug abuse is not an exception. In fact, it was previously 

shown that METH compromises BBB function and its capacity to protect the brain against 

infection by the human immunodeficiency virus (Loftis and Janowsky, 2014). However, the 

cellular mechanisms underlying these effects are still poorly understood. Most studies 

suggest that BBB alterations induced by METH result from alterations on TJs complex 

(Martins et al., 2011), involving oxidative stress (Ramirez et al., 2009), and activation of 

matrix metalloproteinases (MMPs) (Martins et al., 2011, Urrutia et al., 2013). Importantly, 

we have also shown that METH may trigger a neuroinflammatory response with increased 

production of proinflammatory cytokines, such as TNF-α (Gonçalves et al., 2010, Coelho-

Santos et al., 2012). Accordingly, Lee et al (2001) showed that METH upregulates TNF-α 

gene and activates nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

in human brain ECs. Moreover, astrocytes modulate endothelial responses under 

pathologic conditions by secreting factors that cause BBB leakage (Kuo and Lu 2011, 

Landoni et al., 2012). It is noteworthy the involvement of TNF-α in BBB dysfunction (Deli 

et al., 1995; Miller et al., 2005; Candelario-Jalil et al., 2007), as well as in promoting the 

passage of circulating leukocytes into the brain (Tang et al., 2011). Despite knowing that 

METH may induce BBB impairment and neuroinflammation, the possible involvement of 

proinflammatory cytokines in METH-induced BBB alterations has never been investigated. 

Herein, we show that METH increases BBB permeability by interfering with both 

paracellular and vesicular transport across ECs. Additionally, the crosstalk between 

astrocytes and ECs clearly shows the important role played by glial cells on barrier 

properties. Overall, we unravel the key role of TNF-α, via activation of NF-κB signaling, in 

METH-induced BBB dysfunction.  
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2.3. Materials and Methods 

2.3.1. Animal Studies 

Animal manipulation was performed by certified researchers (Portuguese National 

Authority for Animal Health) and in accordance with both the European Community Council 

Directives (2010/63/EU) and the Portuguese law for the care and use of experimental 

animals (DL nº 113/2013). The present study was approved by the Foundation for Science 

and Technology (PTDC/SAU-FCF/098685/2008). The experiments were performed in 

accordance with the ARRIVE guidelines. All efforts were made to minimize animal 

suffering and to reduce the number of animals used. 

 

2.3.2. Primary Cultures of Rat Brain Microvascular Endothelial 

Cells 

Primary cultures of rat brain microvascular ECs (RBMVECs) were prepared from 2-week-

old Wistar rats, as previously described (Cardoso et al., 2012) with minor modifications. 

Specifically, forebrains were freed of meninges, dissociated into small pieces, and 

digested in Dulbecco’s modified Eagle’s medium/ Ham’s F12 (DMEM/F12; Biochrom AG, 

Berlin, Germany), containing 1 mg/ml collagenase CLS2 (Sigma-Aldrich, St. Louis, MO, 

USA) and 14 μg/ml DNase (Sigma-Aldrich) for 90 min at 37°C. The suspension was 

centrifuged (1,000×g, 8 min) followed by a second centrifugation of the pellet (1,000×g, 20 

min). Microvessels were further digested with 1 mg/ml collagenase-dispase (Roche 

Applied Sciences, Basel, Switzerland) and 7 μg/ml DNase (Sigma-Aldrich) in DMEM/F12 

for 1h at 37°C, centrifuged (700×g, 5 min) and seeded at high density (1.5 × 105 cells/cm2) 

onto tissue culture multiplates, coverslips or 12-mm Costar Transwells (Corning Life 

Sciences, Tewksbury, MA, USA) coated with collagen type IV/fibronectin (Sigma-Aldrich). 

Cultures were maintained in DMEM/F12 supplemented with 15% fetal bovine serum 

(GIBCO, Rockville, MD, USA), 1 ng/ml basic fibroblast growth factor (Roche Applied 
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Sciences), 100 μg/ml heparin (Biochrom AG), 5 μg/ml gentamicin (GIBCO) and 4 μg/ml 

puromycin (Sigma-Aldrich) at 37°C with a humidified atmosphere of 5% CO2, for 2 days. 

On day 3, cells were incubated with a new medium that contained all components 

aforementioned, except puromycin. When RBMVECs were 90% confluent, hydrocortisone 

(550 nM; Sigma-Aldrich) was added for 1 day. Hydrocortisone was used to improve barrier 

proprieties of ECs, namely by the induction of TJs expression and enhancement of TEER 

(Cardoso et al., 2012). 

 

2.3.3. Primary Cultures of Human Brain Microvascular Endothelial 

Cells  

Primary cultures of human brain microvascular ECs (HBMVECs) were obtained from 

microvessels isolated from the lateral temporal cortex of adult patients undergoing surgery 

for the treatment of intractable epilepsy at the Neurosurgery Service, Coimbra Hospital 

and University Centre, as previously described (Bernas et al., 2010). The present study 

was approved by the Hospital Ethics Committee. 

 

2.3.4. Terminal Deoxynucleotidyl Transferase dUTP Nick End 

Labeling (TUNEL) Assay 

After the appropriate treatments, the whole population of cells was collected by 

trypsinization. Then, cells were fixed with 4% paraformaldehyde (PFA) and adhered to 

superfrost microscope slides (Thermo Scientific, Menzel GmbH & Co KG, Braunschweig, 

Germany) by centrifugation (113×g, 5 min; Cellspin I, Tharmac GmbH, Waldsolms, 

Germany). Apoptotic cell death was further evaluated by the TUNEL assay (Roche 

Diagnostics GmbH, Mannheim, Germany). Briefly, cells were permeabilized in 0.25% 

Triton X-100 for 30 min at room temperature (RT), and incubated with terminal 

deoxynucleotidyl transferase buffer for 1h at 37ºC in a humidified chamber. Incubation with 
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fluorescein Avidin D (1:100) was performed for 1h, followed by nuclei counterstaining with 

5 μg/ml Hoechst 33342 for 5 min. Cell images were recorded using an Axiovert 200 M 

fluorescence microscope. 

 

2.3.5. MTT Assay 

After METH treatments (24h), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) was added to a final concentration of 0.5 mg/ml to each well of the cell plate and 

left at 37ºC for 1h. The reaction was stopped by 0.04 M HCl in isopropanol, and the optical 

density was measured at 570 nm, with the reference filter at 620 nm. The results are 

expressed as mean % of control. 

 

2.3.6. Primary Cultures of Mouse Cortical Astrocytes 

Astrocytes were isolated from C57BL/6J mouse pups aged P4-5. Brain cortices were 

isolated and incubated with digestion solution (Hank’s Balanced Salt Solution (HBSS; 

GIBCO), 0.25% Trypsin (SAFC Biosciences Inc, Lenexa, KS, USA), 0.001% DNase 

(Sigma-Aldrich), 1% gentamicin (GIBCO) for 20 min at 37°C. After brief centrifugation 

(70×g, 3 min), the pellet was incubated with the inhibitory digestion solution (HBSS with 

10% fetal bovine serum), cells were dissociated and centrifuged (143×g, 5 min), followed 

by pellet resuspension in astrocyte medium (DMEM high glucose supplemented with 10% 

fetal bovine serum and 1% gentamicin). Cells were plated in T-75 flasks at a density of 1.2 

× 105 cells/cm2, and the medium was changed after 6h and then every 2 days until reach 

confluence. Afterward, flasks were shaken (4h at 37°C) to detach nonastrocytic cells, and 

astrocytes (adherent cells) were washed with dissociation medium [HBSS with 1 mM 

ethylenediamine tetraacetic acid (EDTA, Sigma-Aldrich)] followed by trypsinization with 

0.1% Trypsin (SAFC) in HBSS. This process was stopped by incubation with astrocyte 

medium followed by centrifugation (143×g, 5 min). Cells were plated at different densities 

depending on the experiments. 
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2.3.7. Evaluation of Endothelial Cell Monolayer Integrity 

Rat and human ECs were left untreated (control) or treated with different drugs as follows: 

METH (1 or 50 μM), BAY 11-7085 (5 μM BAY), lysophosphatidic acid (10 μM; all from 

Sigma), TNF-α (0.01 μg/ml; R&D Systems, Abingdon, UK), and both anti-rat (0.01 μg/ml 

Ab TNF-α; PeproTech, Inc., Princeton, NJ, USA), and anti-mouse TNF-α antibodies (100 

μg/ml Ab TNF-α; Upstate Biotechnology, Inc., Lake Placid, NY, USA). The flux of sodium 

fluorescein (Na-F, 376 Da; Sigma-Aldrich) across cell monolayer was determined as 

previously described (Martins et al., 2013). Moreover, TEER of monocultures was 

measured using a STX-2 electrode coupled to an EVOM resistance meter (World 

Precision Instruments, Hertfordshire, UK). Transendothelial electrical resistance readings 

of cell-free inserts were subtracted from the values obtained with cells, and results were 

expressed as % of control. 

 

2.3.8. Horseradish Peroxidase Transport 

Endothelial cells were left untreated (control) or exposed to METH (1 μM) either alone or 

in the presence of BAY (5 μM) for 1h at 37°C. Afterward, horseradish peroxidase (HRP, 

10 mg/ml; Sigma-Aldrich) transport by confluent RBMVECs was quantified during 2h, as 

previously described (Martins et al., 2013). 

 

2.3.9. Enzyme-Linked Immunosorbent Assay 

Endothelial cells and astrocytes were left untreated (control) or exposed to METH (1 or 50 

μM) for different time periods as indicated in the respective graphs. For blood analysis, 

blood samples were collected directly from cardiac left ventricle from mice of the three 

experimental groups (CTR, METH, and LPS as a positive control). The released levels of 

TNF-α from both cell types, and also from animal blood, were quantified by ELISA Ready-

SET-Go kit (eBioscience, San Diego, CA, USA), as specified in the datasheet. 
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2.3.10. Immunocytochemistry 

Endothelial cells were left untreated (control) or incubated with different drugs as specified 

in the respective figure legends. For p65 and intracellular adhesion molecule (ICAM)-1 

identification, cells were fixed with 4% PFA (Sigma-Aldrich) for 20 min at room temperature 

(RT). Regarding claudin-5, cells were fixed with ethanol (95%)-acetic acid (5%) (v/v) for 

10 min at −20°C, whereas for occludin identification, cells were pretreated with an 

extraction buffer (0.2% Triton X-100 in 100 mM KCl, 3 mM MgCl2, 1 mM CaCl2, 200 mM 

Sucrose, and 10 mM HEPES, pH 7.1) before fixation with PFA. Afterwards, cells were 

permeabilized with 0.25% Triton X-100 (Sigma-Aldrich) and blocked with 3% bovine serum 

albumin (Sigma-Aldrich) during 1h at RT, followed by incubation with primary antibodies 

(rabbit anti-p65, 1:100, 2h at RT, Cell Signaling Technology, Inc., Danvers, MA, USA; 

mouse anti-claudin-5, 1:100, Invitrogen, Inchinnan Business Park, UK; rabbit anti-

occludin, 1:100, Invitrogen; and rabbit anti-ICAM-1, 1:100, Santa Cruz Biotechnology Inc., 

Dallas, TX, USA, all during 1h at 37°C). Then, cells were incubated with secondary 

antibodies (Alexa Fluor 488 or Alexa Fluor 594, 1:200, Invitrogen) for 1h at RT in the dark 

and nuclei were stained with 4 μg/ml Hoechst 33342 (Sigma-Aldrich) for 5 min at RT. 

Finally, cells were mounted in Dako fluorescence medium (Dako North America, 

Carpinteria, CA, USA) and images were recorded using a LSM 710 Meta Confocal 

microscope (Carl Zeiss, Oberkochen, Germany). To express these results, we counted 

the nuclear p65-positive ECs within a total of 1,000 cells obtained from 37 to 42 visual 

fields acquired from 3 different slides. 

 

2.3.11. Western Blot Analysis 

The protocol was performed as previously described (Coelho-Santos et al., 2012). Primary 

antibodies used were as follows: mouse anti-claudin-5 (1:200, Invitrogen), rabbit anti-

occludin (1:150, Invitrogen) and rabbit anti-ICAM-1 (1:200, Santa Cruz). Secondary 

antibodies were as follows: alkaline phosphatase-conjugated secondary antibody anti-
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mouse (1:10,000) and anti-rabbit (1:20,000; GE Healthcare Bio-Sciences, Pittsburgh, PA, 

USA). Immunoblots were reprobed with an antibody against glyceraldehyde 3-phosphate 

dehydrogenase (1:500; Abcam, Cambridge, UK) to ensure equal sample loading. Bands 

were visualized using the enhanced chemifluorescence reagent assay on the Typhoon 

FLA 9000 (both from GE Healthcare), and quantification was performed using the ImageJ 

1.47 software (NIH, Bethesda, MD, USA). 

 

2.3.12. Astrocyte-Conditioned Medium Experiments 

Astrocytes were seeded in 6-well plates at a density of 5 × 104 cells/cm2, and after 3 days 

cells were left untreated (control) or incubated with 50 μM METH for 4h. Afterwards, media 

from untreated [CTR astrocyte-conditioned medium (ACM)] and METH-treated astrocytes 

(METH ACM) were centrifuged (172×g, 5 min at 4°C), the supernatant was collected, and 

confluent RBMVECs were incubated with CTR ACM, METH ACM alone, or simultaneously 

with Ab TNF-α or BAY during different time periods, as indicated in the respective graphs. 

 

2.3.13. METH Quantification in Astrocyte-Conditioned Medium 

After 4h of exposure to METH, astrocytes culture media was collected and the samples 

were quantified by Methamphetamine ELISA (BIOTREND Chemicals, LLC), as specified 

in the datasheet. 

 

2.3.14. Animal Treatments 

Male wild-type C57BL/6J mice (3 months old; 24 to 26 g body weight; Charles River 

Laboratories, Barcelona, Spain) were housed under controlled environmental conditions 

(12h light:dark cycle, 24±1°C) with food and water ad libitum. Mice were divided into three 

different groups as follows: control group (4× 0.9% NaCl, 2h apart, intraperitoneal (i.p.) 

injections); METH binge group (4× 10 mg/kg METH, 2h apart, i.p.); METH+BAY group 
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(mice received 20 mg/kg BAY i.p., 30 min before each METH administration, as previously 

described; Lee et al., 2006). Animals were killed 1, 2, or 24h after the last drug injection. 

 

2.3.15. Immunohistochemistry 

Mice were anesthetized with sodium pentobarbital (80 mg/kg, i.p., Sigma- Aldrich) and 

transcardially perfused with 10 ml of 0.05 M sodium citrate in 1% PFA (pH 4.2, 37°C), 

followed by 20 ml of 4% PFA in 0.01 M PBS, pH 7.4. Brains were removed, postfixed in 

4% PFA for 24h at RT and transferred to 30% sucrose in 0.01 M PBS, pH 7.4, for at least 

24h at 4°C. Coronal sections (12 μm) were cut on a cryostat (Leica CM3050S, Nussloch, 

Germany), mounted directly onto superfrost microscope slides (Thermo Scientific, Menzel 

GmbH & Co KG, Braunschweig, Germany) and stored at −80°C until further use. Then, 

slices were rinsed in 0.01 M PBS, blocked with 5% bovine serum albumin in 0.01 M PBS 

for 1h at RT and incubated overnight at 4°C with rabbit anti-collagen IV (1:200; Abcam), 

goat anti-albumin (1:2,000; Bethyl Laboratories, Inc, Montgomery, TX, USA), and rabbit 

anti-TNF-α (1:100; Santa Cruz) antibodies. Afterward, slices were incubated with Alexa 

Fluor 488 and Alexa Fluor 594 secondary antibodies (1:200; Invitrogen) for 1h at RT, 

followed by nuclei staining with 5 μg/ml Hoechst 33342 (Sigma-Aldrich) for 5 min at RT in 

the dark. For glial fibrillary acidic protein (GFAP) staining, slices were incubated with anti-

GFAP-Cy3 conjugated antibody (1:2,000; Sigma-Aldrich). Finally, slices were mounted 

with Dako fluorescence medium (Dako North America) and images were recorded using 

a LSM 710 Meta Confocal microscope (Carl Zeiss). Quantification of collagen IV, albumin, 

TNF-α, and GFAP immunoreactivity was performed using the NIH ImageJ 1.47 analysis 

software. Specifically, a region was drawn around each striatum vessel, as well as in a 

close area without staining (black) to be used for background subtraction. To determine 

the corrected total vessel fluorescence, we used the following formula: correct total 

fluorescence of each vessel = (integrated intensity) − (area for the selected vessel × mean 
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background). The results are expressed as mean of fluorescence intensity (arbitrary units) 

of six brain slices obtained from three different animals for each experimental group. 

 

2.3.16. Statistical Analysis 

Evaluation of EC monolayer integrity and western blot analysis were performed by a 

person blinded to treatments. Results are expressed as mean + standard error of the mean 

(S.E.M.). Data were analyzed using the one-way ANOVA followed by Dunnett’s or 

Bonferroni’s post hoc test, as indicated in figure legends. All statistics were calculated 

using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA). The level of 

significance was P<0.05 and the ‘n’ represents the total number of experiments obtained 

from at least three independent cell cultures or animals. 
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2.4. Results 

2.4.1. Methamphetamine Impairs the Barrier Function of 

Endothelial Cells 

To study barrier alterations induced by METH, we used freshly prepared primary 

RBMVECs since this in vitro model preserves many characteristics of the intact BBB, such 

as expression of continuous adherens and TJs, as well as low permeability to 

macromolecules (Cardoso et al., 2010). Regarding METH concentrations used in the 

present study, it is important to highlight that abusers with lower dose-METH exposure 

present blood levels of this drug within a range of 0.1 and 11.1 μM (Melega et al., 2007). 

However, they tend to self-administer METH in binge manner leading to higher levels. It is 

estimated that binge doses in a 260 mg to 1 g range may lead to 17 to 80 μM of METH 

circulating in the blood. Thus, we decided to use concentrations that are closer to the 

human condition. Our results show that METH (1 and 50 μM) increased the permeability 

to Na-F at 2, 3, and 4h of drug exposure (Figure 2.1A). Thus, we further aimed to 

reproduce these results in HBMVECs. Indeed, METH (1 μM) increased Na-F flux (Figure 

2.1B) across human cells. Moreover, to clarify whether BMVEC-increased permeability 

was due to alterations in the paracellular pathway, we further measured TEER values on 

both cultures. In RBMVECs, both METH concentrations led to a significant decrease in 

TEER at 3h after drug exposure (Figure 2.1C), which was maintained until 24h (Figure 

2.1C). We used lysophosphatidic acid (10 μM) as a positive control since it produces a 

strong and transient opening of the ionic barrier (Bernas et al., 2010). Accordingly, TEER 

values of HBMVECs were decreased at 2h after drug exposure up until 24h (Figure 2.1D). 

Noteworthy, the concentrations of METH used in the present study neither caused EC 

death nor decreased cell viability (Figure 2.2). These results show that METH at a low 

concentration does not interfere with cell viability but impairs barrier properties, proven by 

the increased permeability to Na-F and decreased TEER values in both rat and human 

BMVECs. 
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Figure 2.1. METH increases the permeability of brain microvascular endothelial cells 

(BMVECs). (A, B) Macromolecular flux across (A) rat and (B) human BMVECs was assessed using 

sodium fluorescein (Na-F, 376 Da) at different time points after METH exposure, n=5-20. (C, D) 

Transendothelial electrical resistance (TEER) of confluent (C) rat and (D) human BMVECs 

monolayers was analyzed under the condition of METH or lysophosphatidic acid (LPA) exposure 

during different time periods, n=5 to 10. All results are shown as mean + S.E.M. *P<0.05, **P<0.01, 

***P<0.001 significantly different when compared with the control (dashed line) of each time point 

using Bonferroni’s Multiple comparison test. 
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Figure 2.2. Concentration-response toxicity of METH on BMVECs. (A) METH (2 and 3 mM for 

24h) increased the number of TUNEL-positive cells (apoptotic cells) in rat BMVECs. (B) Rat and 

(C) human BMVECs were exposed to increasing METH concentrations (0.001 mM-3 mM) for 24h, 

and we observed that both 2 and 3 mM METH decreased cell viability. The results are expressed 

as mean % of control + S.E.M., n=22-24 for TUNEL assay, n=5-9 for MTT studies. **P<0.01, 

***P<0.001, significantly different when compared to control (CTR) using Dunnett’s Multiple 

comparison test. 

 

2.4.2. Methamphetamine Leads to Barrier Breakdown via TNF-α/ 

NF-κB Pathway 

METH is able to trigger a pronounced neuroinflammatory response with increased release 

of proinflammatory cytokines (Gonçalves et al., 2010; Coelho-Santos et al., 2012). 

Moreover, TNF-α has been proposed as an important mediator of BBB breakdown 

(Candelario-Jalil et al., 2007). However, nothing is known regarding the role of TNF-α on 

METH-induced BBB dysfunction. Thus, we started by analyzing the effect of METH (1 μM) 

on TNF-α protein levels released by RBMVECs, and we observed a prominent increase 
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after 15 min of drug exposure (Figure 2.3A) that was still significantly higher than control 

after 1h, recovering to control values at 4h. 

To clarify the possible involvement of TNF-α on METH-induced endothelial permeability, 

we used a specific antibody to block the effect of this proinflammatory cytokine (Ab TNF-

α, 0.01 μg/ml). Under such conditions, the effect of METH on Na-F permeability (Figure 

2.3B) and TEER (Figure 2.3C) was prevented. Additionally, TNF-α (0.01 μg/ml) increased 

Na-F permeability (Figure 2.3B) and decreased TEER (Figure 2.3C), without causing EC 

death (Figure 2.4). In fact, this proinflammatory cytokine has been described as an 

inductor of barrier opening (Deli et al., 1995; Aveleira et al., 2010). Importantly, it was also 

documented that NF-κB is a critical signaling molecule in TNF-α-induced inflammatory 

response (Aslam et al., 2012; Zhong et al., 2012). Thus, we further investigated the role 

of NF-κB in METH-induced barrier dysfunction by using an inhibitor of this pathway, BAY 

11-7085 (Koedel et al., 2000). In more detail, BAY is an upstream inhibitor of NF-κB that 

prevents the activation of inhibitory κB kinase, an enzyme required for the activation of 

NF-κB (Prager et al., 2009). Moreover, the concentration used was based on the literature 

for the purpose of inhibiting NF- κB activation without causing toxicity (Prager et al., 2009). 

We concluded that blockade of NF-κB abrogated both METH- and TNF-α-induced barrier 

permeability (Figure 2.3B) and restored TEER to basal values (Figure 2.3C). 

It is noteworthy that at 1 and 2h after METH exposure there were no alterations in TEER 

values (Figure 2.3C), although with an increase in permeability to Na-F (Figure 2.3B). 

Thus, Na-F studies give us the information regarding general permeability, whereas TEER 

specifically indicates alterations in paracellular transport. Taking these into consideration, 

we hypothesized that METH may increase EC permeability by different mechanisms. 

Specifically, our results show that until 2h there is no significant alteration in the 

paracellular pathway, demonstrated by unchanged TEER values (Figure 2.3C). Thus, we 

further investigated whether transcytosis occurred during this first period after METH 

exposure by measuring HRP flux across RBMVECs. Herein, we clearly show that METH 

(1 μM, 1h) increased HRP transport, which was once again dependent on the NF-κB 
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pathway since BAY completely prevented the effect of METH (Figure 2.3D). To further 

confirm the activation of the NF-κB signaling pathway, we performed an 

immunocytochemical assessment of the cytoplasmic and nuclear localization of p65 NF-

κB subunit (Figure 2.3E), followed by the quantification of nuclear p65-positive cells 

(Figure 2.3F). Interestingly, we observed p65 translocation into the nucleus to be markedly 

increased after METH exposure (15 min), which was blocked by BAY (Figures 2.3E and 

2.3F). This time course is in accordance with the observed increase of TNF-α levels after 

15 min of METH exposure (Figure 2.3A), which suggest that METH triggers the release 

of TNF-α that will activate the NF-κB pathway. To better explain this sequence of events, 

we showed that the first pool of TNF-α to be release (15 min post-METH) was independent 

of the NF-κB pathway and so of new transcription since BAY did not prevent this effect 

(Figure 2.3A). However, at least some of the TNF-α that is being released after 1h of 

METH exposure is already dependent on NF-κB pathway activation (Figure 2.3A). 

Moreover, we showed that TNF-α blockade with a neutralizing antibody at 15 min after 

METH prevented the translocation of p65 NF-κB subunit to the cell nuclei (Figures 2.3E 

and 2.3F). Additionally, to prove the direct effect of TNF-α on NF-κB activation, we showed 

that this cytokine promoted p65 translocation into the nucleus, which was once again 

prevented by blocking the NF-κB pathway with BAY (Figures 2.3E and 2.3F). 

Our observations prove that just after METH exposure there is an increase of vesicular 

transport across RBMVECs and it is dependent on NF-κB activation. However, at 3h after 

drug incubation it was possible to observe a decrease in TEER values, pointing to a 

significant alteration in the paracellular pathway after this time period. Based on these 

conclusions, we further evaluated the expression of TJs proteins and adhesion molecules 

at 4h of drug exposure. Our results show that 1 μM METH decreased claudin-5 (Figures 

2.5A and 2.5B) and occludin (Figures 2.5A and 2.5C) expression, and upregulated ICAM-

1 protein levels (Figures 2.5A and 2.5D). Then, to determine whether this effect of METH 

was also dependent on NF-κB activation, we once again blocked this pathway with BAY 

(5 μM) showing that METH-induced alterations in TJs and adhesion proteins indeed 
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involved the activation of the NF-κB pathway. Taken together, these data prove that TNF-

α, via activation of NF-κB signaling, is involved in METH-induced barrier impairment at 

both transcellular and junctional/paracellular pathways across ECs. 
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Figure 2.3. METH impairs barrier properties via TNF-α/NF-κB pathway. (A) METH (1 μM) 

increased TNF-α levels after 15 min, which was still observed after 1h. The blockade of NF-κB 

pathway with BAY only prevented TNF-α released at 1h after METH. The cytokine levels are 

expressed as mean pg/ml + S.E.M., n=3 to 9. (B) Rat endothelial cell (RBMVEC) permeability was 

assessed using Na-F at different time points under the following experimental conditions: 1 μM 

METH; METH+0.01 μg/ml Ab TNF-α; METH+5 μM BAY; 0.01 μg/ml TNF-α; TNF-α+BAY, n= 3 to 

13. (C) Transendothelial electrical resistance (TEER) was analyzed at different time periods under 

the same conditions as abovementioned, n=3-8. (D) Horseradish peroxidase (HRP) transport 

across RBMVECs was evaluated in the presence of METH alone or in combination with BAY for 

1h, n=3-4. The results shown are mean + S.E.M. (E) Representative images showing the activation 

of NF-κB pathway by METH (15 min exposure), which was evaluated by p65 translocation into the 

nucleus (arrowheads). This effect was prevented by BAY, as well as by Ab TNF-α. As a positive 

control, TNF-α was used which effect was also prevented by BAY. p65 (green), Hoechst 33342 

(blue) and scale bars = 20 μm. (F) Quantification of nuclear p65-positive RBMVECs under the same 

experimental conditions as in (E). Cells were counted within a total of 1,000 obtained from 37 to 42 

visual fields acquired from 3 different slides. **P<0.01, ***P<0.001, significantly different when 

compared with the control (CTR or dashed line); +P<0.05, +++P<0.001 significantly different when 

compared with METH; ###P<0.001 significantly different when compared with TNF-α from each time 

point using Bonferroni’s Multiple comparison test. 

 

 

 

Figure 2.4. TNF-α does not interfere with brain BMVECs viability. Rat BMVECs were exposed 

to 0.01 µg/ml TNF-α for 24h and cell viability analyzed by MTT assay. The results are expressed 

as % of control + S.E.M., n=4-16. 
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Figure 2.5. METH decreases the expression of tight junction proteins, claudin-5, and 

occludin, and increases the expression of intercellular adhesion molecule 1 (ICAM-1) on rat 

BMVECs. (A) Representative images of claudin-5, occludin, and ICAM-1 expression under different 

experimental conditions as follows: untreated (CTR); 1 μM METH; METH+5 μM BAY (4h of 

exposure). Claudin-5, occludin, and ICAM-1 (all green), Hoechst 33342 (blue), and scale bar = 20 

μm. (B–D) Quantification of (B) claudin-5 (22 kDa), (C) occludin (65 kDa), and (D) ICAM-1 (110 

kDa) protein levels under the same experimental conditions as previously specified in (A). Above 

the bars, representative western blot images of the different proteins, as well as the housekeeping 

gene (glyceraldehyde 3-phosphate dehydrogenase, GAPDH, 37 kDa), are shown. The results are 

expressed as mean % of the control + S.E.M., n =5 to 16 for claudin-5, n=5 to 18 for occludin, n=3 
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to 10 for ICAM-1. **P<0.01, ***P<0.001 significantly different when compared with the control 

(CTR); ++P<0.01, +++P<0.001 significantly different when compared with METH using Bonferroni’s 

Multiple comparison test. 

 

2.4.3. Role of Astrocytes on Methamphetamine-Induced Barrier 

Dysfunction 

Several studies have suggested that astrocytes modulate the structure and function of the 

cerebral endothelium (Kuo and Lu, 2011). In fact, these cells release several factors that 

determine the development and maintenance of the BBB. Thus, we also aimed to clarify 

whether METH alters the influence of astrocytes on ECs. We first analyzed whether METH 

was also able to induce TNF-α release by astrocytes, and we observed an increase 

triggered by 50 μM METH at 4h after exposure (Figure 2.6A). No significant changes were 

observed with a lower concentration of METH (1 μM) or at other time points (1 and 24h; 

Figure 2.6A). Additionally, we always aim to use an in vitro model as close as possible to 

a human condition. Taking this into consideration, we evaluated the effect of ACM on ECs 

permeability and TEER. As shown in Figure 2.6, ACM obtained from control astrocytes 

(not exposed to drugs) decreased RBMVECs permeability (Figure 2.6B) and increased 

TEER (Figure 2.6C). This corroborates previous studies demonstrating that under normal 

conditions astrocytes have a beneficial role in barrier properties (Kuo and Lu 2011). 

However, when RBMVECs were exposed to ACM obtained from astrocytes exposed to 50 

μM METH during 4h (METH ACM), a significant increase in Na-F permeability (Figure 

2.6B) and decrease in TEER (Figure 2.6C) were observed, when compared with CTR 

ACM. Importantly, from Figure 2.6A we know that METH ACM has increased levels of 

TNF-α. Thus, by using an antibody against mouse TNF-α (Ab TNF-α) we could completely 

prevent the increased permeability and decreased TEER induced by METH ACM at all 

time points analyzed (Figures 2.6B and 2.6C). Moreover, the inhibition of NF-κB pathway 

with BAY efficiently prevented the effects of METH ACM, similarly to the results obtained 

with Ab TNF-α (Figures 2.6B and 2.6C). To exclude the possibility that the remaining 
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METH present in the ACM was responsible for the effects on RBMVECs permeability and 

TEER, METH concentration was determined by ELISA in METH ACM (Figure 2.7). 

Though there are residual concentrations of both D,L-METH, the Ab TNF-α still completely 

prevented the BBB disruption induced by METH suggesting that TNF-α is indeed the 

responsible for such alterations. 

Overall, these results prove that METH also triggers the release of TNF-α by astrocytes 

that will negatively interfere with barrier function. Additionally, the activation of NF-κB 

signaling was once again shown to be involved in increased permeability. 

 

Figure 2.6. TNF-α released by astrocytes impairs the barrier properties of BMVECs via NF-

κB pathway. (A) Primary cultures of mouse cortical astrocytes were exposed to 1 or 50 μM METH 

for 1, 4, and 24h. The results show that 50 μM METH induces a significant increase in TNF-α levels 
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at 4h. The TNF-α levels are expressed as mean pg/ml + S.E.M., n=4 to 10. (B) Macromolecular 

flux across primary rat BMVECs was assessed using 376 Da sodium fluorescein (Na-F) at different 

time points after exposure to untreated astrocyte-conditioned medium (CTR ACM), METH ACM, 

METH ACM+100 μg/ml Ab TNF-α, or METH ACM+5 μM BAY, n=3 to 8. (C) Transendothelial 

electrical resistance (TEER) of confluent rat BMVEC monolayers was analyzed under the same 

conditions of (B), n=3 to 9. The results shown are mean + S.E.M. *P<0.05, ***P<0.001 significantly 

different when compared with the control (CTR or dashed line); +++P<0.001 significantly different 

when compared with CTR ACM; ###P<0.001 significantly different when compared with METH ACM 

of each time point using Bonferroni’s Multiple comparison test. 

 

 

 

Figure 2.7. Quantification of METH in astrocyte-conditioned medium (ACM). Astrocytes were 

exposed to METH (50 µM) during 4h, and then its concentration in the medium was quantified.  The 

levels of d,l-METH were residual. The results are expressed as mean ng/ml + S.E.M., n=3. 

***P<0.001 significantly different when compared to 50 µM METH using Dunnet’s Multiple 

comparison test. 

 

2.4.4. Methamphetamine Induces In Vivo BBB Permeability via NF-

κB Pathway 

To support our in vitro results, we further used an animal model of METH-induced 

neurotoxicity (Grace et al., 2010). The binge administration protocol provides excellent 

relevance to intravenous and smoked routes of METH exposure in humans and simulates 

the toxic effects of METH in nontolerant users. Moreover, it was recently shown that acute 

METH treatment causes BBB disruption. Herein, we used albumin staining as a marker 

for BBB disruption (Scholler et al., 2007) since this is a blood serum protein that does not 

cross the BBB under normal conditions. Moreover, collagen IV is one of the most 
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expressed proteins in basal lamina and is responsible for the mechanical support of ECs. 

Thus, considering the crucial role of the striatum in METH addiction and neurotoxicity, we 

further investigated the alterations in collagen IV expression and the presence of albumin 

in the brain parenchyma of this specific brain region. A time-course study was performed, 

and we concluded that METH decreased collagen IV staining just 1h after the last injection, 

being more pronounced at 2h, and still evident after 24h. These observations indicate an 

altered and weakened structure of microvessels (Figure 2.8A). Furthermore, albumin was 

present in the brain parenchyma after METH administration, being a clear indicator of BBB 

disruption. Since a huge pick of albumin immunoreactivity was observed at 2h after the 

last METH injection, the following studies were performed at this time point. Noteworthy, 

and in accordance with our in vitro results, the blockade of the NF-κB pathway with BAY 

prevented the increased BBB permeability and structural alterations induced by METH 

(Figures 2.8B to 2.8D). 

In an attempt to better clarify the effect of METH in animal BBB alterations, we also showed 

that this drug increases TNF-α levels in brain parenchyma (Figures 2.9A and 2.9B). 

Importantly, to exclude the contribution of peripheral TNF-α, we measured its levels in 

mouse sera and concluded that there were no alterations (Figure 2.10). This suggests 

that increased cerebrovascular permeability was not related to peripheral TNF-α 

production, but instead to its production in the brain (Figures 2.9A and 2.9B), particularly 

around the perivascular zone. We also evaluated astrocyte activity through GFAP 

immunofluorescence, but in general no significant alterations were found (Figure 2.9C). 

However, it is possible to observe a specific increase surrounding microvessels, which 

suggests an astrocytic recruitment and reorganization (Figure 2.9A). These observations 

lead us to hypothesize that METH may induce a perivascular astrogliosis (Alvarez et al., 

2015) inflammatory status. In fact, the presence of TNF-α near both the astrocytic endfeet 

and capillary is notorious (Figure 2.9A) and corroborates ours in vitro results showing that 

both cells can produce TNF-α. Also, this cytokine’s production was abrogated by the 
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treatment with BAY, demonstrating the involvement of NF-κB pathway in TNF-α production 

after METH binge administration. 

 

Figure 2.8. METH induces BBB disruption in the mice striatum via NF-κB pathway. Mice were 

administered with METH (4× 10 mg/kg, intraperitoneally (i.p.), 2h apart) and killed 1, 2, and 24h 

after the last injection. (A) Representative images of collagen IV (green), a marker of basement 

membrane that surrounds the brain vessels, and albumin (red) that is a marker of BBB disruption. 

It was clearly shown that METH triggered a decrease in collagen and an increase in albumin 

staining already 1h after the last METH injection, reaching a peak after 2h. Interestingly, the effect 

is still present after 24h of the last METH injection. (B) Representative images and (C, D) 

quantification of (C) albumin and (D) collagen IV immunofluorescence show that METH increases 

albumin extravasation and decreases collagen IV at 2h after the last injection, which was completely 

prevented by the blockade of NF-κB pathway with BAY treatment (20 mg/kg, i.p., 30 min before 

each METH injection). Total brain sections were also stained with Hoechst 33342 (blue). Scale bar 

= 20 μm. The results shown are mean + S.E.M., n=18 visual fields acquired from three different 

animals of each experimental condition. *P<0.05, **P<0.01, ***P<0.001 significantly different when 

compared with the control (CTR); +P<0.01, +++P<0.001 significantly different when compared with 

METH (2h) using Bonferroni’s Multiple comparison test. 
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Figure 2.9. METH upregulates TNF-α levels in the mouse striatum. Mice were administered 

with METH (4× 10 mg/kg, intraperitoneally (i.p.), 2h apart) and killed 2h after the last injection. (A) 

Representative images of TNF-α and glial fibrillary acidic protein (GFAP) immunoreactivity showing 

a colocalization of the cytokine with astrocytes and vessels. (A, B) Quantification of both proteins 

shows a significant increase in (B) TNF-α levels that was prevented by the blockade of the NF-κB 

pathway with BAY, but (C) no alteration in general GFAP levels. Total brain sections were also 

stained with Hoechst 33342 (blue). Scale bar = 20 μm. The results shown are mean + S.E.M, n=18 

visual fields acquired from three different animals of each experimental condition. ***P<0.001 

significantly different when compared with the control (CTR); +++P<0.001 significantly different when 

compared with METH using Bonferroni’s Multiple comparison test. 

 

 

 

 

 

 

 

 



METH triggers BBB dysfunction via TNF-α 

79 

 

 

 

Figure 2.10. Quantification of TNF-α in mice sera. Mice were administered with METH (4× 10 

mg/kg, i.p., 2h apart) and sacrificed 2h after the last injection. Control (CTR) animals were 

manipulated as for METH protocol but injected with saline (0.9% NaCl). As a positive control, mice 

were administered with lipopolysaccharide (LPS; 5 mg/kg, i.p.) and sacrificed after 1h. The cytokine 

levels were quantified by ELISA Ready-SET-Go kit, as specified in the datasheet and expressed 

as mean pg/ml + S.E.M., n=4-10. ***P<0.001 significantly different when compared to CTR using 

Dunnet’s Multiple comparison test. 
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2.5. Discussion 

Methamphetamine is a powerful psychostimulant drug of abuse that causes severe 

alterations in the CNS. In fact, the neurotoxicity triggered by this drug has been extensively 

studied over the last years (Thompson et al., 2004). Though its impact on BBB properties 

was highlighted more recently (Ramirez et al., 2009), the intracellular mechanisms 

involved in METH-induced cerebral endothelium dysfunction remain unknown, as well as 

its effect on the crosstalk between different neurovascular unit cells. Thus, to reach our 

goal we first took advantage of a well-established BBB in vitro model (Cardoso et al., 

2012), and we observed that METH increased ECs permeability at concentrations relevant 

to human abuse. Considering the differences between rodents and humans, we further 

used human ECs (Bernas et al., 2010) to reproduce the results obtained with rat primary 

cultures. As it is also known that METH can induce death of various cell types (Krasnova 

and Cadet, 2009; Coelho-Santos et al., 2012) including ECs (Martins et al., 2013), we also 

considered if METH-increased endothelial permeability was due to cell death. Importantly, 

the concentrations used in the present study did not cause EC death or decreased cell 

viability. This is a key issue because, in contrast to other studies, we used METH 

concentrations that present a most common pattern of drug use, highlighting the 

importance of understanding its impact on BBB function. 

Multiple studies suggest that METH triggers a pronounced neuroinflammatory response 

(Loftis and Janowsky, 2014), usually characterized by gliosis and increased levels of 

cytokines (Gonçalves et al., 2010; Coelho-Santos et al., 2012). Importantly, ECs can 

actively participate in inflammatory events, being also an important source of 

proinflammatory cytokines (Lee et al., 2001). Since we have previously shown that TNF-α 

has an important role in METH-induced toxicity (Gonçalves et al., 2010; Coelho-Santos et 

al., 2012), we hypothesized that this proinflammatory cytokine could also be involved in 

endothelial dysfunction induced by METH. Indeed, we proved that both brain ECs and 

astrocytes are an important source of TNF-α, but both cell types also showed a distinct 
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response to METH. It is well known that METH induces different responses according to 

cell type, and indeed a lower concentration of the drug triggered a faster and higher release 

of TNF-α by ECs when compared with astrocytes. Curiously, in ECs we also observed a 

fast release of TNF-α within 15 min after METH exposure that is independent of NF-κB 

activation, since BAY did not prevent its release. Instead, it seems that this first pool of 

TNF-α will trigger the p65 translocation into the nucleus, and so being itself a stimulator of 

subsequent cytokine synthesis. It is known that the brain endothelium is the first to interact 

with peripheral pathogens or harmful signals (Mai et al., 2013), and indeed ECs contain 

intracellular granules called Weibel-Palade bodies that store several chemokines, 

adhesive molecules, and inflammatory cytokines (Kim et al., 2010). These may undergo 

exocytosis into the extracellular space within minutes of stimulation and thus allow an 

immediate response of ECs (Kim et al., 2010) that is independent of gene transcription 

(Lowenstein et al., 2005). 

Additionally, we clearly showed that the inhibition of TNF-α completely prevented the 

increased permeability induced by METH. Accordingly, this cytokine has been shown to 

participate in BBB breakdown in pathologic phenomena, such as stroke and traumatic 

brain injury (Tobinick et al., 2012). Namely, rat intracerebral injection of TNF-α increased 

BBB permeability (Candelario-Jalil et al., 2007). Similar results were observed with a short 

acute incubation of this proinflammatory cytokine in a BBB in vitro model of bovine cerebral 

ECs and rat glial cell co-cultures (Miller et al., 2005). Moreover, to unravel the intracellular 

signaling that culminates in BBB impairment, we targeted the NF-κB pathway. NF-κB is a 

potent proinflammatory nuclear transcription factor that is involved in the initiation and 

amplification of inflammatory responses. Additionally, TNF-α triggers signaling pathways 

that converge on the activation of transcription factor NF-κB (Aveleira et al., 2010; Tang et 

al., 2011; Zhong et al., 2012). More recently, others have shown that TNF-α activates NF-

κB in both human umbilical vein ECs (Zhong et al., 2012) and dermal microvascular ECs 

(Clark et al., 2007). Thus, NF-κB is a transcription factor that regulates the proinflammatory 

responses in ECs, including ZO-1 expression as shown in lupus condition (Jacob et al., 
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2011). Also, Koedel et al. (2000) showed that NF-κB inhibition had a protective effect on 

meningitis-associated BBB leakage. Accordingly, in the present study, we concluded that 

TNF-α/NF-κB blockade prevented METH- induced EC dysfunction. 

Knowing that increased BBB permeability under several insult conditions can occur 

through different mechanisms (de Vries et al., 2012; Loftis and Janowsky, 2014), we 

further aimed to clarify what type of transport across ECs was being modulated by this 

TNF-α/NF-κB pathway. In fact, it was previously shown that METH increased both 

paracellular (Ramirez et al., 2009; Martins et al., 2011) and vesicular transport (Martins et 

al., 2013). Noteworthy, in healthy BBB endothelium, nonspecific fluid-phase transcytosis 

is rarely observed (Cardoso et al., 2010). However, under several types of brain injuries, 

the vesicular transport is increased, including in traumatic human brain edema (Castejon, 

2013). Accordingly, in this study, we clearly show that just after METH exposure the 

transcellular permeability mediated by NF-κB is increased. Also, Tiruppathi et al. (2008) 

showed that NF-κB signaling was involved in LPS-increased caveolae-mediated 

transendothelial albumin permeability. Besides this transcellular permeability, METH also 

interfered with the paracellular pathway. In fact, there was a significant decrease in the 

expression of occludin and claudin-5, which was prevented by NF-κB pathway blockade, 

similarly to the vesicular transport. Accordingly, Aveleira et al. (2012) showed that, in 

primary cultures of bovine retinal ECs, TNF-α induced BBB impairment via NF-κB 

signaling, which was associated with decreased levels and changes in the cellular 

distribution of claudin-5 and ZO-1. Moreover, TNF-α/NF-κB pathway was shown to be 

responsible for ZO-1 downregulation and alteration in junctional localization that led to 

increased permeability of Caco-2 cells (Ma et al., 2004). Additionally, TNF-α was shown 

to induce NF-κB signaling in mouse brain ECs, and p65 over-expression repressed the 

claudin-5 promoter (Aslam et al., 2012). Importantly, NF-κB also affects the dynamic of 

actin cytoskeletal assembly that is crucial for the stabilization of TJs (Lee et al., 2001). All 

these studies emphasize the crucial role of the TNF-α/NF-κB signaling on BBB modulation, 

but its link with METH use has never been identified until now. 
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Alterations in TJs structure and organization may also affect BBB permeability, and 

subsequently the movement of leukocytes and immune mediators into the brain. In fact, 

our group has recently shown an enhancement of lymphocyte transendothelial migration 

after METH (Martins et al., 2013). Thus, we hypothesized that it could also upregulate the 

expression of cell adhesion molecules in ECs, justifying the infiltration of leukocytes. In 

fact, METH increased ICAM-1 expression, which was once again prevented by the 

blockade of the NF-κB pathway. Importantly, it was previously showed that increased 

levels of ICAM-1 induce ECs leakiness through alteration of cell junctions and cytoskeleton 

(Clark et al., 2007). Moreover, using the same concentration of TNF-α that we used, the 

activation of NF-κB was proven to be essential for ICAM-1 expression and the consequent 

increase of neutrophils adhesion onto ECs (Tang et al., 2011). Herein, we clearly show 

that METH has a direct effect on ECs leading to significant alterations in both vesicular 

and paracellular transports through TNF-α/NF-κB signaling pathway. 

Despite our important findings regarding the impact of METH on ECs, BBB is a complex 

structure. Indeed, astrocytes have a crucial role in modulating the structure and function 

of the cerebral endothelium, but the effect of METH on the crosstalk between brain ECs 

and astrocytes has never been addressed before. Kuo and Lu (2011) showed that ACM 

from human astrocytes increased TEER of HBMVECs, together with a reduction of 

paracellular permeability. Also, ACM induced brain endothelium properties on human 

umbilical vein ECs, with decreased permeability to HRP and increased expression of 

occludin and ZO-1 (Landoni et al., 2012). Accordingly, we conclude that under control 

conditions astrocytes release several factors that contribute to the tightness of the barrier. 

However, under toxic conditions astrocytes can have a negative effect on the surrounding 

cells, including on ECs. Specifically, Yang et al. (2013) showed that ACM obtained from a 

rat cell line incubated 24h with bradykinin increased neuronal cell death due to reactive 

oxygen species, MMP-9, and hemeoxygenase-1/carbon monoxide present in the medium. 

Also, factors released by LPS- and/or Shiga toxin 1-treated astrocytes increased 

transendothelial permeability in human umbilical vein ECs by reducing TJs proteins 
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expression (Landoni et al., 2012). Importantly, these authors also showed that NF-κB 

inhibition or TNF-α blockade inhibited the effects of ACM (Landoni et al., 2012). Thus, 

considering that METH increases astrocytic reactivity as well as the expression of several 

cytokines in the mouse brain, including TNF-α (Gonçalves et al., 2010), we hypothesize 

that METH could also induce endothelium dysfunction via TNF-α released by astrocytes. 

Indeed, we proved that barrier dysfunction could involve not only endothelial but also 

astrocytic TNF-α, that again culminated in increased endothelial permeability through the 

activation of the NF-κB pathway. 

To better support our in vitro results, we also investigated if METH binge administration to 

mice could cause BBB dysfunction. Importantly, this drug administration paradigm confers 

excellent significance to intravenous and smoked routes of METH exposure in humans 

(Grace et al., 2010) and the dose is similar to that detected in the blood of drug abusers 

(Melega et al., 2007; Ramirez et al., 2009). Additionally, this binge protocol has been 

widely used in animal studies and is well characterized by striatal toxicity (Beauvais et al., 

2011). However, little is known about the effect of this METH regimen on BBB function. 

Nevertheless, Urrutia et al. (2013) showed that a similar METH binge protocol (3 × 4 

mg/kg) induced BBB disruption in mouse striatum at 1, 12, and 24h after METH treatment, 

observed by extravasation of Immunoglobulin G (150 kDa). Herein, we showed that METH 

increased BBB permeability at 1, 2, and 24h after the last injection, which was evaluated 

by increased albumin (66 kDa) leakage and decreased expression of collagen IV. Collagen 

IV is the major component of the basement membrane having a decisive role in the 

maintenance the vessels’ wall structural integrity. In fact, downregulation of this protein 

has been associated with the pathogenesis of BBB destruction in autoimmune 

Encephalomyelitis (Zhang et al., 2013) and ischemic stroke (Rosell, et al., 2008). Another 

interesting aspect is that MMPs, particularly MMP-9, have been implicated in collagen IV 

degradation (Rosell, et al., 2008; Zhang et al., 2013). Indeed, we previously showed that 

METH increases the expression and activity of MMP-9, being responsible for BBB 

breakdown (Martins et al., 2011). Moreover, we also observed an increase of TNF-α 
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confined to the perivascular zone, near ECs and astrocytes. Additionally, both BBB 

breakdown and TNF-α production were prevented by BAY, showing the involvement of 

NF-κB signaling in METH-induced BBB disruption. Interestingly, with our pattern of drug 

administration, we did not detect an increase in general GFAP immunoreactivity, which is 

in agreement with a previous study that showed no alterations of several proteins, 

including GFAP, in striatal homogenates of autopsied brains obtained from chronic METH 

users (Tong et al., 2014). Nevertheless, it was possible to observe a specific increase of 

GFAP immunoreactivity around the microvessels, which indicates an astrocytic 

recruitment and reorganization around the capillaries highlighting a clear perivascular 

astrogliosis (Alvarez et al., 2015) triggered by METH. In conclusion, the present work 

shows that at concentrations relevant to human abuse, METH induces the release of TNF-

α by both brain ECs and astrocytes with subsequent activation of the NF-κB pathway. This 

sequence of events culminates in the increase of transcellular and paracellular endothelial 

transport. 

Importantly, the blockade of TNF-α or NF-κB was able to prevent METH-induced BBB 

dysfunction. Moreover, these results were reproduced using rat and human cerebral ECs, 

as well as an animal model. So, for the first time, we show that TNF-α/NF-κB signaling 

pathway has a central role in METH-induced brain endothelium permeability. This 

observation may provide an important strategy against BBB dysfunction triggered by 

METH and consequent brain parenchyma alterations/infections that may occur under such 

conditions.  
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3.1. Abstract 

 

Methamphetamine (METH) abuse/misuse is a worldwide problem, and despite extensive 

characterization of its neurotoxicity over the last years, many questions remain 

unanswered. Recently, it was shown that METH compromises the blood-brain barrier 

(BBB) and causes a disturbance in the water homeostasis leading to brain edema. 

Importantly, water transport at BBB is regulated by water channels, aquaporins (AQPs), 

with AQP4 being expressed in astrocytic endfeet surrounding brain endothelium. Thus, 

the main goal of this work was to unravel the role of AQP4 under conditions of METH 

consumption. Our results show that METH (4× 10 mg/kg, 2h apart, i.p.) interferes with 

AQP4 protein levels causing brain edema and BBB breakdown in both mice striatum and 

hippocampus, which culminated in locomotor and motivational impairment. Furthermore, 

these effects were prevented by pharmacological blockade of AQP4 with a specific 

inhibitor (TGN-020). Moreover, siRNA knockdown of this water channel protected 

astrocytes from METH-induced swelling and morphologic alterations. Herein, we 

unraveled AQP4 as a new therapeutic target to prevent the negative impact of METH. 
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3.2. Introduction 

METH abuse/misuse is a major problem in several countries, including the USA, Australia, 

Canada, and Japan but there is also an increasing concern about the situation in Europe 

(UNODC, 2015). METH can adversely influence human health, causing acute behavioral 

and physiological disturbances, as well as long-term complications (Silva et al., 2010). 

Most of the studies that aimed to clarify the impact of METH on the CNS have focused on 

oxidative stress (Toborek et al., 2013), excitotoxicity, neuroinflammation (Sharma and 

Kiyatkin, 2009; Silva et al., 2010; Loftis and Janowsky, 2014), and hyperthermia 

(Matsumoto et al., 2014). More recently, a new concept of METH-induced brain 

dysfunction was described based on its ability to disrupt the BBB (Ramirez et al., 2009; 

Martins et al., 2011). Dysfunction of BBB is likely involved in the majority of 

neurodegenerative diseases, and drug abuse is not an exception (Silva et al., 2010; 

Gonçalves et al., 2014). Specifically, we have previously demonstrated that an acute high 

dose of METH transiently increased BBB permeability in the mice hippocampus, which 

was explained by a downregulation of tight junction proteins and increased matrix 

metalloproteinase-9 expression and activity (Martins et al., 2011). 

It has also been reported that METH causes brain edema (Beránková et al., 2005; Sharma 

and Kiyatkin, 2009), which occurs due to abnormally increased water content and 

consequent brain swelling. However, it is still unknown if this is a consequence of BBB 

breakdown. There are two major types of brain edema: cytotoxic (cellular) and vasogenic 

(leaky-vessel) (Tait et al., 2008), each involving different entry routes into the brain. The 

discovery of specific water channel molecules (aquaporins, AQPs) provided new insights 

about water movements through the plasma membrane. Since brain edema continues to 

be the main cause of death in several CNS diseases, the interest in AQPs as potential 

therapeutic targets has been increasing (Igarashi et al., 2011). The AQP4 is the most 

abundant and enriched AQP in the brain, specifically in astrocyte endfeet surrounding 

brain capillaries (Tait et al., 2008). Besides, AQP4 is expressed as two major isoforms, M1 
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and M23, that form heterotetramers aggregates at cell plasma membrane called 

orthogonal arrays of particles (OAPs), and its composition and function depend on the 

relative amounts of both isoforms. In fact, an increase in M1 isoform presence in the OAPs 

leads to a disruption of this structure causing a dysregulation in water homeostasis, while 

an increase of M23 presence stabilizes the supramolecular structure (Furman et al., 2003). 

Thus, the AQP4 expression pattern in vascular disease is a critical component since it 

regulates water movement during edema formation and resolution (Tait et al., 2008). In 

fact, several studies showed that AQP4 deficiency is associated with reduced cytotoxic 

brain edema in animal models of focal cerebral ischemia and bacterial meningitis (Chen 

et al., 2014). Contrarily, AQP4 deficiency produces more brain swelling in mouse models 

of vasogenic edema, including brain tumors (Tait et al., 2008). Also, there is only one study 

showing an increase of AQP4 expression in a human METH intoxication case (Wang et 

al., 2014). Importantly, the role of AQP4 in many CNS pathologies, either beneficial or 

deleterious, is still unclear. 

Noteworthy, BBB permeability and edema formation can be associated with behavioral 

alterations. In fact, it was previously shown that BBB disruption led to locomotor 

impairment (Tomkins et al., 2007; Rapp et al., 2008; Fukuda et al., 2013) and 

anxiety/depressive-like behaviors (Rapp et al., 2008; Najjar et al., 2013). Moreover, there 

are supporting data demonstrating cognitive impairment and depression under the 

condition of METH use in both humans (Simon et al., 2000) and animal models (Gonçalves 

et al., 2012; Silva et al., 2014). Also, there is growing evidence linking brain edema with 

locomotor impairment (Wachter et al., 2012; Fukuda et al., 2013; Zhong et al., 2013). 

However, the correlation between METH-induced brain edema and behavioral 

abnormalities has been overlooked. 

Despite the evidence showing that METH leads to BBB disruption and brain edema 

formation, the role of AQP4 has never been addressed before. Thus, we hypothesized 

that AQP4 would play a critical role on such phenomena. Additionally, we aimed to clarify 

the behavioral outcome of water homeostasis dysfunction.  
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3.3. Material and Methods 

3.3.1. Animals and Treatments 

Male wild-type C57BL/6J mice (8 weeks old; 24-26 g body weight; Charles River 

Laboratories, Barcelona, Spain) were housed under controlled environmental conditions 

(12h light-dark cycle, 24 ± 1°C) with food and water ad labium. Mice were divided into 

three groups as follows: control group [4× 0.9% NaCl, 2h apart, intraperitoneal injection 

(i.p.)], METH binge group (4× 10 mg/kg, 2h apart, i.p.), and METH + TGN group that 

received 200 mg/kg TGN (i.p.; Sigma-Aldrich, St. Louis, MO, USA) 1h before the first 

METH administration. Taking into consideration that this specific METH regimen causes a 

very significant BBB disruption at 2h after the last drug injection when compared to the 

other time points analyzed (1 and 24h after drug exposure; Chapter 2; Coelho-Santos et 

al., 2015), we conducted all the other experiments at 2h. The present study was approved 

by the Institutional Animal Care and Use Committee (FMUC/CNC, University of Coimbra, 

Coimbra, Portugal). Experiments were performed by certified researchers in accordance 

with European Community Council Directives (2010/63/EU) and Portuguese law for care 

and use of experimental animals (DL no. 113/2013). All efforts were made to minimize 

animal suffering and to reduce the number of animals used. 

 

3.3.2. Evaluation of Brain Edema 

3.3.2.1. Brain Water Content Determination 

Cortical, striatal, and hippocampal water accumulation was evaluated by comparing the 

wet and dry weights, as previously described (Haj-Yasein et al., 2011). Specifically, to 

determine the wet weight (WW), mice were sacrificed and the intact brain regions were 

removed and weighed. Afterward, the tissue was dried for 72h at 60°C and once again 

weighed to obtain the dry weight (DW). The percentage of brain water was calculated 

using the following formula: [(WW − DW) / WW] × 100. 
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3.3.2.2. Volume Measurements of Different Regions by in vivo Magnetic 

Resonance Imaging 

Magnetic resonance imaging (MRI) was carried out first on the control group and then on 

treated animals, after 2h of the last METH administration. Mice were anesthetized with 

1.5% isoflurane in air and placed on temperature controlled beds with tooth bar and head 

restraint to reduce motion artifact. Body temperature was maintained at 37°C and 

respiration was monitored. MRI was performed on a 9.4-T MR pre-clinical scanner (Bruker 

Biospec, Billerica MA, USA) with a transmit/receive volume coil with 40/75 mm of 

inner/outer diameter, respectively. High-resolution morphological images were acquired 

with a 2D T2-weighted turbo RARE sequence with the following parameters: TR/TE = 

2500/33 ms, FOV = 20 × 20 mm, acquisition matrix = 256 × 256, echo train length = 8, 

echo spacing = 11 ms, and 19 axial continuous slices 0.5 mm thick. Diffusion-weighted 

imaging (DWI) was performed with diffusion prepared 2D spin-echo echo-planar imaging 

(2D SE-EPI), and the sequence parameters were as follows: TR/TE = 3000/15.8 ms, FOV 

= 20 × 0 mm, acquisition matrix =156 × 87, b values = 0, 100, 500, 800 (s/mm2), with 30 

averages, and 13 axial continuous slices 0.5 mm thick. Apparent diffusion coefficient 

(ADC) maps were calculated, using in-house developed software based on MATLAB 

(Mathworks, Natick, Mass, USA), using b values corrected for the amplitude of the imaging 

gradients (Bammer, 2003). Briefly, the ADC value per voxel was calculated by fitting the 

signal intensity as a function of b value to the conventional ADC equation (Sb/S0 = exp(−b 

ADC)), where Sb is the signal intensity corresponding to each b value and S0 is the signal 

intensity at b = 0. Two regions of interest were manually drawn corresponding to the 

striatum and the hippocampus and the average ADC value per region was extracted. 

 

3.3.3. Western Blot Analysis 

Mice were sacrificed, hippocampi and striata were dissected on ice, and western blots 

were performed as previously described (Gonçalves et al. 2010). Primary and secondary 
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antibodies used were as follows: rabbit anti-AQP4 (1:500, Millipore, Darmstadt, Germany) 

and goat anti-albumin (1:20000, Bethyl Laboratories Inc., Montgomery, TX, USA), and 

secondary antibodies were alkaline phosphatase-conjugated secondary antibody anti-

rabbit (1:20,000) and anti-goat (1:10,000) (Amersham GE Healthcare Life Science, USA), 

respectively. Levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 1:500; 

Abcam, Cambridge, UK) were used as loading controls. Bands were visualized with 

enhanced chemifluorescence (ECF) reagent on the Typhoon FLA 9000 (GE Healthcare 

Bioscience AB, Uppsala, Sweden), and quantification performed in ImageJ 1.44o 

software. 

 

3.3.4. Immunohistochemistry 

Immunolabeling was performed as previously described (Chapter 2; Coelho-Santos et al., 

2015). The antibodies used were as follows: rabbit anti-collagen IV (1:200; Abcam) and 

goat anti-albumin (1:2000; Bethyl Laboratories) followed by Alexa Fluor 488 anti-rabbit and 

Alexa Fluor 594 anti-goat (1:200; Invitrogen, Inchinnan Business Park, UK), respectively, 

followed by nuclei staining with 5 μg/ml Hoechst 33342 (Sigma-Aldrich). Slices were then 

mounted with Dako fluorescence medium (Dako, Glostrup, Denmark), and images 

recorded in LSM 710 Meta Confocal microscope (Carl Zeiss; Oberkochen, Germany). 

 

3.3.5. Animal Behavior Studies 

Prior to the start of behavioral tests, mice were transferred to the experimental room 

allowing habituation to the new environment for at least 1h. To evaluate animal locomotor 

activity, open field test was performed for 20 min accordingly with Joca and collaborators 

(Joca et al., 2014), in a 45 × 45 cm arena. The location and movement of the animals were 

recorded and analyzed by Anymaze Video Tracking Software (Stoelting, Wood Dale, IL, 

USA). 
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Motor coordination activity was evaluated on a rotarod Letica LI8200 (Panlab, Barcelona, 

Spain). As previously described (Huang et al., 2015), mice were trained for 2 sessions a 

day for 3 consecutive days, until they were capable of stay on the rotating drum at a speed 

of 25 rpm (rotations per minute) for at least 120 s. On the following day and after 

appropriate treatments, mice were subjected to rotarod test at an acceleration speed 

between 4 to 40 rpm and the latency to fall was recorded. Importantly, the cutoff time for 

latency to fall was 300 s (Huang et al., 2015). 

For splash test, a 10% sucrose solution was squirted on the dorsal coat of mice in their 

home cage. Due to the viscosity of the solution, the animal coat becomes dirty and induces 

grooming behavior. The total time spent on grooming over a 5-min period was recorded 

as previously published (Boulle et al., 2014). 

 

3.3.6. Primary Cultures of Mouse Cortical Astrocytes 

Astrocytes were isolated from C57BL/6J mouse pups aged P4-5 as previously described 

(Chapter 2; Coelho-Santos et al., 2015) with minor modifications. Briefly, after brain 

cortices were isolated, the tissue was mechanically digested and the pellet was plated in 

T-75 flasks at a density of 1.2 × 105 cells/cm2 in astrocyte medium [Dulbecco’s modified 

Eagle’s medium (DMEM) low glucose supplemented with 10% fetal bovine serum (FBS) 

and 1% gentamicin]. The medium was changed after 6h and then every 2 days until cells 

reached confluency. At this point, flasks were shaken and the adherent cells (astrocytes) 

were trypsinized with 0.1% Trypsin (Sigma-Aldrich) in Hank’s Balanced Salt Solution 

(HBSS, Invitrogen). This process was stopped by incubation with astrocyte medium 

followed by centrifugation (143×g, 5 min). Cells were plated at different densities 

depending on the experiments. 
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3.3.7. AQP4 Silencing by Small-Interfering RNA-Based 

Knockdown 

Astrocytic AQP4 knockdown was performed as previously described (Badaut et al., 2011) 

with minor modifications. Briefly, two optimized small interference RNA (siRNA) against 

AQP4 were acquired (20 nM, Invitrogen) and mixed, accordingly with the manufacturer, 

with ScreenFect (InCellA, Eggenstein-Leopoldshafen, Germany), diluted in Opti-MEM 

(1:50; Invitrogen). For negative control, non-targeted siRNAs were used (20 nM, 

Invitrogen). The mixture was incubated for 20 min at room temperature (RT) and then 

added to the respective well for 4 days. 

 

3.3.8. Terminal Deoxynucleotidyl Transferase dUTP Nick End 

Labeling (TUNEL) Assay 

After the appropriate treatments, the whole population of cells was collected by 

trypsinization. Then, cells were fixed with 4% paraformaldehyde (PFA) and adhered to 

superfrost microscope slides (Thermo Scientific, Menzel GmbH & Co KG, Braunschweig, 

Germany) by centrifugation (113×g, 5 min; Cellspin I, Tharmac GmbH, Waldsolms, 

Germany). Apoptotic cell death was further evaluated by the TUNEL assay (Roche 

Diagnostics GmbH, Mannheim, Germany). After that, cells were permeabilized in 0.25% 

Triton X-100 for 30 min at room temperature (RT), and incubated with terminal 

deoxynucleotidyl transferase buffer for 1h at 37ºC in a humidified chamber. Incubation with 

fluorescein Avidin D (1:100) was performed for 1h, followed by nuclei counterstaining with 

5 μg/ml Hoechst 33342 for 5 min. Cell images were recorded using an Axiovert 200 M 

fluorescence microscope. 
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3.3.9. Immunocytochemistry 

Cells were fixed with 4% PFA (Sigma-Aldrich) for 20 min at RT. Afterward, cells were 

permeabilized with 0.25% Triton X-100 (Sigma-Aldrich) and blocked with 5% bovine serum 

albumin (BSA, Sigma-Aldrich) during 1h at RT, followed by incubation with primary 

antibodies (rabbit anti-AQP4, 1:250, overnight at 4°C, Millipore; anti-GFAP-Cy3 

conjugated, 1:1000, 1h at RT, Sigma-Aldrich). Then, cells were incubated with secondary 

antibody (Alexa Fluor 488, 1:200, Invitrogen) for 1h at RT in the dark and nuclei were 

stained with 4 μg/ml Hoechst 33342 (Sigma-Aldrich) for 5 min at RT. Finally, cells were 

mounted in Dako fluorescence medium (Dako) and images were recorded using a LSM 

710 Meta Confocal microscope (Carl Zeiss). 

 

3.3.10. Morphological Analysis of Astrocytes 

3.3.10.1. AQP4 Quantification 

Immunostaining analysis was performed in FIJI Software version 2.0 based on a previous 

study (Chapter 2; Coelho-Santos et al., 2015). In brief, all photograph area was 

considered as well as three different zones without staining (black) to be used for 

background subtraction. To determine the corrected total AQP4 fluorescence, we used the 

following formula: correct total fluorescence = (integrated intensity) − (area of picture × 

mean background). The results are expressed as mean of fluorescence intensity (arbitrary 

units) of five photos from three different primary cultures slides for each experimental 

group. 

 

3.3.10.2. Membrane/Cytoplasm Ratio of AQP4 

The alterations in AQP4 cellular localization were analyzed based on a previous study 

(Fernandes et al., 2016). Shortly, a line perpendicular to astrocytic membrane limits was 

drawn for each cell in all pictures (five pictures from three different cultures for each 
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experimental condition). An intensity plot profile of that line was obtained and the ratio 

between membrane and cytoplasmic pixel intensity was calculated. 

 

3.3.10.3. Analysis of Astrocytic Processes 

GFAP-labeled astrocytes were analyzed using the NeuronJ program, a plugin of FIJI 

Software, to measure the length and count the number of astrocytes processes in each 

experimental group as previously described by Di Benedetto and collaborators (Di 

Benedetto et al., 2016). 

 

3.3.11. Water Uptake Measurements by Calcein Fluorescence 

Quenching Method 

In order to evaluate changes in astrocytic volume and water movements, we used the 

calcein quenching method as previously published (Hawkins et al., 2013). This 

methodology consists of cell incubation with a solution of calcein-acetoxymethyl ester 

(Calcein-AM), which is a cell-permeable and non-fluorescent dye. Once inside the cells, 

the AM group is cleaved by cytoplasmic esterases and calcein becomes cell membrane 

impermeable and acquires fluorescence. This technique allows us to infer about the cell 

volume since fluorescence is proportional to cell volume. Thus, astrocytes were plated in 

laminin-coated (10 μg/ml in phosphate-buffered saline (PBS); Invitrogen) black 96-wells 

plates, and after appropriate treatments, cells were washed with 0.01 M PBS and 

incubated with 5 μM Calcein-AM (Invitrogen) in artificial cerebrospinal fluid (aCSF, in mM: 

120 NaCl, 2.5 KCl, 25 NaHCO3, 1 NaH2PO4, 2.5 CaCl2, 1.3 MgSO4, 10 glucose) for 1h at 

37°C. Then, calcein solution was removed and astrocytes were maintained in aCSF for 

fluorescence measurements (excitation 485 nm, emission 530 nm). 
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3.3.12. Reactive Oxygen Species Quantification 

Astrocyte cell cultures were seeded in black 96-wells plates. After appropriate treatments 

for 4h, cells were incubated with 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA; 5 

μM; Invitrogen) during 1h at 37°C in the dark. Fluorescence intensity was read (ex/em 

485/528 nm) and divided by the total amount of protein. 

 

3.3.13. Statistical Analysis 

Results are expressed as mean + standard error of the mean (S.E.M.). Data were 

analyzed using a Mann-Whitney test or one-way ANOVA followed by Dunnet’s or 

Bonferroni’s post hoc test, as indicated in figure legends. ADC values were analyzed using 

Wilcoxon matched-pairs test since each animal was used as its own control (before vs 

after drug(s) treatment). The level of significance was P<0.05 and the ´n´ represents the 

total number of animals or the total of multiwell plates obtained from at least three 

independent cultures. Statistical analysis was calculated using Prism 6.0 (GraphPad 

Software, San Diego, CA, USA). 
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3.4. Results 

3.4.1. METH Causes Brain Edema and AQP4 Upregulation 

It was previously shown that a single METH administration causes an increase in rat brain 

water content (Sharma and Kiyatkin, 2009). However, nothing is known about the effect of 

other METH regimens or the possible alterations in water channels, as well as their 

involvement in edema formation. Here, we show for the first time that a binge METH 

treatment induces striatal (**P<0.01 vs CTR) and hippocampal (*P<0.05 vs CTR) water 

accumulation at 2h after the post last injection, without changes at an earlier time point 

(1h) and on the pre-frontal cortex (Figure 3.1A). Moreover, we aimed to identify the type 

of edema observed under these conditions. Magnetic resonance imaging (MRI) analysis 

showed a reduction of the apparent diffusion coefficient (ADC) values in both the striatum 

and hippocampus (**P<0.01 vs CTR within the same region) suggesting that METH 

induced a cytotoxic edema (Figures 3.1B and 3.1C). 

Some studies have demonstrated that the water channel AQP4 plays a critical role on 

brain edema under different pathological conditions, such as hypoxia (Chen et al., 2014) 

and ischemia (Igarashi et al., 2011). Thus, we analyzed the AQP4 protein levels at 2h after 

the last METH injection, the same time point that occurred brain edema formation, and it 

was possible to observe an upregulation of AQP4 total protein levels (Figure 3.1D; 

*P<0.05 and ***P<0.001 vs CTR in the striatum and hippocampus, respectively) and 

M1/M23 ratio (Figure 3.1E; **P<0.01 vs CTR within the same region). 

 

 

 

 

 



AQP4 as a new target against METH-induced brain alterations 

101 

 

Figure 3.1. METH causes cytotoxic edema in the mice striatum and hippocampus with AQP4 

upregulation. Mice were administered with METH (4× 10 mg/kg, i.p., 2h apart) and sacrificed 1 or 

2h after the last injection. (A) METH increased brain water content in both striatum and 

hippocampus, specifically at 2h after drug administration, without any effect on the pre-frontal cortex 

water content. Results are expressed as mean % tissue weight + S.E.M., n=4-9, *P<0.05, **P<0.01 

significantly different when compared to the control (CTR) within the same brain region, using one-

way ANOVA followed by Bonferroni’s multiple comparison test. (B) Representative anatomical (T2) 

and water content (DWI) images of both striatum and hippocampus before and after METH 

administration. (C) ADC values were decreased in both striatum and hippocampus pointing to a 

cytotoxic brain edema. Results are expressed as mean mm2/s + S.E.M., n=9, **P<0.01 significantly 

different when compared to the control (CTR) within the same brain region, using Wilcoxon 

matched-pairs test. Both (D) AQP4 total protein levels and (E) M1/M23 ratio were increased by 

METH in the brain regions analyzed. Above the bars, representative western blot images of AQP4 

(M1, 34 kDa; M23, 32 kDa) and GAPDH (37 kDa) are shown. Results are expressed as mean % of 

control + S.E.M., n=7–11; *P<0.05, **P<0.01, ***P<0.001 significantly different when compared to 

the control (CTR) within the same brain region, using Mann-Whitney test. 
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3.4.2. AQP4 Inhibition Protects against METH-Induced Brain 

Alterations 

To determine the involvement of AQP4 in METH-induced brain edema, we measured the 

water content, as described in Figure 3.1A, but now in the presence of a novel AQP4 

inhibitor, TGN-020 (TGN) (Igarashi et al., 2011). The blockade of this water channel, per 

se, did not interfere with the water content of the brain regions analyzed (Figure 3.2A). 

However, TGN was able to prevent all the effects induced by METH, specifically the water 

accumulation (Figure 3.2A; ###P<0.001 and ##P<0.01 vs METH in the striatum and 

hippocampus, respectively), upregulation of total AQP4 protein levels (Figure 3.2B; 

###P<0.001 and ##P<0.01 vs METH in the striatum and hippocampus, respectively), and 

M1/M23 isoforms ratio (Figure 3.2C; ###P<0.001 vs the respective METH condition). 

Additionally, we also aimed to clarify if the inhibition of AQP4, and consequently the 

prevention of brain edema, was capable of preventing BBB disruption triggered by METH. 

Interestingly, we showed that TGN also inhibited METH-induced striatal and hippocampal 

BBB disruption (Figure 3.3). In detail, TGN blocked the increase of albumin 

immunolabeling (Figure 3.3A; in red) induced by METH. These observations were 

confirmed by western blot analyses since METH was able to increase albumin protein 

levels (Figure 3.3B; **P<0.01 vs CTR within the same regions) and TNG once again 

prevented this upregulation (##P<0.01 and ###P<0.001 vs METH in the striatum and 

hippocampus, respectively). Moreover, the structure of brain vessels was investigated by 

analyzing the major component of the basement membrane, collagen IV. We observed 

that METH triggered a downregulation of collagen IV immunostaining (Figure 3.3A; in 

green) together with an increase of albumin (Figure 3.3A; in red) in both the striatum and 

hippocampus. TGN was able to completely prevent collagen IV alterations and BBB 

disruption, as shown by the complete absence of albumin in the tissue (Figure 3.3A) and 

by its quantification (Figure 3.3B). Overall, these results allow us to conclude that the 
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blockade of AQP4 was able to maintain the physical support of brain microvasculature and 

consequently to avoid BBB disruption. 

 

Figure 3.2. METH interferes with water homeostasis in the mice striatum and hippocampus. 

Animals were administered with METH alone, or co-administrated with an AQP4 specific inhibitor, 

TGN-020 (TGN; 200 mg/kg, i.p., 1h before the first METH injection), and sacrificed 2h after the last 

METH injection (4× 10 mg/kg, i.p., 2h apart). (A) The inhibition of AQP4 channels by TGN prevented 

the METH-induced edema in both brain regions analyzed. Results are expressed as mean % tissue 

weight + S.E.M., n=4–8. METH also increased the (B) total AQP4 protein levels and (C) M1/M23 

ratio in the striatum and hippocampus, which were completely abolished by TGN. Above the bars, 

representative western blot images of AQP4 (M1, 34 kDa; M23, 32 kDa) and GAPDH (37 kDa) are 

shown. Results are expressed as mean + S.E.M., n=6–11. *P<0.05, **P<0.01, ***P<0.001 

significantly different when compared to the control (CTR) within the same brain region; ##P<0.01, 

###P<0.001 when compared with METH within the same brain region, using one-way ANOVA 

followed by Bonferroni’s multiple comparison test 
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Figure 3.3. METH induces BBB disruption in the mice striatum and hippocampus. Mice were 

administered with METH alone (4× 10 mg/kg, i.p., 2h apart), or co-administrated with TGN-020 (200 

mg/kg, i.p., 1h before the first METH injection; TGN), and sacrificed 2h after the last METH injection. 

(A) Representative images of collagen IV (green) and albumin (red) show that METH decreased 

and increased the immunoreactivity, respectively. Moreover, blockade of AQP4 prevented the 

METH effects. Total brain sections were also stained with Hoechst 33342 (blue). Scale bars =  20 

μm. (B) METH significantly increased albumin protein levels in both striatum and hippocampus. 

Above the bars, representative western blot images of albumin (66 kDa) and GAPDH (37 kDa) are 

shown. Results are expressed as mean % of control + S.E.M., n=5. **P<0.01 significantly different 

when compared to the control (CTR) within the same brain region; ##P<0.01, ###P<0.001 

significantly different when compared to METH within the same brain region using one-way ANOVA 

followed by Bonferroni’s multiple comparison test 
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3.4.3. Behavioral Changes Triggered by METH 

It has been described that METH causes behavior abnormalities, but the role of brain 

edema or/and BBB disruption on these alterations has never been addressed before. 

Thus, we performed behavioral tests to evaluate the impact of METH on mice mobility and 

motivation, as well as the involvement of AQP4 in such effects (Figure 3.4). Using the 

open field test, we found that METH-administrated animals showed a decrease in both 

total distance traveled (Figure 3.4A; ***P<0.001 vs CTR) and rearings (Figure 3.4B; 

***P<0.001 vs CTR), suggesting that drug causes locomotor and exploratory impairment. 

Additionally, these behavioral changes were not prevented by TGN (Figures 3.4A and 

3.4C; ***P<0.001 vs CTR). To better clarify the possible motor alterations triggered by 

METH, we further performed the rotarod test and observed that this drug impaired 

coordination since there was a significant decrease in the latency to fall (Figure 3.4D; 

***P<0.001 vs CTR). Curiously, mice observation led us to hypothesized that METH could 

interfere with animal self-care and motivational behavior. Thus, by using the splash test, 

we demonstrated that METH decreased mice grooming, a form of motivational behavior 

considered to be parallel with some symptoms of depression such as apathy (Figure 3.4E; 

***P<0.001 vs CTR). Noteworthy, in both rotarod and splash tests, TGN was able to 

diminish METH-induced behavioral impairment (**P<0.01 vs CTR; ##P<0.01 vs METH). 
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Figure 3.4. METH causes significant alterations in mice behavior. Mice were administered with 

METH alone (4× 10 mg/kg, i.p., 2h apart), or co-administrated with TGN-020 (200 mg/kg, i.p., 1h 

before the first METH injection; TGN), and (A-C) open field, (D) rotarod, and (E) splash tests were 

performed 2h after the last injection. METH impaired voluntary locomotion and exploratory behavior 

since mice showed a decreased in the (A, C) distance traveled and (B) rearings. (C) Representative 

track plot representing the path traveled by animals in the different groups. The inhibition of AQP4 

by TGN did not prevent the drug-induced animal behavior. Additionally, METH caused a significant 

impairment in (D) motor coordination and (E) self-caring/motivational behavior. Interestingly, here, 

TGN was able to diminish both negative effect of METH on the latency to fall and grooming. The 

results are expressed as mean + S.E.M., n=6–9, **P<0.01, ***P<0.001 significantly different when 

compared to control (CTR), using one-way ANOVA followed by Dunnet’s multiple comparison test, 

and ##P<0.01 significantly different when compared to METH using one-way ANOVA followed by 

Bonferroni’s multiple comparison test 
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3.4.4. Specific Role of AQP4 in METH-Induced Alterations of 

Astrocytes 

Despite all the strength given by the animal studies abovementioned, we also aimed to 

clarify the specific involvement of astrocytes, since AQP4 is expressed mainly by these 

cells. Different in vitro models have been used to study AQP4 properties and function, 

such as Xenopus laevis oocytes (Assentoft et al., 2013), astrocyte cell lines (Smith et al., 

2014), or astrocytes primary cultures (Coelho-Santos et al., Howe et al., 2014). Since the 

first two models do not endogenously express this water channel protein, we decided to 

use the primary cultures to dissect the specific role played by AQP4 (Howe et al., 2014; 

Coelho-Santos et al. 2015) under METH exposure, and so to complement the animal 

studies. Additionally, a concentration of METH (250 μM) that did not cause cell death 

(Figure 3.5) was used in the present study. Importantly, the METH concentration used is 

in accordance with previous in vitro studies (Abdul Muneer et al., 2011) and it is within the 

range of drug molar concentrations found in brain tissue of METH binge users (Rivière et 

al., 2000; Melega et al., 2007). 

 

 

Figure 3.5. METH and AQP4 knockdown does not cause astrocyte cell death. Cells were 

treated during 24h with METH (250 μM) and/or TGN (25 μM), non-specific siRNA (Neg siRNA, 20 

nM), AQP4 targeting siRNA (siRNA, 20 nM). Results are expressed as mean + S.E.M., n = 4. 
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It was possible to observe an upregulation of total AQP4 protein levels (Figure 3.6A; 

***P<0.001 vs CTR), M1/M23 ratio (Figure 3.6B; ***P<0.001 vs CTR), and 

immunoreactivity (Figures 3.6C and 3.6D; **P<0.01 vs CTR), in accordance with our 

previous findings in mice. Interestingly, METH effects in astrocytes were completely 

prevented by a pharmacological blockade of AQP4 (#P<0.05 and ###P<0.001 vs METH), 

as well as by its highly efficient knockdown (Figure 3.7) with small-interfering ribonucleic 

acid targeting AQP4 (siRNA; ###P<0.001 vs METH). Moreover, we investigated the AQP4 

cellular distribution and astrocytic morphology alterations triggered by METH. There was 

a clear increase in AQP4 and membrane/cytoplasm ratio (Figures 3.6E and 3.6F; 

***P<0.001 vs CTR) that was prevented by TGN (Figures 3.6D and 3.6E; ###P<0.001 vs 

METH). This ratio gives us indications about the cellular distribution of AQP4, and so we 

can conclude that there was a shift from cytoplasmic localization to the membrane after 

METH exposure (Figures 3.6E and 3.6F).  

. 
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Figure 3.6. METH upregulates AQP4 expression in astrocytes. Primary cultures of mouse 

cortical astrocytes were exposed to 250 μM METH during 24h alone or together with TGN (25 μM, 

30 min before METH exposure) or siRNA (20 nM, for 4 days before METH exposure). METH 

increased both (A) AQP4 protein total levels and (B) M1/M23 isoform ratio, which were prevented 

by pharmacological inhibition of AQP4 (TGN) and its knockdown (siRNA). Above the bars, 

representative western blot images of AQP4 (M1, 34 kDa; M23, 32 kDa) and GAPDH (37 kDa) are 

shown. Results are expressed as mean % of control + S.E.M., n=6. (C) In accordance, 

quantification of AQP4 immunoreactivity proved that METH increased its expression, which was 

prevented by TGN and protein knockdown. (D) Representative images of AQP4 (green) showing 

that METH increased AQP4 staining. Moreover, pharmacological inhibition and knockdown of 

AQP4 prevented the METH effects. Cell nuclei were also stained with Hoechst 33342 (blue). Scale 

bars = 20 μm. (E) Quantification of AQP4 membrane/cytoplasm ratio, where we observed once 

again a protective role of TGN against METH effects. (F) Representative track plots from AQP4 

cellular distribution showing a switch in membrane/cytoplasm ratio from widespread in astrocytes 

to an accumulation on cell membrane boundaries. Results are expressed as mean + S.E.M., n=15. 

**P<0.01, ***P<0.001 significantly different when compared to the control (CTR); ##P<0.01, 

###P<0.001 significantly different when compared to METH using one-way ANOVA followed by 

Bonferroni’s multiple comparison test. 
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Figure 3.7. Pharmacological inhibition and knockdown of AQP4 cause a downregulation of 

its protein levels. Primary cultures of mouse cortical astrocytes were exposed to TGN (25 μM for 

24h) or AQP4 targeting siRNA (20 nM for 4 days, siRNA). After the appropriate treatments, we 

observed a significant decrease in AQP4 (A) protein levels, by western blot analysis, and (B) 

immunoreactivity. Above the bars, representative western blot images of AQP4 (M1, 34 kDa; M23, 

32 kDa) and GAPDH (37 kDa) are shown. Results are expressed as mean + S.E.M., n=4 for 

western blot, and n=15 for immunocytochemistry. *P<0.05, **P<0.01, ***P<0.001 significantly 

different when compared to the control (CTR) using one-way ANOVA followed by Dunnet’s Multiple 

comparison test.   

 

Morphological changes in astrocytes were also evaluated, and although METH had no 

effect on GFAP protein levels (Figure 3.8), it promoted astrocytic processes with an 

increase in the number (Figures 3.9A and 3.9D; **P<0.01 vs CTR) and the total length of 

cellular processes (Figures 3.9B and 3.9D; *P<0.05 vs CTR). Taking into consideration 

the morphological changes of astrocytes together with AQP4 upregulation, we 

hypothesized that METH could lead to cell swelling. In fact, this hypothesis was confirmed 

by showing that METH increased calcein fluorescence (Figure 3.9C; ***P<0.001 vs CTR). 

Once again, TGN and AQP4 knockdown were able to prevent METH-induced alterations 

in astrocytes (#P<0.05, ##P<0.01, ###P<0.001 vs METH). As controls, neither TGN nor 

siRNA interfere with astrocytic morphology (Figure 3.10), whereas siRNA targeting AQP4 
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or TGN decreased the cell volume confirming the specific role of AQP4 in water 

homeostasis (Figure 3.11). 

 

 

Figure 3.8. METH does not interfere with GFAP protein levels. No significant alterations were 

observed regarding the GFAP protein levels at 24h after the different treatments, as follows: 25 μM 

TGN, 20 nM AQP4 targeting siRNA (siRNA), 250 μM METH. Above the bars, representative 

western blot images of GFAP (50 kDa) and GAPDH (37 kDa) are shown. Results are expressed as 

mean + S.E.M., n=4. 
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Figure 3.9. AQP4 mediates METH-induced astrocytic morphological alterations. Primary 

cultures of astrocytes were exposed to 250 μM METH during 24h alone or together with TGN (25 

μM, 30 min before METH exposure) or siRNA (20 nM, for 4 days before METH exposure). 

Morphological alterations in astrocytes were analyzed in detailed by the quantification of (A) total 

number and (B) total length of cell processes. Results are expressed as mean + S.E.M., n=15. (C) 

Cell swelling triggered by METH was also observed by calcein fluorescence quantification. All the 

morphological alteration induced by the drug was prevented by both AQP4 pharmacological 

blockade (TGN) and knockdown (siRNA). Results are expressed as mean fold change + S.E.M., 

n=4–8. *P<0.05, **P<0.01, ***P<0.001 significantly different when compared to the control (CTR); 

#P<0.05, ##P<0.01, ###P<0.001 significantly different when compared to METH using one-way 

ANOVA followed by Bonferroni’s multiple comparison test. (D) Representative images of GFAP 

(red) showing that METH does not interfere with GFAP immunoreactivity. Cell nuclei were also 

stained with Hoechst 33342 (blue). Scale bars = 20 μm. 
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Figure 3.10. AQP4 inhibition or knockdown does not cause astrocytic morphological 

alterations. After the appropriate treatments [TGN (25 μM for 24h) or AQP4 targeting siRNA (20 

nM for 4 days, siRNA)] we did not observe any alterations in astrocytes processes (A) total number 

or in (B) total length. Results are expressed as mean + S.E.M., n=15. 

 

 

 

 

 

Figure 3.11. Both AQP4 inhibition and silencing decrease cell volume. AQP4 inhibition, by 

using TGN (25 μM for 24h) or AQP4 knockdown siRNA (20 nM for 4 days, siRNA) silencing 

methodology, caused a significant reduction in astrocyte cell volume. On the other hand, the Neg 

siRNA (20 nM non-specific siRNA) did not interfere with the cell size. Results are expressed as 

mean + S.E.M., n = 10. *P<0.05, ***P<0.001 significantly different when compared to the control 

using one-way ANOVA followed by Dunnet’s Multiple comparison test. 
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3.4.5. METH Induces Astrocytic Swelling via Oxidative Stress 

Oxidative stress is one of the most documented deleterious effects of METH exposure 

(Toborek et al., 2013; Leitão et al., 2016). Thus, we hypothesized whether reactive oxygen 

species (ROS) would have a role in cell swelling induced by METH. In fact, we found that 

METH exposure during 4h significantly increased ROS production (Figure 3.12A; 

***P<0.001 vs CTR), which was prevented by TGN (25 μM) or vitamin C (200 μM; VitC) 

(Figure 3.12A; ###P<0.001 vs METH). Also, the antioxidant approach by using VitC was 

able to block the swelling induced by METH (Figure 3.12B; ###P<0.001 vs METH). 

Curiously, VitC even reduced calcein fluorescence to a lower level than control proving 

that basal levels of ROS play also a role in cell morphology (Figure 3.12B; ***P<0.001 vs 

CTR). In order to confirm the antioxidant effect of TGN and VitC, we treated astrocytes 

with 500 μM H2O2 for 4h and observed that both treatments prevented the ROS production 

induced by oxygen peroxide (Figure 3.13). Moreover, when we looked at AQP4 protein 

levels, we concluded that once again, the antioxidant prevented the upregulation of AQP4 

(Figure 3.12C; ###P<0.001 vs METH) and the increase of M1/M23 ratio induced by METH 

(Figure 3.12D; ###P<0.001 vs METH). 

 

 

Figure 3.12. Reactive oxygen species are involved in METH-induced astrocytic cell swelling. 

(A) Primary cultures of astrocytes were treated with 250 μM METH alone or together with TGN (25 

μM, 30 min before METH exposure) or vitamin C (200 μM, 30 min before METH incubation; VitC) 

during 4h. The significant increase in reactive oxygen species (ROS) formation triggered by METH 

was prevented by both TGN and VitC. Results are expressed as mean % of control + S.E.M., n=18. 

(B) Calcein quenching method was used to confirm the protective effect of VitC against cell volume 
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increase after 24h of METH exposure. Results are expressed as mean fold change + S.E.M., n=10. 

Moreover, METH-increased (C) AQP4 protein total levels and (D) M1/M23 isoform ratio were 

prevented by antioxidant treatment with VitC. Above the bars, representative western blot images 

of AQP4 (M1, 34 kDa; M23, 32 kDa) and GAPDH (37 kDa) are shown. Results are expressed as 

mean % of control + S.E.M., n=4. **P<0.01, ***P<0.001, significantly different when compared to 

the control (CTR); ###P<0.001 significantly different when compared to METH condition using one-

way ANOVA followed by Bonferroni’s multiple comparison test. 

 

 

 

 

Figure 3.13. Both TGN and VitC are able to prevent the increase of ROS triggered by oxygen 

peroxide. Primary cultures of astrocytes were treated with 500 μM oxygen peroxide (H2O2) for 4h 

alone or together with TGN (25 μM) or vitamin C (200 μM; VitC). Here we show that TGN plays a 

similar role than the well-known antioxidant VitC. Results are expressed as mean % of control + 

S.E.M., n=10. **P<0.01, ***P<0.001, significantly different when compared to the control (CTR); 

###P<0.001 significantly different when compared to METH using one-way ANOVA followed by 

Bonferroni’s Multiple comparison test. 
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3.5. Discussion 

Brain edema is a deleterious neuropathological condition that leads to severe disabilities 

and ultimately to death. Moreover, it is originated by several factors such as stroke (Chen 

et al., 2014), traumatic brain injury (Naderi et al., 2015), and substance abuse (Wang et 

al., 2014). In fact, it was demonstrated that a single dose of METH causes edema in the 

cortex, hippocampus, and hypothalamus (Sharma and Kiyatkin, 2009). However, nothing 

is known about the effects of a binge drug paradigm, which better mimics METH 

pharmacokinetic of smoked and intravenous route used by human abusers (Krasnova and 

Cadet, 2009). Also, the underlying mechanisms responsible for such edema formation 

were never addressed before. Herein, we describe for the first time that METH triggers 

brain edema formation, specifically in the striatum and hippocampus, due to alterations in 

the water channel AQP4. In addition, BBB dysfunction and behavioral alterations were 

also identified, and the blockade of AQP4 was able to prevent, or at least to diminish, the 

negative impact of METH. Since AQP4 is mainly expressed by astrocytes, we also 

investigated the impact of METH on these cells concluding that AQP4 was responsible for 

drug-induced astrocytic alterations. 

Brain edema can be divided into two main groups: vasogenic and cytotoxic (Tait et al., 

2008). Vasogenic edema occurs due to vascular leakage and it has been shown that AQP4 

knockout mice have a worse outcome after edema induction by infusion of normal saline 

into brain parenchyma or under a condition of brain tumor (Tait et al., 2008). In the 

cytotoxic edema, BBB often maintains its integrity and AQP4 knockout mice do not 

develop brain edema under a condition of water intoxication or focal cerebral ischemia 

(Tait et al., 2008). Currently, MRI with ADC calculations is the only technique that allows 

a discrimination between vasogenic and cytotoxic edema. Thus, higher ADC values 

correspond to more water molecules freely moving in the extracellular space, which occurs 

in the vasogenic edema. On the contrary, lower ADC values indicate a cytotoxic edema 

characterized by the limited movements of water molecules due to cell swelling (Barzó et 
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al., 1997; Marmarou et al., 2006). Our results point to a cytotoxic edema at 2h post-after 

METH administration in both the striatum and hippocampus. Accordingly, we did not 

observe significant changes in the volume of brain regions analyzed, which characterize 

this type of edema. Also, the higher susceptibility of these regions is in accordance with 

other works showing that the striatum (Chapter 2; Coelho-Santos et al., 2015) and 

hippocampus (Martins et al., 2011) exhibit BBB disruption after a binge administration or 

single high dose of METH, respectively. In fact, several studies have demonstrated that 

the hippocampus (Nakajima et al., 2004; Martins et al., 2011) and striatum (Nakajima et 

al., 2004) can be negatively modulated by METH whereas pre-frontal cortex remained 

unaltered. Moreover, striatum is well known for a long time as one of the most affected 

brain regions by METH (Krasnova and Cadet, 2009; Grace et al., 2010; Urrutia et al., 2013; 

Silva et al., 2014), and the hippocampus is highly involved in depressive-like behaviors 

(MacQueen and Frodl, 2011) and cognitive functions (Gonçalves et al., 2012) that are two 

important features of METH abuse. Nevertheless, future studies are needed to better 

clarify the differences between brain regions. 

Upregulation of AQP4 expression was described in human METH abusers (Wang et al., 

2014), but a possible link with edema formation was overlooked. Our study demonstrated 

an increase in both total AQP4 protein levels and M1/M23 ratio together with a decrease 

in ADC values, which points to a dysfunction in water homeostasis and consequently a 

cytotoxic edema. Accordingly, others showed that transient middle cerebral artery 

occlusion decreased ADC values together with an upregulation of AQP4 levels (He et al., 

2014). Since METH-induced AQP4 system impairment, we further aimed to understand 

the role of this channel. Recently, TGN was raised as an AQP4-specific inhibitor and able 

to prevent brain edema formation post-ischemia (Igarashi et al., 2011). Despite the lack of 

published studies with rodent models exposed to TGN alone, there are several papers 

demonstrating that AQP4 knockout animals do not show any differences when compared 

to wild-type animals regarding neurological, brain water content, BBB properties, nerve 

cell death, and pericapillary astrocyte foot process area (Tang et al., 2010). Accordingly, 
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we observed that TGN alone did not interfere with water content whereas it prevented 

brain edema induced by METH in the mice striatum and hippocampus. In fact, using 

primary cultures treated with METH and TGN or AQP4 siRNA, we were able to prove that 

drug-induced cell alterations were prevented by both pharmacological blockade of AQP4 

and gene silencing. At the same time, the increase in AQP4 membrane/cytoplasm ratio 

demonstrated that AQP4 upregulation occurs on cellular membrane leading to an 

augmentation of water transport in astrocytes. Accordingly, it was previously shown that a 

specific AQP4 upregulation in cell membrane domain is responsible for the astrocyte 

volume increase (Rao et al., 2010). Additionally, it is well known that cellular swelling 

induces astrocytic morphology alterations (Wang et al., 2016). In fact, METH-exposed 

astrocytes showed a spreading in both processes number and length, as previously shown 

under conditions of ischemia (Yang et al, 2011), demyelination (Tourdias et al., 2009), and 

intracranial hypertension (Eide et al., 2016), where astrocytic hypertrophy is lastingly 

associated with AQP4 upregulation (Tourdias et al., 2009; Yang et al, 2011; Eide et al., 

2016) and water homeostasis dysfunction (Tourdias et al., 2009). Interestingly, we were 

able to prevent deleterious METH-induced astrocytic alterations by direct AQP4 inhibition 

and so controlling the water homeostasis dysfunction observed under drug exposure. 

Since TGN is formulated by conjugation of two well-known anti-inflammatory and 

antioxidant chemical groups, nicotinamide and thiadiazole (Burnett et al., 2015), we 

hypothesized that oxidative stress may have a role in controlling AQP4 protein expression 

and cell swelling induced by METH. In fact, Jayakumar and colleagues (Jayakumar et al., 

2006) already demonstrated astrocytic cell volume reduction after treatment with several 

antioxidants. Herein, we demonstrated that METH promotes the release of ROS by 

astrocytes and VitC has a protective role on cell alterations. Importantly, oxidative stress 

also activates a key transcription factor for inflammatory response, NF-κB pathway, which 

is a putative transcription factor for the AQP4 gene (Hsu et al., 2015). In fact, it has been 

already shown that NF-κB pathway is responsible for AQP4 upregulation under 

intracerebral hemorrhage (Wang et al., 2015) or inflammatory processes (Ito et al., 2006). 
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Also, we have previously demonstrated that the same METH regimen used in the present 

study (binge protocol) activates the NF-κB signaling pathway culminating in BBB disruption 

(Chapter 2; Coelho-Santos et al., 2015). 

It is known that METH induces BBB hyperpermeability (Chapter 2; Martins et al., 2011; 

Coelho-Santos et al., 2015; Northrop and Yamamoto, 2015) and brain edema (Sharma 

and Kiyatkin, 2009; Wang et al., 2014). However, it was unclear whether there is a link 

between both phenomena under conditions of METH use. In accordance with our results, 

others showed that in animal models of cerebral ischemia (Pillai et al., 2009; He et al., 

2014) and Parkinson’s disease (Wachter et al., 2012), brain edema occurred 

simultaneously with BBB impairment. Herein, we focused for the first time on the role of 

AQP4 and its correlation with edema formation and BBB disruption. Nevertheless, we have 

previously identified important key players responsible for METH-induced brain endothelial 

hyperpermeability, such as matrix metalloproteinase-9 (MMP9) (Martins et al., 2011), nitric 

oxide (Martins et al., 2013), and TNF-α (Chapter 2; Coelho-Santos et al., 2015). 

Additionally, Wang and collaborators (2014) showed a decrease in claudin-5 mRNA 

together with an increase in MMP9 and AQP4 mRNA levels in postmortem METH abusers 

brains. Organotypic hippocampal slice cultures treated with TNF-α also showed a huge 

increase in AQP4 mRNA levels (Zou et al., 2012). Thus, in the present study, we 

demonstrated that AQP4 inhibition prevented edema formation and BBB disruption under 

a condition of METH use. Such results are in accordance with previous studies, in which 

the AQP4 inhibition conferred protection from deleterious effects of water accumulation in 

cytotoxic edema conditions (Igarashi et al., 2011; Fukuda et al., 2013). 

Even though the TGN protective effect strengthens the classification of cytotoxic edema, 

we have BBB disruption at the same time point. Noteworthy, there are studies showing the 

presence of both types of edema (Barzó et al., 1997), cytotoxic and vasogenic, in 

hypoxia/ischemia and metabolic imbalance models (Ho et al., 2012), as well as in a case 

report of schizophrenia (Koch et al., 2001). Other supporting data also demonstrated that 

cytotoxic edema appears first, followed by vasogenic edema (Lazovic et al., 2005), or both 
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can also occur at the same time (Dalle Lucca et al., 2012). In this work, the TGN protection 

against BBB breakdown was proved by assessing albumin protein levels in brain 

parenchyma (Chapter 2; Coelho-Santos et al., 2015) and collagen IV levels in brain 

vessels’ structure. Nothing is known about the link between AQP4 and collagen, but it was 

described that downregulation of laminin, an important protein of basal membrane as 

collagen IV, leads to a disarrangement of AQP4 supramolecular structures causing an 

impairment in brain water homeostasis (Yao et al., 2014). Additionally, it has been 

demonstrated that MMP9 activity is responsible for laminin and collagen IV degradation 

observed in an ischemic animal model, resulting in BBB disruption (Copin et al., 2011). 

Here, we showed a decrease in collagen IV immunoreactivity, and Urrutia and 

collaborators (2013) published that METH binge induced a decrease in laminin levels at 

1h after the post-last METH binge administration. Thus, we can hypothesize that the loss 

of collagen IV triggered by METH is associated with laminin downregulation, which can, in 

turn, lead to AQP4 system impairment. In fact, a decrease in laminin expression or its fiber 

disorganization causes a decrease in AQP4 protein levels (Hirrlinger et al., 2011) and an 

imbalance on water homeostasis (Menezes et al., 2014). 

Besides cellular alterations triggered by METH, we also aimed to clarify if such edema 

formation and BBB disruption could lead to behavioral alterations. Previous works 

demonstrated that in different neuropathological conditions, such as ischemia or 

Parkinson’s disease, brain edema is present together with locomotor impairment (Wachter 

et al., 2012; Zhong et al., 2013). Interestingly, AQP4 knockdown prevented brain edema, 

BBB disruption, and locomotor impairment in traumatic brain injured rats (Fukuda et al., 

2013). Additionally, BBB disruption has been associated with anxiety-like behavior (Rapp 

et al., 2008), major depressive disorder (Najjar et al., 2013), and both locomotor and 

cognitive impairment (Tomkins et al., 2007; Rapp et al., 2008). Yet to date, nothing was 

known about the possible correlation between METH-induced brain edema or/and BBB 

dysfunction and behavior impairment. Here, we observed a clearly locomotor coordination 

impairment, as well as a depressive-like behavior induced by METH. In fact, a single high 
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dose of METH was able to cause cognitive impairment (Diaz-Ruiz et al., 2012; Gonçalves 

et al., 2012) and depressive-like behavior (Silva et al., 2014). Moreover, others showed 

that METH binge paradigm causes locomotor hypoactivity (Boger et al., 2007; Urrutia et 

al., 2013) and a depressive-like behavior (Joca et al., 2014). Despite these studies, for the 

first time, we showed that AQP4 inhibition not only prevented METH-induced brain edema 

and BBB disruption but also locomotor abnormalities and depressive-like behavior. The 

absence of AQP4 blockade effect on the open field test in contrast to the positive impact 

on rotarod can be explained as follows: the open field test reflects multiple underlying 

traits, including locomotor activity, exploratory activity, olfaction, and vision, as well as fear 

and anxiety, whereas rotarod specifically measure motor coordination and balance 

(Crawley, 2007). Also in the rotarod, the mice are forced to move which can overcome the 

lack of motivation that can highly interfere with the spontaneous activity measured in the 

open field. Thus, by using more specialized tests to analyzed both motor activity and 

motivation, we were able to improve animal performance by blocking the AQP4 water 

channel. 

Overall, we concluded that METH interferes with AQP4 protein levels leading to brain 

edema, BBB disruption, and behavioral abnormalities. Moreover, astrocytic water 

accumulation triggered by this drug led to morphologic alterations. Thus, with the present 

work, we identify the water channel AQP4 as a new target involved in METH-induced brain 

alterations, which brings novel insights into the possible therapeutic targets in 

psychostimulants abuse/misuse. 
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4.1. Abstract 

Psychostimulants abuse is a worldwide concern as it causes long-term health 

complications with devastating consequences in the daily life of individuals and 

surrounded community. Among these drugs of abuse, methamphetamine (METH) is 

known to cause serious deleterious effects on the Central Nervous System. Herein, we 

aimed to clarify the possible involvement of neuroinflammation in BBB permeability and 

brain edema induced by METH, and to identify a new approach to counteract such 

negative effects. To address this issue, mice were administered with a binge regimen of 

METH (4× 10 mg/kg, i.p, 2h apart) and hippocampi were analyzed. We observed a 

neuroinflammatory response with microglial activation, astrocyte morphology alterations, 

and increased TNF-α protein levels. Additionally, brain edema and BBB disruption were 

identified through the quantification of brain water content and identification of albumin 

immunoreactivity in the brain parenchyma, respectively. Importantly, to uncover the 

signaling pathway beyond these METH effects, we neutralized the TNF-α receptor 1 

(TNFR1) in astrocytes primary cultures using a monoclonal antibody, and so preventing 

the cell swelling induced by METH. Moreover, in an attempt to identify a protective 

approach against this drug-induced brain alterations, we further evaluated the effect of 

parthenolide (PTL), a molecule with anti-inflammatory properties present in feverfew plant 

extract. Interestingly, PTL prevented both neuroinflammatory processes and 

neurogliovascular dysfunction, as well as cell swelling triggered by METH. With this study, 

we provide new insights into our understanding of brain dysfunction induced by 

psychostimulants and suggest a new pharmacological approach to counteract such 

negative effects. 
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4.2. Introduction 

Drug abuse has a major impact on society and economics. Among several drugs, METH 

is leading the global market of illegal synthetic drugs (UNODC, 2015), and despite the 

extensive characterization of METH effects (Silva et al., 2010; Gonçalves et al., 2014), 

several questions remain unanswered. More recently, the capability of METH to interfere 

with the BBB properties has been proposed as an important cause of several detrimental 

effects of this psychostimulant (Leitão et al., 2016). The BBB is the boundary that protects 

the brain parenchyma from fluctuations in the blood stream. Nevertheless, it is not a static 

structure but a highly dynamic interface with several transporters and receptors (Cardoso 

et al., 2010). Also, BBB has a proactive role on brain since endothelial cells are able to 

release many modulators, including proinflammatory cytokines, which will interfere with 

neural cells function (Chapter 2; Coelho-Santos et al., 2015).  

Neuroinflammation has been recognized as one of the most deleterious effects of METH 

abuse, being responsible for causing neurodegeneration (Gonçalves et al., 2010), brain 

edema (Northrop and Yamamoto, 2012), and BBB hyperpermeability (Chapter 2; Coelho-

Santos et al., 2015). The neuroinflammatory process is characterized by activation of glial 

cells (astrocytes and microglia), production and release of proinflammatory cytokines, 

such as interleukin (IL)-1β, IL-6, TNF-α, and peripheral immune cells infiltration into brain 

parenchyma (Sochocka et al., 2016). Recently, our group demonstrated that TNF-α was 

responsible for BBB disruption through the activation of the NF-κB pathway (Chapter 2; 

Coelho-Santos et al., 2015). TNF-α knockout mice also showed less motivation to METH 

self-administration (Yan et al., 2012), which reinforces the crucial role of this cytokine in 

the negative effects mediated by METH. Additionally, the manipulation of TNF-α, by using 

neutralizing antibodies, significantly protected the brain tissue from brain edema and BBB 

disruption observed after status epilepticus induction (Kim et al., 2012), acute liver failure 

(Wang et al., 2011), and ischemia (Hosomi et al., 2005).  Importantly, there are two 

different TNF-α receptors, TNF-receptor 1 (TNFR1) and TNF-receptor 2 (TNFR2), and the 
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inhibition of TNFR1 confers protection against Alzheimer’s disease (Montgomery and 

Bowers, 2012) and multiple sclerosis (Kassiotis and Kollias, 2001). 

Despite the well-described effects of METH (Gonçalves et al., 2014; Leitão et al., 2016), 

there is still missing an effective pharmacological therapy for psychostimulants 

abuse/misuse. Interestingly, the market of plant extracts as prescribed drugs has been 

increasing in the last few years, with Europe representing approximately half of the global 

market with sales of several billion dollars per year. Moreover, the traditional Asian medical 

practice has also gained credibility worldwide. Particularly, parthenolide (PTL) is among 

the most used herbal extracts on this trendy medical practice. PTL is a sesquiterpene 

lactone obtained from feverfew (Tanacetum parthenium) that has been recently shown to 

have anti-cancer and anti-inflammatory properties (Mathema et al., 2012). Its anti-

inflammatory characteristics seem to be linked to the inhibition of NF-κB pathway and 

consequently to the downregulation of TNF-α (Mathema et al., 2012). 

Thereafter, with the present work, we aimed to investigate the PTL potentiality as a new 

therapeutic approach against noxious effects of METH, specifically the BBB dysfunction 

and edema formation. 
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4.3. Material and Methods 

4.3.1. Animal Treatments 

Male wild-type C57BL/6J mice (3-month-old; 24-26 g body weight; Charles River 

Laboratories, Barcelona, Spain) were housed under controlled environmental conditions 

(12h light:dark cycle, 24±1ºC) with food and water ad labium. Mice were divided into three 

different groups as follows: the control group received four intraperitoneal (i.p.) injections 

of 0.9% NaCl, 2h apart; METH binge group (4× 10 mg/kg, 2h apart, i.p.); the METH+PTL 

group received PTL (4× 1 mg/kg, i.p.) 30 min before each METH administration. The 

animals were sacrificed 2h after the last injection. Experiments were performed by certified 

researchers in accordance with European Community Council Directives (2010/63/EU) 

and Portuguese law for care and use of experimental animals (DL no. 113/2013). All efforts 

were made to minimize animal suffering and to reduce the number of animals used. 

 

4.3.2. Western Blot Analysis 

Western blot was performed as previously described (Chapter 3; Leitão et al., 2017). 

Primary antibodies were as follows: goat anti-albumin (1:20000, Bethyl Laboratories Inc., 

Montgomery, TX, USA); rabbit anti-TNF-α (1:100, Millipore, Darmstadt, Germany). 

Secondary antibodies were as follows: alkaline phosphatase-conjugated secondary 

antibody anti-rabbit (1:20,000), and anti-goat (1:10,000) (GE Healthcare Bio-Sciences, 

Pittsburgh, PA, USA). Immunoblots were reprobed with an antibody against 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to ensure equal sample loading. 

Quantification of band density was performed using Image Studio (LI-COR Biosciences, 

Lincoln, NE, USA). 
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4.3.3. Evaluation of Hippocampal Edema  

Tissue water accumulation was evaluated by comparing the hippocampal wet and dry 

weights, as previously described (Chapter 3; Leitão et al., 2017). Specifically, mice were 

sacrificed and the intact hippocampi were removed and weighed, corresponding to the wet 

weight (WW). Afterward, the brain region was dried for 72h at 60ºC, and once again 

weighed to obtain the dry weight (DW). The percentage of brain water was calculated 

using the following formula: [(WW – DW)/WW] x 100. 

 

4.3.4. Immunohistochemistry 

Immunostaining studies were performed as previously published (Chapters 2 and 3; 

Coelho-Santos et al., 2015; Leitão et al., 2017). Brain slices were incubated with rabbit 

anti-GFAP (1:1000, Sigma-Aldrich; St. Louis, MO, USA) and rat anti-CD11b (1:200, AbD 

Serotec, Kidlington, United Kingdom) primary antibodies followed by rabbit Alexa Fluor 

594 and rat Alexa Fluor 488 secondary antibodies (1:200; Invitrogen, Inchinnan Business 

Park, UK) for 1h at RT, and 5 μg/ml Hoechst 33342 (Sigma-Aldrich) for 5 min in the dark 

at RT. Finally, slices were mounted with Dako fluorescence medium (Dako, Glostrup, 

Denmark), and images were recorded using the LSM 710 Meta Confocal microscope (Carl 

Zeiss; Oberkochen, Germany). Quantification of GFAP and CD11b immunoreactivity was 

accomplished using the NIH ImageJ 1.47 analysis software. To define the corrected total 

fluorescence, we used the following formula: correct total fluorescence = (integrated 

intensity) − (total area × mean background). The results are expressed as mean of 

fluorescence intensity (arbitrary units) of five brain slices obtained from three different 

animals for each experimental group. 

 

4.3.5. Morphological Analysis of Astrocytic Processes 

GFAP-labeled astrocytes were analyzed using the NeuronJ program, a plugin of FIJI 

Software, to measure the length (total and mean) and count the number of astrocytes 
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processes in each experimental group as previously described by Di Benedetto and 

collaborators (Di Benedetto et al., 2016; Chapter 3). 

 

4.3.6. Primary Cultures of Mouse Cortical Astrocytes 

Astrocyte primary cultures were obtained as previously described (Chapter 2; Coelho-

Santos et al., 2015). Briefly, brains of C57BL/6J mouse pups aged P4 were used. After 

proper mechanic digestion cell pellet was plated in T-75 flasks at a density of 1.2 × 105 

cells/cm2. After confluence, flasks were shaking with the non-astrocytic cells discarded 

(detached cells) and the astrocytes (adherent cells) plated at different densities depending 

on the experiments. 

 

4.3.7. Enzyme-Linked Immunosorbent Assay 

Astrocytes culture medium was collected from control (CTR) or cell treated with METH 

(250 µM, for 24h) alone or together with PTL (10 µM, for 24h). The released levels of TNF-

α were quantified by ELISA Ready-SET-Go kit (eBioscience, San Diego, CA, USA), as 

specified in the datasheet. The results were expressed as pg/ml. 

 

4.3.8. Cell Volume Measurements 

The evaluation of astrocytic volume due to water movements was performed as previously 

published (Chapter 3; Leitão et al., 2017). Briefly, astrocytes were plated in laminin-coated 

black 96-well plates. After the appropriate treatments cells were washed with PBS and 

incubated with 5 μM calcein-AM for 1h at 37ºC. Afterward, culture medium with calcein-

AM was replaced by calcein-free medium and the fluorescence was measured on a 

fluorescence plate reader (excitation 485 nm, emission 530 nm). The results were 

expressed as fold change from CTR condition. 
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4.3.9. Statistical Analysis 

Results are expressed as mean + standard error of the mean (SEM). Data were analyzed 

using one-way ANOVA followed by Bonferroni’s post hoc test, as indicated in figure 

legends. The level of significance was P<0.05 and the ‘n’ represents the total number of 

animals or the total of multiwell plates obtained from at least three independent cultures. 

Statistical analysis was calculated using Prims 6.0 (GraphPad Software, San Diego, CA, 

USA). 
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4.4. Results 

Very recently, our group showed that METH binge (4× 10 mg/kg, i.p., 2h intervals) causes 

BBB disruption mediated by TNF-α and NF-κB pathway activation (Chapter 2; Coelho-

Santos et al., 2015). Thus, we decided to investigate a new approach in an attempt to 

counteract the deleterious effects of METH. Parthenolide (PTL) is obtained from feverfew 

plants and is known to have anti-inflammatory properties (Mathema et al., 2012). The 

animals exposed to PTL (4× 1 mg/kg, i.p., 30 min before each METH injection) showed a 

prevention against METH-induced BBB disruption, as can be observed by a decrease in 

albumin protein levels in isolated hippocampi (Figure 4.1A; **P<0.01 vs CTR; ###P<0.001 

vs METH). Regarding brain edema, PTL also protected hippocampus from the water 

accumulation observed under METH conditions (Figure 4.1B; **P<0.01 vs CTR; 

###P<0.001 vs METH).  

 

 

Figure 4.1. Parthenolide (PTL) prevents neurogliovascular dysfunction induced by METH in 

the mice hippocampus. PTL significantly prevented (A) BBB disruption, observed by increased 

albumin protein levels, and (B) brain edema induced by METH. Above the bars, representative 

western blot images of albumin (66 kDa), and GAPDH (37 kDa) are shown. The results are 

expressed as mean + S.E.M., n=5, **P<0.01 significantly different when compared to the control 

(CTR), ###P<0.001 significantly different when compared to METH condition using one-way ANOVA 

followed by Bonferroni’s Multiple comparison test. 
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Further, to clarify whether PTL also acts as an anti-inflammatory molecule, we looked to 

possible alterations in astrocytes and microglia, by GFAP and CD11b immunoreactivity, 

respectively. Interestingly, we did not observe any differences in GFAP immunoreactivity 

(Figure 4.2A and 4.2C) between experimental groups. Nevertheless, alterations in the 

astrocytes morphology induced by METH were proved by the increase in the total number 

of astrocytic processes (Figure 4.2D; ***P<0.001 vs CTR), as well as the total (Figure 

4.2E; ***P<0.001 vs CTR) and the mean (Figure 4.2F; ***P<0.001 vs CTR) length of those 

processes. Importantly, PTL exerted its protective effect mainly on the length of the 

astrocytic processes (Figure 4.2E and 4.2F; *P<0.05 vs CTR; ###P<0.001 vs METH), 

without a statistical significant effect on the total number of the cell processes (Figure 

4.2D) although a tendency to a decrease can be observed. On the other hand, the 

significant increase in CD11b immunoreactivity triggered by METH (Figures 4.2B and 

4.2G; ***P<0.001 vs CTR) was completely prevented by PTL (Figures 4.2B and 4.2G; 

###P<0.001 vs METH).  
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Figure 4.2. METH causes astrocytic morphological alterations and microglia activation in the 

mice hippocampal CA3 sub-region. Representative immunohistochemistry images for (A) GFAP 
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(red, astrocytes), (B) CD11b (green, microglia), and Hoechst (blue, nuclei). Scale bar = 40 µm. 

Neither METH nor PTL interferes with (A, C) GFAP immunostaining. However, the increase in (D) 

astrocytes processes induced by METH was not prevented by PTL. Nevertheless, METH-induced 

increase in (E) total length and (F) mean length of processes was both prevented by PTL exposure. 

Moreover, METH promoted the activation of microglial cells and PTL blocked the increase in (B, G) 

CD11b staining (a marker of microglial cells) induced by the drug. Results are expressed as mean 

+ S.E.M., n=10-15, *P<0.05, ***P<0.001 significantly different when compared to the control (CTR), 

###P<0.001 significantly different when compared to METH condition using one-way ANOVA 

followed by Bonferroni’s Multiple comparison test. 

 

Since glial cells are an important source of inflammatory mediators, we also measured the 

TNF-α protein levels (Figure 4.3A) and once again concluded that PTL was able to 

prevent the upregulation of this cytokine induced by METH (**P<0.01 vs CTR; ##P<0.01 vs 

METH). Besides the abovementioned increase of TNF-α protein levels in the hippocampus 

of mice administered with METH, we have also previously shown that this drug leads to 

TNF-α release by both endothelial cells and astrocytes (chapter 2; Coelho-Santos et al., 

2015), as well as to cell swelling (chapter 3; Leitão et al., 2017). However, the role of TNF-

α in METH-induced cell swelling has never been investigated. Thus, we further 

demonstrate that the release of this cytokine by astrocytes was prevented by PTL (Figure 

4.3B; ***P<0.001 vs CTR; ###P<0.001 vs METH). This protective effect was also observed 

when we analyzed astrocytic cell swelling (Figure 4.4A; ***P<0.001 vs CTR; ###P<0.001 

vs METH). Then, we hypothesize whether TNF-α could have a direct effect on water 

regulation. In fact, astrocytes incubated with a TNF-α or TNFR1 neutralizing antibody 

together with METH showed a cell volume lower than in CTR condition (Figure 4.4A; 

***P<0.001 vs CTR; ###P<0.001 vs METH). To prove the direct involvement of TNF-α on 

astrocyte volume changes, we also showed that 1 ng/ml of this cytokine significantly 

increased the cell volume (Figure 4.4B; ***P<0.001 vs CTR), which was prevented by PTL 

(*P<0.05 vs CTR; ###P<0.001 vs TNF-α) or a neutralizing antibody against TNFR1 

(**P<0.01 vs CTR; ###P<0.001 vs TNF-α). The decrease of calcein fluorescence below 
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control values also suggests that there is basal alterations in cell volume intrinsic to 

experimental conditions and somehow involving TNF-α signaling. 

 

 

Figure 4.3. METH-induced TNF-α upregulation and release is prevented by parthenolide. (A) 

PTL (4× 1 mg/kg, 1h before each METH injection) prevented the TNF-α upregulation induced by 

METH (4× 10 mg/kg, 2h apart) in mice hippocampus. Above the bars, representative western blot 

images of TNF-α (16 kDa), and GAPDH (37 kDa) are shown. The results are expressed as mean 

% of control + S.E.M., n=4. (B) Once again, PTL (10 µM, 30 min before METH incubation) prevented 

the astrocytic TNF-α released induced by METH (250 µM for 4h). The results are expressed as 

pg/ml+S.E.M., n=8. **P<0.01, ***P<0.001 significantly different when compared to the control; 

##P<0.01, ###P<0.001 significantly different when compared to METH condition using one-way 

ANOVA followed by Bonferroni’s Multiple comparison test. 
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Figure 4.4. Protective role of parthenolide in METH-induced astrocyte swelling. (A) Cell 

swelling induced by METH was also prevented by PTL, as well as by both neutralizing monoclonal 

antibody against TNF-α (abTNF, 100 µg/ml; 30 min before METH incubation) and TNFR1 

(abTNFR1, 20 µg/ml; 30 min before METH incubation). Moreover, (C) PTL and ab TNFR1 

prevented the cell swelling triggered by TNF-α (1 ng/ml). Results are expressed as mean fold 

change + S.E.M., n=5. *P<0.05, **P<0.01, ***P<0.001 significantly different when compared to the 

control; ###P<0.001 significantly different when compared to METH condition using one-way 

ANOVA followed by Bonferroni’s Multiple comparison test. 
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4.5. Discussion 

Almost 4% of European adults admitted consuming amphetamines at least once in their 

lives, turning this into a serious society problem (UNODC, 2015). Despite several 

pathways that are known to be related to METH-induced brain dysfunction, an effective 

pharmacological approach against the deleterious effects of this drug is still missing. Yet, 

we have previously demonstrated that the inhibition of TNF-α/NF-κB pathway is able to 

protect against neurovascular dysfunction induced by METH (Chapter 2; Coelho-Santos, 

et al., 2015). Additionally, the administration of a nonsteroidal anti-inflammatory drug 

(indomethacin) prevented the neurodegeneration and gliosis induced by METH 

(Gonçalves et al., 2010). Very recently our group has also demonstrated that the inhibition 

of the water channel aquaporin 4 prevented both METH-induced BBB disruption and 

behavioral alterations (Chapter 3; Leitão et al., 2017).  

Taking into consideration that the therapeutic use of natural products has gained 

prominence among the population, we further explored the role of PTL, an extract from 

feverfew plants. In fact, PTL exposure has been shown to have several benefits, including 

protection against brain edema and stroke induced by middle cerebral artery occlusion 

(Dong et al., 2013) and prevention of anxiety-like behavior in a diabetic rat model (Khare 

et al., 2017). Moreover, PTL treatment was capable of preventing the activation of the NF-

κB pathway (Rummel et al., 2011; Dong et al., 2013), as well as the upregulation of 

proinflammatory cytokines TNF-α and IL-1β (Rummel et al., 2011; Khare et al., 2017). 

Accordingly, we demonstrated that PTL prevented the BBB hyperpermeability induced by 

METH. As a consequence of BBB impairment, water molecules can accumulate within 

astrocytes, causing cytotoxic brain edema (Chapter 3; Adeva et al., 2012; Leitão et al., 

2017), or in extracellular space, originating vasogenic edema (Adeva et al., 2012). To date, 

the possible protective role of PTL on water accumulation has been overlooked. There is 

only one study clearly demonstrating that PTL prevented brain edema formation induced 

by middle cerebral artery occlusion, a rat model of stroke/ischemia (Dong et al., 2013). 
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Moreover, Ohnishi and collaborators (2014) showed that PTL prevented AQP4 

upregulation induced by high-mobility group box 1, a non-histone nucleoprotein that has 

proinflammatory cytokine-like effects. Notably, our group already proved that AQP4 

upregulation is involved in water content augmentation triggered by METH in both mice 

striatum and hippocampus (Chapter 3; Leitão et al., 2017). Herein, we proved that PTL 

prevents brain edema observed under METH exposure. 

It is well known that METH causes an increase in TNF-α mRNA (Gonçalves et al., 2008) 

and protein levels (Chapter 2; Gonçalves et al., 2010; Coelho-Santos et al., 2015) in 

microglia cells (Coelho-Santos et al., 2012). Accordingly, we demonstrated that METH 

increased TNF-α protein levels in the hippocampus and promoted its release by 

astrocytes. Both effects were once again prevented by PTL. Then, we hypothesize 

whether the TNF-α pathway could be also involved in the deleterious effects of METH. 

Indeed, the neutralization of TNF-α by a monoclonal antibody prevented the astrocytic cell 

swelling induced by METH, which is in accordance with previous studies demonstrating 

that neutralizing antibodies prevented brain edema and BBB disruption after status 

epilepticus induction (Kim et al., 2012), acute liver failure (Wang et al., 2011), and ischemia 

(Hosomi et al., 2005). Also, it is of crucial importance to uncover the TNF-α receptor 

involved on cell swelling induced by METH. Gonçalves and collaborators (2010) proved 

that a single high dose of METH only causes an upregulation of TNFR1 without any effect 

on TNFR2 (Gonçalves et al., 2010). Others, by using knockout mice for TNFR1, showed 

that this receptor is involved in neutrophils infiltration into brain parenchyma, AQP4 

upregulation, and brain edema induced by lipopolysaccharide administration (Alexander 

et al., 2008). In accordance with these results, we demonstrated that TNFR1 was involved 

in astrocytic cell swelling induced by METH. 

In sum, the present work presents parthenolide as a possible therapeutic drug against the 

negative effects of METH, highlighting a new pharmacologic approach by using plant 

extracts. 
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5.1. General Discussion 

Drug abuse costs more than 7 billion euros to European healthcare system (Lievens et al., 

2014) and amphetamine group of drugs is the fourth most consumed type of illicit drugs in 

Europe. Moreover, 3.8% of European adults consumed amphetamines at least once in 

their lives (UNODC, 2015), and 0.5% of Portuguese general population (from 15 to 64 

years old) or 7% of 18-years-old males have admitted the consumption of amphetamine-

like drugs (EMCDDA, 2016; SICAD, 2016). These numbers enlighten the importance of 

improving our knowledge in this field.  

Neurotoxicity of METH, recognized as the most powerful psychostimulant drug of abuse, 

has been extensively studied over the last years (Figure 5.1; Leitão et al., 2016), and the 

present thesis gave an important contribution by uncovering the involvement of 

neuroinflammation and oxidative stress in BBB disruption and brain edema induced by this 

psychostimulant. 

One of the most striking findings in this thesis was the role of brain endothelial cells (ECs) 

as key players in neuroinflammatory processes induced by METH. In fact, ECs are the 

first cells to interact with pathogens or peripheral signals, being sentinels of the innate 

immune system (Mai et al., 2013), and also have a pro-active role by the release of 

inflammatory mediators that will trigger an immune and physiological response in the brain 

parenchyma (Stanley and Lacy, 2010). Accordingly, we demonstrated that ECs have a 

quickest and stronger response to METH-induced TNF-α release than astrocytes. Further, 

microglia cells exposed to METH can also release TNF-α (Coelho-Santos et al., 2012). 

Thus, it is well established that glial cells are involved in proinflammatory cytokines 

production and release, but herein we demonstrated that ECs have also an important role 

in inflammatory processes and immune surveillance under METH exposure. 

Despite the importance of ECs in brain parenchyma and blood stream separation and 

homeostasis, the NVU properties are also influenced by surrounding cells, such as 

astrocytes. The role of astrocytes in the induction and maintenance of barrier properties 
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have been extensively demonstrated (Abbott et al., 2006; Kuo and Lu, 2011; Landoni et 

al., 2012). However, under certain types of injury astrocytes can exert a deleterious 

response, by releasing several inflammatory mediators. In fact, we demonstrated that 

TNF-α released by astrocytes was also responsible for the hyperpermeability observed 

under METH exposure, and we unraveled the NF-κB pathway as the downstream 

signaling pathway involved in such TNF-α effects.  

Importantly, one of the main roles of astrocytes is the control of water homeostasis through 

the water channel AQP4 (Nag et al., 2009). A dysfunction in this water channel leads to a 

pathological condition known as brain edema, which is characterized by water 

accumulation in extracellular (vasogenic edema) or in intracellular (cytotoxic edema) 

compartments. Unquestionably METH leads to brain edema in both humans (Beránková 

et al., 2005; Ago et al., 2006) and rats (Kiyatkin et al., 2007; Sharma and Kiyatkin, 2009; 

Northrop and Yamamoto, 2012). However, until now the molecular mechanism(s) behind 

such effect, and pharmacological approaches to treat it, are still unknown. Thus, we 

demonstrated that METH specifically induced a cytotoxic brain edema, and the AQP4 

inhibition not only prevented the edema formation but also BBB disruption and behavioral 

abnormalities, as well as the astrocytic morphological aberrations, induced by this 

psychostimulant.  

Oxidative stress is also part of the inflammatory mediators’ group of molecules and is 

capable of activate one of the key transcription factors on the neuroinflammatory response, 

the NF-κB pathway (Schreck et al., 1992). In fact, a cocktail of antioxidants (catalase, 

vitamin E, superoxide dismutase) was shown to be protective against cell swelling induced 

by hyperammonemia (Jayakumar et al., 2006). Accordingly, we proved that an antioxidant 

treatment, using vitamin C, was able to prevent the astrocytic water accumulation as well 

as the AQP4 upregulation induced by METH. Importantly, it has already been 

demonstrated that activation of the NF-κB pathway by ROS leads to an upregulation of 

AQP4 levels (Ito et al., 2006). Additionally, the aqp4 gene has indeed a putative 

transcription factor site for NF-κB subunits (Ito et al., 2006). Thus, we further identified 
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parthenolide (PTL), a recognized NF-κB inhibitor (Mathema et al., 2012), as a new drug 

capable of preventing the deleterious effects of METH. Specifically, PTL prevented not 

only the BBB disruption and brain edema but also the astrocytic morphologic alterations 

and cell swelling induced by METH. 

In conclusion, the present thesis shows that inflammatory mediators including TNF-α/NF-

κB pathway and oxidative stress have a key role in METH deleterious effects. Moreover, 

we uncover ECs as one the earliest inflammatory players after METH insult and also 

identified a crucial role of AQP4 in BBB properties and water homeostasis, with associated 

behavioral impact. Finally, we unveiled PTL as a new pharmacological approach to 

counteract METH-induced neurovascular dysfunctions. 
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Figure 5.1. Schematic summary of the methamphetamine effects on the blood-brain barrier. 

The scheme summarizes the main effects on brain endothelial cells triggered by METH such as 

energy imbalance, oxidative and nitrosative stress, hyperthermia and neuroinflammation. AP-1: 

Activator protein 1; BBB: blood-brain barrier; COX-2: cyclooxygenase 2; eNOS: endothelial nitric 

oxide synthase; GLUT-1: glucose transporter 1; MMP-9: matrix metalloproteinase 9; NF-κB: nuclear 

factor kappa B; NOX: NADPH oxidase; ROS: reactive oxygen species; TNF-α: tumour necrosis 

factor alpha; ZO-1: zonula occludens 1 (taken from Leitão et al., 2016 with permission). 
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5.2. Main conclusions 

- METH promotes vesicular and paracellular transport across brain endothelial cells. 

- METH-induced BBB disruption involves the TNF-α/NF-ΚB pathway. 

- METH causes a cytotoxic brain edema together with AQP4 upregulation. 

- AQP4 inhibition prevents both BBB disruption and depressive-like behavior induced by 

METH. 

- Oxidative stress and TNF-α, via its TNFR1, are involved in astrocytic cell swelling 

induced by METH. 

- Parthenolide, a feverfew plant extract, prevents both METH-induced BBB disruption 

and brain edema.  
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Figure 5.2. Schematic representation of key players involved in methamphetamine-induced 

blood-brain barrier dysfunction. Picture showing the differences in brain endothelial cells 

between a physiological (normal) situation and under METH exposure (METH), where is possible 

to observe an increase in ROS, an impairment of tight junction proteins and glucose uptake, and 

alterations in the actin cytoskeleton. GLUT-1: glucose transporter-1; ICAM-1: intercellular adhesion 

molecule-1; MMP-9: matrix metalloproteinase-9; ROS: reactive oxygen species; TNF-α: tumor 

necrosis factor-alpha; ZO-1: zonula occludens 1 (taken from Leitão et al., 2016 with permission). 
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