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ABSTACT

Major Depressive Disorder (MDD), the most common of all psychiatric disorders, is defined by
episodes of low mood or anhedonia combined with several other symptoms that decrease interest
in daily activities. This pathology seems to be associated with alterations in brain regions that
control emotional and stress responses. There is a direct relation between cumulative stress and
the incidence of depression. The etiology of depression is not fully understood and anti-depressive
treatments are not 100% effective, which reinforces the importance of research work to discover
new targets for better treatments. So far, there are several hypotheses to explain what can cause
the disease. This work will focus mainly, on dysfunction of hypothalamic-pituitary-adrenal
(HPA) axis and glutamatergic hypothesis as potential explanations for MDD.

The HPA axis impairments are associated to negative feedback dysfunction, leading to an
increased level of glucocorticoids. These hormones are well established to affect synaptic
plasticity and to contribute for synaptic atrophy in several brain regions involved in emotional
processing and memory, namely amygdala, ventral striatum, hippocampus and prefrontal cortex.
On the other hand, glutamatergic hypothesis, suggests that depression results in part from an
imbalance of neuronal circuits and dysregulation of glutamate neurotransmission. Glutamate is
the major excitatory neurotransmitter in the brain, and plays an essential role in synaptic plasticity
that is impaired in depression. Moreover, an overstimulation of glutamate receptors can result in
excitotoxicity, and neuronal death. The processing of information in synapses is defined by
neurons and also by astrocytes and microglia, which interact with synapses in an activity-
dependent manner. In MDD there are alterations of the inter-relations between glial cells and
neurons, leading to astrocytic and microglia dysfunction and consequently an aberrant
gliotransmitters release among other reported alterations, which results in inadequate encoding of

information.

Adenosine is a neuromodulator that can control synaptic transmission and plasticity directly and
through their effects on astrocytes. Moreover, the consumption of caffeine it is inversely
correlated with the incidence of depression and suicide. The only molecular targets of caffeine at
moderate doses are A; and Aza receptors (A:R, A2aR), which are the main adenosine receptors in
the brain. In stressed conditions AzaR are up-regulated and their over-expression induces
anhedonia and depressive like-behavior and, conversely, AaR blockade prevents mood and
memory deficits induced by chronic unpredictable stress, through a control of synaptic

dysfunction and astrogliosis.

The main goal of this work was to study the role of astrocytic Aza receptors in depressive-like

conditions: i) incubate astrocytic cultures with a stress mediator and evaluate the release of

XXi



gliotransmitters, namely glutamate and ATP; ii) validate the gliosomal preparation in human
postmortem tissue; and later on, iii) try to evaluate alterations in glial proteins and adenosine

receptors in suicide completers.

To comprehend the effect of stressors in gliotransmission we exposed astrocyte primary cell
culture to DEX and we observed an increase in extracellular glutamate and ATP levels in DEX-
exposed cells when compared to non-treated cells. We also observed that this increase in
extracellular ATP levels was maintained until 24h of DEX-incubation. Based on this increase of
extracellular gliotransmitters levels, we then started to look into to the possible release

mechanisms.

Moreover, we observed that DEX induce alterations in the astrocytes morphology and an increase

in connexins (Cx43) as also as glutamine synthetase (GS) levels.

In addition we observed a tendency for DEX to induce an increase of A;aR levels, which
corroborated the prevention effect observed, by the blockade of A2aR, in preventing DEX induced
alterations (change in the astrocytic morphology, increase of Cx43 immunoreactivity and ATP
release), with an exception for glutamate release. In addition, for the first time, it was described a
physical interaction of A2aR with Cx43.

To attain the second goal, it was performed an optimization and validation of the gliosomal
preparation. Moreover, we observed an increased excitatory amino acid transporter 1 (EAAT1)
density in suicide completers, whereas levels of glial fibrillary acidic protein (GFAP), Cx43 and

GS remained unaltered in suicide completers when compared with age-matched controls.

At last, it was also observed that synaptic and glial markers change with age. We described an
up-regulation of GFAP density; a down-regulation of synaptophysin and GS levels; and no
alterations in syntaxin, Cx43 and EAAT1 densities with aging.

In sum, this study contributed to improve knowledge about the role of astrocytic A2aR and Cx43
and to reinforce them as possible targets to alleviate the consequences of depression. Moreover,
this study also provided information about protein alterations present in brains of suicide
completers, which might contribute to the development of novel biomarkers to improve diagnosis

and treatment of depression and mood disorders.

Keywords: Major Depressive Disorder; suicide; astrocytes; glucocorticoids; adenosine Aza
receptor; glutamate; ATP

XXii
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RESUMO

A depressdo major (MDD, do inglés Major Depressive Disorder), é um dos distdrbios do foro
psiquiatrico mais comum. A depressdo major, é caracterizada por episddios de humor negativo
ou anedonia combinados com varios outros sintomas que diminuem o interesse nas atividades do
quotidiano. Esta patologia parece estar associada a alteragdes em regides cerebrais que controlam
respostas emocionais e relacionadas com o estresse. Existe uma relacdo direta entre o estresse
acumulado e a incidéncia de depressdo. A etiologia da depressdo ndo é totalmente compreendida
e 0s tratamentos antidepressivos ndo sdo 100% efetivos, o que reforca a importancia do trabalho
de pesquisa para descobrir novos alvos para melhores tratamentos. Até a0 momento, existem
varias hipoteses para explicar o que pode causar a doenca. No entanto, este trabalho incidira
principalmente na disfungéo do eixo hipotalamo-hipéfise-adrenal (HPA, do inglés hypothalamic-
pituitary-adrenal) e hip6teses glutamatérgicas como potenciais explicacdes para o aparecimento
da MDD.

AlteracOes no eixo HPA estdo associadas a disfungdes do feedback negativo, levando a um
aumento dos niveis de glucocorticoides. Esta bem estabelecido que essas hormonas afetam a
plasticidade sinaptica e contribuem para a atrofia sinaptica em varias regides cerebrais envolvidas
no processamento emocional e na memoria, nomeadamente amigdala, estriado ventral,
hipocampo e cortex pré-frontal. Por outro lado, a hip6tese glutamatérgica, sugere que a depressao
resulta em parte de um desequilibrio de circuitos neuronais e desregulagdo da neurotransmisséo
de glutamato. O glutamato é o principal neurotransmissor excitatorio no cérebro, e desempenha
um papel essencial na plasticidade sinptica que se encontra diminuida na depressdo. Além disso,
uma estimulacdo anormal dos recetores de glutamato pode resultar em excitotoxicidade e morte
neuronal. O processamento de informacdo em sinapses é definido por neurénios e ainda por
astrocitos e microglia, que interagem com as sinapses dependentemente da atividade. Na MDD
ha alteracGes nas inter-relacdes entre células gliais e neurdnios, levando a uma disfuncao
astrocitica e microglial e consequentemente a uma libertacdo aberrante de gliotransmissores entre

outras alteracdes relatadas, o que resulta num processamento inadequado de informacéo.

A adenosina ¢ um neuromodulador que pode controlar a transmisséo sinaptica e a plasticidade
diretamente e através dos seus efeitos sobre os astrocitos. Além disso, o consumo de cafeina é
inversamente correlacionado com a incidéncia de depressdo e suicidio. Os Unicos alvos
moleculares da cafeina, quando consumida em doses moderadas, sdo 0s recetores A; e Axapara a
adenosina (A1R, A2aR), que séo os principais recetores de adenosina no cérebro. Em condic¢des
estressantes, existe um aumento dos niveis dos AzaR. A sua sobreexpressdo induz anedonia e

comportamentos depressivos e, inversamente, o blogueio dos AzaR evita défices de memoria e
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disturbios de humor induzidos pelo estresse crénico imprevisivel, através do controlo da

disfuncdo sinaptica e da astroglidse.

O objetivo principal deste trabalho foi estudar o papel dos recetores astrocitos Aza em condicBes
de depressdo: i) incubar culturas astrociticas com um estresssor e avaliar a libertacdo de
gliotransmissores, nomeadamente glutamato e ATP; ii) validar a preparacdo gliossomal em tecido
postmortem humano; e mais tarde, iii) tentar avaliar as alteragdes nas proteinas gliais e nos

recetores de adenosina em suicidas.

Para compreender o efeito dos estressores na gliotransmissdo, expusemos a cultura de células
primarias de astrocitos a DEX e observamos um aumento nos niveis extracelulares de glutamato
e ATP em células expostas a DEX quando comparadas as células ndo tratadas. Observamos
também que esse aumento nos niveis de ATP extracelular foi mantido até 24 horas de incubagéo
com DEX. Com base nesse aumento dos niveis de gliotransmissores extracelulares, come¢amos

a analisar possiveis mecanismos de libertacéo.

Além disso, observamos que a DEX induz alteragdes na morfologia dos astrdcitos e um aumento

nos niveis das conexinas 43 (Cx43), assim como nos niveis de glutamina sintetase (GS).

Além disso, observamos uma tendéncia para a DEX induzir um aumento nos niveis dos AzaR,
que corroborou o efeito de prevencdo observado pelo bloqueio dos AzaR, na prevengdo de
alterages induzidas pela DEX (alteracdo na morfologia astrocitica, aumento da imunoreatividade
das Cx43 e libertacdo de ATP), com uma excecao para a libertacéo de glutamato. Adicionalmente,

pela primeira vez, descreveu-se uma interacéo fisica dos A2aR com as Cx43.

Para alcangar o segundo objetivo, foi realizada uma otimizacéo e validacdo da preparacdo dos
gliossomas. Posteriormente, nos suicidas observdmos um aumento da densidade de
transportadores de aminodcidos excitatdrios 1 (EAATL, do inglés excitatory amino acid
transporter 1), enquanto os niveis de proteina &cida fibrilar glial (GFAP, do inglés glial fibrillary
acidic protein), Cx43 e GS permaneceram inalterados aquando comparados com controlos da

mesma idade.

Por altimo, também se observou que os marcadores sinapticos e gliais mudam com a idade.
Descrevemos um aumento da densidade de GFAP; uma dimuigdo dos niveis de sinaptofisina e

GS; e auséncia de alteracfes nas densidades de sintaxina, Cx43 e EAAT1 com o envelhecimento.

Em suma, este estudo contribuiu para melhorar o conhecimento sobre o papel dos A2aR astrocitos
e das Cx43 e reforca-los como possiveis alvos para aliviar as consequéncias da depressao. Além
disso, este estudo também forneceu informages sobre alteracdes proteicas presentes em cérebros
de suicidas, o que poderéd contribuir para o desenvolvimento de novos biomarcadores para

melhorar o diagnostico e tratamento de depresséo e distdrbios de humor.
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The role of astrocytic A;a receptors in depressive-like conditions

1.1. MAJOR DEPRESSIVE DISORDER AND DISEASE HYPOTHESIS

1.1.1. Major Depressive Disorder definition

Major Depressive Disorder (MDD) (also known as simply depression), the most common of all
psychiatric disorders (Mayberg et al., 2005), is clinically defined by the continuous presence of
episodes of low mood or anhedonia combined with several other symptoms that decrease interest
in daily activities for more than 2 weeks. According to the Diagnostic and Statistical Manual of
Mental Disorders, 5th Edition (DSM-V) criteria, a patient should have at least five of the
following persistent symptoms to be diagnosed with depression: (i) Depressed mood — most of
the day, nearly every day, as indicated by either subjective report (e.g., feels sad, empty or
hopeless) or observation made by others (e.g., appears tearful); (ii) Anhedonia — decreased
interest or pleasure in almost all activities most of the day; (iii) Changes in appetite/weight —
significant weight loss (5%) or decrease or increase in appetite; (iv) Changes in sleep — insomnia
or hypersomnia; (v) Changes in movement — psychomotor agitation or retardation; (vi) Fatigue
or loss of energy; (vii) Guilt/worthlessness — feelings of worthlessness or excessive or
inappropriate guilt; (viii) Concentration — diminished ability to think or concentrate, or
indecisiveness; (ix) Suicidality — recurrent thoughts of death (not just fear of dying) or suicide,

or has suicide plan.

Since the definition of MDD has a temporal component, this disorder is often described in terms
of “episodes”, a period of time where symptoms are present but potentially not permanent. Indeed,
the goal of treatment for depressed patients is to relieve these symptoms and end an episode. The
duration of episodes can be in order of weeks to years, and patients can experience multiple
episodes over their lifetime. However, disease phenotypes of MDD include not only episodic and
persistent mood alterations, but also diverse cognitive, autonomic, motoric and endocrine

abnormalities, and effects on multiple organ system (Manji et al., 2001).

The neurobiology and neuronal circuitry underlying this pathology is not fully understood,
nevertheless, some hypotheses that try to explain the etiology of depression have been emerged,
such as, genetic vulnerability, deficiency of monoamines, alterations in neurotrophic factors (e.g.
BDNF), alterations in the activity of hypothalamic-pituitary-adrenal (HPA) axis (discussed in
section 1.1.2), dysfunction of specific brain regions, dysregulation of glutamatergic (discussed in
section 1.1.3) and GABAergic system (Hasler, 2010). Additionally, depression occurs
idiopathically, so various risk factors as appear as reflect of limited understanding of its etiology,
such as, stressful life events, cancers (such as pancreatic adenocarcinoma and breast tumours),
endocrine abnormalities (hypothyroidism and hypercortisolism) and side effects of drugs, among
many others (Krishnan and Nestler, 2008). Moreover, in the majority of people, depression results

from the interplay between a genetic predisposition and some environmental factors, such as
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stress, and for this reason depression has been defined as a stress-related disorder (Krishnan and
Nestler, 2008).

In spite of all the knowledge about depression, we are still far from being able to complete the
puzzle. Part of the current understanding about this pathology has come from animal models of
the disease. However due to the unique and complex features of human depression, such as
depressed mood, low self-esteem and suicidality, the generation of valid and insightful depression
models that truly mimics patient symptoms has been difficult (Krishnan and Nestler, 2011; Yan
et al., 2010). So far, some stress-induced animal model has been created, such as, the learned
helplessness (Chourbaji et al., 2005), the chronic mild stress (Willner, 2005), the social defeat
stress (Golden et al., 2011) and the early life stress (Ladd et al., 2000). Besides these models,
other approaches are used, such as, pharmacological, lesion and mutant models (Yan et al., 2010).
As previously mentioned, the major difficulty in research of depression pathogenesis is the fact
that animal models only represent some of the MDD features, but not the pathogenesis of the
disease (Yan et al., 2010). Therefore, an alternative to try to understand the neurobiological basis
of depression is the study of the brain tissue from suicide completers, since the vast majority of
people that commit suicide are depressive patients or had a depressive episode (Coryell and
Young, 2005; Rihmer, 2007).

Several brain regions, major components of the limbic-reward circuitry, such as prefrontal cortex
(PFC) and hippocampus, appear to be involved in depression pathogenesis (reviewed in (Bagot
et al., 2014; Russo and Nestler, 2013). This is supported by neuroimaging studies in depression
patients or evaluation of postmortem brain samples from suicide completers that provided
evidence of abnormalities in those brain regions. These studies demonstrated alterations in the
cerebral blood flow (CBF), glucose metabolism (Mayberg, 2003). In addition, volumetric
alterations were also observed in hippocampus (Bremner et al., 2000; Caetano et al., 2004; Frodl|
et al., 2006; Sheline et al., 2003), basal ganglia (Bonelli et al., 2006; Hickie et al., 2007; Pillay et
al., 1998), caudate nucleus, putamen and globus pallidus (Lorenzetti et al., 2009) and Brodmann
area 25 (BA25) (Gotlib et al., 2005; Pizzagalli et al., 2004). Dysfunction in these specific brain
areas appears to be related with neuronal atrophy and synaptic and glial loss, which result in
disruption of circuits (Kang et al., 2012; MacQueen and Frodl, 2011). Furthermore, in depression
it was also reported alterations to the serotonergic, dopaminergic, noradrenergic (Moylan et al.,
2013), cholinergic, GABAergic and glutamatergic neurotransmission systems (Manji et al.,
2001).

Several treatments have been developed to try to relieve the symptoms associated to depression.
The majority of approved classes of antidepressants act on controlling monoamine levels

(Krishnan and Nestler, 2008). Antidepressants and certain forms of psychotherapy and
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electroconvulsive therapy (ECT) (Nemeroff and Owens, 2002) are some of the several available
therapeutics, albeit, these treatments are not 100% effective, showing complete remission in less
than half of patients and partial or intolerant responses to treatment in other cases (Nemeroff and
Owens, 2002). Based on neuroanatomical research, new treatment techniques are emerging, such
as deep brain stimulation (DBS) (Holtzheimer and Mayberg, 2010; Malone et al., 2009; Mayberg
et al., 2005) and transcranial magnetic stimulation (TMS) (Carpenter et al., 2012; Janicak et al.,
2013), but the long-term benefits and side effects are still unknown. For these reasons, it is
important to understand the etiology of depression and to discover new biomarkers and potential

targets to develop new anti-depressant therapies.

1.1.2. The HPA axis hypothesis

One of the hypothesis to explain depression is the HPA axis hypothesis. Actually, half of the
depressive patients display an hyperactivity of this axis, and the number increases to 80% in
severely depressed patients (Holsboer, 2000; Pariante, 2003; Pariante and Miller, 2001; Young et
al., 1991). In fact, patients with depression have hypercortisolemia, an increased baseline
concentration of the glucocorticoid (GC) cortisol in the blood and presumably in the brain (\Wong
et al., 2000). In addition, it was described alterations in glucocorticoid receptors (GR) and
mineralocorticoid receptors (MR) in depression (reviewed in (Anacker et al., 2011)) and anxiety

(reviewed in (Lucassen et al., 2014)).

Stress is a state of threatened homeostasis evoked by stressors (intrinsic or extrinsic adverse
forces) and the stress response is a countermeasure to restore physiological and behavior
homeostasis. This response is primary mediated by the brain in two major steps. Firstly, as a
response to a stressor, there is an activation of the autonomic nervous system (ANS), in particular
the sympathetic nervous system (SNS). Sympathetic activity climaxes by catecholamine secretion
(e.g. norepinephrine), which in turn leads to heartbeat acceleration, dilation of the pupils and
raised heart pressure (Barrett et al., 2016; Welberg, 2013). The second phase consists in the
hypothalamic-pituitary-adrenal (HPA) axis response (Figure 1). However, under chronic stress
conditions, there is an excessive and prolonged HPA axis stimulation that leads to persistently
elevated glucocorticoids and increase the difficulty to maintain homeostasis (Duman and
Aghajanian, 2012; de Kloet et al., 2005; Lucassen et al., 2014).



Hippocampus Amygdala
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Paraventricular
nucleus
Pituitary
Regulation of brain
\ Glucocorticoids —> ACTH — and peripheral function

(stress response)
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. . Glucocortlcolds

Figure 1 | Hypothalamic-pituitary-adrenal (HPA) axis regulation. Corticotropin-releasing factor (CRF), the
principal central biologic effector of the stress response, is secreted from the hypothalamus into the anterior pituitary
by the capillaries of the hypophyseal portal vessels. In the pituitary, CRF stimulates adrenocorticotropic hormone
(ACTH) synthesis and secretion. ACTH is transported via systemic circulation to the adrenal gland, where it enhances
glucocorticoid (e.g. cortisol) synthesis and secretion. Interestingly, glucocorticoid, is involved in a negative feedback
loop that inhibits CRF and ACTH secretion, plus stimulating catabolic processes in an attempt to restore homeostasis.
Adapted from: Hyman, 2009.

In the brain, GCs will bind to both glucocorticoid receptors (GR) and mineralocorticoid receptors
(MR), preferentially binding to MR due to its higher affinity (Sapolsky, 1996). However, upon a
stressful event, elevated levels of GCs will promote their binding to GR, (Myers et al., 2014)
(Figure 2).

Circadian
rhythmicity of
> Mineralocorticoid [basal cortisol]
3 Receptor
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Glucocorticoid HPA negative
Receptor feedback
P mechanisms
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Memory
processes

Figure 2 | General associations mediated by glucocorticoids. Glucocorticoids can act through two receptors, the
mineralocorticoid receptor (MR) and the glucocorticoid receptor (GR). These receptors have differential affinities for
different glucocorticoids. The difference in affinity for glucocorticoids has led to the general associations of MR action
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with lower concentrations of corticosteroids (e.g. circadian rhythmicity of basal cortisol concentrations,
initiation/detection of stress response) and GR action with higher concentrations of corticosteroids (e.g. stress response,
HPA negative feedback mechanisms, recovery/memory processes). Dexamethasone is the primary GR-selective
agonist and this is the motive that dexamethasone is important to understand stress response.

So far, there are several hypotheses that involve glucocorticoid receptors have been formulated
to explain how this phenomenon could occur (Oitzl et al., 2010). In the glucocorticoid cascade
hypothesis, chronic stress induces an excessive release of glucocorticoids and a downregulation
of glucocorticoid receptors in the brain, which result in cellular damage to the brain (Conrad,
2008). In the balance hypothesis, an imbalance in the glucocorticoid receptors in specific brain
regions is thought to alter signaling in neural circuits, resulting in alterations in behavior and HPA
axis signaling (reviewed in (Lucassen et al., 2014)). These hormones are also well established to
affect synaptic plasticity and to contribute for synaptic atrophy in several brain regions involved
in emotional processing and memory, namely amygdala, ventral striatum, hippocampus and PFC

(reviewed in Russo and Nestler, 2013).

1.1.3. The glutamatergic hypothesis

Another hypothesis to explain how depression occurs in the brain is the well-developed glutamate
hypothesis, which states that depression results in part from an imbalance of neuronal circuits and
dysregulation of glutamate neurotransmission. This hypothesis started with the observation in the
early 90’s, that N-methyl-D-aspartate receptor (NMDA-R) antagonists possess antidepressant-
like action (Trullas and Skolnick, 1990).

Overall, the brain can be compared to a glutamatergic excitatory engine that is tightly regulated
by gamma-aminobutyric acid (GABA) and other neurotransmitters. Therefore, any alteration to
the ratio glutamate/GABA may contribute to the development of a pathological situation. In fact,
it has been reported that, an augmented extracellular glutamate concentration has a key role in
neurodegenerative diseases, since it can cause excitoxicity, and later on, neuronal degeneration
(Hardingham and Bading, 2010). So, a rapid removal of this neurotransmitter in excess is
necessary, to assure a proper functioning of the brain, such as a normal synaptic plasticity.
Glutamate reuptake is performed mostly by astrocytes, by specific sodium-dependent high-
affinity glutamate transporters, such as glutamate aspartate transporter (GLAST) and glutamate
transporter 1 (GLT-1), which correspond to human EAAT1 and EAAT?2, respectively (Anderson
and Swanson, 2000; Bak et al., 2006; Chaudhry et al., 1995; Palacin et al., 1998). After the

reuptake, the astrocytes convert glutamate into glutamine, via the glutamine synthetase pathway,



and then release it into the extracellular space. Glutamine is taken up by neurons, which use it to
generate again glutamate and GABA, the main excitatory and inhibitory neurotransmitters
respectively (Bak et al., 2006). In addition GABA can also be taken up and metabolized by
astrocytes (Jursky et al., 1994).

In depression, glutamatergic neurotransmission is known to be increased in limbic-thalamo-
cortical circuits (Drevets et al., 2008) whereas GABAergic transmission is downregulated
(Sanacora et al., 1999). These alterations may be due to changes observed in genes related to
glutamatergic and GABAergic transmission (Sequeira et al., 2009). Alterations of both excitatory
and inhibitory circuits in the PFC of rodents has been found to play also a pivotal role in
depressive-like behaviors (Manji et al., 2001). Clinical studies have also reported alterations in
glutamate metabolites in the brains of depressed individuals (Auer et al., 2000; Hasler et al.,
2007). Furthermore, the glutamate hypothesis of depression is further supported by recent studies
that revealed antidepressant drugs target directly or indirectly glutamatergic signaling (Banasr et
al., 2010; Berman et al., 2000).
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1.2. ASTROCYTES IN THE CNS

1.2.1. Astrocytes definition

The nervous system is composed of neurons and non-neural cells that have distinct roles in
supporting the brain physiology. Non-neural cells are called glial cells, or neuroglia, and they
support and protect neurons and perform other functions. In the past, neurons have received the
majority of attention in neuroscience research, with little regard for other cell types, because of
their well-accepted role in transmitting information in the brain. However, nowadays, the
scientific paradigm changed and researchers are also focusing their attention in glia cells, since it
was discovered that these type of cells are responsible for multiple complex and essential
functions in the healthy CNS and can also have a role in pathological conditions. Glial cells are
classified in two main groups: microglia and macroglia. Macroglia are generally subdivided into
four specialized cell types: ependymal cells, Schwann cells, oligodendroglia, and astroglia.

Astrocytes are estimated to be the most abundant glial cell in the brain and can be categorized
into subpopulations based on their morphology and location in the brain (Miller and Raff, 1984).
Astrocytes have been classically categorized into two main subtypes based on differences in
cellular morphology and anatomical locations, fibrous astrocytes and protoplasmic astrocytes
(Cajal and Ramon, 1911). Fibrous astrocytes are found throughout all white matter and exhibit a
morphology of many long and less complex fiber-like processes as compared with protoplasmic
astrocytes (Cajal and Ramon, 1911; Wang and Bordey, 2008) (Figure 3A). Protoplasmic
astrocytes are typically found in gray matter and demonstrate non-overlapping arrangements
where each astrocyte generate many finely branching processes in globoid distribution and
appears to occupy a unique domain, an anatomy referred to as “tiling” (Oberheim et al., 2012)
(Figure 3B). According to microscopic analyses, the processes of protoplasmic astrocytes envelop
synapses and the processes of fibrous astrocytes contact nodes of Ranvier, and both types of
astrocytes form gap junctions between distal processes of neighboring astrocytes (Sofroniew and
Vinters, 2010).

Figure 3| Classical drawings of fibrous astrocytes (A) and protoplasmic (B) from adult human cortex. From: Cajal and
Ramon, 1911.



1.2.2. The role of astrocytes in the CNS
Astrocytes, as dynamic components of brain function, are known to play many different functions:

(i) responsible for metabolic support and nutrition (Eulenburg and Gomeza, 2010; Simard and
Nedergaard, 2004);

(ii) regulate brain-blood barrier (BBB) (Mishra et al., 2016; Pascual et al., 2005);
(iii) control oxidative stress in the brain (Parpura et al., 2012);
(iv) play a role in immune function (Sofroniew, 2015);

(v) regulate information processing and synaptic connectivity in the brain (Allen et al., 2012;
Christopherson et al., 2005; Chung et al., 2013; Henneberger et al., 2010; Min and Nevian, 2012;
Panatier et al., 2011; Singh et al., 2016; Yang et al., 2003);

(vii) control sleep and waking states (Parpura et al., 2012).

In the 90’s, existence of bidirectional communication between neurons and astrocytes was
identified, and the concept of ‘tripartite synapse’ was proposed (Araque et al., 1999). It represents
a new concept in synaptic physiology wherein, in addition to the information flow between the
pre- and postsynaptic neurons, astrocytes exchange information with the synaptic elements by
responding to synaptic activity with the overall goal of modulating synaptic transmission (Araque
et al., 1999). More recently, a new synaptic player was added, the microglia cells changing the
concept of ‘tripartite synapse’ to a ‘quad-partite synapse’ concept. Several studies revealed that
microglia phylopodia dynamically interact with astrocytes and neurons to regulate and support
brain homeostasis (Hanisch and Kettenmann, 2007; Raivich, 2005; Wake et al., 2013). In fact, it
was reported that microglia can interact with synapses in an activity-dependent manner (Biber et
al., 2007; Kettenmann et al., 2013; Wake et al., 2013). Microglia can also affect neurotransmission
through the release of a variety of signals ranging from chemokines (Schafer et al., 2012),
cytokines (Rebola et al., 2011), BDNF (Parkhurst et al., 2013), NO (Zhan et al., 2014), glutamate
and D-serine (Scianni et al., 2013) or purines (George et al., 2015; Pascual et al., 2012). These
functions imply that astrocytes and microglia are active participants in brain activity, rather than
passive elements in maintaining the extracellular space and can had a new level of transmission

of information in neuronal networks (Araque et al., 1999; Halassa et al., 2007).

Several studies suggest that astrocytes in a response to neurotransmission release, increase their
intracellular calcium levels ([Ca*T;), and control neuronal excitability through gliotransmitters
release (Haydon and Carmignoto, 2006). More in detail, transporters, ion channels and receptors
expressed on astrocytes surface detect synaptic activity and consequently activate second

messenger pathways, most of them involving Ca?* (Perea and Araque, 2005). This induces the
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release of gliotransmitters that can act on neurons and also on neighboring glia. There are various
gliotransmitters that mediate astrocyte-neuron signaling, for instance, cytokines, D-serine,
glutamate, GABA, ATP and adenosine, among others (Haydon and Carmignoto, 2006; Kimelberg
et al., 1990; Ota et al., 2013). According to several studies, gliotransmitters can be released by

several different mechanisms. These mechanisms include:
(i) through Ca?*-dependent exocytosis (Parpura et al., 1994);

(it) through functional HCs, constituted mainly by connexin 43 (Cx43) assembles (Chever et al.,
2014; Orellana and Stehberg, 2014; Torres et al., 2012);

(iii) release through reverse uptake of plasma membrane glutamate transporters (Szatkowski et
al., 1990);

(iv) through volume-regulated anion channels (VRAC), which open cell swelling (Benfenati et
al., 2009; Malarkey and Parpura, 2008; Mongin and Orlov, 2001);

(v) release through ionotropic purinergic receptors (Duan et al., 2003; Malarkey and Parpura,
2008).

In this thesis, we will focus our attention in two particular gliotransmitters: glutamate (described
in more detail in 1.2.2.2) and ATP (described in more detail in 1.2.2.3).

1.2.2.1. Astrocytic ‘syncytium’

Astrocytes display a form of excitability that is based on variations in the cytosolic calcium
concentration (Cornell-Bell et al., 1990) that is possible thanks to the organized astrocytes
network called the astrocytic ‘syncytium’ through different connexins hemichannels (Decrock et

al., 2015; Theis and Giaume, 2012; Wallraff et al., 2004) (Figure 4).

Connexins (Cxs) are transmembrane proteins involved in cell-cell communication through Gap
junctions (GJs). Astrocytes express the highest levels of Cxs proteins of all cells in brain (Giaume
etal., 2013). Despite the 11 Cxs detected in the rodent brain (Nagy et al., 2004), Cx43 and Cx30,
and possibly Cx26, are the major subunits express in astrocytes (Giaume and McCarthy, 1996;
Lynn et al., 2011; Perez Velazquez et al., 1996; Wasseff and Scherer, 2011).

This inter-astrocytic transport of calcium waves can be responsible for the release of several
gliotransmitters such as glutamate, adenosine 5’-triphosphate (ATP), D-serine, NO,
neurotrophins, prostaglandins or cytokines (Haydon and Carmignoto, 2006; Volterra and

Meldolesi, 2005) that can influence neuronal function (Fellin and Carmignoto, 2004; Haydon,
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2001; Newman, 2003a). The GJs and hemichannels (HCs) functions are strictly regulated by
nerve cells and other brain cell populations, for instance endothelial cells, via release of several
intra- and extracellular chemicals. These functions are also vulnerable to microenvironmental

alterations that happens under physiological and pathological conditions (Orellana et al., 2016).
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Figure 4 | Astrocytic syncytium. Astrocyte syncytium formed by astrocytes interconnected via gap junctions formed
by connexin (Cx) pores contribute for the exchange of small molecules (water, glucose, metabolites, second messengers
and neurotransmitters) and ions (Ca?*, K* and Na*). Both Na* and Ca?*, diffuse through gap junctions generating
signaling and metabolic waves. From: Lanciotti et al. 2013.

1.2.2.2. Glutamate release

Glutamate is an amino acid derivative of glucose that is abundant in biological systems, especially
in the CNS and it is involved in nearly all CNS functions from primary sensory perception to
cognition (Persson and Ronnback, 2012). In opposite to other neurotransmitters, glutamate is an
integral element of protein, energy and ammonia metabolism of all cells. Thus, its intracellular
concentration is high (close to 10 mM) compared to extracellular concentration (less than 2puM)
(reviewed in (Persson and Ronnback, 2012). In addition, glutamate is the neurotransmitter, in
70% of the excitatory CNS synapses (Purves et al., 2001). Both neuronal and glial cell membranes
have glutamate receptors and glutamate transporters. Although this excitatory amino acid is an
essential element in regulating the physiological balance within the CNS, excessive activation of

glutamate receptors contributes to excitotoxicity.
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Astrocytes account for clearing glutamate (>90%) and other neurotransmitters from the synaptic
cleft contributing to neurotransmission (Bak et al., 2006; Chaudhry et al., 1995; Palacin et al.,
1998). The two main glutamate transporters expressed in astrocytes are EAATL (i.e. GLAST) and
EAAT2 (i.e. GLT-1). While EAATL is robustly expressed in cerebellum and olfactory system,
the EAAT2 is more ubiquitously expressed throughout the brain, exhibiting different
neuroanatomical expression patterns (Lehre et al., 1995). After release from the presynaptic
membrane to synaptic clef, this excitatory amino acid is taken up from the synapse through rapid
and efficient reuptake systems present, mainly, in astrocytes (Anderson and Swanson, 2000; Bak
etal., 2006; Chaudhry etal., 1995; Palacin et al., 1998; Schoushoe, 2003). In astrocytes, glutamate
is converted to glutamine via glutamine synthetase (GS), an enzyme uniquely expressed in
astrocytes in the brain. Glutamine is shuttled back to neurons and deaminated to glutamate by
neuron-specific phosphate-activated glutaminase without any problems of toxicity (Attwell,
2000; Bak et al., 2006) (Figure 5).

Presynaptic
membrane

Glutamine

Glutamine
synthetase

Glutamate

Postsynaptic
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m EAAT1/EAAT2 w Glutamine transporters M Glutamate transporters @ Glutamate

@ EAATS m Glutamate receptors ( VGLUT

Figure 5 | The tripartite glutamate synapse. Neuronal glutamate (Glu) is synthesized de novo from glucose (not
shown) and from glutamine (GIn) provided by astrocytes. Glu is then packaged into synaptic vesicles by vesicular
glutamate transporters (vGIuTs) that will fuse with the presynaptic membrane. After release into the extracellular space,
glutamate binds to glutamate receptors on the postsynaptic and presynaptic membranes of neurons and astrocytes,
initiating various biological responses. Glu that did not bind to receptors is cleared from the synapse through excitatory
amino acid transporters (EAATS) located on neighbouring astrocytes (EAAT1 and EAAT?2) and, to a lesser extent, on
neurons (EAAT3 and EAAT4). Within the astrocyte, Glu is converted to Gln by glutamine synthetase and the Gln is
subsequently released by glutamine transporters and taken up by neurons to complete the glutamate—glutamine cycle.
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Given the critical role of glutamatergic neurotransmission in the CNS, it is not surprising that
dysfunction of glutamate transporters and glutamate-induced excitatory toxicity have been linked
to a wide range of neurological diseases, such as, Alzheimer's disease (AD) (Masliah et al., 1996),
stroke and ischemia (Lee Martin et al., 1997), trauma (\Watase et al., 1998), epilepsy (Tanaka et
al., 1997), Parkinson's disease (PD) (Hazell et al., 1997), Huntington’s disease (HD) (Liévens et
al., 2001), demyelinating diseases (Korn et al., 2005), neuropsychiatric disorders such as
depression and bipolar disorder (Hasler, 2010; McCullumsmith and Meador-Woodruff, 2002;
Simpson et al., 1992).

1.2.2.3. ATP release

Prior studies demonstrate that astrocytes can release ATP in vitro (Guthrie et al., 1999;
Maienschein et al., 1999; Newman, 2003b; Zhang et al., 2003) and in vivo (Cao et al., 2013a;
Gordon et al., 2005; Pascual et al., 2005), mediating the coupling between astrocytes and between
astrocytes and neurons. In culture and in vivo, elevation of the Ca?* signal within one astrocyte
leads to a Ca?* wave that propagates through the astroglial network. Cell culture studies showed
that ATP is able to mediate Ca?* waves, a form of astrocyte communication (Guthrie et al., 1999).
In fact, astrocytes utilized ATP, that is an important extracellular signaling molecule, to
communicate with another astrocyte as well as to neurons (Haydon and Carmignoto, 2006; Ota
etal., 2013).

Astrocytic purines can adjust synaptic efficacy modulating to accord various plasticity events in
different regions of brain. This balanced modulation requires that astrocytes change basal synaptic
transmission. Inhibition of excitatory transmission has been shown in different paradigms where
ATP released by astrocytes is degraded into adenosine, which then acts on presynaptic adenosine
A: receptors (A:R) to inhibit excitatory transmission (Pascual et al., 2005). Interestingly,
astrocyte-derived adenosine can also act on neighboring synapses increasing neuronal signal by
inhibiting adjacent synapses (Halassa et al., 2009a). Recent findings demonstrate that this
mechanism is involved in sleep regulation (Halassa et al., 2009b), cognitive impairment (Stone et
al., 2009) and depressive-like behaviors (Cao et al., 2013a). Moreover, astrocytes have also been
shown to increase basal synaptic transmission through activation of facilitatory presynaptic Aza
receptors (A2aR) (Panatier et al., 2011). For these reasons, astrocytes can differentially influence

synaptic plasticity using a balanced A1R-A2aR modulation.
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The role of astrocytic A;a receptors in depressive-like conditions

1.2.3. Astrocytes in depression condition

In terms of classification as a disease condition, MDD was originally viewed as a neuron-based
disorder. However, antidepressants target proteins expressed by multiple brain cell types, and
specific mechanisms and cell types involved in antidepressant action remain largely unknown.
Researchers suspected that depression would lead to cell death and decreased cell density in brain
regions associated with depression. In fact, it was reported a decrease in cell density in areas such
as the prefrontal cortex (PFC) (Rajkowska et al., 1999) and hippocampus (Stockmeier et al.,
2004), consistent with both neurons and glial cells (reviewed in (Rial et al., 2015)). They also
found alterations in the inter-relations between glial cells and neurons, leading to astrocytic and
microglia dysfunction and consequently an aberrant plasticity, which results in inadequate
encoding of information (Rial et al., 2015). Other studies revealed that a glial ablation (through
the administration of a gliotoxin) into the PFC is sufficient for the animal to present a depressive-
like behaviors (Banasr and Duman 2008). Moreover, in postmortem human tissue, it was observed
a decreased expression of the astrocyte marker GFAP and S100p in the PFC (Miguel-Hidalgo et
al., 2000), anterior cingulate cortex (Gittins and Harrison, 2011), hippocampus (Cobb et al., 2016;
Gos et al., 2013), and amygdala (Altshuler et al., 2010). These findings suggest that astrocyte
alteration can indeed be causative or at least a contributing factor to the neuropathophysiology of

depression biology and imply further studies to understand this relationship.

Overall, astrocytes may also modulate stress signaling responding to glucocorticoids (GCs). The
information about glucocorticoid regulation in astrocytes is scarce, however, it suggests that stress
hormones do have specific effects on this cell type. Astrocytes express both glucocorticoid
receptor (GR) and mineralocorticoid receptor (MR) (Bohn et al., 1991) and thus are sensitive to
glucocorticoid regulation. The hypertrophy of GFAP has also been associated with glucocorticoid
action (O’Callaghan et al., 1989). Glutamate uptake can decrease in cultured astrocytes by action
of glucocorticoids (Virgin et al., 1991). It is also known that GCs regulate messenger RNAs
specifically in astrocytes relative to other cell types (Carter et al., 2013a, 2013b).

Maintaining in mind that astrocytes express the highest levels of Cxs proteins of all cells in brain
(Giaume et al., 2013) and are responsible to maintain astrocytic ‘syncytium’ that regulate some
astrocytic functions, it is not surprising, that it was observed alterations in Cxs in depressive
patients. Studies with postmortem samples from patients with MDD and suicide completers have
shown that Cx43 and Cx30 are significantly downregulated in brain regions involved in mood
regulation, such as PFC , (Miguel-Hidalgo et al., 2014), hippocampus (Medina et al., 2016), locus
coeruleus, mediodorsal thalamus and caudate nucleus (Nagy et al., 2015). Other studies shown
that epigenetic mechanisms such as DNA methylation mediate alterations in astrocytic Cxs gene

expression in suicide completers with depression (Nagy et al., 2015, 2016). In 2016, Nagy and
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colleagues also observed an increase in the repressive chromatin mark H3K9me3 for both Cx30
and Cx43 in suicide completers when compared with control. Furthermore, studies in animal
models of depression shown alterations in both Cx43 mRNA and protein levels in PFC (Sun et
al., 2012). Furthermore, it was reported that antidepressive drugs could influence the expression
of Cx 43 in astrocytes (Jeanson et al., 2015; Quesseveur et al., 2015). These findings suggest that
astrocytic Cxs may be a potential therapeutic target for the treatment of depression, however more

research is required to confirm this theory.
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1.3. ADENOSINE

The purine nucleoside adenosine is virtually present in every cell type and exerts important
regulatory functions in the CNS, as it can act as a homeostatic transcellular messenger and a
neuromodulator (Cunha, 2001; Fredholm et al., 2005). Adenosine can act on at least four subtypes
of guanine nucleotide binding protein (G protein) coupled receptors (Fredholm et al., 2005;
Takahashi et al., 2008). Adenosine can control synaptic transmission and plasticity directly, and
through their effects on astrocytes (Matos et al., 2012a)(Fredholm et al., 2005; Matos et al.,
2012a). At the synaptic level, it mediates the information flow and neuronal excitability by
controlling neurotransmitter release and consequently the action of some receptor systems
(Cunha, 2001; Fredholm et al., 2005; Gomes et al., 2011), independently of imbalances in energy
metabolism (Cunha, 2001).

Adenosine can be generated through several mechanisms throughout the entire organism. ATP is
an important precursor of extracellular adenosine, contributing to its rapid genesis, and being the
main source in some occurrences (e.g. in necrotic or apoptotic cells) (Fredholm et al., 2011). The
ATP release from astrocytes is converted extracellularly into adenosine by ectonucleotidases such
as ecto-5’-nucleotidase (CD73) (Augusto et al., 2013; Kreutzberg et al., 1978). Then, astrocytes
recapture adenosine via bi-directional nucleoside transporters (Peng et al., 2005) and rapidly
convert to AMP (and then back to ATP) via adenosine kinase (ADK), which is also predominantly

expressed in astrocytes in the adult brain (Boison et al., 2010) (Figure 6).
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Figure 6 | The tripartite adenosine synapse. The extracellular levels of adenosine are largely regulated by astrocyte-
based adenosine cycle. A major source of synaptic adenosine is vesicular release of ATP (green dot) followed by its
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extracellular degradation to adenosine (ADO) via ectonucleotidases. The adenosine levels are equilibrated due to
nucleoside transporters (NT). Intracellular metabolism of ADO depends on the activity of adenosine kinase (ADK),
which, together with 5’-nucleotidase (5°-NT), forms a substrate cycle between AMP and adenosine. Thus, intracellular
metabolism of adenosine via ADK drives the influx of adenosine into the cell.

1.3.1. Adenosine receptors

There are four adenosine metabotropic receptors (AR), these have been denominated adenosine
Aq, Aoa, Aze and As receptors (AiR, AzaR, AR, AsR) (Fredholm et al., 2001). Adenosine is a
full agonist of all these receptors. Inosine can also act as a partial agonist of A; and As receptors
(Fredholm et al., 2011; Jin et al., 1997). These receptors are formally divided in two categories:
AR and AsR are coupled to inhibitory G-proteins and AzaR and AzsR are coupled to stimulatory
G-proteins (Lopes et al., 1999; Takahashi et al., 2008).

1.3.1.1. Adenosine A;AR in the brain

Previous studies reported that A,a receptors are highly abundant in the basal ganglia (Schiffmann
et al., 1991; Svenningsson et al., 1999), however, nowadays they are recognized to display a
widespread distribution in the brain (Fredholm et al., 2005; Lopes et al., 2004) and mostly located
in synapses (Rebola et al., 2005a). More specifically, A2aR can be located in dendritic spines and
post-synaptic densities (Rebola et al., 2005a) of asymmetric contacts between cortico-thalamic
glutamatergic projections (Cunha, 2005) and striatopallidal medium spiny GABAergic neurons
(Schiffmann et al., 1991; Svenningsson et al., 1999). A minority of these A2aR are also located
in the presynaptic terminals of limbic and neocortical regions of the brain, being also present in
glial cells (microglia and astrocytes) (Kist et al., 1999; Li et al., 2001; Moreau and Huber, 1999;
Nishizaki et al., 2002).

These receptors can exert different functions: can control the release of neurotransmitters, either
glutamate (e.g. (Lopes et al., 2002)), GABA (e.g. (Cunha and Ribeiro, 2000)), acetylcholine (e.g.
(Jin and Fredholm, 1997; Rebola et al., 2002)) or serotonin (e.g. (Okada et al., 2001)) and the
function of ionotropic glutamate receptors (Di Angelantonio et al., 2015; Azdad et al., 2009; Dias
et al., 2012; Guntz et al., 2008; Higley and Sabatini, 2010; Rebola et al., 2008; Sarantis et al.,
2015; Scianni et al., 2013; Wirkner et al., 2004). In glial cells, A2aR can control Na*/K*-ATPase
(Matos et al., 2013), glutamate uptake (Matos et al., 2012a, 2012b), and the production of pro-
inflammatory cytokines (Dai et al., 2010; Madeira et al., 2015; Merighi et al., 2015; Rebola et al.,
2011). Overall, A;aR can mediate motor activity, working memory, psychiatric behaviors and

sleep-awake cycle, inflammation and angiogenesis (Cunha, 2016).
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Moreover, for A2aR to play their function can activate several signaling pathways: cAMP-
dependent kinase/PKA, and phosphorylate cAMP responsive element-binding protein (CREB)
(Josselyn and Nguyen, 2005); MAPKSs (De Cesare et al., 1999; Cheng et al., 2002; Du et al., 2000)
and can recruit B-arrestin via a GRK-2 dependent mechanism (Khoa et al., 2006). In addition,
AzaR can also interact or form heterodimers with others receptors such as Ax (Ciruela et al., 2006;
Ribeiro, 1999), dopamine D2 receptors (Fredholm, 1995), group | metabotropic glutamate 5
(Tebano et al., 2005), NMDA (Ribeiro, 1999) and cannabinoid CB; (Carriba et al., 2007).

1.3.2. Adenosine, stress and MDD

The adenosinergic system is able to modulate mood states (Gomes et al., 2011), however its role
in depression is very complex. Some therapeutic strategies, such as ECT and sleep deprivation,
use short and long term adaptations that are directly associated with the adenosinergic system to
control mood disorders (Cunha et al., 2008b). Additionally, some antidepressants can also target
adenosine receptors (Gomes et al., 2011). Moreover, in the past, several retrospective studies were
published with caffeine, that is a non-selective antagonist of A; and Axa receptors (Chen et al.,
2013; Fredholm, 2007; Fredholm et al., 2007; EI Yacoubi et al., 2003), and they are the only
known molecular target of caffeine, at nontoxic doses (Cunha et al., 2008b; Fredholm et al., 2005).
Those studies reported that caffeine intake in humans can: improve psychomotor performance
and cognition (Cunha et al., 2008b; Jégou et al., 2003; Lara, 2010); and reduce depression
incidence by intake of moderate coffee, in a dose-dependent manner (Lucas et al., 2011, 2014;
Smith, 2009). More than a decade of research suggest that suicide risk is lower among persons
with higher consumption of coffee (Kawachi et al., 1996). At low to moderate doses, caffeine has
psychostimulant effects, contrary to higher doses, wherein the reverse effect can be observed
(Lucas et al., 2011), triggering behavioral modifications, both anxiety disorders as well as

depressive-like conditions.

In animal models of depression, nonselective activation of A;aR by adenosine and its analogues
appears to induce depressive-like behaviors in animal models of depression (Hunter et al., 2003)
which can be reversed by administration of antidepressants (Kulkarni and Mehta, 1985). On the
other hand, it was also shown that administration of adenosine can impair the antidepressant-like
effects in animal models of depression, and those effects reinstated after treatment with an
antagonist selective of AoaR (Kaster et al., 2004). Blockade or genetic depletion of A;aR reduced
immobilization period or suppressed behavioral despair in the forced swim test and tail suspension
test, respectively (El Yacoubi et al., 2001, 2003). Moreover, studies have shown that A,aR are

up-regulated (Kaster et al., 2015) and their over-expression induces anhedonia and depressive
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like-behavior (Coelho et al., 2014) and, conversely, Aan Dblockage confers a robust
neuroprotection in animal models of stress by preventing mood and memory deficits (Batalha et
al., 2013; Kaster et al., 2015; Yin et al., 2015).

These findings, suggest that AzaR should be considered as a novel therapeutic target to manage

depression and other mood disorders (Cunha et al., 2006).
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The role of astrocytic A;a receptors in depressive-like conditions

The main goal of this work was to study the role of astrocytic A,a receptors in depressive-like
conditions. For that purpose, in this work two experimental approaches were used: (1) an in vitro
model of stress — incubation of astrocyte primary cell culture with dexamethasone; (2)

hippocampal gliosomes of suicide completers when compared with age-matched controls.

With the first approach, we evaluated:

e alterations in the release of gliotransmitters (glutamate and ATP) induced by
dexamethasone and involved mechanisms;

e changes in different astrocytic markers immunoreactivity upon incubation with
dexamethasone;

o if blockade of A;aR can prevent alterations induced by dexamethasone.

With the second approach, we evaluated:

o validation of gliosomal preparation;
o alterations in glial markers density in suicide when compared to age-matched controls;

e alterations in synaptic and glial markers density according to age.
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The role of astrocytic A,a receptors in depressive-like conditions

3.1. MATERIALS

3.1.1. Reagents
Table 1| Reagents used in the methodologies.

Reagent Supplier

2,2'2" 2"-(Ethane-1,2-diyldinitrilo) tetraacetic acid (EDTA) Sigma Aldrich
?H[él—a(é—sr;ydroxyethyl)plpera2|n—1—y|]ethanesu|fon|c acid Sigma Aldrich
3-(cyclohexylamino)-1-propane-sulfonic acid (CAPS) Sigma Aldrich
4’ 6-diamidino-2-phenylindole (DAPI) Invitrogen

30% Acrylamide/ Bisacrylamide solution Bio-Rad
Ammonium persulfate (APS) Sigma Aldrich
Adenosine 5'-triphosphate (ATP) Assay Mix Sigma-Aldrich
Adenosine 5'-triphosphate (ATP) Standard Sigma-Aldrich
BCA Kit Thermo Scientific
Bicine Sigma-Aldrich
Bio-Rad protein assay dye reagent Bio-Rad

Bovine Serum Albumin (BSA) Sigma Aldrich
Bromophenol blue Sigma Aldrich
Calcium Chloride (CaCly) Sigma Aldrich
CLAP (cocktail of proteases inhibitors) Sigma Aldrich
Dako fluorescent mounting medium DAKO
Dimethyl sulfoxide (DMSQ) Sigma Aldrich
Dithiothreitol (DTT) Sigma Aldrich
DNase Sigma Aldrich
Dulbecco’s Modified Eagle Medium (DMEM) Sigma Aldrich
Enhanced chemiluminescence (ECL) Thermo Scientific
Fetal Bovine Serum (FBS) Alfagene
Glucose Sigma Aldrich
Glutamate Assay Kit ABCAM
Glycerol Sigma Aldrich
Horse serum Gibco by Life Technologies
Magnesium chloride (MgCl,) Fluka Analytical
Magnesium sulfate (MgSQO.) Fluka Analytical
Methanol Sigma Aldrich
Paraformaldehyde Sigma Aldrich

Penicillin-Streptomycin (Pen-Strep)

Gibco by Life Technologies

Percoll

GE Healthcare

Penylmethanesulfonylfluoride (PMSF) Sigma Aldrich
Poly-D-Lysine Sigma Aldrich
Potassium chloride (KCI) Sigma Aldrich
Potassium Dihydrogen Phosphate (KH2PO.) Sigma Aldrich
Sodium Bicarbonate (NaHCO3) Sigma Aldrich
Sodium dodecyl sulfate (SDS) Bio Rad
Sodium Chloride (NaCl) Sigma Aldrich
Sucrose (C12H22011) Sigma Aldrich
TEMED Sigma Aldrich
Triton-X-100 Sigma Aldrich
Trizma base Sigma Aldrich
Trypan blue Sigma Aldrich
TryplE™ Express (1X) Gibco by Life Technologies
Trypsin Sigma Aldrich
Tween 20 Fluka Analytical




3.1.2. Drugs

Table 2 | Drugs used throughout cell cultures.

Drug Supplier Concentration Function
3B-Hydroxy-11-oxoolean-12-
en-30-oic acid 3-hemisuccinate . . Hemichannel/gap
(Carbenoxolone disodium salt; Sigma Aldrich 50 uM junction inhibitor
Cs4H4307Nay)
7-(2-phenylethyl)-5-amino-2-
(2-furyl)-pyrazolo-[4,3-e]-1,2,4  Tocris 50 AzaR selective
. LB L nM .
triazolol[1,5c]pyrimidine bioscience antagonist
(SCH 58261, C13H15N70)
(Brilliant Blue G; . . P2X7 purinergic
C47H1sN3sNaO-S,) Sigma Aldrich 100nM receptor antagonist
) Tocris Synthetic
(Dexamethasone; Cz2HzoFOs) i o ionce 100 nM Glucocorticoid
Fluka chemie
(R)-4-(2-Amino-1- GmbH CH-9471 Noradrenergic
hydroxyethyl)-1,2-benzenediol ~ Buchs 30 uM receptor agonist
(Norepinephrine; CsH11NO3) Biochemika
74498

3.1.3. Antibodies

Table 3 | Primary and secondary antibodies used in immunoblotting.

Antibody Supplier Host Type Dilution
AznR zgr(];t?g;rzuezl Mouse Monoclonal 1:250
Abcam . ]
GLAST (EAATL) #3bA16 Rabbit Polyclonal 1:1 000
Synaptophysin 2'895?28 Mouse Monoclonal 1:20 000
Millipore . ,
GFAP 4305804 Rabbit Polyclonal 1:20 000
. Sigma-Aldrich . ,
Connexin 43 406219 Rabbit Polyclonal 1:8 000
Thermo Fisher
Glutamine synthetase  Scientific Rabbit Polyclonal 1:5 000
#PA1-46165
. Sigma-Aldrich )
Syntaxin 450664 Mouse Monoclonal 1:2 000
B-actin zfsn;i:‘ ldrich Mouse Monoclonal 1:20 000
Thermo Fisher
Anti-rabbit Scientific Goat Polyclonal 1:5 000
#31462
Thermo Fisher
Anti-mouse Scientific Goat Polyclonal 1:5 000
#31432
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Table 4 | Primary and secondary antibodies used in immunocytochemistry

Antibody Supplier Host Type Dilution
GFAP Santa e Goat Polyclonal 1:200
Sy';‘tm;’;: Seienrie " Rabbit Polyclonal 1000~ 110
#PA1-46165
Connexin 43 ﬁggiéAldriCh Rabbit Polyclonal 1:600
Anti-goat 488 ?I#rj&/iltlrgggn Donkey Polyclonal 1:250
Anti-mouse 488 gR/'gfzggg Donkey Polyclonal 1:250
Anti-rabbit 594 L’R"gfgg? Donkey Polyclonal 1:250

3.1.4. Experimental model systems

Depression affects up to 20% of the global population (Berton and Nestler, 2006) and will
become the leading cause of disease, by 2030, according to the World Health Organization
(Secretariat, 2011). The treatments for this recurring mood disorder that are currently available
include psychotherapy, medications, and diverse brain stimulation therapies including
electroconvulsive therapy (ECT), transcranial magnetic stimulation and vagus nerve stimulation
(Mayberg et al., 2005). Unfortunately, only a third of patients achieve remission following first-
line treatment with medication and a third of patients remain symptomatic following several
medication and/or psychotherapy trials (Mayberg et al., 2005). One major reason for these
shortfalls in treatment is the lack of a thorough understanding of the pathophysiology and
pathogenesis of depression (Krishnan and Nestler, 2008). For that reason, it is really important to
use a good experimental model system to understand this brain disorder and try to find a new
potential therapeutic target. Nowadays, there are many experimental model, with different levels
of complexity that contributed towards the understanding of depressions, such as: human
postmortem analysis, animal disease models of depression, genetic models and primary cell
cultures. However, by time limitation, in this thesis we focused only on two different approaches:
the primary astrocyte cultures derived from rodents and the synaptosomes/gliosomes from human

postmortem brain tissue.

The reasons to choose an astrocyte primary cell cultures, are the following: (i) being a simple
model; (ii) control of physicochemical environment-pH, temperature, dissolved gases (O and
CO»), osmolarity; (iii) regulation of physiological conditions-nutrient concentration, cell to cell

interactions, hormonal control; (iv) the “absence” of other cell types so any effects observed with
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these cultures are therefore astrocyte-specific; (v) replicability and speed of achieving results; (vi)
study some functions in real time; (vi) test different anti-depressant therapies; among others. In
spite of the fact that this system is extremely useful, there are some limitations. A major limitation
encountered is that the cells are out of their normal environment and no culture system can fully
mimic the complex events occurring in vivo. Moreover, the astrocyte primary cell cultures do not
create a three-dimensional network that exist in in vivo cells, but rather a contact-inhibited
monolayer, creating epithelioid-like cells devoid of synaptic contact and vascular elements.
Overall, this simple model will allow studying directly the influence of glucocorticoids in some

astrocytic functions, which would be difficult to perform in other models.

On other hand, we also choose human postmortem analysis to try to understand depression.
Human postmortem brain samples provide pertinent and important opportunities to dissect
particular regions of the brain and study molecular mechanism in an exact neuroanatomical
location associated with depression. However, they also have several limitations, including longer
postmortem interval, prior treatment with psycho active drugs and existence of others psychiatric
disorders and/or alcoholism (Furczyk et al., 2013; Stockmeier and Rajkowska, 2004).
Nevertheless, these limitations can be overcome by confirm the quality of samples conform
certain standards, performing toxicological screening and examine the samples for any
neuropathological abnormalities (Furczyk et al., 2013; Stockmeier and Rajkowska, 2004). With
this in mind, it is reasonable to say that human postmortem brain samples are also a good tool in
the research to enable a better understanding of the underlying pathology, as well for the

development of new therapeutic approaches.

3.1.4.1. Animals

In our study, we used pups between 3- and 6-day postnatal Wistar rats that were obtained from
littermates that exist at the CNC animal facilities. The animals were sacrificed by cervical
dislocation and decapitation. Rats were handled according to European Union guidelines
((ORBEA 128_2015/04122015) and the certification of Direccdo Geral de Alimentacdo e
Veterinaria (DGAV; 0421/000/000/2016 Ref 014420).

3.1.4.2. Human samples

Human brain samples (figure 7) were obtained at autopsies from the Instituto Nacional de
Medicina Legal e Ciéncias Forenses, I.P. (INMLCEF) in Coimbra, thanks to collaboration between

pathologist Dr. Beatriz da Silva and our group, namely Rodrigo Cunha and Paula Canas. The
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samples were collected according the procedures approved by the INMLCF and European
Consortium of Nervous Tissues: BrainNet Europe Il guidelines, to protect the identity of

individual donors.

A)

Figure 7 | Human brain coronal plane. Schematic image (A) and representative image (B) of coronal slice from
human brain sample. Image kindly provided by Dr. Beatriz Silva from INMLCF.

The study was performed in male suicide completers and compared with age-matched controls,
who died by natural causes or accidents. Individuals that consumed medically-prescribed
psychoactive drugs at the time of death; with neuro-pathological features of neurological
disorders or psychiatric conditions such as schizophrenia or phobia, eating disorders, addiction;

with artificial respiration or in coma before death were excluded from the study.

The quality of the tissue samples used was taken into account and validated by measurement of
ribonucleic acid (RNA) integrity number (RIN) and pH. The quality of tissue was evaluated
previously by other members of the group (Paula Canas and Ana Xavier).
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Table 5 | Demographic characteristics and cause of death of individual cases of suicide completers and age-
matched controls.

1 M Car accident Control
2 M 22 Car accident 32.7 6.64 Control
3 M 58 Hanging 20.5 6.52 Suicide
4 M 60 Work accident 22.5 6.53 Control
5 M 68 Hanging 23.6 6.77 Suicide
6 M 61 Drowning 63.5 6.72 Control
7 M 72 Car accident 26.7 6.70 Control
8 M 37 Cardiopathy 25.3 6.48 Control
9 M 71 Head concussion 64.7 5.98 Control
10 M 78 Hanging 72.8 6.45 Suicide
11 M 73 Car accident 16.5 5.83 Control
12 M 78 Drowning 61.6 6.54 Control
13 M 82 Hanging 38 6.48 Suicide
14 M 42 Embolism 16 6.44 Control
15 M 61 Hanging 21.7 6.46 Suicide
16 M 62 Work accident 66.7 6.57 Control
17 M 34 Burning Accident  87.7 6.26 Suicide
18 M 71 Hanging 67.2 6.57 Suicide
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3.2. METHODS

3.2.1. Astrocyte Primary Cell Culture

Primary astrocyte cultures were prepared from cerebral cortices of 3—6-day postnatal Wistar rats
according to previous described procedures (Harris et al., 1996; Matos et al., 2012a), but with
some modifications. In brief, the mice were killed by cervical dislocation and decapitation and
the brain was removed. The meninges were then removed and the cerebral cortices separated from
olfactive bulb. The pre-frontal cortex was removed, chopped up and incubated with a digestive
medium, TrypLE Express, and 0.5 mg/ml DNAse at 37 °C for 20-30 min. Then, the enzymatic
digestion was stopped with Dulbecco’s modified Eagle medium (DMEM) high glucose
supplemented with 10% inactivated fetal bovine serum (FBS), penicillin (10,000 U/mL),
streptomycin (10 mg/mL), HEPES (25.18 mM), and sodium bicarbonate (9.99 mM) and the cell
suspension centrifuged for 2 min at 115 g. Afterward, the obtained pellet was resuspended in
astrocyte culture medium, DMEM, the number of cells in suspension was counted in a
hemocytometer, using trypan blue dye. Then, the cells were plated onto poly-D-lysine-coated 75
cm? culture flasks, at a density at 1.14 x 10° cells/cm? (8.6 x 106 cells by flask), and maintained
at 37 °C in a 5% C0O2/95% room-air humidified incubator. The cell culture medium was frequently
replaced, every 2-3 days, until the mixed-glial cultures reached confluency, which was normally
achieved after 10-15 days of culture in vitro (DIV). In order to separate microglial cells from the
astrocytes monolayer, the mixed glial-cultures were shaken at 160-190 rotations per minute in an
orbital shaker for 30 min-1h30min. Then, the medium with the up-layer detached microglial cells
was discarded and fresh astrocytic culture medium was added to the astrocytes that remained in
the flasks. The flasks were washed with PBS 1x containing EDTA (1 mM) and further detached
by a mild trypsinization procedure using PBS 1x with 0.25% trypsin. Finally, the cells were
reseeded with fresh astrocyte culture medium on poly-D-lysine-coated plates or coverslips (for
immunocytochemistry), at a density of 0.5 x 108 cells/mL or 0.1 x 10° cells/mL, respectively, and
maintained in culture for 2-3 days before the experiments beginning. Our cultures had a high
percentage of astrocytes, which was confirmed previously by other members of group by
immunostaining against astrocyte specific protein glial fibrillary acidic protein (GFAP) and
microglial specific antibody CD11b (Matos et al., 2012a).
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Figure 8 | Mixed-glial primary cell culture evolution during 15 days of culture in vitro (DIV). The images were taken
in an optical microscope with a magnification of 200x.

3.2.2. Cell treatments

Cultured astrocytes were treated with Brilliant Blue G, carbenoxolone, dexamethasone and
SCH58261 for different periods ranging from 5 min (acute effect), 1h (acute effect) to 24h
(chronic effect). For 5 min and 1h incubations, the cultured cells were incubated with Na* medium
(containing: 132 mM NaCl, 4 mM KCI, 1 mM CaCl;, 1.2 Na;HPO4, 1.4 mM MgCl,, 6 mM
Glucose and 10 mM HEPES, pH 7.4), on the other hand, 24h incubations were performed with
DMEM. The dexamethasone was reconstituted in dimethyl sulfoxide (DMSQO) and added to
astrocytic cultures to achieve a final concentration of 100 nM. The Brilliant Blue G was prepared
in sterile type | water also as well carbenoxolone, at a concentration of 100 nM and 50 uM,
respectively. The selective A,aR antagonist, SCH 58261 was reconstituted in DMSO to achieve
a final concentration of 50 nM (supra-maximal concentration). Brilliant blue G, carbenoxolone
and SCH58261 were added to the astrocyte culture medium or Na* medium 30 min before
incubation with dexamethasone and maintained present throughout the incubation time period.
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Figure 9 | Schematic overview of the experiments with pharmacological treatments. Cultured astrocytes were
treated or not (control) with Brilliant Blue G (BBG), carbenoxolone (CBX), dexamethasone (DEX) and SCH58261
(SCH) for different periods of time, 5 min (A), 1h (B) or 24h (C).

3.2.3. Immunocytochemistry

Cultured astrocytes were placed onto 16mm poly-D-lysine-coated coverslips, fixed with 4%
paraformaldehyde for 15 min and washed three times with phosphate-buffered saline (PBS)
medium (140 mm NaCl, 3 mm KCI, 20 mm NaH2PO4, 1.5 mm KH,PO., pH 7.4). The astrocytes
were permeabilized in PBS with 0.2% Triton X-100 for 10 min at room temperature (RT) and
then washed three times with PBS. Then, the cells were blocked with PBS with 3% bovine serum
albumin (BSA) and 5% horse serum for 1h at room temperature. These preparations were washed
twice with PBS with 3% BSA and incubated with the primary antibodies, namely anti-GFAP
(1:200), anti-connexin43 (1:600) and anti-glutamine synthetase (1:1000) for 2 h at RT. After three
washes with PBS with 3% BSA, the astrocytes were incubated in the dark for 1h at RT with
AlexaFluor-488 (green) labelled donkey anti-goat IgG antibody, AlexaFluor-594 (red) labelled
donkey anti-mouse or donkey anti-rabbit IG antibodies (1:250 for all). Incubation with DAPI dye
(a marker of cell nuclei) (1:5 000) was carried out during 3 min. After washing with PBS and
mounting onto slides with DAKO, the preparations were visualized by fluorescence microscopy

(Zeiss, model Imager Z2, with Axiovision software 4.8) under a 200x magnification.
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3.2.4. ATP Quantification

The extracellular levels of ATP were assessed by the high sensitivity luciferin-luciferase
bioluminescence assay, as previously described (Cunha et al., 1996). Briefly, after an incubation
period of 5 min, 1h or 24h with different drugs, cell supernatants were collected and kept at -80
°C. Cell supernatants (80 uL) were added to 40 uL of ATP assay mix in white 96-well plates kept
inside a VICTOR® multilabel plate reader (Perkin EImer™, with Wallac 1420 Manager software)
to start luminescence recording (5 sec of acquisition). ATP levels were quantified by extrapolation
of a standard curve and released ATP was normalized by the total protein content by the Bio-Rad
protein method.

3.2.5. Glutamate Quantification

The extracellular levels of glutamate were assessed by a colorimetric assay, following the
instructions provided by the manufacturer. Briefly, after an incubation period of 5 min, 1h or 24h
with different drugs, cell supernatants were collected and kept at -80 °C. Cell supernatants (40
uL) were added to 10 uL of assay buffer and 100 uL of reaction mix (glutamate assay buffer,
glutamate developer and glutamate enzyme mix) in a 96-well plate. Glutamate levels were
quantified by extrapolation of a standard curve prepared by several dilutions of glutamate
standard, using: 6, 4, 2, 1, 0.5 and 0 nmol/well of glutamate. The multi-well dish was incubated
at 37° C, during 30 min, and, after that, the absorbance was read at 450 nm in a microplate reader
spectrophotometer (Spectramax plus 384). Glutamate levels were quantified by extrapolation of
a standard curve and released glutamate was normalized by the total protein content by the Bio-

Rad protein method.

3.2.6. In situ Proximity Ligand Assay (PLA)

The Proximity Ligand Assay (PLA) was performed as previously described (Augusto et al., 2013;
Soderberg et al., 2006) in cultured astrocytes. The samples were permeabilized in PBS with 0.2%
Triton X-100 for 10 min at room temperature (RT) and then washed three times with PBS. Then,
the cells were blocked with PBS with 3% bovine serum albumin (BSA) and 5% horse serum for
1h at RT. Subsequently, the cells were washed twice with PBS with 3% BSA and incubated with
anti-A2A (1:500) and anti-connexin43 (1:600) for 2h at RT. After washing 3 times in PBS with
0.2% Triton X-100, the cells were incubated for 2 h at 37 °C with the PLA secondary probes anti-
rabbit PLUS and anti-mouse MINUS (1:5; Olink Bioscience) under gentle agitation. The PLA
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probes are added together and diluted 1:5 in buffer Tris (0.1 M Tris, pH.7.4, and 0.9% w/v NaCl).
Afterward, the cells were washed twice with Duolink Il Wash Buffer A (Olink Bioscience) and
incubated with the ligation-ligase solution (Olink Bioscience) for 30 min at 37 °C. After twice
rinses during 2 min with Duolink Il Wash Buffer A, the cells were incubated with DNA
polymerase (1:40; Olink Bioscience) in the amplification solution (Olink Bioscience) for 100 min
at 37 °C. After wash twice the samples for 10 min with buffer B (SSC), a new wash was performed
with 0.01% buffer B. After mounting onto slides with Duolink Mounting Medium (Olink
Bioscience), the preparations were visualized by fluorescence microscopy (Zeiss, model Imager

Z2, with Axiovision software 4.8) under a 400x magnification.

3.2.7. Protein quantification by BCA method

The amount of protein in each cellular suspension was determined by the bicinchoninic acid
(BCA) protein assay. In this method, BSA is used as a protein standard. Therefore, a standard
curve was drawn, by preparation of several dilutions of BSA in type | water, using: 2, 1, 0.5, 0.25,
0.125, 0.0625 and 0 pg/uL of BSA. In a 96 well dish, the standard curve was prepared in triplicate,
by adding type | water and BCA reagent to each well containing different BSA concentrations.
Synaptosomes and gliosomes samples were lysed with radioimmunoprecipitation assay buffer
(RIPA), and were diluted accordingly. The diluted samples were added to several wells, in
triplicates, as well as type | water and BCA reagent. The multi-well dish was incubated at 37° C,
during 30 min, and, after that, the absorbance was read at 570 nm in a microplate reader
spectrophotometer (Spectramax plus 384). The standard curve was then used to calculate the
protein concentration in pug/mL of the different samples, taking into account the different

dilutions.

3.2.8. Protein quantification by Bio-Rad method

Protein determination was performed using the Bio-Rad assay method. In a 96 well dish, a
standard curve was construct, by preparation of several dilutions of BSA 0.1%, using: 5, 4, 2, 1,
0.5 and 0 ug/uL of BSA. The protein standard curve was prepared in triplicate, using BSA, type
I water, lysis buffer (150 mM Tris) and Bio-Rad reagent. An aliquot of 2 uL of the sample was
added to 78 uL of type | water in one 96-well plate followed by addition of 120 pL of 1:3 diluted

Bio-Rad dye reagent to each well. The absorbance of each sample was read at 600 nm, after 15
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min incubation at room temperature, in a microplate reader spectrophotometer (Spectramax plus
384). The absorbance of BSA standard samples was used to construct the standard curve and this

was then used to calculate the protein concentration in pg/ulL.

3.2.9. Synaptosomes and Gliosomes

Synaptosomes and gliosomes are functional nerve and glial subcellular re-sealed particles,
respectively, which were separated from their axons and postsynaptic connections (Dunkley et
al., 2008). These re-sealed terminals contain the complete presynaptic terminal, including
mitochondria and synaptic vesicles, with the postsynaptic membrane and the postsynaptic density
(PSD). Synaptosomes and gliosomes are commonly used to study synaptic function because they
contain functional receptors, ion channels, proteins and enzymes, and moreover the intact
molecular machinery for the release, uptake and storage of neurotransmitters, which closely
resembles their function in nerve terminals in vivo (Bai and Witzmann, 2007; Dunkley et al.,
1986, 2008).

3.2.9.1. Synaptosomes and Gliosomes Preparation

Synaptosomes and gliosomes were obtained from the hippocampus of brains from male suicide
completers and age-matched controls (age range: 20-80 years) through a discontinuous Percoll
gradient, as previously described (Canas et al., 2009a; Rebola et al., 2005a; Stigliani et al., 2006)
but with some modifications (Dunkley et al., 2008). The tissue was homogenized in a medium
containing 0.25 M sucrose and 10 mM HEPES (pH 7.4), using a glass-Teflon tissue grinder at
800 r.p.m for 10-12 strokes. The homogenate was centrifuged for 5 min at 1000 g at 4 °C (Avanti
J-26 XPI centrifuge, rotor JA-25.50) to remove nuclei and debris, and the supernatant was gently
stratified on a discontinuous Percoll gradient (2, 6, 10, and 23% v/v of Percoll in a medium
containing 0.32 M sucrose and 1 mM EDTA, pH 7.4) (Figure 10). The mixture was centrifuged
at 31000 g for 5 min at 4 °C (Avanti J-26 XPI centrifuge, rotor JA-25.50) and during the last
deceleration of 2500 g to zero turned off braking speed (Dunkley et al., 2008). The layers between
2 and 6% of Percoll (gliosomal fraction) and between 10 and 23% of Percoll (synaptosomal
fraction) were collected, washed in 10 mL of isotonic physiological solution (115 mM NacCl, 3
mM KCI, 1.2 mM KH,PO,, 25 mM HEPES, 10 mM glucose, 1.2 mM MgSQO4, 1 mM CaCl,, pH
7.4), and further centrifuged at 30000 g for 20 min at 4 °C (Avanti J-26 XPI centrifuge, rotor JA-

25.50) to remove myelin components and postsynaptic material from the gliosomal and
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synaptosomal fractions, respectively. After that, the pellets were collected and washed in 1.5 mL
of isotonic physiological solution, and further centrifuged at 16900 g for 20 min at 4 °C
(Eppendorf 5418R centrifuge, rotor FA-45-18-11). To perform Western blot experiments, the
gliosomal and synaptosomal fraction was resuspended in radioimmunoprecipitation assay buffer
(RIPA) (50 mM Tris, 150 mM NaCl, 1.0% IGEPAL (NP-40), 0.5% sodium deoxycholate, 1mM
EDTA and 0.1% SDS, pH 8.0) supplemented with protease inhibitor cocktail (1% CLAP), 0.1
mM phenylmethylsulfonyl fluoride (PMSF), 0.1 mM dithiothreitol (DTT) and the protein content

was measured with BCA assay.

Percoll % (v/v)

2%
Gliosomes
60
Synaptosomes and °
membranes

10%
Synaptosomes
23%
Mitochondria

Figure 10 | Representation of the discontinuous Percoll gradient. Representative image of the discontinuous Percoll
gradient after centrifugation at 31,0009 during 5 min (adapted from Dunkley et al., 2008), where we can see different
cellular components along the gradient. The gradient was built as follows (from bottom to top): 2.5 mL of a 23% (v/v)
Percoll solution, 3 mL of a 10% (v/v) Percoll solution, 4 mL of a 6% (v/v) Percoll solution and 2.5 mL of a 2% (v/v)
Percoll solution.

3.2.10. Western blotting for astrocytes lysates

After astrocytes treatment, they were lysed with 150 mM Tris buffer (pH 7.4) supplemented with
protease inhibitor cocktail (CLAP), PMSF and DTT. The lysates were assayed for protein content
with the Bio-Rad protein method. Afterward, the samples were denatured by addition of sample
buffer 6x (500 mM Tris, 600 mM DTT, 10.3% SDS, 30% glycerol and 0.012% Bromophenol
Blue, pH 6.8) and heat for 20 min at 70 °C and loaded into the Western blot gels for separation.
Equal amounts of protein were then separated by electrophoresis on 10% SDS—polyacrylamide
resolving gels (SDS-PAGE) (Table 6). After electrophoresis, the proteins on the polyacrylamide
resolving gels were transferred to a nitrocellulose membrane, during 2 h, in a CAPS buffer (10
mM CAPS, pH 11, 10% methanol). Then, these membranes were blocked in TBS (137 mM NacCl,
20 mM Tris—HCI, pH 7.6) with 0.1% Tween (TBS-T) and 5% nonfat dry milk, for 1h at room

temperature (RT). Incubation with the primary antibodies, namely anti-GFAP, anti-Connexin-43
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and anti-Glutamine synthetase (Table 3), all diluted in TBS-T with 5% nonfat dry milk, was
carried out overnight at 4 °C. After 3 washes with TBS-T, the membranes were incubated with a
peroxidase conjugated—linked secondary antibody (1:5 000 in TBS-T with 1% nonfat dry milk)
for 2 h at RT. After washing, the membranes were revealed using an ECL kit (Amersham) or
Luminata forte substrate (Millipore) and visualized under a fluorescence imaging system
(ChemiDoc, Bio-Rad). After the reprobing and stripping, membranes were blocked again with
TBS-T with 5% nonfat dry milk, followed by incubation with new primary antibodies, namely
anti B-actin. Secondary antibodies incubation, membrane washing and revelation were done as
described before. Densities of protein bands were calculated using a ChemiDoc precision digitizer

equipped with the Image Lab software version 6.0 (Bio-rad).

Table 6 | Polyacrylamide gel formulation.

Gel formulation (1 Gel) 10% - Resolving Gel 4% - Stacking Gel
Tris-buffer, 1.5 M, pH 8.8 2.5 mL -

Tris-buffer, 0.5 M, pH 6.8 - 2.5 mL
Acrylamide 30% 3.3mL 1.3mL

Water 4.1 mL 6.1 mL

SDS 10% 0.1 mL 0.1mL

TEMED 5uL 10 uL

APS 20 % (freshly prepared) 50 uL 50 uL

3.2.11. Western blotting for synaptosomes and gliosomes preparation

Synaptosomes and gliosomes samples were lysed with RIPA buffer supplemented with protease
inhibitor cocktail (CLAP), PMSF and DTT. The lysates were assayed for protein content with the
BCA protein method. Afterward, the samples were denatured by addition of sample buffer (500
mM Tris, 600 mM DTT, 10.3% SDS, 30% glycerol and 0.012% Bromophenol Blue, pH 6.8) and
loaded into the Western blot gels for separation. Equal amounts of protein were then separated by
electrophoresis on 10% TGX Stain-Free gels. After electrophoresis, the stain-free compound in
gel was activated for stain-free blot imaging for 1 min. After stain-free activation, the proteins on
the TGX Stain-Free gels were transferred to a nitrocellulose membrane, during 9 min at 2.3A and
25V, in a semi-dry system (Tans-Blot® Turbo™ blotting system). Then, to verify if the protein
transfer from the gel to the membrane, the membranes were instantly observed using Stain-Free
technology at the ChemiDoc. The images obtained in this step were used to quantify the total
protein levels present in the membrane. Afterward, these membranes were blocked in TBS (137
mM NaCl, 20 mM Tris—HCI, pH 7.6) with 0.1% Tween (TBS-T) and 5% nonfat dry milk, for 1h
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at room temperature (RT). Incubation with the primary antibodies, namely anti-GFAP, anti-
EAAT], anti-synaptophysin, anti-Connexin43 and anti-Glutamine synthetase (Table 3) all diluted
in TBS-T with 5% nonfat dry milk, was carried out overnight at 4 °C. After 3 washes with TBS-
T, the membranes were incubated with a peroxidase conjugated—linked secondary antibody (1:5
000 in TBS-T with 1% nonfat dry milk) for 2 h at RT. After washing, the membranes were
revealed using an ECL kit (Amersham) or Luminata forte substrate and visualized under a
fluorescence imaging system (ChemiDoc, Bio-Rad). After the reprobing and stripping,
membranes were blocked again with TBS-T with 5% nonfat dry milk, followed by incubation
with new primary antibodies, namely anti-B-actin (Table 3). Secondary antibodies incubation,
membrane washing and revelation were done as described before. Densities of protein bands were

calculated using the Image Lab Software (Bio-rad).

Table 7 | TGX Stain-Free gel formulation

1.5 mm Bio-Rad Glass Plates

(n = gels)

Stacker Resolver
Resolver A - 4mL xn
Resolver B - 4mL xn
Stacker A 1.5mL xn -
Stacker B 1.5mL xn -
Total Volume 3mLxn 8mL xn
TEMED 3pL xn 4uLxn
10% APS 15uL xn 40 uL x n

3.2.12. Sripping and reprobing membranes

To remove the ECL reaction product, the membranes were rinsed twice in TBS-T for 10 min. For
antibodies removal, the membranes were submerged twice in stripping solution (15 g/L glycine,
1 g/L SDS, 10 mL/L Tween 20, pH 2.2) for 15 min, and washed once in TBS-T for 10 min.
Afterward, the membranes were blocked by immersing them in 5% nonfat dry milk in TBS-T for
1 h at room temperature, and incubated overnight with primary antibody and proceeded as in the

Western blot protocol.

41



3.2.13. Statistical data analysis

The statistical analysis was carried out in GraphPad Prism version 6.01 (GraphPad Software Inc.,
USA). Data were expressed as percentage of values obtained in control conditions and were
presented as mean + standard error of the mean (SEM) for n experiments. Our controls were
normalized for a hypothetical value of 100. One sample t-test compared with the hypothetical
value of 100 was used to measure statistical differences between one independent mean and
control. Comparison between two independent means was done by a Student’s t test. To assess
differences between three groups or to determine how a response is affected by two factors, a one-
way and a two-way analysis of variance (ANOVA), respectively, was used, followed by a Tukey’s
Multiple Comparison post hoc Tests, to compare all groups. Differences were considered

significant at p<0.05.
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4.1. Dexamethasone exposure increase glutamate and ATP release by

astrocytes

First, we performed a set of experiments in order to determine if dexamethasone (DEX) could
induce gliotransmitters release, namely glutamate and ATP. Alterations in these two
gliotransmitters levels are largely discussed to be associated with depression etiology. Cultured
astrocytes were exposed to DEX (100 nM) for 1 h, and significantly (** p < 0.01) alterations on
the extracellular glutamate levels were observed (183.3 + 27.6% of control cells), as can be seen
in Figure 11A. In the same way, it was observed that ATP levels were also significantly (# # p <
0.01) increase upon treatment with DEX (182.2 + 33.1% of control cells) (Figure 11B).
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Figure 11 | Dexamethasone increase glutamate and ATP levels. Dexamethasone (100nM) were exposure for 1h in
astrocyte primary cell cultures. Glutamate (A) and ATP (B) levels were calculated as percentage of control cells (not
exposed to dexamethasone) and normalized by pg of total protein. Data shown as mean £ SEM of 7-9 and 14-15
independent experiments of glutamate and ATP levels, respectively. ** p < 0.01, ## p < 0.01, one sample t-test as
compared with a hypothetical value of 100% (control).
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4.2. Dexamethasone exposure increase ATP release by astrocytes

In this part of the study we performed a time course with 2 additional time points, to investigated
if there are differences in the ATP release induced by DEX (100 nM) according to time exposure
to this compound. Since it has been described previously that in depressive like conditions,
normally it is observed a decrease in the ATP levels (Cao et al., 2013a). Alterations on the
extracellular ATP levels were determined at 5 min, 1h and 24h of incubation periods with DEX
(100 nM) (Figure 12). In astrocytes incubated with DEX there is a significant (# p < 0.05) increase
in the levels of ATP release for 5 min (222.2 + 37.3%), 1h (182.2 + 33.1% of control cells) and
24h (172.2 = 26.3% of control cells) when compared to control cells (non-treated cells).

100p .-
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Figure 12 | Time course of ATP release by cultured astrocytes exposed to dexamethasone (100nM). ATP levels
were calculated as a percentage of control cells (not exposed to dexamethasone) and normalized by pg of total protein.
Data shown as mean + SEM of 5-14 independent experiments. # p < 0.05, one sample t-test as compared with control
cells (100%).
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4.3. Possible release mechanisms of glutamate release

Subsequently, we performed a set of experiments in order to determine if functional HCs,
constituted mainly by connexin 43 is involved in glutamate release induced by DEX, after 1h.
Cultured astrocytes were exposed to carbenoxolone (CBX, 50 uM, used as inhibitor of
hemichannels Cx43), 30 min before the incubation with DEX (100 nM) for 1 h. As can be seen
in Figure 13, CBX, per se, caused a significant (# # # p < 0.001) increase in the glutamate levels
(365.0 £ 48.9% of control cells). Furthermore, glutamate levels significantly (*** p < 0.001)
increase when Cx43 was blocked in the presence of DEX (835.4 + 107.5% of control cells) when
compared with CBX-treated cells. Additionally, it was possible to observe a synergistic effect
upon incubation of cells with both CBX and DEX.
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Figure 13 | Inhibition of hemichannels Cx43 increase glutamate released caused by dexamethasone. The inhibitor
of hemichannels Cx43, CBX (50 uM) was added to cells 30 min before the dexamethasone (100nM) exposure (1h).
Data shown as mean + SEM of 3-7 independent experiments, # # # p < 0.001 as compared with control cells (100%),
one sample t-test, *** p < 0.001 as compared with DEX-treated cells or CBX-treated cells, two-way ANOVA, post-
hoc Tukey’s test.
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Additionally, we also investigate if P2X7 purinergic receptors (P2X7R) controlled the
dexamethasone-induced alterations of extracellular glutamate. Cultured astrocytes were exposed
to Blue Brilliant G (BBG, 100 nM), a P2X7 purinergic receptors antagonist, 30 min before the
incubation with DEX (100 nM) for 1 h. As can be seen in Figure 14, in these preliminary results,
extracellular glutamate levels seem to be increased in the presence of BBG when cells were
exposed to DEX (462.2 + 279.0% of control cells) as compared with dexamethasone-treated cells

(184.7 + 32.6% of control cells), but these results remain to be confirmed.
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Figure 14 | Block of P2X7 receptors may affect the release of extracellular glutamate. The antagonist of P2X7
receptors, Blue Brilliant G (BBG, 100 nM) was added to cells 30 min before the 1h incubation with DEX (100nM).
Data shown as mean + SEM of 2-6 independent experiments.
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4.4. Role of A>sR in DEX-induced alterations in astrocytes

To better understand the long-term alterations induced by DEX in astrocytes, we performed an
evaluation, by Western blot analysis, of the density of different astrocytic markers. We selected
glial fibrillary acidic protein (GFAP) intermediate filament, that can be a marker of astrogliosis;
Connexin4d3 (Cx43) that is a main component of hemichannels and gap junctions and can have a
determinant role in the astrocytic communication; and glutamine synthetase (GS), since we know

that it is an important enzyme in the glutamate-glutamine cycle.

Upon comparison with control cells, the cells treated with DEX (100 nM) display a significant (#
p < 0.05) increase in Cx43 (158.3 = 17.6% of control) and GS (147.6 + 14.5% of control) levels
and no change for GFAP levels (124.1 + 23.1% of control) (Figure 15).
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Figure 15 | Effect of dexamethasone (DEX) on GFAP, Connexin43 (Cx43) and glutamine synthetase (GS) levels.
Cultured astrocytes were treated or not (control) with DEX (100 nM) for 24h. Cell lysates were examined by
immunoblotting with an anti-GFAP and anti-Cx43 or anti-GS. (A) Graphical representation of protein densities upon
DEX treatment. Representative Western blot of GFAP (B), Cx43 (C) and GS (D) levels are shown. Data shown as
mean + SEM of n=5-10. # p < 0.05, one sample t-test compared with the hypothetical value of 100.
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In order to try to understand the role of A,aR in DEX-induced alterations, we started by doing
an Western blot analysis, to ascertain if there were any alterations in the density of A;aR in

astrocytes. As we can see in (Figure 16), there is a tendency to observe an increase in A2aR density

in cells treated with DEX (100 nM) when compared to non-treated cells (211.4 + 43.3% of

control).
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Figure 16 | Effect of dexamethasone (DEX) on A2aR levels. Cultured astrocytes were treated or not (control) with
DEX (100 nM) for 24h. Cell lysates were examined by immunoblotting with an anti-A2aR. (A) Graphical representation
of A2aR densities upon DEX treatment. Representative Western blot of A2aR (B) levels are shown. Data shown as
mean = SEM of n=2.

Furthermore, we also investigated how dexamethasone (DEX, 100 nM) affected astrocyte
reactivity and morphology. Cultured astrocytes were treated with saline or DEX for 24 h.
Alterations in the reactive state of astrocytes and in the levels of Cx were assessed by monitoring
the immunoreactivities of GFAP and Cx43.

The data obtained by immunocytochemistry (Figure 17) showed that DEX-treated astrocytes
exhibited a cellular hypertrophy and developed a compacted and stellate morphology, while
control cells maintained the typical flattened and asymmetrical appearance of resting astrocytes.
In addition, it was possible to observe an up-regulation of GFAP immunostaining in DEX treated
cells, a characteristic of reactive astrocytes (Eng et al., 2000). These data suggest that DEX is able
to trigger a series of structural and functional changes in the astrocytes typical of a reactive

morphology — astrogliosis. In parallel, we observed an increase in the levels of Cx43 when cells
were exposed to DEX.
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To understand if the blockade of A>aR was able to prevent the alterations induced by DEX, a
pharmacological approach (SCH 58261, 50 nM) was used. Upon blockade of A2aR, it was

observed a prevention of the alterations induced by dexamethasone.
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Figure 17 | Immunostaining for GFAP (astrocytes - in green) and Cx43 (hemichannels - in red) in astroglial-
enriched cultures. The A2aR selective antagonist, SCH58261, prevented the increase of connexin43 (Cx43) levels
caused by dexamethasone (DEX). The selective antagonist SCH58261 (50 nM) was added to cells 30 min before the
DEX (100 nM) exposure (24h).
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To explore a possible interaction between A»aR and Cx43 we used a technique named in situ

proximity ligand assay (PLA), that can confirm the existence of a physical interaction between

AzaR and Cx43. This approach detects proteins located within a radius of <40 nm. If there is an

interaction, it is possible to observe fluorescent dots in the presence of both anti-A2aR and anti-

Cx43 antibodies in astrocyte primary cell culture (Figure 18). Cultured astrocytes were exposed
to dexamethasone (DEX, 100 nM) for 1 h and 24h (data not shown). The results showed red dots,
meaning that physical interaction exist with astrocytic A;aR and Cx43. Upon comparison with

control cells, the cells treated with DEX (100 nM) display an increase in the red dots, suggesting

that a physically interaction between A2aR and Cx43 increases upon DEX-treated of astrocytes.
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Figure 18 | In situ proximity ligand assay (PLA)
analysis to detect the interaction between AzaR
and Cx43 in astroglial-enriched cultures.
Astrocytes were exposed or not (control) to
dexamethasone (DEX, 100 nM) for 1h. PLA
results were displayed in the presence of both
mouse anti-A2aR and rabbit anti-Cx43 primary
antibodies. (A) Each fluoresccent red dot
represents for a single interaction and nuclei (blue)
were stained with DAPI. (B) Quantification of the
physical interaction between A2aR and Cx43.
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4.5. Role of A>sR in gliotransmitters release induced by DEX

In this part of the study we investigated if the blockade of AzaR could prevent the increase in
glutamate release induced by 1h dexamethasone-exposed (DEX). For that purpose, cultured
astrocytes were exposed to a selective A;aR antagonist, SCH 58261 (SCH, 50 nM), 30 min before
the incubation with DEX (100 nM) for 1 h. Figure 19 shows a significant (# # p < 0.01) increase
in the levels of glutamate in DEX-incubated cells, as demonstrated previously. The blockade of
AzaR per se does not affect glutamate release when compared with control cells. Nevertheless,
the blockade of A2aR do not prevent glutamate release induced by DEX (187.9 £ 25.9% of control
cells) when compared with dexamethasone-treated cells (183.3 + 27.6% of control cells).
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Figure 19 | The AzaR selective antagonist, SCH 58261, did not affected the glutamate release caused by
dexamethasone (100 nM). SCH58261 (50 nM) was added to cells 30 min before the dexamethasone exposure (1h).
Data shown as mean + SEM of 5-9 independent experiments, # # p < 0.01 as compared with control cells (100%), one
sample t-test, * p < 0.05 as compared with SCH-treated cells, two-way ANOVA, post-hoc Tukey’s test.

53



We also investigated if AaR could control the release of extracellular ATP levels. Selective A2aR
antagonist, SCH 58261 (SCH, 50 nM), were exposed to cultured astrocytes, 30 min before the
incubation with DEX (100 nM) for 1 h. The data obtained showed that SCH 58261 does not have
an effect per se. Yet, the blockade of A;aR when cells were exposed to DEX significantly (*p <
0.05) prevent the increase of ATP release induced by DEX (75.4 £ 22.9% of control cells) as

compared with dexamethasone-treated cells (182.2 + 33.1% of control cells) (Figure 20).
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Figure 20 | The A2aR selective antagonist, SCH58261, prevented the increase of ATP release caused by
dexamethasone (100 nM). SCH58261 (50 nM) was added to cells 30 min before the dexamethasone exposure (1h).
Data shown as mean + SEM of 7-14 independent experiments, # p < 0.05 as compared with control cells (100%), one
sample t-test, * p < 0.05 as compared with DEX-treated cells, two-way ANOVA, post-hoc Tukey’s test.
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4.6. Synaptic and glial markers validation

In order to validate the gliosomal preparations from human postmortem tissue (hippocampus),
the relative amount of synaptic and glial markers was compared between gliosomal and nerve

terminals preparation of the same sample, by Western blot analysis.

We observed, as expected, an increase in the density of synaptophysin (184.5% + 23.8%, n=11-
18) and syntaxin (128.2% + 9.4%, n=11-18) in synaptosomes compared to gliosomes (Figure
21A, C).

In addition, we also observed a decrease in the density of fibrillary acidic protein (GFAP) in
synaptosomes (44.5% * 9.1%, n=9-17) than in gliosomes (Figure 21E), which validates our
gliosomal preparation.

The validation of gliosomal preparation with synaptic and glial markers is summarized in Table 8.
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Figure 21| Validation of nerve terminals (synaptosomes (SYN) and gliosomes (GLI)) preparation from
hippocampus using two synaptic markers (synaptophysin (A) and syntaxin (C)) and a glial marker (GFAP) (E).
Representative Western blot of synaptophysin (B), syntaxin (D) and GFAP (F) levels are shown. Data shown as mean
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+ SEM of n=9-18. * p < 0.05, **p < 0.01, *** p < 0.001, one sample t-test compared with the hypothetical value of
100.

Table 8 | Differential presence of synaptic markers (synaptophysin and syntaxin) and glial marker (GFAP) in
gliosomes and synaptosomes from hippocampus.

Gliosomes Synaptosomes

(control, %) (% of control)
Synaptic Synaptophysin 100 184.5£23.8 T
markers Syntaxin 100 1282+94 ™
Glial markers GFAP 100 445+9.1 J
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4.7. Glial markers in suicide

After validation of the gliosomes, we focus on determining modifications in hippocampus of
different astrocytic markers in suicide completers in comparison with age-matched controls, since
it is already known that there is a decrease in glial cells in postmortem samples of individuals
with MDD or suicide completers (reviewed in (Rial et al., 2015)). We assessed the levels of
GFAP, connexin 43, glutamine synthetase and EAAT1 by Western blot analysis, and the
immunoreactivity of each band was normalized with B-actin (this loading control does not change

with suicide - data not shown).

There were no significant differences observed in GFAP density (267.3% + 173.6%, n=6) of

suicide completers when compared with age-matched controls (Figure 22).
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Figure 22 | GFAP density levels do not change with suicide in hippocampus (A, B). Representative Western blot
of GFAP and B-actin (loading control) levels in the suicide and control samples (B). The data were calculated as
percentage of control and normalized by p-actin. Data shown as mean + SEM of n=6, one sample t-test compared with
the hypothetical value of 100.

We also observed that there was a tendency to increase in connexin 43 (Cx43) density (452.2% +

175.4%, n=5) of suicide completers when compared with age-matched controls (Figure 23).
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Figure 23 | Connexin43 (Cx43) density levels do not change with suicide in hippocampus (A, B). Representative
Western blot of Cx43 and B-actin (loading control ) levels in the suicide and control samples (B). Data shown as mean
+ SEM of n=5, one sample t-test compared with the hypothetical value of 100.
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In addition, glutamine synthetase (GS) density do not change with suicide (138.7% + 34.8%, n=7)
(Figure 24).
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Figure 24 | Glutamine synthetase (GS) density levels do not change with suicide in hippocampus (A, B).
Representative Western blot of GS and B-actin (loading control) levels in the suicide and control samples (B). Data
shown as mean + SEM of n=7, one sample t-test compared with the hypothetical value of 100.

Furthermore, we observed an increase in the density of EAAT1 (122.6% + 4.9%, n=7) of suicide

completers when compared with age-matched controls (Figure 25).
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Figure 25 | Up-regulation of EAAT1 density levels with suicide in gliosomes from hippocampus (A, B). EAAT1
density increases with suicide in gliossomes (A). Representative Western blot of EAAT1 and B-actin (control for
protein loading) levels in the suicide and control samples (B). Data shown as mean + SEM of n=7, **p < 0.01, one
sample t-test compared with the hypothetical value of 100.

In table 2 we present a compilation of the data collected regarding the alterations encountered in

astrocytic markers of suicide completers.
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Table 9 | Compilation of changes observed in glial proteins in suicide completers in comparison with age-
matched controls.

Age-matched controls Suicide completers

(control, %) (% of control)
GFAP 100 267.3+173.6 ns
Cx43 100 4522+ 1754 ns
GS 100 138.7 £ 34.8 ns
EAATI1 100 122.6 + 4.9* ™

* p < 0.05, when compared with age-matched controls
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4.8. Synaptic and glial markers ontogeny

MDD affects many people of all ages however according to World Health Organization the
prevalence rates of depression peak among older adults (Secretariat, 2011). For that reason, in
this part of the study, we investigated if age may also play an important role in synaptic and glial
markers. To answer to that question, we analyzed the levels of different synaptic and glial markers
in 3 different age ranges: 20-40 years, 60 years and 70-80 years. Moreover, in this ontogeny study,
it was decided to consider the 20-40 years-old as 100%, to normalize results between different
membranes. In order to determine these changes Western blot was performed and the
immunoreactivity of each band was normalized with total protein, since -actin changes with age

(Figure 26).
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Figure 26 | B-actin levels decrease with age in the hippocampus. Data shown as mean + SEM of n=3-4, *p < 0.05,

one-way analysis of variance (ANOVA), followed by a Tukey’s Multiple Comparison post hoc Tests, to compare all
groups.

The Figure 27 shows the levels of synaptophysin decreases with aging. The levels of
synaptophysin in subjects around 60 years (69.2 + 4.6%, n=3) were significantly (p < 0.001) lower
than levels in subjects between 20-40 years (100%, n=4), and these levels remained lower in
subjects between 70-80 years (62.2 £ 4.9%, n=4) comparing to subjects between 20-40 years.
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Figure 27 | Synaptophysin levels decrease with age in the hippocampus. Data shown as mean = SEM of n=3-4,
**p< 0.01, ***p < 0.001, one-way analysis of variance (ANOVA), followed by a Tukey’s Multiple Comparison post
hoc Tests, to compare all groups.
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We also observed that there was a tendency to decrease syntaxin levels when compared in

different age ranges, however these differences were not significant (Figure 28).
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Figure 28 | Distribution of syntaxin levels by age in hippocampus. Data shown as mean + SEM of n=3-4, one-way
analysis of variance (ANOVA).

On the contrary, GFAP density significantly increases in older men when compared with young
men. The levels of GFAP in subjects around 60 years (174.8 £ 9.5%, n=3) were increased when
compared with subjects between 20-40 years (100%, n=4). Additionally, the levels of GFAP in
subjects between 70-80 years (138.9 + 10.1%, n=3) were also increased when compared with

subjects between 20-40 years (Figure 29).
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Figure 29 | Distribution of GFAP levels by age in hippocampus. Data shown as mean = SEM of n=3-4, * p < 0.05,
**p < 0.01, *** p <0.001, one-way analysis of variance (ANOV A), followed by a Tukey’s Multiple Comparison post
hoc Tests, to compare all groups.
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No significant differences were encountered in connexin 43 density when comparing different
age intervals (Figure 30).
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Figure 30 | Distribution of connexin43 levels by age in hippocampus. Data shown as mean + SEM of n=3-4, one-
way analysis of variance (ANOV A), followed by a Tukey’s Multiple Comparison post hoc Tests, to compare all groups.

Furthermore, the levels of glutamine synthetase (GS) decrease in gliosomes with the age (Figure
31). The levels of GS in subjects between 70-80 years (63.9 £ 8.7%, n=4) were significantly (p <
0.05) lower than levels in subjects between 20-40 years (100%, n=4).
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Figure 31 | Distribution of glutamine synthetase levels by age in hippocampus. The glutamine synthetase levels
were calculated as percentage of control and normalized by total protein. Data shown as mean + SEM of n=3-4. *p <
0.05, one-way analysis of variance (ANOVA), followed by a Tukey’s Multiple Comparison post hoc Tests, to compare
all groups.
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The EAAT1 levels appear not to be modified with aging (Figure 32).
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Figure 32 | Distribution of EAAT1 levels by age in hippocampus. The EAAT1 levels were calculated as percentage
of control and normalized by total protein. Data shown as mean £ SEM of n=3-4, one-way analysis of variance
(ANOVA), followed by a Tukey’s Multiple Comparison post hoc Tests, to compare all groups.

The alterations occurred in synaptic and glial markers with aging is summarized in Table 10.

Table 10 | Alterations of hippocampal synaptic markers and glial markers with age.

20-40 years 60 years 70-80 years

(control, %) (control, %) (control, %)
Synaptic  Synaptophysin 100 69.2 + 4.6* 62.2 +4.9* N2
markers  Syntaxin 100 63.3+19.8 56.9+25.4 ns
GFAP 100 174.8 £ 9.5* 1389+10.1* 2
Glial Cx43 100 106.8 £53.5 250.3+£2429 ns
markers  GS 100 77.2+13.7 63.9 £ 8.7* N
EAAT1 100 106.1+12.6 114.2 £ 235 ns

*p < 0.05, when compared with 20-40 years
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The role of astrocytic A;a receptors in depressive-like conditions

5.1. Alterations induced by DEX in astrocytic cultures — role of A.R

receptors

Major depression disorder (MDD) is the most common of all psychiatric disorders (Kessler et al.,
2003) and affects many people of all ages and whose incidence seems to be on the rise. This and
others mood/anxiety disorders, as well as immunosuppression, diabetes, osteoporosis,
reproductive failure, neuronal atrophy (Pardon and Rattray 2008; Sotiropoulos et al. 2008) are
some of the many consequences of exposure to environmental chronic stress and its impact on
brain tissue morphology (Sanacora et al., 2012). Upon a stress stimuli, endogenous
glucocorticoids (GC) increase and glucocorticoids receptors (GR) became active to mediate a
plethora of physiological changes in order to restore homeostasis (Sapolsky, 1999). However,
under chronic stress conditions, GCs action can change its protective function to harmful function,
and the persistently elevated GCs increase the difficulty to maintain homeostasis. Moreover, these
high levels of GCs can increase the susceptibility to develop mood alterations observed in humans
and in animal models of mood disorders (Charney and Manji, 2004; McEwen, 2000; Oliveira et
al., 2006). Since dexamethasone (DEX) is the primary glucocorticoids receptor (GR)-selective
agonist and it is commonly used in clinic when a peak of endogenous GCs is need (Crane et al.,
2003; Forest et al., 1998; New et al., 2001), we used this synthetic GC to mimic stress conditions,
which is risk factor for depression (Nestler et al., 2002).

Recent studies indicate that depression results from maladaptive neuroplastic processes occurring
in defined frontolimbic circuits responsible for emotional processing (Rial et al., 2015). The
potential involvement of astrocytes in these processes due to their essential role in central nervous
system (CNS) development and function has long been suggested. They control homeostasis,
regulate neurogenesis and synaptic transmission, interaction with synapses, among other
functions (reviewed in: Rial et al., 2015). Furthermore, this involvement of astrocytes is supported
by the observations that depressive-like conditions are associated with a decreased density and
morphological and functional atrophy of astrocytes in frontolimbic regions (reviewed in: Rial et
al., 2015). Due to these evidences and the expression of GCs in astrocytes (Bohn et al., 1991;
Crossin et al., 1997; Vielkind et al., 1990), we used an in vitro model of depressive-like

conditions.

Moreover, astrocytes are responsible for the release of the majority of glutamate released
(Danbolt, 2001), therefore, astrocytes are essential in modulating and maintaining glutamatergic
transmission in the brain (Schousboe, 2003; Tani et al., 2014). Dysfunction in glutamate-
glutamine cycle would result in an excess glutamate in the extracellular space, leading to
overactivation of extrasynaptic receptors and, consequently, neuronal excitotoxicity, which may

result in neurodegeneration and mood/anxiety disorders (Burnstock, 2007; Hertz and Zielke,
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2004; Matos et al., 2008, 2012a, 2012b; Persson and Ronnbadck, 2012; Popoli et al., 2012;
Sanacora et al., 2012).

With this in mind, we wanted to analyze the effects on glutamate release in DEX-exposure
astrocyte primary cell culture. Our results are in agreement with those showing a marked increase
in the level of extracellular glutamate and a trend for decrease plasma glutamine/glutamate ratios
in the plasma of depressed patients compared to healthy comparison subjects (Altamura et al.,
1995, 1993; Kucukibrahimoglu et al., 2009; Mauri et al., 1998; Mitani et al., 2006; Sanacora et
al., 2012). Furthermore, other studies performed in stress animal models showed the same
evidence to increase glutamate levels in stress conditions (Bagley and Moghaddam, 1997; Hascup
et al., 2010; Musazzi et al., 2010; Reznikov et al., 2007; Satoh and Shimeki, 2010; Venero and
Borrell, 1999). These results highlight astrocytic glutamate release as being involved in the
pathophysiology of MDD.

Afterwards, we moved on to another gliotransmitter, ATP, that is a source of cellular energy and
is also an important signaling molecule that mediate diverse biological effects and allow cells to
communicate with one another (Burnstock, 2007; Cao et al., 2013b; Yang et al., 2016; Zhang et
al., 2003). Using DEX to treated astrocyte primary cell culture, we expected to observe a decrease
in ATP release. Unfortunately, our results showed an increase in ATP levels, which is the opposite
effect that we were expecting and what Cao and colleagues (2013) observed in their stress mouse
model. One possible explanation is the adaptive processes that occur in the brain during the 6
weeks protocol, that are difficult to mimic in this simple model (Krigel, 2015).

To understand if the dexamethasone induced-ATP release varied with different incubation
periods, we analyze the levels of ATP release by astrocytes in three time points. Strikingly, both
acute (5 min and 1h) and chronic (24h) incubation with DEX led to the same significant increase
of extracellular ATP levels. These results suggest that maybe longer exposure times could mimic
what occurs in a stress animal models and depression, but remains to be tested.

Afterwards, we wanted to study which is the mechanism involved in dexamethasone induced-
gliotransmitter release. According to previous studies, several different mechanisms have been
proposed for astrocytic release of excitatory neurotransmitters. These mechanisms include: (i)
release through connexon, constituted mainly by connexin 43 (Cx43) assembles, or pannexin
functional hemichannels (HCs) (Chever et al., 2014; Huang et al., 2007; Orellana and Stehberg,
2014; Torres et al., 2012); (ii) through ionotropic purinergic receptors (Duan et al., 2003;
Malarkey and Parpura, 2008) and (iii) through volume-regulated anion channels (VRAC), which
open cell swelling (Benfenati et al., 2009; Malarkey and Parpura, 2008; Mongin and Orlov, 2001).
However, in this work we were limited by time, so it was only possible to study the release of

gliotransmitters through Cx43 and P2X7 purinergic receptors.
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Therefore, we took advantage of a well-known molecule (carbenoxolone, CBX) that in the CNS
is able to inhibit some subtypes of gap-junction (GJ) and HCs, to examine the impact of these
HCs and GJ on regulating gliotransmitters release induced by DEX. Our data revealed that CBX
by itself significantly increased the levels of glutamate, but moreover when DEX was added to
CBX-treated cells, a synergistic effect was observed in the glutamate levels. The reason why DEX
and CBX combined displayed a synergistic effect could be because these compounds could act
through parallel mechanism that culminate in the same effect (high levels of glutamate release).
Furthermore, this hypothesis is in accordance with some studies showed that CBX can interfere
with all the released mechanisms above mentioned (reviewed in (Benfenati et al., 2009)) and other
studies that indicate that astrocyte-enriched mMRNAs associated with glutamate reuptake and
metabolism are regulated by GCs (Carter et al., 2013a). Moreover, the role of CBX in pathological
conditions is controversial. CBX was shown to have a strong anticonvulsant activity in rodent
seizure models (Gajda et al., 2005; Hosseinzadeh and Nassiri Asl, 2003) and a neuroprotective
role through modulation of GJ activity in a mouse model of perinatal global ischemia (de Pina-
Benabou et al., 2005). However, in vitro CBX had opposite effects exacerbating neuronal death
in response to various pathological insults (Ozog et al., 2002; Zindorf et al., 2007). Since Cx43
is a crucial player in the neuroglial dialogue promoting synaptic efficacy of excitatory terminals
and CBX can interfere with other pathways and its role is controversial, we should use other
pharmacological tools able to block HCs and/or gap junction that are more specific for Cx43 HCs
(Abudara et al., 2014; Chever et al., 2014).

Furthermore, we also studied another gliotransmitter release mechanism, which is P2X7
purinergic receptors. For this experiment, we used to Blue Brilliant G (BBG), a selective P2X
antagonists, and we observed that DEX on BBG-treated cells increased glutamate levels.
Unfortunately, our results with BBG are preliminary data, preventing us from statistic analyze
and making conclusions. Nevertheless, it seems to suggest that the block of P2X7 affects the

levels of extracellular glutamate.

In this work, we also performed Western blot and immunocytochemical analyses to evaluate
changes in astrocytic and HCs/GJ markers of DEX-treated cells. We observed increased levels
of Cx43 and also on glutamine synthetase (GS) when compared to untreated cells, that are in
agreement, with other studies showing that DEX was able to markedly enhance GS activity in
astrocytic cultures but not in near pure neuronal cultures (Debroas et al., 2015). In the
immunocytochemistry, DEX was sufficient to induce morphological changes in astrocytes
(GFAP-positive cells) and in Cx43 immunoreactivity. This increase could be due to an increase

in functional Cx43 HCs expression or due an alteration in the organization of GJ coupling.
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Moreover, the blockade of A,aR was able to prevent DEX-induced alterations in GFAP and Cx43.
The data collected for GFAP is in agreement with a study performed by colleagues, where the
administration of caffeine (non-selective antagonist of A2aR) in an animal model of stress could
prevent gliosis (Kaster et al., 2015). Furthermore, there is almost no information about the relation
between AzaR and CX43, for that purpose we carried out an in situ proximity ligand assay
experiment. Our results show for the first time that astrocytic A2aR have a physical interaction
with Cx43. With that evidence, we can conjecture what are the effects of that interaction, so we
suggest that A,aR could control the Cx43 structure, rearrangement in the cells, function, the
functional number or protein expression of Cx43, or vice versa, which mean that Cx43 can control
AznR effects. This interaction between AzaR and Cx43 opens a plenty of paths that we can follow

to understand the mechanisms behind depression.

It is widely discussed the interaction of A,aR with glutamatergic system at several levels in the
brain because (i) extra-striatal A2aRs are mostly synaptically-located (Rebola et al., 2005a),
particularly in glutamatergic synapses (Rebola et al., 2005b) and these receptors have been
demonstrated to control the release of glutamate in different brain regions (Ciruela et al., 2006;
Lopes et al., 2002; Marchi et al., 2002; Popoli et al., 1995); (ii) A2aRs may also indirectly control
the level of extracellular glutamate by modulating the activity of glutamate transporter in
astrocytes (Gao et al., 2001; Nishizaki et al., 2002); and (iii) the existence of heteromeric receptor
complexes containing AzaR and mGIuUR5 have been suggested (Ferré et al., 2002; Rodrigues et
al., 2005). Moreover, in conditions were astrocytes become reactive, for instance, in emotional
disturbances, evidence state that higher levels of A2aRs are expressed on their surfaces (data
showed for us). However, this modification could impair the regular removal of glutamate from
the extracellular space, as showed by others (Matos et al., 2008, 2012a, 2012b). If astrocytes fail
to reuptake glutamate to the intracellular space, there will be an accumulation of extracellular
levels of glutamate, which in turn, lead to excitotoxicity, initiating a complex cascade of events,
that are already demonstrated being key aspects in neurodegenerative brain diseases (Hardingham
and Bading, 2010). For that reason, we evaluated the effect on glutamate release levels by
blocking A2aR. What we saw when DEX was applied in SCH-treated cells was that SCH 58261
(SCH), a selective antagonist of A2aR, cannot abrogate the effect on glutamate release induced
by DEX-exposure. These results obtained demonstrate, that A2aR does not appear to control this
gliotransmitter release, but it was already described by others that, astrocytic A;aR can control
glutamate uptake through a mechanism that involves their functional interaction with
Na*/K*ATPase (Matos et al., 2013). They also observed that an acute exposure to the AzaR
agonist, CGS 21680, inhibited glutamate uptake, and an effect prevented by the A,aR antagonist,
SCH. Furthermore, the prolonged activation of A2aR lead to a cAMP/protein kinase A-dependent

reduction of glutamate transporters expression and protein levels, which leads to a sustained
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decrease of glutamate uptake (Matos et al., 2012a). However, the increase of extracellular
glutamate levels induced by DEX in the presence of SCH could be justified whether a
compensatory mechanism has been happening at the same time, which meaning that other
purinergic receptors may be over activated leading to inhibited glutamate uptake and increased
glutamate release. Other explanation could be reductions in Na*/K*ATPase expression and
function that were associated with depressive disorders in humans (Hokin-Neaverson and
Jefferson, 1989; Naylor et al., 1980; Tochigi et al., 2008; Wood et al., 1991) as well as in animal
models of depression (Gamaro et al., 2003; de Vasconcellos et al., 2005) that would affect
glutamate transports and consequently the glutamate uptake and release. Furthermore, alterations
in the functional GJ and HCs could also lead to an increased in the levels of extracellular
glutamate (Ozog et al., 2002). Additionally, how DEX could interfere with glutamate metabolism
remains to be studied and could be a reason for the non-effect of A;aR blockade (Carter et al.,
2013a). Nevertheless, all these hypotheses remain to be tested.

Later, since adenosine is formed when ATP is degraded outside the area of activated synapses
and is released either by astrocytes or neurons (Costenla et al., 2010; Hines and Haydon, 2014;
Lopes et al., 2002, 2011), we evaluated the effect of SCH 58261 on ATP release levels. Notably,
the blockade of AzaR normalized to basal levels the extracellular ATP levels induced by DEX.
The results obtained were expected whereas astrocyte-derived adenosine may participate in
modulating depressive-like behaviors, since over-expression of their receptors triggers emotional
disturbances (data showed for us and (Coelho et al., 2014)) and their blockade can help in
prevention of these behaviors (Batalha et al., 2013; Kaster et al., 2015). Accordingly,
epidemiological studies also show an inverse relation between the intake of moderate amounts of

caffeine, an AR antagonist, and the incidence of depression (Lucas etal., 2011; Lucas et al., 2014).

Many experiments remained to be done, notwithstanding, with this study we presented strong
evidences that GCs could affect gliotransmitters release, for instance glutamate and ATP, and the
alterations in morphology of astrocytes, namely, size of cell bodies and processes, could lead to
pathological conditions, such as depression. Moreover, the effect of GCs in other astrocytic
functions that are altered in major depression, including ion and water homeostasis, GABA and
monoamine recycling, BBB integrity, neurotrophic support, energy metabolism, gliogenesis and
synaptogenesis continues to be studied. In order to develop new anti-depressant treatments, it is
necessary to continue the research in the glial field, due to the importance of these type of cells
in the disease. These study and others indicate that astrocytic gap junctions and gliotransmission
should be considered as novel potential therapeutic targets for the treatment of depression and

mood disorders.
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5.2. Glial markers alterations in suicide completers and age

Synaptic dysfunction is a key aspect of depression (Duman and Aghajanian, 2012). Furthermore
ARs, as previously demonstrated in animal models (Rebola et al., 2005a), and now in human
samples, are mainly synaptic receptor (unpublished data from the group). Besides, we know that
AxR have an impact on cognitive dysfunction only in conditions involving synaptic
deterioration, by way of controlling neurodegeneration (Canas et al., 2009b; Cunha et al., 2008a;
Silva et al., 2007). Therefore, it is possible that mood-related disorders trigger a synaptic
dysfunction, accompanied by a deregulation of ARs. Since astrocytes play an important role in
synaptic transmission, the performed evaluation of the loss of glial markers in suicide completers
may then be extremely helpful in identifying the molecular mechanisms underlying the
depression-associated impairments. As revealed in postmortem studies of patients with MDD or
suicide completers, numerical and morphological alterations of astrocytes in the frontolimbic
systems are closely associated with depression (Altshuler et al., 2010; Cobb et al., 2016;
Rajkowska and Stockmeier, 2013; Rial et al., 2015; Rubinow et al., 2016). For example, the
number and density of astrocytic-like components in the frontolimbic regions is consistently
decreased (Cotter, 2002; Medina et al., 2016; Nagy et al., 2015; Rajkowska et al., 1999; Torres-
Platas et al., 2014). For this reason, we started our study with hippocampus; but it would be

interesting to expand the study to other brain regions.

We optimize and validated the gliosomal preparation in human tissue using a similar protocol
with few alterations described in rodents, by Marco Matos (Matos et al., 2012a, 2013, 2015), a
previous colleague from the group Purine at CNC. Furthermore, we were able to use identical
synaptic and glial markers described by Marco Matos. Synaptophysin and syntaxin are membrane
proteins that are associated with synaptic vesicles and presynaptic active zones at nerve terminals,
respectively (Nag and Wadhwa, 2001) and GFAP, although expressed by several cell types in the
CNS, is considered an astrocytic marker (Matos et al., 2012a; Sanacora and Banasr, 2013).

In suicide completers, we did not observe differences in GFAP protein density in comparison with
age-matched controls. In one hand, previous postmortem studies of subjects with MDD showed
significant reductions in the number and density of astrocytes in hippocampus (Cobb et al., 2016),
which is in disagreement with our results. However, in this study, the authors analyzed GFAP
alterations in specific sub-regions of hippocampus, such as CA1, whereas we studied alterations
in the hippocampus as a whole. Additionally, they analyzed samples from males and females,
while we use only samples from male, so this could suggest that gender is important in the
pathology of depression. On the other hand, and in agreement with our results, Gos and colleagues
(2013) did not report alterations in density of astrocytes immunolabeled for GFAP in the

pyramidal cell layer of CAL in left and right posterior hippocampus of postmortem brain tissue
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of subjects with MDD. Recently, another research group examined the cell number and density
of the total population of astrocytes in the left and right posterior hippocampus and they observed
that there were no significant changes in either astrocytes number or density in CA4 in MDD as

compared to control subjects (Malchow et al., 2015).

We also observed no differences in Cx43 protein density in suicide completers in comparison
with age-matched controls. According to postmortem studies from patients with MDD and suicide
completers, a consistent downregulation of Cx43 in brain regions involved in mood regulation,
such as prefrontal cortex (PFC) (Nagy et al., 2015, 2016), orbitofrontal cortex (Miguel-Hidalgo
et al., 2014), hippocampus (Medina et al., 2016), locus coeruleus (Bernard et al., 2011),
mediodorsal thalamus and caudate nucleus (Nagy et al., 2015) were observed, which are not in
line with our results. Additionally, alterations in the Cx43 protein levels have also been observed
in the PFC of an animal model of depression (Sun et al., 2012). One possible explanation is, these
findings vary possibly due to the use of different experimental paradigms.

Later, we analyzed two components of glutamate-glutamine shuttle, EAAT1 and GS, and
whereas we observed a significant increase for EAAT1, for GS we did not observe differences in
suicide completers when compared to age-matched controls. Several studies performed in animal
models of depression have claimed reductions in GLAST, which correspond to human EAATL.
For example, the GLAST protein levels are significantly reduced in the hippocampus of mouse
when they are exposure to chronic corticosteroid or DEX (Gourley et al., 2012; Skupio et al.,
2015). In another study, GLAST down-regulation was also observed in a rat model of depression
(Gomez-Galan et al., 2013). Moreover, studies of subjects with MDD showed a reduction
expression of EAATL1 and GS protein in the orbitofrontal cortex (Miguel-Hidalgo et al., 2010)
and in the frontal limbic system (Bernstein et al., 2015; Choudary et al., 2005; Sanacora and
Banasr, 2013). Additionally, astrocytic glutamate transporters expression has been hypothesized
to undergo a compensatory increase followed by a decrease in response to stressful stimulations
(Chen et al., 2014), which could explained the increase in EAAT1 that we observed, however,
much work is required to test this hypothesis.

MDD affects many people of all ages however according to World Health Organization the
prevalence rates of depression peak among older adults (Secretariat, 2011). If aging is, a risk
factor to develop depression, it is important to study aging in particular synaptic and glial markers
that can provide information about the integrity of the structures. Our results showed that
synaptophysin levels decrease throughout adult life, as well as the syntaxin levels (tendency to
decrease with no statistical significance). This age-related decrease of presynaptic markers is in
accordance with the majority of studies reporting a decrease in synaptophysin mRNA and protein
density and in the number of elements immuno-positive for synaptophysin with aging in the

hippocampus and various cortical structures (Canas et al., 2009a; Chen et al., 1995; Eastwood et
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al., 1994; Frick and Fernandez, 2003; King and Arendash, 2002; Masliah et al., 1993; Rutten et
al., 2005; Saito et al., 1994; VVanguilder et al., 2010). Besides this, alterations in synaptic proteins
are good markers of synaptotoxicity in animal models disease (Canas et al., 2009b; Kaster et al.,
2015). Likewise, a significant decrease in the levels of GS in gliosomes was observed with the
age. These results are in disagreement, with a study performed by Olabarria and colleagues (2011)
that showed a uniform pattern of GS immunoreactivity in the dentate gyrus and CA1 being
constant at all age groups (Olabarria et al., 2011). However, we analyzed alterations in the
hippocampus as a whole, and did not distinguish specific regions, so this could be a reason to
obtain different results, since alterations could be dependent of brain region or sub-region.
Moreover, in our studies EAATL levels appear to not modify when compared in different age
ranges. Oppositely to the results obtained for synaptic markers, GFAP significantly increase its
levels throughout adult life (Cobb et al., 2016), suggesting an increase in astrogliosis in older
people. This could mean, that with aging can provoke alterations in shape of the cells, which
could limit the number of connections between cells and contribute to MDD (Rajkowska and
Stockmeier, 2013).

This model is relevant because it allows the study in particular of astrocytes and better understand
the importance of these cells in depression. Moreover, the knowledge of the ways in which age
may alter factors associated with the onset and maintenance of depression is essential for effective

treatment of depressed older adults.
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CONCLUSIONS
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The results presented in our work provide a study of gliotransmitters release, namely glutamate
and ATP, affected by GCs and some mechanisms that could regulated that release, in astrocyte
primary cell cultures. Additionally, this work also compares the levels of glial markers in
hippocampal gliosomes of suicide completers when compared with age-matched controls and the
alterations in synaptic and glial markers density according to age, in human postmortem samples.
We observed that DEX-treated cells increased glutamate and ATP levels. These results are in
accordance with glutamatergic hypothesis proposed to the etiology of depression, but not with the
purinergic hypothesis. Moreover, we reported that the blockade of AzaR, could prevent the
increase of Cx43 and ATP release in cells treated with DEX. Besides, we showed for the first
time a physical interaction with astrocytic A;aR and Cx43. This might explain the effect of
blockade A2aR in controlling Cx43 levels.

Furthermore, we observed MDD pathology-related changes in the EAAT1 density, but not in the
others, glial markers studied. The results obtained also showed that some synaptic and glial
markers could change with age, for example, synaptophysin, GFAP and glutamine synthetase.
To sum up, our work is extremely helpful, since it might contribute to better understand the
gliotransmission process in depression-like conditions and find glial markers that are dysregulated
in MDD. This point us in a new direction to further develop new and more effective anti-
depressant therapies.
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CHAPTER 7

FUTURE PERSPECTIVES
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Given the novel focus on astrocytes, our findings have established principles relevant for
understanding regulation of gliotransmitters release and alterations in morphology and
components of astrocytes by glucocorticoids and have also raised a number of additional

questions for consideration in future studies:

e Perform longer incubation time periods of DEX to study ATP release to investigate if we
observe a decrease in ATP release levels that are descripted in depression (Cao et al.,
2013a).

o Use different pharmacological tools to confirm the effect of Cx43 in astrocytic cultures,
since CBX could interfere with various mechanism in addition to Cx43, such as Gap26
and Gap19 peptides that are more specific for Cx43 HCs (Abudara et al., 2014; Chever
etal., 2014).

e  Assess other gliotransmitters release mechanisms.

o Evaluate the effect of GCs in other astrocytic functions that are altered in MDD, including
ion and water homeostasis, GABA and monoamine recycling, blood-brain barrier
integrity, neurotrophic support, energy metabolism, gliogenesis and synaptogenesis.

o Perform different approaches to try to understand how physical interaction between A2aR
and Cx43 could occur, such as co-immunoprecipitation.

o Evaluate if astrocytic adenosine receptors are altered in suicide completers.

e Assess how age factor interfere with synaptic and glial markers in suicide completers.

¢ Study other brain regions, that were described as being altered in depressed patients, such
as, amygdala, prefrontal cortex, Brodmann area 25 (Gotlib et al., 2005; Lorenzetti et al.,
2009; Pizzagalli et al., 2004).
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