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Resumo

Os astrocitos sdao elementos dinamicos envolvidos na comunicac¢do bidirecional
com os neurdnios, controlando a atividade neuronal e a funcdo cerebral. Ao interferir
com a integridade da rede neurdnios-glia no hipocampo, é esperado que haja
disfungdes, como por exemplo na aprendizagem e na memodria. Em condi¢des
patoldgicas, onde a memdria estd afetada, tal como na doenca de Alzheimer, existe cada
vez mais a nogdo de que os astrécitos também possam estar envolvidos no
aparecimento e progressdo dos défices cognitivos. Para além disso, tem sido proposto
que a patologia astrocitica, causada pela gliotoxina acido L-a-aminoadipico (L-AA) no
cortex pré-frontal ou na amigdala medeie perturbacdes no humor e na cognicdo. Porém,
o papel dos astrécitos na meméria, com particular foco no hipocampo, tem sido pouco

investigado.

O objetivo principal deste trabalho foi investigar o impacto da disfuncao dos
astrécitos, causada pela gliotoxina L-AA, na memodria, bem como nas alteragdes
morfoldgicas e proteicas dos astrdécitos no hipocampo. Assim, para induzir a disfuncdo
astrocitica no hipocampo, administrdmos intracerebroventricularmente (icv) L-AA, uma
infusdo por dia durante trés dias consecutivos em murganhos C57BL/6 jovens adultos
através de uma canula que foi implantada num dos ventriculos laterais. De modo
semelhante, os animais controlo foram icv administrados com solucdo salina (PBS). A
seguir, os dois grupos de animais foram testados em comportamento, principalmente
em testes de memoria (testes do reconhecimento do objeto, do deslocamento do
objeto, do labirinto em Y modificado e da esquiva inibitéria). Posteriormente, foram
feitas analises morfoldgicas e neuroquimicas no hipocampo dos dois grupos de animais.
Usou-se seccbes hipocampais para analisar alteracdes na morfologia dos astrécitos
(através de anticorpos que reconhecem proteinas tipicas de astrdcitos) por
imunohistoquimica, tendo como ponto central identificar alteracdes ao nivel das
ramificacbes (numero e tamanho) por microscopia confocal e posterior andlise
tridimensional da estrutura. Os niveis das proteinas astrociticas, proteina glial fibrillar
acidica (GFAP), glutamina sintetase (GS), proteina de ligacdo ao calcio S100 3 e conexina

43 (Cx43) foram também avaliados no hipocampo dos dois grupos de murganhos. Para
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avaliar se a gliotoxina L-AA afetava os terminais nervosos, quantificou-se também os
niveis das proteinas sindpticas (sinaptofisina, SNAP-25 e PSD-95). Os resultados obtidos
mostraram que os murganhos administrados icv com L-AA apresentavam défices na
memoria dependente do hipocampo no teste do deslocamento do objeto (OD) e no
teste de labirinto em Y modificado e pareciam apresentar uma maior impulsividade.
Além disso, esta gliotoxina reduziu significativamente, em aproximadamente 5-10%, o
numero de células marcadas positivamente para GFAP, em diferentes sub-regides do
hipocampo (CA1 oriens, CA1 stratum radiatum e CA3) e causou também uma diminuigao
dos niveis das proteinas astrociticas (GFAP e Cx43), mas ndo alterou os niveis das
proteinas sindpticas. A andlise tridimensional dos astrdcitos revelou ainda que
murganhos administrados icv com L-AA possuem astrécitos maiores e com maior
numero de ramificacdes, sendo a sua complexidade também maior perto do corpo

celular.

Apesar do presente trabalho ter sido desenvolvido no sentido de validar um
modelo animal de patologia astrocitica no hipocampo (estrutura do cérebro envolvida
na memodria), permitiu também dar uma nova visdo sobre o papel dos astrécitos na
memoria. Este trabalho foi também crucial para evoluir para outros estudos com o
objetivo de definir se os astrdcitos tém de facto um papel fundamental em doengas com

declinio cognitivo, como por exemplo na doenca de Alzheimer.

Palavras-chave: astrdcitos; acido L-a-aminoadipico; memaria; sinapse, hipocampo
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Abstract

Astrocytes are dynamic signalling elements involved in a bi-directional
communication with neurons, controlling neuronal activity and metabolism and,
consequently, brain function. Interfering with the integrity of the neuron-glial network
in the hippocampus is known to impair integrated responses, like learning and memory.
In pathological conditions where memory is impaired, such as in Alzheimer’s disease,
there is an increasing recognition for a role of astrocytes in the onset and progression of
cognitive deficits. Astrocytic pathology has been proposed to underlie the pathogenesis
of mood or cognitive disorders, as heralded by the impact of the gliotoxin, L-a-
aminoadipic acid (L-AA) in brain regions, such as prefrontal cortex or amygdala.
However, the impact of astrocytes on memory, with a focus in the hippocampus, has

been few explored.

The major goal of this work was to investigate the impact of astrocytes blunting,
triggered by L-AA, on memory and on astrocytic morphology and proteins in
hippocampus. Thus, to induce a condition of astrocytes blunting in hippocampus we
administrated intracerebroventricularly (icv) L-AA, one single infusion for three
consecutive days in young adult C57BL/6 mice using cannula guides implanted in one of
the lateral ventricles. Similarly, the control group of animals were icv administrated with
saline solution (PBS, LAA-vehicle). Then, these two groups of animals were behaviourally
tested, mainly regarding memory performance (object recognition, object
displacement, modified y-maze and step-down inhibitory avoidance tests). Afterward,
we performed morphological and neurochemical analyses of the hippocampus of
described experimental animal models. Therefore, we used hippocampal sections to
analyze alterations in astrocytes morphology (immunolabelling of astrocytic markers) by
immunohistochemistry, with the particular focus on identifying alterations in astrocytic
processes (number and length) using confocal microscopy and further analysis of
tridimensional structure. In addition, we quantified the levels of hippocampal astrocytic
proteins, glial fibrillary acidic protein (GFAP), glutamine synthetase (GS), S100 calcium-
binding protein B (5100B) and connexin 43 (Cx43) in the two animal groups, by Western-

blot analysis. To check out whether the gliotoxin L-AA was affecting nerve terminals,
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levels of synaptic markers (synaptophysin, SNAP-25 and PSD-95) were also quantified.
Our results showed that icv infused L-AA mice exhibited a reduced hippocampal memory
performance, in the object displacement (OD) test and in the modified y-maze test and
seemed had an enhanced in impulsivity. Moreover, this gliotoxin significantly decreased
the number of GFAP-positive cells, by about 5-10%, in different subregions (CA1 oriens,
CA1 stratum radiatum and CA3) of the hippocampus and caused a reduction in the levels
astrocytic proteins (GFAP and Cx43) but had no effect in synaptic proteins. Furthermore,
the tridimensional analysis of astrocytes revealed that in mice icv infused with L-AA, the
hippocampal astrocytes exhibited a significant increase in the number and in the total
length of processes (or ramifications), being the complexity of the processes higher near

the cell body.

Although the present work was designed to validate an animal model of
astrocytes pathology in the hippocampus, a brain structure involved in memory
processing, it also gave novel insight about the role of astrocytes in memory.
Furthermore, it will be crucial to evolve to other studies in which the focus is the
definition of whether astrocytes have a key role in brain-disorders associated with

cognitive decline, such as Alzheimer’s disease.

Key words: astrocytes; L-a-aminoadipate; memory; synapse, hippocampus
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Chapter 1 | Introduction



1.1. Nervous system and cellular components

The nervous system is a complex network of neurons and glial cells. Neurons are
electrically excitable nerve cells that transmit and process information through chemical
and electrical signals, which occur at synapses whereas glial cells are considered non-
neuronal cells that support and protect neurons, maintain the homeostasis and
participate in neurotransmission (Virchow, 1856; Araque et al., 1999; Woolsey et al.,

2017).

The nervous system includes both the Central Nervous System (CNS) and

Peripheral Nervous System (PNS) (Fig. 1).

Nervous System

Central nervous
system

Peripheral
nervous system

Sympathetic Parasympathetic
system system

Brain Spinal cord

Figure 1 - Schematic representation of the Nervous system.

The CNS is constituted by the brain, which is protected with a cranial cavity of
the skull and by the spinal cord. The main function of this system is to assimilate the
information that is received and to coordinate the activity of all parts of the body. The
CNS can be divided in white matter and gray matter, being the first mainly constituted
by axons and oligodendrocytes, while the gray matter comprises mainly cell bodies of
neurons, synapses and glia (Woolsey et al., 2017). It is well known the importance of
neurons in receiving, processing and transmitting information of the brain. However, it

is now widely accepted that glial cells are active participants in brain signaling, playing



active roles in many processes, such as metabolism, neurotransmission, immune
function and blood-brain barrier signaling. Glial cells are classified in two main groups:
microglia and macroglia. Microglia are macrophage-like cells that regulate the
inflammatory response of the neural tissue and are located throughout the brain.
Macroglia are generally subdivided into four specialized cell types: ependymal cells,

Schwann cells, oligodendrocytes and astrocytes (Merrill, 1987).

There are many CNS diseases, including attention deficit hyperactivity disorder,
autism, Alzheimer’s disease (AD), Parkinson’s disease, multiple sclerosis, Huntington’s

disease, frontotemporal dementia and amyotrophic lateral sclerosis (Amor et al., 2010).

1.1.1. Memory and Hippocampus

Memory is defined by the ability to recall past events, simply by the acquisition
of new information that can be stored for later retrieval (McGaugh, 1966, 2000; Dudai,
2004). Initially, the new memories can be susceptible to disruption, but as the time goes
by, they get strengthened (memory consolidation) and we can claim that the retrieval
was successful (McGaugh, 1966, 2000; Cahill et al., 2001). Once this memory
consolidation is accomplished, memory becomes enduring (conversion of short-term
memory (STM) to long-term memory (LTM)) (Squire and Davis, 1981; Nader, 2003).
Short-term memory can be distinguished from long-term memory in some aspects: i)
STM last from seconds to hours, whereas LTM last from days to years; ii) STM is “labile”
(sensitive to disruption), while LTM is consolidated and iii) STM does not need new RNA
or protein synthesis, while this is a requirement for LTM (Nader, 2003). Nonetheless, if
consolidated memory is reactivated, it can become vulnerable to most of the treatments
that could have impaired memory consolidation after training; this constitutes the
memory reconsolidation that is the maintenance and modification of long-term memory
(Nader, 2003; Blake et al., 2014). After storage and retrieval, memory can influence
behaviour, since different learning experiences could lead to changes in behaviour

(Cahill et al., 2001).

Memory can be categorized in two classes: explicit or declarative memory and

implicit or nondeclarative memory. In declarative memory, there is a conscientious



recollection of events and facts, whereas in nondeclarative memory, past events pop up
in our mind due to a prior experience or behaviour without any will of retrieving the
memory (Squire et al., 1992; Schacter and Buckner, 1998). Declarative memory can be
itself divided in three subclasses: i) episodic, ii) semantic and iii) familiar (Tulving, 1972;
Moscovitch et al., 2005). The first one refers to specific events in life that contains
information about the content and spatial and temporal context, in which it occurred
(Tulving, 1985). The semantic memory is associated with noncontextual content or
experience, in which we have the knowledge that an event happened without the sense
of experience (Cermak and O’Connor, 1983; Kopelman et al.,, 1989). The familiar
memory is a mixture of both subclasses and corresponds to a memory that we know
that is familiar but we do not have recollection of the context in which it occurred

(Tulving, 1985; Moscovitch et al., 2005).

As referred before, after memory is well consolidated, different learning
experiences can alter behaviour. In this way, modifications in spatial cognition may be
obtained through exploratory behaviour, which is based on the expression of natural
curiosity and on the necessity of obtain information when the subjects face novel
environments and stimuli (Berlyne, 1950). Therefore, spatial memory is defined by the
recognition, storage and recovery of spatial information (Kessels et al., 2001). In rodents,
this type of memory dependent on the hippocampus can be assessed by evaluation of
their behaviour in mazes, which usually have cues that allow the recognition of the
environment, location within that environment and their contents, thus providing the
basis for spatial memory and flexible navigation (Burgess et al., 2002; Paul et al., 2009).
In contrast, recognition memory is the perception of a prior event and it is critical to our
ability to record events, but also to guide prospective behaviour (Warburton and Brown,
2015). In rodents, recognition memory can be evaluated by the use of object recognition
memory tasks, measuring spontaneous preference for novelty in either an arena or a
maze (Dix and Aggleton, 1999; Good et al., 2007). This type of memory is affected by
different types of brain regions such as i) perirhinal cortex in the medial temporal lobe
(MTL) by the recognition of memory judgments for individual items, ii) hippocampus by
spatial location of a previously encountered item, iii) medial prefrontal cortex and iv)

medial dorsal thalamus (Aggleton and Brown, 1999; Bussey et al., 1999).



The hippocampus, as well as the adjacent cortex (temporal polar,
parahippocampal, entorhinal, and perirhinal cortices) are structures of the MTL, that are
known to be involved in declarative memory processes (Doxey and Kirwan, 2015). The
hippocampus is responsible for encode, storage and replay of spatial knowledge in the
form of a cognitive map and can be divided in ventral and dorsal hippocampus (O’Keefe,
1990). Dorsal hippocampus (DH) corresponds to the cognitive function of this brain
region, whereas ventral hippocampus (VH) is related with the stress, emotion and
affection. The differences between DH and VH were based on three arguments: i)
distinct input and output connections in DH and VH; ii) spatial memory only depended
on DH, but not on VH and iii) alterations in stress and emotional behaviour were related
with lesions on VH but not on DH (Swanson and Cowan, 1977; Moser et al., 1995; Moser

and Moser, 1998; Fanselow, 2010).

Hippocampus can be divided by subregions, being the most important, Cornu
Ammonis 1 (CA1), Cornu Ammonis 3 (CA3) and dentate gyrus (DG) (Kesner et al., 2004).
The hippocampal network consists in generation of projections to all constituents of the
hippocampus by neurons in layers Il and Il of medial entorhinal cortex (MEC). These
layer Il cells project to DG and CA3, whereas cells in layer Ill project to CAl and the
subiculum. The trysinaptic pathway begins through the project ion to DG through layer
Il, which subsequently includes the mossy fibers projection from DG to CA3 and the

Schaffer collateral projection from CA3 to CA1 (Fig. 2) (Witter et al., 2014).
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Figure 2 - Anatomy of the hippocampus. Cornu Ammonis 3 (CA3) and dentate gyrus project from layer Il cells of
entorhinal cortex, whereas CA1 and subiculum project from cells in layer lll of entorhinal cortex. Granule cells of
dentate gyrus project, through their axons (the mossy fibers), to the proximal apical dendrites of CA3 pyramidal cells
which, in turn, project to ipsilateral CA1 pyramidal cells through Schaffer collaterals and to contralateral CA3 and CA1
pyramidal cells through commissural connections (Neves et al., 2008).



Synaptic plasticity is the ability of synapses to strengthen or weaken over time,
in response to increases or decreases in their activity, and this event is considered to
constitute the neurophysiological basis of learning and memory (Hughes, 1958; Ota et
al.,, 2013). Long-term potentiation (LTP) is the most studied model of this process,
identified in hippocampus by using electrophysiological, biochemical and molecular
techniques (Bliss and Lemo, 1973; Bliss et al., 2007). LTP consists in the strengthening of
the synapses using a high-frequency electrical stimulation (HFS) of afferent-fiber
pathways, inducing an improvement of synaptic transmission that can last for months
(Neves et al., 2008). Induction of LTP requires the activation of glutamate receptors, of
subtype N-methyl-D-aspartate (NMDA) receptors and membrane depolarization. After
HFS, glutamate is released from the presynaptic terminal and binds to a-amino-3-
hydroxy-5-methyl-4-isozolepropionic acid (AMPA) receptors and activate them, but the
same does not happen with NMDA receptors (NMDARs), since they are blocked
(voltage-dependent) by magnesium (Mg?*). With the activation of AMPA receptors
(AMPARs), there is an influx of potassium (K*) and sodium (Na*), leading to membrane
depolarization that further activate NMDARs. Consequently, there is an influx of calcium
(Ca?*) and Na* to the interior of dendritic spines. Ca?* stimulates cyclic adenosine
monophosphate (cAMP) formation, triggering a cascade of signaling mechanisms,
involving protein kinase A (PKA), cAMP response element binding protein (CREB), cAMP
response element (CRE), mitogen activated protein kinase, and calcium calmodulin
dependent protein kinase Il (CAMKII), which in turn phosphorylates transmembrane
AMPARs regulatory proteins (TARPs) that allowing the insertion of AMPARs in the
membrane of synapses, which underlie the LTP phenomena (Kandel, 2001; Miyamoto,

2006; Mayford et al., 2012) .

Nonetheless, LTP is not the only form of activity-dependent plasticity, existing
many others such as: i) long-term depression (LTD); ii) excitatory postsynaptic potential
(EPSP)-spike (E-S) potentiation iii) spike-timing-dependent plasticity (STDP); iv)
depotentiation; and v) de-depression (Abraham et al., 1985; Dudek and Bear, 1992;
Montgomery and Madison, 2002; Dan and Poo, 2004). In contrast with LTP, LTD is the
weakening of the synaptic transmission using a low-frequency stimulation (Neves et al.,

2008). LTD is also trigger by a slight increase in Ca%* by activation of NMDARs, which



stimulate phosphatases that dephosphorylate proteins involved in LTP. This causes the
endocytosis of AMPARs, which is promoted by calcineurin (a phosphatase dependent of
Ca?*), despite NMDARs do not be affected (Malenka et al., 1999). E-S potentiation occurs
at the same time as LTP after HFS, whereas STDP is a type of plasticity in which pre- and
postsynaptic cells are stimulated independently, and the timing with which spikes are
evoked determines the direction of plasticity. Depotentiation is the selective and time-
dependent reversal of already potentiated synapses using low-frequency stimulation,

while de-depression is the reversion of LTD using HFS (Neves et al., 2008).

1.2. Astrocytes: the star-shape cells of the brain

1.2.1. Arousal and evolution of the astrocytic concept

In 1856, Rudolf Virchow, the father of the modern pathology, defined the brain
connective tissue, ‘nervenkitt’ or nerve-cement as “neuroglia”, a homogenous
population without cellular elements that generally supported the neuronal function
(Virchow, 1856). However, Camillo Golgi established the cellular nature of neuroglia,
which he defined as round cells with many fine processes extended in all directions,
being some of these processes directed towards blood vessels (reviewed in Verkhratsky

and Parpura, 2014).

In 1893, the term “astrocyte” was first proposed by Michael von Lenhossek,
further categorized in fibrous or protoplasmic, being the astrocytes fibrous mainly
present in white matter while the protoplasmic are found mainly in grey matter of the
brain and spinal cord (Kolliker, 1889; Andriezen, 1893; Von Lenhossék, 1893; Ramodn y
Cajal, 1913; Miller and Raff, 1984).

Although the concept of neuroglia is known for a long time, our knowledge on
glial cells, especially of astrocytes, is still scarce and a current matter of great research
interest. One of the first roles assigned to glial cells was that they corresponded to the
space that was not occupied by neurons. As the investigation in this field progressed, a

new role as supporting cells was attributed to astrocytes: these glial cells are necessary



to guarantee optimal neuronal functioning; and the knowledge that they express
voltage-gated channels and neurotransmitter receptors turned astrocytes as potential

participants in intercellular communication in the brain (Volterra and Meldolesi, 2005;

Protoplasmic Astrocyte Fibrous Astrocyte

Figure 3 - Schematic representation of protoplasmic and fibrous astrocytes in the brain. In left panel — Protoplasmic
astrocyte in close connection with a neuron and a capillary, constituting the so called “neurovascular unit” and
highlighting the roles of astrocytes in developmental synaptogenesis and in modulating the BBB. In right panel —
Fibrous astrocyte present in a white matter tract, where it may interact with oligodendrocytes to promote myelination
(Molofsk et al., 2012).

Kettenmann and Verkhratsky, 2008; Molofsk et al., 2012).

1.2.2. Types and morphology of astrocytes

Radial glial cells are involved in brain development, acting as stem and progenitor
cells that generates neurons and glia. These glial cells extend long processes throughout
the thickness of the tissue from the outer pial surface to the inner ventricular surface of
the brain; having functions in the guidance of migrating neurons and, thereby,
contribute to the organized arrangement of neurons, possibly leading them to different
regions of the brain, like amygdala or hippocampus. After the neurogenesis, the
radial glial cells disappear, and a subset of them transforms into astrocytes

(Reichenbach and Wolburg, 2005).

Mature astrocytes were mainly divided into two classes according to their
morphology and anatomical location (Fig. 3): i) protoplasmic astrocytes in gray matter
and ii) fibrous astrocytes in white matter (Miller and Raff, 1984). The first ones are

characterized by having many branching processes that surround the synapses and



cover the blood vessels, while the fibrous astrocytes have thinner, longer and
unbranched processes that sheath the nodes of Ranvier (Wang and Bordey, 2008;
Sofroniew and Vinters, 2010). However, recently it has been found that in the human
brain, astrocytes have a more complex morphology, being necessary to expand the
criteria of classification. Thus, they have been divided in four subtypes: protoplasmic,

fibrous, interlaminar, polarized. (Table 1) (Hu et al., 2016).

Table 1 - Different types of astrocytes in human brain (adapted from (Hu et al., 2016)).

Subtype ‘ Location ‘ Features

Majority of the process do not overlap

Larger and more elaborate than their rodent

counterparts.

Protoplasmic | Deep layers of the
The processes of one protoplasmic astrocyte can

astrocytes cortex (layers 2-6)
cover five different blood vessels, eight neuronal cells
bodies and numerous synapses
Highly coupled by gap junction
Extend striking long, frequently unbranched
processes throughout the layers of the cortex
Interlaminar Layer | of the
Two types of processes: one contributes to the
astrocytes cortex

astrocytic network near the pial surface and the other

penetrates deep layers of the cortex

Extend one or two long processes away from the
Deep layers of the
Polarized white matter
cortex (near the
astrocytes The long processes are frequently unbranched or
white matter)

branched once

Contain few primary processes
Fibrous

White matter Their fibers are straighter and less branched than
astrocytes
those of other glia




Studies in protoplasmic astrocytes (Fig. 4) from the cerebral cortex of an adult
mouse, a rhesus monkey, and a human showed that the mouse astrocyte domain (cell
body and ramifications) is about 2.5 times smaller than the human astrocyte domain
(Oberheim et al., 2009). These findings were obtained using immunostaining for the glial
fibrillary acidic protein (GFAP), which is mainly expressed by astrocytes, and allow to
observe that in cerebral cortex of rodents, the astrocytes have relatively short processes
that more close to the soma. By contrast in primates, astrocytes are long, with varicosity-
bearing ramifications that extend beyond the domains of the thick ramifications and
extend between the cortical lamina, which have been suggested to optimize the
columnar organization of the cerebral cortex of primates (Colombo and Reisin, 2004).
This apparent larger size of the domains of protoplasmic astrocytes of primates could
serve to limit the expansion of the astrocyte population, by controlling more synapses
with fewer astrocytes cell bodies (Kimelberg and Nedergaard, 2010). Concerning the
protoplasmic astrocytes in the human brain, it was observed that they are much more
complex and larger when compared with rodents and primate brains. These astrocytes
have approximately 10 times more ramifications and an increase in GFAP expression in
their end-feet (Matyash and Kettenmann, 2010). Thus, rodents astrocytes contact with
less synapses than humans astrocytes, and the fibrous astrocytes are smaller (Oberheim
et al., 2009). In this way, it is possible to assume that the size of astrocytes increases

with increasing complexity of brain function (Kimelberg and Nedergaard, 2010).

Human

Rhesus monkey

”

Mouse

Figure 4 - Size of astrocytes of rodents, primates and humans. Scale bar: 50 um (Kimelberg and Nedergaard, 2010).
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Astrocytes are normally connected through gap junctions to form large
intercellular networks (Seifert et al., 2006). Gap junctions participate in the intercellular
communication by the docking of two hemichannels in adjacent cells (Willecke et al.,
2002). Each hemichannel (or connexon) is composed of six protein subunits, called
connexins (Cx), which in the case of astrocytes, are formed by connexins 43 (Cx43) and
30 (Cx30) (Giaume et al., 2010). The first one is expressed in the beginning of the
development of rat radial astrocytes ramifications and its levels increase with the
progression of the age, whereas Cx30 is expressed in astrocytes in juvenile rodents
(Kunzelmann et al., 1999; Nagy and Rash, 2000). Both connexins are also expressed in
mature astrocytes of grey matter, whereas Cx43 is expressed mainly in astrocytes of
white matter (Nagy et al.,, 1999). The connexins, by forming hemichannels or gap
junctions, have a key role in the propagation of intercellular Ca?* waves that can
promote the release of gliotransmitters, such as ATP, glutamate and D-serine
(Nedergaard et al., 2003). Since astrocytes have many ramifications that contact with
thousands of synapses simultaneously, the release of gliotransmitters synchronize the
neuronal firing pattern, controlling the strength of excitatory and inhibitory synaptic
transmission, through the activation of receptors present in neurons. Moreover,
interactions between glia and neurons are also implicated in regulation of the local

blood flow (Volterra and Meldolesi, 2005).

1.2.3. Functions of astrocytes

Astrocytes are involved in many processes, including i) synaptogenesis; ii)
modulation of synaptic transmission; iii) blood-brain barrier and ionic concentrations;
iv) pH regulation of the brain; v) regulation of cerebral blood flow; vi) regulation of

metabolism; vii) oxidative stress and viii) cognition (Kimelberg and Nedergaard, 2010).

1.2.3.1. Synaptogenesis

Synapses are structures that allow neurons to communicate through electrical or
chemical signals (Pereda, 2014). They are formed by two terminals: a pre- and a

postsynaptic. The presynaptic terminal contains a matrix of proteins responsible for
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anchoring synaptic vesicles, that contain glycoproteins such as synaptophysin, to the
membrane and promoting their exocytosis, and consequently release of
neurotransmitters to the synaptic cleft (Li and Sheng, 2003). This synaptic vesicle
docking to the membrane is mediated by soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (SNAREs), such as synaptosomal-associated protein 25
(SNAP-25), that allows the binding of Ca* to synaptogamin and consequently the
exocytosis (Masliah and Terry, 1993). In the postsynaptic terminal, there is a dense
matrix (postsynaptic density (PSD)) that contains scaffold proteins, such as PSD-95,
which cause receptors accumulation and promote the binding between membrane
proteins and cytoskeleton proteins. For example, PSD-95 has the major function of
connecting NMDARs to actin cytoskeleton (Cho et al., 1992).

Synapses take time to be formed, since the majority of excitatory synaptic
structures in the rodent brain appear during the second and third postnatal weeks. In
this period also occurs the differentiation and maturation of astrocytes. Thus, it was
possible to assume that astrocytes might contribute for the timing and extent of synapse
formation in the CNS. Furthermore, astrocytes are also vital for the survival and health
of neurons (Banker, 1980). Studies in mice confirmed that in the absence of astrocytes,
the animals could not survive due to neurodegeneration (Li et al., 2012). Moreover,
ablation of perisynaptic Schwann cells in the PNS (analogous to astrocytes in the CNS)
cause synaptic transmission dysfunction and loss and degeneration of neuromuscular
junctions, responsible for muscular contractions (Reddy et al., 2003).

In this way, astrocytes control different stages of the excitatory synapse
formation: i) they increase the number of synaptic structures; ii) increase postsynaptic
activity by inducing AMPARs insertion in the postsynaptic terminal, and iii) enhance
presynaptic function by increasing probability of neurotransmitters release (Chung et

al., 2015a).

1.2.3.2. Astrocytes: key players in synaptic transmission

The demonstration of a bidirectional communication between astrocytes and
neurons gave rise to the concept of “Tripartite Synapse”. According with this concept,

the exchange of the communication among pre- and postsynaptic neurons is modulated
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by astrocytes. These glial cells interact with these synaptic elements, responding to
synaptic activity and, thus, have a key role in regulation of synaptic transmission and

plasticity (Fig.5) (Araque et al., 1999).

Astrocytes are one of the largest cellular populations of the brain involved in the
processing, transfer and storage of information by CNS (Perea et al., 2009). These cells
are located throughout the brain and are known to have several functions: enwrap most
synapses, provide metabolic support to neurons, remove neurotransmitters (GABA and
glutamate) from synaptic cleft, participate in ion homeostasis and control radical stress.
Astrocytes also shape synaptic volume and regulate synaptic strength, through the
release of gliotransmitters, such as glutamate, ATP, D-serine, GABA and neurotrophins,
like brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic
factor (GDNF) (Araque et al.,, 1999; Maragakis and Rothstein, 2006; Kimelberg and
Nedergaard, 2010; Ota et al., 2013).

The signaling pathway between astrocytes and neurons is mutual: astrocytes
sense neuronal activity by increasing cytosolic Ca%* levels and express G-protein-coupled
receptors that sense the neurotransmitters released in the synaptic cleft, which in turn
the neurotransmitters released by neurons can trigger astrocytic Ca?* waves and the
release of gliotransmitters, such as ATP, glutamate, as well as of adenosine and D-serine;
which shape synaptic transmission and plasticity (Stobart and Anderson, 2013; Rudy et
al., 2015 and Orellana et al., 2016).

When a synaptic transmitter is released from the presynaptic terminal, it is
important to clear that transmitter from synapse to prevent receptor desensitization
and maintain the reliability of synaptic transmission. For instance, one of the primary
roles of astrocytes is to protect neurons from excitotoxicity, taking up excess ammonia
and glutamate from the synaptic cleft (Meister, 1974; Suarez et al., 2002). Glutamine
(GIn) released by astrocytes are further taken up by neurons and, by the action of
phosphate-activated glutaminase, glutamate (Glu) is synthetized de novo from
glutamine. In the presynaptic terminal of the synapse, glutamate, as a neurotransmitter,
is packaged in synaptic vesicles by vesicular glutamate transporters (vGluTs) and it is
released in the synaptic cleft. In this phase, glutamate has two paths: i) it can bind to

ionotropic receptors (NMDARs and AMPARs) or to metabotropic receptors (mGIuR1 to
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mGIuR8), leading to membrane depolarization and modulation of local protein
synthesis, and ii) it can be cleared from synaptic cleft by astrocytes. Astrocytes express
transporters for glutamate (excitatory amino acid transporters (EAATs)), that use Na*
and K* gradients to promote the uptake of this transmitter into these cells (Bergles and
Jahr, 1998; Hertz and Zielke, 2004). Once glutamate is taken up by astrocytes, it is
converted into glutamine by glutamine synthetase (GS) and in an ATP-dependent
manner the glutamine is driven back to the neurons (Hertz and Zielke, 2004; Parpura et
al., 2017). This constitute the glutamate-glutamine cycle and allows efficacy to

glutamatergic synapses that are coupled to both astrocytic and neuronal metabolism.

Presynaptic

Gln

Glucocorticoid
receptor

S|

Glial cell

Postsynaptic

neuron

Figure 5 - The tripartite glutamate synapse. Neuronal glutamate is synthesized de novo from glutamine supplied by
glial cells. After synthetized, glutamate is packaged into synaptic vesicles by vGluTs and it is released to the extracellular
space to bind to ionotropic receptors, like NMDARs and AMPARs and metabotropic receptors (mGIluR1 to mGIuR8). A
cascade of signaling is initiated, leading to membrane depolarization and modulation of local protein synthesis.
Glutamate is cleared from the synapse through EAATs present in glial cells, mainly in astrocytes. In the astrocytes,
glutamate is converted to glutamine, by glutamine synthetase, and glutamine is further delivered to neurons, initiating
a new cycle (Popoli et al., 2011).
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Moreover, astrocytes are also responsible for the uptake of other transmitters,
like gamma-aminobutyric acid (GABA) and glycine. These cells contain GABA
transporters (GAT), like GAT-1 and GAT-3, as well as glycine transporters, such as GLYT-
1 (Minelli et al., 1995, 1996). By having these GABA transporters, astrocytes can affect
inhibitory neurotransmission. However, the specific mechanism is not well
characterized due to, in part, to the expression of identical GABA transporters on both

neurons and glial cells (Schousboe et al., 1979).

1.2.3.3. Blood-brain barrier and ionic concentrations

The BBB is a selective barrier formed by these endothelial cells that line cerebral
microvessels that control molecular traffic, permitting or facilitating the entry of
required nutrients, and excluding or effluxing potentially harmful compounds (Abbott
and Romero, 1996; Abbott, 2002; Hawkins and Davis, 2005). This barrier allows the
diffusion of small gaseous molecules, such as O and CO;, through the lipid membranes,
and of small lipophilic agents, including drugs such as barbiturates and ethanol (Abbott
et al., 2006). There is strong evidence, particularly from studies in cultured cells, that
astrocytes can upregulate many BBB features, leading to tighter tight junctions (physical
barrier) and the expression and polarized localization of transporters, including P-
glycoprotein 24 and glucose transporter 1 (GLUT1) (transport barrier) (Dehouck et al.,
1990; McAllister et al., 2001).

Studies in cultured cells demonstrated that astrocytes have much higher capacity
to uptake K* than neurons, since that when an increase of extracellular K* was promoted,
a higher concentration of this ion was found within astrocytes (Walz and Hertz, 1984).
So, in these cells, exclusive K* permeability endorses the ability of astrocytes to maintain
the extracellular K* concentration constant, when in the face of neuronal activity its

concentration would increase (Orkand et al., 1966).

There are two major mechanisms, by which astrocytes can control K* buffering:
i) uptake by Na*/K* pump or ii) channel-mediated uptake of increased K* and CI driven
by the Donnan potential (distribution of ion species between two ionic solutions

separated by a semipermeable membrane). In the first case, inward rectifying K*
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channels (Kir channels) are responsible for the regulation of baseline K* concentration,
whereas Na*/K* pump determines its rate of recovery after excessive neuronal firing in
hippocampal slice (Walz and Wuttke, 1999; Walz, 2000; D’Ambrosio et al., 2002).
However, this pump is more responsive to changes in intracellular Na* concentration to
pump out, whereas its outside K* binding site is ~90% saturated. So, this clearance of K*
must be accompanied by increases in intracellular Na* (Bergles and Jahr, 1997; Fischer
et al., 2009). The second mechanism requires Cl- and K* channels. However, there is no
many evidences of the opening ClI" channels under elevated K* concentrations, during
normal neuronal activity (Amzica and Massimini, 2002).

Astrocytes can also express high levels of water channels (aquaporins). When
intramembranous particles formed orthogonal arrays in perivascular membranes of
astrocytes around capillaries and arterioles, a specific isoform of aquaporins (aquaporin
4, AQP4) was found (Amiry-Moghaddam and Ottersen, 2003). This aquaporin channel is
composed by membrane proteins that transport, mainly water and, in some cases, also
small solutes, e.g. glycerol (Verkman, 2005). Moreover, aquaporins have other functions

like facilitating the flux of gases, including Oz, CO, and nitric oxide (NO) (Verkman, 2009).

One of the subunits of the family of inward rectifying K* channels, Kir4.1 is mainly
localized in astrocytic ramifications that surround capillaries and synapses in the CNS
(Higashi et al., 2001). It is necessary that these channels (Kir4.1) work in a coordinated
way with AQP4, a water channel protein, to astrocytes maintain K* and water
homeostasis (Nagelhus et al., 1999; Amiry-Moghaddam et al., 2004). Studies with Agp4
knock-out mice demonstrated reduced water permeability, whereas water transport in
neurons is slow, which is consistent with the limited expression of aquaporins in neurons
(Aitken et al., 1998; Kimelberg, 2004). However, its expression in the vascular end-feet
of astrocytes suggests that these cells are highly responsible for water transport into

and out of the brain (Kimelberg and Nedergaard, 2010).

1.2.3.4. Regulation of pH of the brain

Regulation of brain pH was proposed based on a localization of carbonic
anhydrase in astrocytes at the blood-brain barrier, involving transport of HCOs™ linked to

acceleration of intra-astrocytic CO; hydration. Moreover, studies revealed Na*/H* and
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CI'/HCOs™ exchangers and carbonic anhydrase activity in primary astrocyte cultures,
which explain the astrocytic swelling under pathological conditions (Kimelberg, 1981;
Kimelberg et al., 1982). Other studies showed some ways in which astrocytes can
regulate pH through: i) an electrogenic sodium proton co-transporter (3 HCO3™ + 2 Na*)
that could acidify the extracellular space when stimulated by an increased K*-dependent
depolarization, and the subsequent alkalinization of cytosol; ii) a sodium-dependent CI
/HCOsexchange and iii) the sodium independent CI'/HCOs exchanger (Schmitt et al.,
2000; Parker et al., 2008). Astrocytes can also efflux lactate through H* transporter,
allowing its further uptake by neurons proposed in the astrocyte—neuron lactate shuttle
hypothesis. Since lactate is co-transported with H*, and this transport regulates pH

levels (Pellerin and Magistretti, 2004).

1.2.3.5. Regulation of cerebral blood flow

Astrocytes foot ramifications surround blood vessels in the brain, such as the pre-
capillary arterioles that regulate blood flow (Reichenbach and Wolburg, 2009; Kimelberg
and Nedergaard, 2010). This control must be made in arterioles, since capillaries lack
the smooth muscle responsible for the contractions and relaxations to change blood
vessel diameter (Traystman, 1997). Interaction between astrocytes and blood vessels is
initiated when, in early development, blood vessels breach the brain parenchyma and
attract the end-feet of astrocytic ramifications (Abbott, 2002). This interaction is
thought to be the major responsible for the formation of BBB through the development
of endothelial tight junctions (Kimelberg and Nedergaard, 2010). However, it has been
shown that in adult animals, astrocytic ramifications continue to surround blood vessels.
Thus, it has been assumed that astrocytes are transducers of changes in neuronal
activity, affecting the arteriole diameter and, consequently, their flow. Furthermore, it
has been suggested that the increases in calcium concentrations in astrocytes by mGIuR
may activate phospholipase 2 to generate arachidonic acid and prostaglandin 2, through
cyclooxygenase-1 (COX-1), to ultimately dilate vascular smooth muscle (Koehler et al.,

2009).
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1.2.3.6. Regulation of metabolism

Glycogen is a polysaccharide that acts as a cellular storage depot for glucose,
either for the cells own use or for export to other cells. When high levels of glucose are
present, it can be stored as glycogen; and when a period of starvation exists, glycogen
can be metabolized to release energy substrate in the form of glucose. In this way the
food ingested in excess can be stored so that the excessive calories do not go to waste
(Brown and Ransom, 2007). Although glycogen exists in high levels in liver and skeletal
muscle, lower amounts are also present in the brain (Cruz and Dienel, 2002;
Chryssanthopoulos et al., 2004; McKenna et al., 2012). Thus, it is possible to assume that
brain glycogen does not have the same function as liver glycogen in supporting blood

glucose levels (Nilsson and Hultman, 1973).

The cellular enzyme that metabolize brain glycogen, such as glycogen
phosphorylase is localized in astrocytes, as well as glycogen synthase that synthetizes
this polysaccharide (Pellegri et al., 1996; Pfeiffer-Guglielmi et al., 2003). Glucose enters
in CNS through the perivascular end-feet of astrocytic ramifications that have glucose
transporters (Vannucci et al., 1997). Glycogen metabolism begins when glucose is
converted in glucose-6-phosphate and, consequently, it is converted to glucose-1-
phosphate by phosphoglucomutase. Then, the glucose-1-phosphate combines with
uridine triphosphate to form uridine diphosphate (UDP) glucose in a reaction catalyzed
by UDP glucose pyrophosphorylase. Finally, glycogen is catalyzed by glycogen synthase.
This process is reversible since glycogen can give rise to glucose (Brown and Ransom,

2007).

Brain glycogen has two major roles: i) provide energy substrate under
hypoglycemic conditions when delivery of blood-borne glucose is insufficient to meet
immediate energy requirements (Brown et al., 2003; Choi et al., 2003) and ii) during
periods of increased tissue energy demand, when ambient glucose is insufficient to

meet the transient elevation in energy needs (Brown et al., 2003).

Astrocytes also participate in the astrocyte-neuron lactate shuttle, one of the
major interactions between the cells. In this hypothesis, there is glucose entry in the CNS

and, when glucose is converted in lactate, it can be served as energy supply of neurons
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(Magistretti et al., 1994; Voutsinos-Porche et al., 2003). In a more detailed way, glucose
is converted in pyruvate and ATP. Then, pyruvate is converted in lactate by the action of
lactate dehydrogenase (LDH). Both lactate and glutamine are released and taken up by
neurons, where the first one is converted again in pyruvate by LDH, producing ATP

(Kimelberg and Nedergaard, 2010).

The enzymes involved in this lactate shuttle are also present in high amounts in
the tricarboxylic acid (TCA) cycle in astrocytes (Kimelberg and Nedergaard, 2010). In this
cycle, glutamate also acts as an energy substrate leading to ATP production following
the metabolism of its carbon skeleton through the action of glutamate dehydrogenase
1 (GDH) and aspartate aminotransferase (AAT), two enzymes localized in mitochondria
(McKenna, 2013). Although it has been highly discussed which of these enzymes is the
main responsible for the conversion of glutamate to alpha-ketoglutarate (a-KG), ATP
production is higher when the initial step of glutamate metabolism is catalyzed by GDH
rather than AAT (McKenna, 2013). The cycle begins with the conversion pyruvate in
acetyl-coenzyme A (acetyl-CoA) that catalyzes the transformation of oxaloacetate in
citrate, along with citrate synthetase. Citrate is converted in isocitrate by aconitase and
further converted into a-KG by isocitrate dehydrogenase. Then, a-KG is converted in
succinyl-coenzyme A (succinyl-CoA), by a-ketoglutarate dehydrogenase, or it can also be
converted into glutamate by glutamate dehydrogenase, and vice-versa. When succinyl-
CoA is transformed in succinate through succinyl-CoA synthetase, ATP is released, and
succinate is converted in fumarate by succinate dehydrogenase. Afterwards, fumarate
is transformed in malate by fumarase, which is further converted into oxaloacetate by

malate dehydrogenase, beginning a new cycle (Fig. 6).
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Figure 6 - Astrocytes-neurons lactate shuffle and astrocytic involvement in the tricarboxylic acid (TCA) cycle. a-KG:
a-ketoglutarate; AAT: Aspartate aminotransferase; acetyl-CoA: acetyl-coenzyme A; ATP: adenosine triphosphate;
GDH: Glutamate dehydrogenase; LDH: lactate dehydrogenase; succinyl-CoA: succinyl-coenzyme A.

Moreover, glutamate and ATP are recognized by astrocytic metabotropic
receptors, activating phospholipase C (PLC) and producing inositol triphosphate (IP3),
which in turn, could trigger the release Ca?* from endoplasmic reticulum (intracellular
Ca?* store), leading to the opening of hemichannels and the exocytotic Ca?*-dependent

gliotransmitters release (Orellana and Stehberg, 2014).

1.2.3.7. Role in oxidative stress

Mitochondrial reactive oxygen species (mROS) are generated by the respiratory
chain during ATP synthesis due to the leakage of electrons from complex |, complex Il
and complex lll to molecular oxygen (Boveris et al.,, 1972; Chance et al.,, 1979;
Yankovskaya et al., 2003). Normally, the levels of mROS are low due to antioxidants and
enzymatic antioxidant systems. But, when these systems fail, there is an increase in the
levels of these reactive oxygen species (ROS), which are the major stimulators of cell
injury (Chance et al., 1979). Mitochondrial oxidative stress leads not only to the
interruption of the energy supply, but also to severe damage of mitochondrial

components, including proteins, lipids and mitochondrial DNA (mtDNA). In addition,
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oxidative stress is often accompanied by Ca®* stress, another important apoptotic
inducer (Duchen, 2000; Maassen et al., 2004). Subsequently, there is the activation of
mitochondrial permeability transition (MPT)-dependent and/or MPT-independent
release of mitochondrial potential noxious proteins, including cytochrome c that

promotes apoptosis (Kroemer et al., 2007).

Astrocytes are connected with gap junctions, which allows intercellular
propagation of intracellular signaling molecules including Ca* and ROS. However, these
cells are also involved in maintaining the intracellular levels of antioxidants (Giaume and
McCarthy, 1996; Verkhratsky and Kettenmann, 1996; Bennett et al., 2003; Brady et al.,
2004). Thus, astrocytes have antioxidant systems, such as glutathione disulfide —
glutathione (GSSG — GSH), superoxide dismutase (SOD; metabolizes superoxide into
oxygen and hydrogen peroxide) and catalase (decomposes hydrogen peroxide into
water and oxygen) (Anderson et al., 2003; Cahoy et al., 2008). So, in order to prevent
the neurological injury by ROS, it is necessary to improve antioxidation function of

astrocytes or limit their capacity of producing ROS.

1.2.3.8. Astrocytic functions in cognition

To understand how astrocytes take part in in memory and learning, it might be
useful to elucidate better the mechanisms behind these cognitive processes. Although,
it is known that learning depends on states of attention, motivation, sleep cycles and
arousal; glia cells, in particular astrocytes, can alter the formation and consolidation of
memories (Meltzoff et al., 2009). It is known that in astrocytes, the activation of
intracellular Ca?* signaling can further enhance or diminish both inhibitory and
excitatory synaptic transmission, and consequently the states of sleep and working
memory (Halassa et al., 2009). Astrocytic signaling is also involved in LTP in hippocampus
and cortex, as well as in hippocampal LTD, that may influence working memory (Han et

al., 2012).
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1.3. Reactivity of astrocytes

In neurological disorders, astrocytes react in a defensive manner called reactive
astrogliosis that can be defined as constitutive, graded and multistage process, which is
evolutionarily conserved. It also accompanies many pathological situations that affect
the CNS, such as trauma, ischemic damage, and neurodegenerative disorders.
Moreover, the activation of these cells, like of microglia cells, can trigger a
neuroinflammatory process, in which the neurons usually start degenerating
(Verkhratsky and Butt, 2013). Reactive astrocytes, when compared with nonreactive
astrocytes, exhibit altered expression of many genes and distinct morphological and
functional features (Eddleston and Mucke, 1993; Rosario Hernandez et al., 2002; Pekny

and Nilsson, 2005; Sofroniew and Vinters, 2010).

GFAP is a cytoskeletal protein present in astrocytes and is thought to provide
structural support for maintenance of cell shape and, when astrocytes become reactive
this protein is upregulated and, besides occurring morphological changes, it might
happen alterations in intracellular trafficking of organelles and proteins (Eng and
Ghirnikar, 1994). Furthermore, increase of GFAP in astrocytes also occurs gradually
throughout the aging of rodents and humans (Nichols et al., 1993). In vitro studies using
neuron-astrocyte co-cultures have shown that inhibition in GFAP synthesis led to a
reduction of astroglial hypertrophy and blockade of neuritic outgrowth diminished, that
normally is observed after a lesion (Lefrancois et al., 1997). However, GFAP does not
exist only in astrocytes but also, in ependymal cells, like tanycytes and in immature
neurons (Eng and Ghirnikar, 1994; Liu et al., 2010). Furthermore, it was also shown that
in many neurological conditions, such as hypoxia, ischemia and epilepsy, the astrocytic
protein GS is also altered. However, alterations in this enzyme expression are specific of
the region of the brain and does not positively correlates with GFAP expression,
suggesting that it is not a good marker for reactive astrogliosis (Rose et al., 2013).
Although GS plays an important role in neurotransmission (see section 1.2.3.2.), it is also
involved in the assimilation of ammonia by the brain. Ammonia is a metabolite mainly
produced in the gastrointestinal system, through protein degradation and amino acid

deamination and it is primarily regulated by the urea cycle, found exclusively in the liver
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(Eng and Ghirnikar, 1994). When ammonia concentration increases, GS activity

intensifies to prevent toxicity and neurological dysfunction (Cudalbu et al., 2012).

Cytokines, such as transforming growth factor (TGF), ciliary neurotrophic factor
(CNTF), interleukin (IL)-6, leukemia inhibitory factor (LIF) and oncostatin M, trigger
astrocyte activation in rodents brain (Balasingam et al., 1994; Winter et al., 1995; Klein
et al., 1997; Rabchevsky et al., 1998). Epidermal growth factor receptor (EGFR) is also
detected in reactive astrocytes and in inactivated microglia/macrophages, and when
upregulated, allows the transition of astrocytes from nonreactive to the reactive state
(Planas et al., 1998; Erschbamer et al., 2007). When its signaling is inhibited, there is
axonal regeneration and functional recovery after CNS injury (Koprivica et al., 2005;

Erschbamer et al., 2007).

Reactive astrocytes usually surround the damaged area, forming glial scars as an
attempt to isolate the damage area and allow it regeneration (Rodriguez et al., 2009;
Osborn et al., 2016; Rodriguez-Arellano et al., 2016). These alterations will result in a
gain or loss of function of astrocytes. Since although the glial scars create conditions to
occur brain regeneration, they might also contribute to the reduction of synaptic
coverage and homeostatic support, which together may lead to synaptic weakness and
loss, affecting thus the connectivity of neuronal networking and associated information
processing that might underlie memory impairment (Sofroniew and Vinters, 2010; Zorec

et al.,, 2015, 2017).

Besides GFAP and GS, there are several molecular markers for the identification
of astrocytes or of their function state, such as S100B, a calcium binding protein only
expressed by a subtype of mature astrocytes; the glutamate transporters: glutamate
aspartate transporter (GLAST; or excitatory amino acid transporter type 1 (EAAT1) in
humans) and glutamate transporter 1 (GLT-1; or EAAT2 in humans), and the metabolic
enzyme, aldehyde dehydrogenase 1 family member L1 (Aldh1L1l) (Wang and Bordey,
2008; Sofroniew and Vinters, 2010; Garwood et al., 2017). The S100B is a calcium-
binding peptide, used as a parameter of glial activation or death in many disorders of
the CNS, since there is evidence that extracellular S100B might participate in brain

inflammation by activating astrocytes, microglia and neurons (Donato, 2001). This
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peptide can also inhibit protein phosphorylation, regulate enzyme activity and Ca?*

homeostasis (Gerke and Weber, 1985; Wilder et al., 1998; Donato, 2001).

Although the number of reactive astrocytes is increased in neuropathological
conditions, it remains unclear whether astrocytic dysfunction contribute for the disorder
by providing detrimental signals, such as glutamate, pro-inflammatory cytokines and
reactive oxygen and nitrogen species, or if the activation of astrocytes prevents the
disease by being supportive and attempting to reverse the early cellular damages
(Minagar et al.,, 2002). Thus, it is crucial to understand the role of astrocytes to

understand their function in pathophysiological states.

1.3.1. Astrocytes and brain disorders

Increasing evidences point out that different type of astrocytes with particular
properties are found in a given brain region, and that their properties can vary in
different subregions (Seifert et al., 2006). Thus, for each neurological disorder,

astrocytes can be differentially dysfunctional with diverse pathological consequences.

In brain disorders like depression, epilepsy, schizophrenia, Alzheimer’s disease
and Parkinson’s disease, the astrocytes morphology and protein expression, in particular
GFAP, were shown to be altered (Tian et al., 2005; Volterra and Meldolesi, 2005;
Webster et al., 2005; Sastre et al., 2006; Seifert et al., 2006; Banasr and Duman, 2008;
Lee et al., 2010). Since gliotransmission is now known as a modulatory factor of synaptic
communication, changes in this event may be considered an important mechanism

underlying pathological processes (Fellin, 2009).

Regarding epilepsy, it was shown that when there was an increase in GFAP, there
was hypertrophy and proliferation of astrocytes (reactive astrocytes), being possible to
correlate with the increase of seizure frequency (Cohen-Gadol et al., 2004). Moreover,
astrocytic glutamate release can participate in the generation of paroxysmal
depolarization shifts (abnormal prolonged depolarizations with repetitive spiking that
are reflected as interictal discharges in the encephalogram), and consecutively,

contribute to epileptic seizures. It was also observed that the frequency of astrocytic
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Ca?* oscillations increases in isolated brain slices that exhibit epileptiform activity
(Rogawski and Loscher, 2004; Tian et al., 2005). GS activity and expression in this disease

can be region-selective, depending on the kind of epilepsy (Rose et al., 2013).

In the case of bipolar disorder and major depression, the expression of GFAP was
diminished (Johnston-Wilson et al., 2000; Webster et al., 2005). Also, in depression, the
expression of brain glutamate-ammonia ligase mRNA that codifies GS was decreased
(Klempan et al., 2009; Sequeira et al., 2009). In schizophrenia, the levels of S100B and
of GFAP as well as Aldh1L1 mRNA were found to be increased (Barley et al., 2009; Qi et
al., 2009).

Alzheimer’s disease (AD) is characterized by the accumulation of amyloid-p (AB)
peptides, which form fibrils that make up the amyloid plagues. Accumulating evidences
suggest that AP peptides trigger structural and morphological alterations in astrocytes,
activating reactive astrogliosis (Pekny and Nilsson, 2005). Astrocytes play an important
role in the clearance of AB peptides and can also form a protective barrier between
amyloid deposits and neurons (Wyss-Coray et al., 2003; RoRner et al., 2005). Moreover,
the astrocytes activation is associated with the development of amyloid plaques and the
reactive astrocytes may initiate a neuroinflammatory process (Nagele et al., 2004).
Moreover, some of causal and risk factor genes for AD, such as genes coding the
amyloid-B precursor protein (APP) and the presenilins-1 and 2 that constitute the -
secretase complex, an enzyme involved in proteolytic processing of APP and subsequent
formation of AR, as well as the €4 allele of the Apoe gene (risk factor for AD) are not
only expressed by neurons but also by astrocytes, corroborating the idea that astrocytes
are important players in AD pathogenesis (Boyles et al., 1985; Patel and Ridgeway,
1993). In post-mortem brain tissue from patients with this disease, it was demonstrated
that there was a reduction in GS and this reduction was correlated with a greater
number of amyloid deposits (Hensley et al., 1995; Le Prince et al., 1995; Olabarria et al.,
2011). In contrast, it was shown that AR peptides stimulate the synthesis of both S1003

mMRNA and S100pB protein in astrocyte cultures (Pefa et al., 1995).
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1.4. Pharmacological tools to abrogate astrocytic function

There are several pharmacological tools that can abrogate astrocytes function,
such as the L-a-Aminoadipate (L-AA) and its D-isomer D-a-Aminoadipate (D-AA),

trifluoroacetic acid and inhibitors of glutamate transporters.

Interfering with the glutamate clearance by astrocytes might have harmful
consequences in synaptic transmission. There are two main glutamate transporters in
astrocytes, GLT-1 and GLAST (Rothstein et al., 1994). These astroglial glutamate
transporters are important in maintaining low extracellular glutamate concentrations,
since glutamate is supposed to be recycled by astrocytes preventing excitotoxicity.
Neurons have less capacity to uptake extracellular glutamate when compared with
astrocytes. So, loosing these GLT-1 or GLAST could lead to persistent synaptic
depolarization, disrupting neural circuitry (Rothstein et al., 1996). Furthermore, mice
lacking glutamate transporter GLT-1 die within weeks after birth as a consequence of
repeated seizures, suggesting that pharmacological manipulation of the transmitter

represents a therapeutic target (Rothstein et al., 1996).

1.4.1. The gliotoxin L-a-aminoadipate

L-AA is an amino acid similar to L-glutamate that results from the metabolism of
lysine in the brain (Chang, 1976, 1978). L-AA and its isomer D-AA are well known as CNS
gliotoxins that affect the Miiller cells in the retina (Olney et al., 1971). D-AA is a NMDARs
antagonist that may be neuroprotective (Olney et al., 1980). In fact, the L-isomer was
considered to be more toxic than the D-isomer (Bridges et al., 1992). Studies in vitro also
showed that its cytotoxic effects occurred in astrocytes, but not in neurons (Huck et al.,
1984; Khurgel et al., 1996). It was also observed that each isomer had different toxic
mechanisms, L-AA was more toxic to protoplasmic astrocytes through the sodium
dependent glutamate transport, whereas D-AA was only toxic to mitotic astrocytes
(proliferating astrocytes), by interference with protein synthesis needed for cell division

(Connor et al., 1990; Brown and Kretzschmar, 1998).
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Two mechanisms are involved in the gliotoxicity induced by L-AA: i) high affinity
glutamate transporter and ii) inhibition of cystine/ glutamate antiporter. The first takes
into account that L-AA structure is similar to glutamate, so it could be taken up by
astrocytes through Na*-dependent glutamate transporters, like GLT-1 and GLAST, being
a direct competitor (McBean, 1994). When accumulated in these cells, L-AA began to
exert its toxic effects by inhibiting the action of GS that is supposed to convert glutamate
into glutamine (McBean, 1994) (Fig. 7). The second is based in the ability of inhibit Na*-
independent cystine/glutamate exchange, which is mediated by cystine/glutamate
antiporter. This antiporter transports glutamate to the extracellular space and cystine
to cell inside, maintaining cellular concentrations of glutathione. Thus, high
concentrations of glutamate inhibit cystine uptake leading to a reduction of glutathione
levels and to an increase of oxidative stress, promoting apoptotic cell death (Kato et al.,
1993; Brown and Kretzschmar, 1998). Moreover, these levels of glutathione can also
vary due to the inhibition of y-glutamylcysteine synthetase, also responsible for the
maintenance of glutathione levels, due to the similarities with GS (Meister and Tate,

1976; McBean, 1994; Chang et al., 1997).
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Presynaptic

Postsynaptic

Figure 7 - Mechanism of astrocytes toxicity by L-AA. L-AA is taken up by astrocytes through sodium-dependent
glutamate transporters (GLT-1 and GLAST), inhibiting the conversion of glutamate (Glu) into glutamine (GlIn) by
glutamine synthetase (GS).
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Chapter 2 | Aims of
work



In this work, we aim to investigate the impact of astrocytes blunting on memory

and hippocampal astrocytic proteins and morphology.

To achieve these goals, we use an astrocytic pathology mice model, consisting in
the icv administration of L-AA for three consecutive days. Alterations in mice behaviour
were evaluated and compared between mice icv administrated with L-AA or with
vehicle. The hippocampal astrocytic proteins levels and of astrocytes morphology were
also evaluated to infer about the impact of L-AA on astrocytes function and viability. In
addition to confirm if the alterations in memory was not related with synaptic loss

triggered by L-AA we also checked for putative changes in synaptic proteins.

In the first task, we administrated intracerebroventricularly L-AA or vehicle (as a
control) for three consecutive days in young adult mice, using cannula guides implanted
in one of the lateral ventricles. Then these two groups of animals were behaviourally
tested, mainly regarding memory performance (object recognition, object
displacement, modified y-maze and step-down inhibitory avoidance tests). In a second
task, we performed morphological and neurochemical analyses of hippocampus of the
described experimental animal models. Therefore, we used hippocampal sections to
analyze alterations in astrocytes morphology (label of GFAP) by immunohistochemistry,
with particular focus on identifying alterations in astrocytic process (humber and size)
and astrocyte tridimensional structure analysis, using confocal microscopy. In addition,
we also quantified the levels of hippocampal astrocytic proteins (GFAP, GS, S100B and
Cx43) and of synaptic markers (synaptophysin, SNAP-25 and PSD-95), in the two animal

groups, by Western-blot analysis.

Although the present work was designed to validate an animal model of astrocytes
pathology in hippocampus, a brain structure involved in memory processing; it also gives
novel insight about the role of astrocytes in memory. Furthermore, it will be crucial to
evolve to other studies in which the focus is the definition of whether astrocytes have a
key role in brain-disorders associated with cognitive decline, such as Alzheimer’s

disease.
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Chapter 3 | Material and
Methods



3.1. Animals

Male C57BL/6 mice (8—12 weeks) (Fig. 8) were
obtained from Charles River (Charles River
Laboratories, Barcelona, Spain). Animals were
maintained under controlled environment (22 + 2°C;
12 h light/dark cycle, relative humidity of 55% and ad

libitum access to food and water) and handled

Figure 8 - C57BL/6 mice.

according to European Union guidelines (2010/63/EU) that were approved by the Ethics

Committee of the Center for Neuroscience and Cell Biology of Coimbra.

3.2. Reagents

Table 2 - List of reagents used.

Reagent Supplier

(2R,3R,4S,5S,6R)-2-[(2S,35,4S,5R)-3,4-dihydroxy-2,5bis(hydroxymethyl)oxolan-2-yl]

oxy-6-(hydroxymethyl)oxane-3,4,5-triol (Sucrose) Sigma-Aldrich
(2R,3S,4R,5R)-2,3,4,5,6-Pentahydroxyhexanal (Glucose) Sigma-Aldrich
2-(Bis(2-hydroxyethyl)amino)acetic acid (Bicine) Sigma-Aldrich
2,6-dibromo-4-[3-(3,5-dibromo-4-hydroxyphenyl) -1,1-dioxo-2,1Abenzoxathiol-3- Sigma-Aldrich
yllphenol (Bromophenol blue)
2-[2-[3,4-bis(2-hydroxyethoxy) oxolan-2-yl]-2-(2hydroxyethoxy)ethoxy]ethyl Sigma-Aldrich
dodecanoate (Tween 20)
2-[2-[Bis(carboxymethyl)amino]ethyl} (carl:.)oxymethyl)ammo]acetlc acid (EDTA) Sigma-Aldrich
tetrasodium
2-[4-(2,4,4-trimethylpentan-2-yl)phenoxy]ethanol (Triton X-100) Sigma-Aldrich
2-Amino-2-hydroxymethyl-propane-1,3-diol (Trizma base) Sigma-Aldrich
3-(cyclohexylamino)propane-1-sulfonic acid (CAPS) Sigma-Aldrich
30% Acrylamide/Bis solution Bio Rad
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Sigma-Aldrich
Ammonium Persulfate (APS) Sigma-Aldrich
Bicinchoninic acid (BCA) kit Thermo Fisher Scientific
Bovine Serum Albumin (BSA) Sigma-Aldrich
Protease inhibitor cocktail (CLAP) Sigma-Aldrich
Dithiothreitol (DTT) Sigma-Aldrich
Pierce ECL Western Blotting substrate Thermo Fisher Scientific
Horse Serum Substrate Invitrogen
Hydrogen Chloride (HCI) Sigma-Aldrich
Methanol Sigma-Aldrich
N,N,N’,N’-Tetramethylethane-1,2-diamine (TEMED) Sigma-Aldrich
Paraformaldehyde Sigma-Aldrich
Percoll GE Healthcare
Phenylmethanesulfonyl fluoride (PMSF) Sigma-Aldrich
Ponceau S Sigma-Aldrich
Potassium Chloride (KCl) Sigma-Aldrich
Potassium phosphate monobasic (KH,PO4) Sigma-Aldrich
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Prolong Gold Antifade Reagent Invitrogen
Glycerol Sigma-Aldrich
Sodium Chloride (NaCl) Sigma-Aldrich
Sodium Dodecyl Sulfate (SDS) Bio Rad
Sodium Hydroxide (NaOH) Merck
Sodium phosphate dibasic heptahydrate (Na;HPO, - 7H,0) Sigma-Aldrich
2,2,2-Tribromoethanol Sigma-Aldrich
2-Methyl-2-butanol Sigma-Aldrich
Sodium deoxycholate Sigma-Aldrich
DAKO fluorescent mounting medium DAKO
Luminata Forte Western HRP substrate Millipore
Ethanol Emsure
L-a-aminoadipate Sigma-Aldrich

3.3. Experimental Design

Day 1 Day8 Day9 Day10 Day1l Day12 Day13 Day14
—_—
Cannulation Administration of Saline or L-AA Sacrifice

Figure 9 - Experimental design.

3.4. Preparation and administration of gliotoxin

3.4.1. Stereotaxic surgery

To establish the astrocyte pathology model, mice were
surgically implanted with cannula guides in the lateral ventricle
to further perform the intracerebroventricular administration
of gliotoxin L-AA (Fig. 10). Briefly, animals were anesthetized
with tribromoethanol (Avertin, 12-14 ul/g body weight,
intraperitoneal (i.p.) max 250 mg/kg) and placed on a
stereotaxic frame (Stoeling). A stainless-steel cannula (26G,

Plastics One) was implanted unilaterally and fixed to the skull

I

Behaviour

Figure 10 - Stereotaxic surgery
with dental cement, according to the following coordinates: with cannula implantation.
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anterior — posterior (AP) -0.58 mm; medial — lateral (MV) -1.13 mm; dorsal — ventral (DV)

-2.00 mm (Paxinos and Franklin, 1997).

3.4.2. L-AA preparation and administration

To prepare L-a-aminoadipate drug solution, we solubilized this L-AA in PBS and

adjusting the pH to 7.4 to help to dissolve the aminoadipate (Khurgel et al., 1996).

Animals were allowed to recover from surgery before proceeding with one
administration for three consecutive days of saline solution (PBS) or 40 pg/ul of L-AA,
being infused a total volume of 4 pl at a rate of 0.5 pl/minute, controlled by a micro-

pump (53100V, Stoeling).

The animals were gently restrained by hand and these administrations were
accomplished using a 10 pL Hamilton microsyringe, connected to a double internal
cannula (that projected 1 mm from the tip of cannula guide) through a polyethylene
tubbing. The double internal cannula was slowly withdrawn 1 minute after infusion

completion to avoid the displacement of the injected fluid by capillarity.

Since L-AA has an effect 4 hours following injection and persists up to three days
(Khurgel et al., 1996), this gliotoxin was infused in the mice brains three days before

starting the behaviour analysis, to mimic the window of time of L-a-aminoadipate effect.

3.5. Behaviour analysis

Each behavioural test was performed in sound-attenuated room with controlled
dimmed lighting conditions, predominantly set with a red source of light. All

environmental cues in the room were held constant throughout testing.

Before initiating behaviour studies, animals were handled once a day and before

each test they were up to red light habituation for one hour.

To remove the smell traces left by mice, the floor and walls of the equipment

and used objects were carefully cleaned with 70% ethanol before testing the next
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animal. To avoid influence of the circadian rhythms on performance of the animals, each
behavioural test was carried out between 8 a.m. and 1 p.m. All the behaviour tests were

carried out after the injections of PBS or L-AA.

Activity of the animals was recorded by a video camera and software. For each
test with two parts, an inter-trial interval (/T/) of 90 minutes, between sample trial and
test trial, was chosen since we wanted to evaluate short-term memory dependent of

hippocampus (Assini et al., 2009).

3.5.1. Open Field test

The open field test was designed to assess the locomotor activity, hyperactivity
and exploratory behaviour. It can also be used to evaluate anxiety and/or impulsivity,
since mice don’t appreciate bright illuminated, novel and open spaces (Cummins and
Walsh, 1976; Belzung and Griebel, 2001). This test is a trial test with no impact on the

animal’s subsequent behaviour.

Locomotor activity of C57BL/6 mice was

monitored in three consecutive days in an open field

arena (Fig. 11) and the exploratory behaviour was

evaluated by the total distance travelled in a 10

minute period and by the total time mice spent in the —“

center and periphery of the open field arena (Coelho

Figure 11 - Open field habituation test.
et al,, 2014).

This test was carried before Novel object recognition (NOR) test and Object

displacement (OD) test, functioning also as habituation to the arena.

3.5.2. Novel Object Recognition test

The NOR test has become a widely used model to assess memory performance
for the investigation of memory alterations (Silvers et al., 2007) Animals without any

neurological alterations prefer novelty since they are very curious (Ennaceur, 2010).
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This test evaluates the hippocampus and cortex-dependent memory and consists
in two phases described below: i) sample trial and ii) test trial (Clark et al., 2000;

Buckmaster, 2004) (Fig. 12):

i) In the sample trial, mice were placed in the open field arena with two
identical objects in two opposite corners, which mice could explore freely
for 10 minutes.

ii) In the test trial (90 minutes later), mice were placed again in the open field
arena and in this time one of the objects (novel) was different from the other

(familiar); mice were allowed to explore for 5 minutes.

90 min

—h— A —h—

Sample trial Test

Figure 12 - Novel object recognition test, with an ITI of 90 minutes between the two sessions.

The criteria for the exploration of the objects was defined as directing the nose
to the object at distance equal to or less than 1 cm from the object and/or touching it
with the nose. The time exploring and number of interactions with each object was
guantified manually in both sample and test trials by a blinded observer to the
experimental groups. Recognition index (RI), which corresponds to the percentage of
time mice spent exploring the novel object, was calculated as (total time spent with the
novel object / total time spent with both objects) multiplied by 100. The same was done

for number of interactions with the objects.

3.5.3. Object Displacement test

Hippocampus-dependent memory was evaluated in the object displacement test

(Fig. 13). This test consists in two phases described below: i) sample trial and ii) test trial:
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i) In the sample trial, C57BL/6 mice were placed in the open field arena with
two identical objects in two opposite corners, which animals could explore
freely for 10 minutes.

ii) In the test trial, 90 minutes later, mice were placed again in the open field
arena, except that this time one of the objects was moved from its original

position, and mice were allowed explore the objects for 5 minutes.

The criteria to define the exploration of the objects was the same as used for the
object recognition test. The time exploring and the number of interactions mice with
each object was quantified manually in both sample trial and test trial by blinded
observer to the experimental groups. Displacement index was calculated as (total time
mice spent with the displaced object / total time mice spent with both objects),

multiplied by 100. The same was done for the interactions with the objects.

90 min

—A— A —h— -

Sample trial Test

A

Figure 13 - Object Displacement test, with an ITl of 90 minutes between sample trial and test trial.

3.5.4. Elevated Plus Maze test

Anxious-like behaviour was assessed in the
elevated plus maze (EPM) test, which is based on the
propensity of mice to approach closed and dark spaces

and to avoid open and high spaces (Barnett, 1975). __

Briefly, C57BL/6 mice were placed in the center of a

plus-like elevated apparatus (Fig. 14), with two
opposing closed and two opposing open arms, which
mice freely explored the maze for 5 minutes. The time, Figure 14 - Elevated plus maze test.

With two open (white) and two closed
the number of entries and the travelled distance mice arms.
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spent in the open and closed arms was recorded (Dawson and Tricklebank, 1995). The
latency to enter in open arms, as well as the number of head dippings (each time that
mice evaluates the risk inside the open arms) and stretch-attend posture (each time that

mice evaluates the risk in the center of the elevated plus maze) was also evaluated.

Percentage of time, entries and distance mice spent in the open arms was
calculated as (total time/entries/distance spent in the open arms) divided by (total

time/entries/distance spent in open and closed arms), multiplied by 100.

3.5.5. Modified Y-maze test

The Y-maze used is a three-arm black apparatus in which the three arms

converged to a same point with an equal angle between them.

Modified Y-maze test evaluates working memory for spatial location, it depends
of the hippocampus and it is based on the innate tendency of mice to explore novelty
(Dellu et al., 1992, 1997). This test consists in two phases described below: i) sample trial

and ii) test trial, with a ITI of 90 min (Fig. 15):

i) In this phase (sample trial) only two arms of the apparatus were available
for exploration (“start arm” and “other arm”), being the third arm closed.
C57BL/6 mice were placed in “start arm” and allowed to explore for 5
minutes.

ii) 90 minutes later, the test was performed with a third arm (“novel arm”)
open. The animals were placed again in the “start arm” and left for

exploration for another 5 minutes.

The time, number of entries and distance travelled in each arm was recorded
(Dawson and Tricklebank, 1995). Percentage of time, entries and distance mice spent in
the novel arm was calculated as (total time/entries/distance spent in the novel arm)

divided by (total time/entries/distance spent in the three arms), multiplied by 100.
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90 min

Sample trial Test

Figure 15 - Modified Y-maze test, with an ITI of 90 minutes between sample trial and test trial.

3.5.6. Step-down Inhibitory avoidance test

In the training session, mice were gently placed at the platform in the middle of
the apparatus (Pagnussat et al., 2015) (Fig. 16). When they stepped down, placing their
four paws on the grid, they received a 2 second 0.5 mA scrambled foot electric shock
and then were immediately removed from the apparatus. The test session was carried
out 90 minutes after the training session. The procedure was the same, but the foot
electric shock was omitted. In both training and in test, the maximal step-down latency
was 180 seconds. Latency to step down from the platform was recorded, as a measure

of retention, using an automated stopwatch.

- 90 min Q

(2
M | V..

Sample Trial Test

Figure 16 - Step-down inhibitory avoidance test, with an ITI of 90 minutes between sample trial and test. In the
platform (green) the electric shock is not sensed.
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3.6. Neurochemical studies

Immunohistochemistry and immunoblot (Western blot) assays were performed
to assess alterations, triggered by the gliotoxin L-AA, in the morphology and/or number
of astrocytes and to determine alterations in the levels of astrocytic and synaptic
markers, respectively. The levels of astrocytic markers were measured in total extracts
of hippocampus, whereas the levels of synaptic markers were determined in
synaptosomes purified by a 45% percoll gradient, enriched in membranes of pre-
synaptic and postsynaptic terminals (Canas et al., 2009; Rodrigues et al., 2014). These
neurochemical studies were performed, 24h after behavioural tests and 96h after L-AA

or vehicle administration.

3.6.1. Brain fixation and Immunohistochemistry

Brain fixation was obtained through transcardial perfusion with a
paraformaldehyde (PFA) solution, as previously described (Cunha et al., 2006). Briefly,
mice were anaesthetized with tribromoethanol, their heart was exposed and after
clamping the descending aorta, a catheter was inserted into the ascending aorta. The
mice were perfused PBS) solution (while opening the right atria to allow the outflow of
the internal blood) and further perfused with 4% PFA in PBS. After fixation, the brain
was removed and maintained in 4% PFA in PBS solution for 24h at 42C, and then 48h in
a 30% sucrose solution (in PBS). Finally, the brain was frozen in dry ice and 30 um coronal

sections were obtained using a Leica CM1850 cryostat (Leica Microsystems).

After selecting the brain slices to be used and placed them in a multiwell plate,
it was necessary to wash them three times with PBS, under gentle agitation for 5
minutes. Then, the slices were permeabilized with 0.1% Triton in PBS for 15 minutes and
afterwards, blocked with 10% horse serum and 0.1% Triton in PBS, for one hour at room
temperature (RT). Later, the brain slices were incubated with the primary antibody
overnight at 42C. After this incubation, the slices were washed once again with blocking
solution and they were incubated with the secondary antibody for two hours at RT and

protected from the light. In the table 3 it is stated the dilution of primary and secondary
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antibodies used. Then, they were washed three times with PBS for 5 minutes and they
were incubated with DAPI (1: 5000, nucleus marker) for 10 minutes at RT under gentle
agitation and washed again with PBS. These slices were mounted on slides, pre-coated
with 2% gelatin in a 0.08% chromalin solution (chromium and potassium sulfate), with
DAKO fluorescent mounting medium or Prolong gold antifade reagent and allowed to

dry at room temperature, and further stored at -20°C until use (Canas et al., 2009).

Table 3 - Antibodies used in immunohistochemistry.

Primary Antibodies Host Supplier Reference Dilution

Glial fibrillary acidic protein (GFAP) rabbit Millipore AB5804 1:1000
Glutamine synthetase rabbit Thermo Scientific PA1-46165 1:1000
Secondary Antibodies \ Supplier Reference Dilution

Alexa Fluor 488 conjugate anti-rabbit donkey Invitrogen A-21206 1:10000
Alexa Fluor 594 conjugate anti-rabbit donkey Invitrogen A-21207 1:10000

3.6.1.1. Image acquisition and quantification of immunolabelled brain slices

For the evaluation of the number of GFAP postitive (GFAP*) cells and the
immunoreactivity of glutamine synthetase, the image acquisition was made using a Zeiss
Axiovert 200 microscope equipped with a 63x oil objective, an AxioCam HRm camera
and using Axiovision software 4.6. Each brain slice (four per experiment) was analyzed
in both hemispheres and in different regions of the hippocampus: CA1 oriens, CAl
radiatum, CA3 and dentate gyrus. For each region, an area was defined to count the
number of astrocytes (represented by GFAP* cells) or to measure the immunoreactivity

of glutamine synthetase.

For the assessment of astrocytic morphology, images of each brain slice (four per
experiment) were obtained using a Zeiss 710 Confocal Microscope, equipped with a 63x
oil objective (Plan Apo 63X/1.4 oil DICII) and using Zen software. The selection criteria
used to choose the astrocytes drew were: i) GFAP-stained structure encloses a single
DAPI-stained nucleus; ii) the main structure cannot have truncated ramifications; iii)
reconstruct the first five astrocytes per animal that fulfill the criteria mentioned above.
The images were analyzed in order to draw the 5 astrocytes per animal that were
referred previously in both hemispheres and in CA1 region of the hippocampus, and the
data obtained were quantified using Image J software and Simple Neurite Tracer was
used to draw the astrocytes (Tavares et al., 2016). The number of ramifications and the
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total length of the ramifications in each astrocyte was evaluated. Sholl analysis was also
performed to assess the number of intersections existing in each radius (Tavares et al.,

2016).

3.6.2. Preparation of total extracts and synaptosomes of hippocampus

Animals were sacrificed, under profound anesthesia (in halothane atmosphere),
and the brain was dissected out on ice, and the hippocampi were immediately isolated.
The tissue was stored with RIPA buffer (50 mM Tris, 150 mM NacCl, 1% IGEPAL (NP-40),
0.5% Sodium Deoxycholate, 1 mM EDTA and 0.1% SDS) with protease inhibitors (PMSF
(1 mM in ethanol and 0.001% of CLAP (containing 1 ug/ml of leupeptin, pepstatin A,
chymostatin, and antipain) and DTT (1mM; to prevent protein oxidation), until further

use.

For total extracts preparation, 100 pl of RIPA buffer with protease inhibitors were
added to the tissue, that was placed in a potter for homogenization (700 — 900 rpm).
The homogenate was sonicated until a homogeneous suspension was obtained. The
suspension was further centrifuged for 20 minutes at 16000 x g at 42C, and the obtained

supernatant was collected (Rodrigues et al., 2014).

To prepare synaptosomes, the hippocampus was placed in centrifuge tube with
5 ml of sucrose solution (0.32 M sucrose, 1 mM EDTA-Na and 10 mM HEPES and 1 mg/ml
BSA) and homogenized. Then, the mixture was centrifuged at 3000 x g for 10 minutes at
49C, discarding the obtained pellet that contains mainly nuclei and unbroken cells. The
obtained supernatant was further centrifuged at 14000 x g for 12 minutes at 49C, and
the pellet was collected resuspended in 1 ml Percoll 45% (45% v/v Percoll in Krebs Hepes
Ringer (KHR) solution, composed by 140 mM NaCl, 1 mM EDTA-Na, 10 mM HEPES, 5 mM
KCl and 5 mM glucose, pH 7.4). The pellets were centrifuged for 2 minutes at 16,000 x g
at 42C and the top layer was collected and resuspended in 1 ml of KHR solution.
Afterwards, this top layer, containing the synaptosomes, was centrifuged again at
14,000x g for 2 minutes and the obtained pellet was resuspended in the appropriate
volume of RIPA buffer with protease inhibitors. All solutions used had a of pH 7.4 at 42C
(Rodrigues et al., 2014).
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3.6.2.1. BCA Method for protein quantification

The bicinchoninic acid (BCA) assay STANDARD SAMPLES (triplicates)

: imetri - Y Jelelolleloleoelele)
is a method for colorimetric detection and @ .888 888888
quantification of total protein (Fig. 17). oas 888 888888

Bovi Ibumin (BSA d o1 | @ pi( L)L) 4
ovine serum albumin (BSA) was used as i | @O ® S IS
protein standard, being done a standard Y 1 1 1O]0]000]0le]e]e)
m \ @O0 OO0 OO0IOD0)

curve of 2,1, 0.5, 0.25, 0.125, 0.0625 and 0
. . Figure 17 - BCA method for protein quantification.

pug/uL of BSA. After incubation of the

samples with the mixed reagents (reagent A and reagent B) from the BCA protein assay

kit (Pierce ® BCA Protein Assay, Thermo Scientific), for 30 minutes at 37°C, absorbance

was read at 570 nm in a spectrophotometer. The resulting standard curve was then used

to determine the protein concentration of each sample in pg/uL. The samples were

normalized to place the same amount of protein in the gel.

3.6.2.2. Western blot

After protein quantification, the samples were prepared for Western blotting by
adding sample buffer 6x (30% glycerol, 10.3% SDS, 500 mM Tris, 0.6M DTT, 0.012%
bromophenol blue), followed by heating the samples at 70°C for 20 minutes. Samples

were stored at -20°C until they were used.

Gel electrophoresis was carried out in a 10% polyacrylamide resolving gel with a
4% polyacrylamide stacking gel (see Table 4). The proteins were transferred to
nitrocellulose membranes, with a constant current of 1A, for 2 hours at, approximately,
4°C. Samples moved through stacking and resolving gel sequentially in the presence of
running buffer (see Table 5). The samples were in their respective wells and run at 80V
for 15 minutes and then changed to 120V for 45 minutes to 1 hour, using an

electrophoresis system and power sources (both from Biorad).
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Table 4 - Gel electrophoresis preparation.

\ Resolving Gel (10%)

Formulation (1 gel) Stacking Gel (4%)

Acrylamide 30% 3.3mL 1.3mL
Tris-buffer 1.5 M (pH 8.8) 2.5mL -
Tris-buffer 0.5 M (pH 6.8) - 2.5mL
Water 4.1 mL 6.1 mL
SDS 10 % 100 pL 100 pL
TEMED 5L 10 plL
APS 20 % (freshly prepared, water diluted) 100 pL 100 pL

After electrophoresis, proteins were transferred to nitrocellulose membranes
with transfer buffer (Table 5), with a constant electric current of 1A, for 2 hours at,
approximately, 4°C. Membranes were then incubated with Ponceau S to stain the
protein, and then washed in distilled water. Prior to the incubation with the primary
antibody, membranes were blocked in a solution containing 5% low-fat milk in TBS-T,

for 1 hour at RT with agitation.

Table 5 - Solutions used for Western blotting assays.

Blocking Washing solution  Tris-buffered
Running Buffer | Transfer buffer . .
J solution (TBS-Tween) saline (TBS)
3 g/l Trizma 250 ml CAPS 22.1g CAPS | 5glow-fat milk 100 ml TBS 20 mM Tris-HCl
250 ml Methanol
31.33 g Bicine 11 H,0 100 ml TBS-T 900 ml H,0 137 mM NaCl
(10% v/v)
1g/1 SDS 1.51H,0 pH 11 1 ml Tween-20 H,0
H,0 pH 7.6
pH 8.3

Primary antibody (see dilution in Table 6) was diluted in a solution of 1% milk in

TBS-T and the membranes immersed in it, overnight, at 4°C. After being washed with
TBS-T, membranes were incubated with the appropriate secondary antibody (Table 6)
diluted in 1% milk in TBS-T, for 2 hours at RT. The immunolabelled bands in the
membranes were revealed with an ECL (enhanced chemiluminescent substrate for
detection of horseradish peroxidase) Western Blotting substrate kit and then visualized

in a ChemiDoc system (Bio Rad).
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Table 6 - Antibodies used for Western blotting assays.

Protein Band

Primary antibodies Supplier Reference Size (kDa)
B-actin mouse Sigma-Aldrich A5316 1:20000 42
Connexin 43 rabbit Sigma-Aldrich C6219 1:10000 43
GFAP rabbit Millipore AB5804 1:20000 50
Glutamine synthetase rabbit | Thermo Scientific PA1-46165 1:5000 42
Postsynaptic density protein 95 (PSD-95) | mouse Sigma-Aldrich P-246 1:10000 95
Sy“apt°‘°‘°ma(';?\f/i;’f'21t)ed protein2> | use |  Sigma-Aldrich 55187 1:10000 25
Synaptophysin mouse Sigma-Aldrich S 5768 1:20000 38
$100 calcium-binding protein B (S100B) mouse Abcam ab66028 1:300 11
o . — Protein Band
Secondary antibodies Supplier Reference  Dilution Size (kDa)
Anti-mouse IgG peroxidase conjugated goat Thermo Scientific 31432 1:5000 -
Anti-rabbit IgG peroxidase conjugated goat Thermo Scientific 31462 1:5000 -

To probe for other proteins in the same nitrocellulose membranes such as B-
actin for protein normalization, the membranes were reprobed. Briefly, membranes
were washed with a stripping solution (15 g/L glicine, 1 g/L SDS and 10 ml/L Tween 20)
and then blocked in a 5% milk in TBS-T solution, followed by an overnight incubation
with the primary antibody. The remaining steps, from incubation with the secondary
antibody and to determine the immunoreactivity of bands in the membrane, are

performed as described above.

3.7. Statistical Analysis

Data are expressed as mean = SEM of the indicated number of independent
experiments. A Two-way ANOVA followed by Holm-Sidak’s post-hoc test for multiple
comparisons were used in to compare the response of the two group of mice in all
habituations. To compare the mean value of a single group with a hypothetical value of
100, a one-sample t test was performed. A Student’s t test was used to test the
significance of the difference between two independent groups. In the tridimensional
analysis, multiple t tests were used to evaluate the number of ramifications
intersections along the radius from the center of the cell body. Statistical differences
were considered significant at p < 0.05 and all tests were performed using the GraphPad

Prism Software® (StatSoft Inc., La Jolla, CA, USA).
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Chapter 4 | Results



4.1. Behaviour analysis

4.1.1. Open field test

To evaluate locomotor activity and anxiety-related behaviour, which might affect
the performance of mice in memory tasks, three open field habituations were
performed to assess possible locomotor changes between saline and L-AA-treated
animals. The total distance mice travelled in the open field arena was measured, along
with the time they spent in the center and periphery of the arena to evaluate anxious-
like behaviour in mice. Results showed that saline animals travelled significant (p < 0.05)
less distance along the habituations performed in three consecutive days, which did not
happen with L-AA-treated animals since they travelled the same distance in every
habituation (Figure 18 A and 18 B). No significant differences were observed in the time

mice spent in the center of the arena between the two groups of animals (Figure 18 C).
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Figure 18 — L-AA-treated mice did not accustom to the open field arena when compared with saline animals. (A)
Distance travelled in the third habituation of the open field test by saline and L-AA-treated animals. (B) Total distance
travelled by saline and L-AA-treated mice (L-AA) in the open field test. (C) Time mice spent in the center and periphery
of the arena in the open field test. Data are presented as mean + SEM of n = 11-13 animals per group, ** p <0.01, *
p < 0.05, using a Two-way ANOVA, followed by Holm-Sidak’s post-hoc test for multiple comparisons.
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These data indicate that the L-AA-treated mice had neither motor complications nor an
anxious behaviour. However, the L-AA-treated mice appear to not accustom to open
field, since as compared with saline there were no decrease in travelled distance during
the habituation of days 2 and 3 (Hab 2 and Hab 3); the “normal” behaviour is a decrease
in the distance travelled over the days of habituation (Cummins and Walsh, 1976), which

might indicate an impulsive behaviour in L-AA-treated mice.

4.1.2. Elevated plus maze test

The elevated plus maze (EPM) test was also performed to assess putative
alterations in anxious state of the animals, since L-AA-treated mice did not familiarize
with the open field arena (see Figure 18 B). This test can measure anxiety and impulsivity
levels of mice, by measuring the percentage of time mice spent in the open arms.
Additionally, the percentage of distance and entries in the open arms as well as the
latency to first entry in the open arms, the number of head dippings (each time that
mice evaluates the risk inside the open arms) and stretch-attend posture (each time that
mice evaluates the risk in the center of the elevated plus maze) were also quantified

(Walf and Frye, 2007).

No significant differences were observed in the percentage of time and entries
in the open arms (Figure 19 B and 19 C) as well as in the number of head dippings and
stretch-attend posture between the two groups of animals (Figure 19 F and 19 G).
Despite the lack of differences in these parameters, it was possible to observe a
tendency for L-AA-treated mice to enter and spend more time in the open arms (p =
0.2694) as well as for evaluating the risk in the open arms (p = 0.2132) when compared
with saline mice (Figure 19 B and 19 F). In contrast, saline animals had a tendency to
evaluate more the risk but in the center of the elevated plus maze when compared with
L-AA-treated animals (p = 0.1093) (Figure 19 G). However, there was a significant
increase in the percentage (p < 0.05, 13.16 + 5.27%) of distance in the open arms (Figure
19 D) and a decrease in the latency to first entry in open arms (p < 0.05, -15.31 + 5.37%)

in L-AA-treated mice when compared with saline mice (Figure 19 E).
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Figure 19 - L-AA-treated mice travelled more in the open arms and took less time to enter in the open arms,
suggesting a great impulsivity. (A) Representative distance travelled by saline and L-AA-treated mice. (B) Percentage
of time spent in the open arms of the elevated plus maze. (C) Percentage of entries in the open arms of the elevated
plus maze. (D) Percentage of distance travelled in the open arms. (E) Latency to first entry in the open arms of elevated
plus maze. (F) Number of head dippings. (G) Number of stretch-attend posture. Data are presented as mean + SEM
of n =4-5 animals per group, * p < 0.05, using an unpaired Student’s t test.

4.1.3. Novel object recognition test

To evaluate L-AA’s effect on memory performance, a novel object recognition
test was performed. In the sample trial, the time that mice spent in each object was
measured to perceive if they displayed a preference for one object in particular,

although they were the same. Then, in the test trial, the percentage of time and
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interactions mice spent exploring the novel object, as well as the distance mice travelled

in the open field arena during the test were quantified.

In the sample trial, no significant differences were observed in the exploration of
both objects between saline- and L-AA-treated mice (Figure 20 A). Regarding the test
trial, no significant differences were also observed in the Recognition index as well as in
the percentage of interactions with the novel object nor in the distance between the

two groups of animals (Figure 20 B, 20 C and 20 D).
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Figure 20 - No significant differences were observed between saline and L-AA-treated mice in NOR test, assessing
hippocampus and cortex-dependent memory. (A) Time mice spent exploring both objects in the sample trial. (B)
Percentage of time mice spent exploring the novel object in the novel object recognition test. (C) Percentage of
interactions mice had with the novel object in the novel object recognition test. (D) Distance travelled in the open
field arena during the novel object recognition test. Data are presented as mean + SEM of n = 12 animals per group,
p > 0.05, using an unpaired Student’s t test.

4.1.4. Object Displacement test

To assess hippocampal-dependent memory performance, an object

displacement test was performed. In the sample trial, the time mice spent in each object
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was measured to see if they displayed a preference. Then, in the test, percentage of
time and interactions mice spent exploring the displaced, as well as the distance mice

travelled in the open field arena during the test were quantified.

Results showed no significant differences were observed in the exploration of
both objects between the two groups of animals (LAA-treated and saline-treated) in the
sample trial, as well in the percentage of interactions mice had with the displaced object
and distance travelled during the test (Figure 21 A, 21 C and 21 D). However, L-AA-
treated animals displayed a significant decrease of (p < 0.05; -15.31 + 7.11%) in the
percentage of time mice spent exploring the displaced object. These data indicate that

LAA-treated mice had memory impairments (Figure 21 B).
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Figure 21 — L-AA-treated animals spent less time exploring the displaced object, indicated that these mice had
memory deficits (A) Time mice spent exploring both objects in the sample trial. (B) Percentage of time mice spent
exploring the displaced object in the object displacement test. (C) Percentage of interactions mice had with the
displaced object in the object displacement test. (D) Distance travelled in the open field arena during the object
displacement test. Data are presented as mean + SEM of n = 9-10, * p < 0.05, using an unpaired Student’s t test.
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4.1.5. Modified y-maze test

To evaluate hippocampal-dependent working memory for spatial location, a
modified Y-maze test was performed (Conrad et al., 1996; Dellu et al., 1997). The
percentage of time mice spent in the novel arm, as well as the percentage of entries and

distance travelled in the same arm were measured.

Results showed that L-AA-treated mice spent significant (p < 0.05, -17.29 +
6.65%) less time in the novel arm when compared with saline mice (Figure 22 A). No
significant differences were observed in the percentage of entries and distance travelled

in the novel arm between the groups of animals (Figure 22 B and 22 C).
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Figure 22 - L-AA-treated mice spent less time in the novel arm. (A) Percentage of time spent in the novel arm of
modified y-maze test. (B) Percentage of entries in the novel arm of the modified y-maze test. (C) Percentage of

distance travelled in the novel arm. Data are presented as mean + SEM of n = 12-14, * p < 0.05, using an unpaired
Student’s t test.

4.1.6. Step-down inhibitory avoidance

To evaluate learning and memory processes in these animals, a step-down
inhibitory avoidance test was performed. In both sample trial and test, the latency to

step down the platform was measured.

No significant differences were observed in both phases of the step-down
inhibitory avoidance test (Figure 23 A), but it was possible to observe a tendency in L-
AA-treated mice to take less time (p = 0.0618) to step down the platform when

compared with saline mice (Figure 23 B). These data indicate a great impulsivity in L-AA-
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treated mice, which are in accordance with the data gathered in EPM and also, in OF

tests.
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Figure 23 - L-AA-treated mice had a tendency to take less time to step down of the platform when compared with
saline mice. (A) Latency to step down of the platform in the sample trial. (B) Latency to step down of the platform in
the test. Data are presented as mean + SEM of n = 9-11, p > 0.05, using an unpaired Student’s t test.

4.2. Neurochemical studies

4.2.1. Immunohistochemistry

4.2.1.1. Number of GFAP* cells and immunoreactivity of glutamine synthetase

Since L-AA is a gliotoxin, it was important to assess the impact of its
administration on astrocytes number and morphology and also in the levels of GFAP and
glutamine synthetase (GS) in the hippocampus. GFAP is an astrocytic protein usually
used to label astrocytes and its reactivity, whereas GS is a protein present in astrocytes
involved in the glutamate-glutamine cycle. Thus, immunohistochemistry analyses were
performed to assess the percentage of GFAP* cells and the levels of GS immunoreactivity
of in L-AA-treated mice when compared with saline animals. For both evaluations, four
regions of the hippocampus (CA1 oriens, CA1 stratum radiatum, CA3 and dentate gyrus)

were analyzed.

Results showed that there was a significant (p < 0.05) decrease in the number of
GFAP* cells in CA1 oriens (-10.97 + 3.32, n = 5), CA1 stratum radiatum (-5.04 £+ 0.89, n =

5) and CA3 (-9.72 + 2.70, n = 5) regions of the hippocampus in L-AA-treated mice when
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compared with saline mice, which did not happen in dentate gyrus (9.31 + 3.80, n = 5)
(Figure 24 A and 24 B). In contrast, no significant differences were observed in the
immunoreactivity of glutamine synthetase in any of the regions of the hippocampus
(CA1 oriens: -4.67 + 3.61, n = 5; CA1l stratum radiatum: -4.34 + 4.22, n =5; CA3:-5.37 #
5.05, n =5; dentate gyrus: -9.12 + 7.03, n = 5) between the two groups of animals (Figure
24 A and 24 C).
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Figure 24 - Effect of L-AA administration in GFAP* cells and in glutamine synthetase immunoreactivity. (A)
Representative images of immunohistochemical labelling of brain slices with DAPI (nuclei marker, first line, blue),
GFAP (second line, green) and glutamine synthetase (third line, red). (B) Percentage of GFAP* cells in the four regions
of the hippocampus of L-AA-treated animals when compared with saline animals. (C) Percentage of glutamine
synthetase immunoreactivity in the four regions of the hippocampus of L-AA-treated animals when compared with
saline animals. Results are presented as percentage of saline. The images were taken in a fluorescence microscope
with a magnification of 40x. Scale bar - 100 um. Data are expressed as mean * SEM of n =4-5, ** p < 0.01, * p < 0.05
using a one sample t-test compared with the hypothetical value of 100.
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4.2.1.2. Astrocytic morphology

To evaluate possible modifications in astrocytic morphology, upon L-AA
administration, an immunohistochemistry was performed (Fig. 25). In this case, we
wanted to evaluate the number and total length of ramifications as well as the number
of intersections per radius and the maximum radius of the ramifications in the CA1l
region of the hippocampus. The maximus radius represents the value more distant from
the center of the cell body that each astrocyte reaches. For that, we first identified the

center of the cell body and then we drew every ramification that came from within (as

described in material and methods, section 3.6.1.1.).
Saline L-AA

Figure 25 - Hippocampal astrocytes morphology is altered under L-AA infusion. (A) Representative images of
immunohistochemical labelling of brain slices with DAPI (nuclei marker, blue) and GFAP (ramifications, green). The
images were taken in a confocal microscope with a magnification of 63x and a tridimensional analysis was performed.
Scale bar - 10 um.

Results showed that L-AA-treated animals had more (saline =99.31 + 5.67; L-AA
= 118.60 + 4.69) and longer (saline = 1312 + 66; L-AA = 1502 + 39) ramifications that
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saline animals (Figure 25, 26 A and 26B). No differences were observed in the maximum
radius of astrocytes ramifications (saline = 41,43 + 1,08; L-AA = 41,54 + 1,67) between
the two groups (Figure 26 C). Regarding the number of intersections of ramifications per
radius, L-AA-treated mice had more intersections at 4 um and 16 um of distance from
the center of the cell body, as shown by the sholl analysis, when compared with saline

mice (Figure 26 D).
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Figure 26 - L-AA administration affected hippocampal astrocytes morphology. L-AA-treated mice had more and longer
ramifications than saline animals. (A) Number of ramifications in astrocytes of both groups of animals. (B) Total length
of ramifications of astrocytes of both groups. (C) Maximum radius of the ramifications of astrocytes. (D) Number of
intersections of ramifications per radius, assessed by Sholl analysis. The images were taken in a confocal microscope
with a magnification of 63x. Scale bar - 10 um. Data are expressed as mean + SEM of n = 13, * p < 0.05 using an unpaired
Student’s t test for comparisons between two groups and multiple t tests for comparisons between each group of
animals and each radius.
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4.2.2. Quantification of protein levels by Western blot

4.2.2.1. Astrocytic markers

To evaluate if astrocytic pathology model impacted on its protein levels in
hippocampus, a Western blot analysis was performed. Relative densities of proteins

expressed by astrocytes, such as GFAP, S1008, GS and connexin 43, were quantified.

No significant differences were found in S1008 (3.70 + 24.01%, n = 5) and in
glutamine synthetase (5.10 + 5.23 %, n = 6) immunoreactivity between L-AA-treated
mice and saline mice (Figure 26). In contrast, both GFAP (-26.97 + 8.58, n = 6) and
connexin 43 (-16.36 + 6.36, n = 6) were significantly (p < 0.05) downregulated in L-AA-

treated mice when compared with saline mice (Figure 27).
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Figure 27 - GFAP and connexin 43 are downregulated in the hippocampus in L-AA-treated mice. (A) Density of
GFAP, glutamine synthetase, S1008 and connexin 43 in L-AA-treated mice in the hippocampus. (B) Representative
Western blot of GFAP, glutamine synthetase, S100B, connexin 43 and B-actin levels in total extracts membranes of
saline animals and L-AA-treated animals (L-AA). B-actin was used as control for protein loading. Results are presented
in percentage of saline total extracts. Data are expressed as mean + SEM of n = 5-6 per group, * p < 0.05 using a one
sample t-test compared with the hypothetical value of 100.

4.2.2.2. Synaptic markers

To gain further insight to whether the astrocytic pathology model impacted at
the synaptic level in the hippocampus, a Western blot analysis was performed. Relative

densities of presynaptic proteins, synaptophysin and SNAP-25, were quantified. The first
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protein is present in synaptic vesicles, and the second is a component of the SNARE
protein complex, which is involved in vesicle fusion to cell membrane, respectively
(Masliah and Terry, 1993). Additionally, we addressed whether this model affected the
density of PSD-95, a general postsynaptic marker of excitatory neurons (Cho et al.,
1992). No significant differences were found in the immunoreactivity of any of the
synaptic proteins, SNAP-25 (14.50 + 12.22%, n = 5), synaptophysin (10.00 £ 17.40%, n =
5) and PSD-95 (13.20 + 11.60%, n = 5) between L-AA-treated animals compared to saline

animals (Figure 28).
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Figure 28 - No significant differences were observed in synaptic proteins in L-AA-treated animals (A) Density of
synaptophysin, SNAP-25, and PSD-95 in L-AA-treated mice in the hippocampus. (B) Representative Western blot of
Synaptophysin, SNAP-25, PSD-95 and B-actin levels in synaptosomal membranes of saline animals and L-AA-treated
animals (L-AA). B-actin was used as control for protein loading. Results are presented as percentage of saline total
extracts. Data are expressed as mean + SEM of n = 5 per group, p > 0.05, using a one sample t-test compared with the

hypothetical value of 100.
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Chapter 5 | Discussion



Nowadays, it is accepted that astrocytes make part of the synapse, having a
crucial role in the regulation of synaptic transmission through the uptake of glutamate
and GABA, and also by the release of gliotransmitters, such as ATP and glutamate (Wang
and Bordey, 2008; Orellana et al., 2016). Synaptic plasticity, which consists in
modifications of synaptic strengths through cellular mechanisms of long-term
potentiation (LTP) and long-term depression (LTD), is widely believed to be the
neurophysiological basis of memory formation and storage (Martin et al., 2000; Morris
et al., 2003). Astrocytes dynamically interact with neuronal synapses via fine processes,
being currently known that in response to synaptic plasticity, these glial cells rapidly
move towards and enwrap active synapses, supporting the stabilization and the
preservation of active synaptic connections (Allen, 2014). It is widely known that
synapse dysfunction and loss are early events associated with memory deficits in several
brain disorders associated with cognitive deficits, such as in Alzheimer’s disease, which
usually occurs before signs of neuropathology of amyloid deposits and neuronal death
(Terry et al., 1991; Chung et al., 2015b). However, there are lacking of experimental
evidences supporting that the abnormal function of astrocytes could impact on

hippocampal synaptic plasticity, and consequenty in memory.

The present study was planned to study the impact of hippocampal astrocytic
dysfunction on memory, correlating this alteration with morphological and molecular
(astrocytic proteins) alterations of astrocytes. Thus, we used an astrocytic pathology
model, consisting in the intracerebroventricular administration of a selective astrocyte
toxin, L-a-aminoadipate (L-AA), previously validated by our group (Pereira, 2017) as a
trigger of astrocyte dysfunction. This gliotoxin that is taken up by astrocytes through
glutamate transporters and inhibits the glutamine synthetase, causing alteration in
glutamate homeostasis. There are reports that this gliotoxin trigger and a decrease in
astrocytes in prefrontal cortex, which impairs cognition of adult , and also in amygdala
of rats (Khurgel et al. 1996; Lima et al. 2014); however, studies about the impact of

astrocytes blunting on hippocampus and memory are scarce.

During the establishment of our model of hippocampal astrocytic pathology
model, it was necessary to adjust several parameters: i) cannula implementation in the

in the middle of the left lateral ventricle (choice of stereotaxic coordinates), since we
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wanted the dispersion of the gliotoxin throughout a region close to hippocampus
(Feinberg and Mark, 1987) and the method of fixing the cannula to the skull to hinder
its removal by animal, ii) surgery recovery period before L-AA or saline infusion; iii) L-
AA or saline administration (concentration and infusion rate, as well as the method for
restraint mice during the drug infusion, to minimize mice discomfort and stress, iv) lag
phase between L-AA or saline infusions and behavioural testing (so this period do not
exceed the three days in which L-AA has effect (Khurgel et al., 1996). Nevertheless, after
all parameters were defined, the experiments carried out with this model of

pharmacological astrocytic ablation provided us several interesting results.

From the behaviour analysis of the mice subjected to the icv infusions of L-AA,
we could observe that astrocytic blunting led to impairments in memory and cognition.
When the open field habituations were performed, we expected to see a reduction in
locomotor activity through all the habituations in both saline and L-AA-treated mice,
since we did not want mice to be anxious or stressed (Cummins and Walsh, 1976). Both
saline and L-AA-treated mice showed no motor difficulties or anxious behaviour.
However, we observed that animals infused with L-AA could not habituate in the same
way as saline animals, since they travelled the same distance in the three habituations,
which might suggest that L-AA-treated animals could be more impulsive. So, to confirm
this putative impulsivity, the elevated plus maze test was performed and results showed
that animals infused with L-AA travelled more in the open arms, took less time to enter
in those arms and had a tendency to spend more time and evaluating the risk in the
open arms when compared with saline animals. These results seems to indicate that the
L-AA infused mice in the lateral ventricle had an increased impulsivity that is mainly a
behaviour more related with the striatum and substantia nigra and with the
dopaminergic system (Cho et al., 2014). Nevertheless, we did not have time to explore

putative alterations in these area in our mice model of astrocytic pathology.

Regarding memory performance, we observed that L-AA-treated animals had no
memory deficits in Novel Object Recognition (NOR) test, however, this group of animals
have a significant reduction in the performance of carried out Object Displacement (OD)
test. These two tests, despite appearing very similar, they have some differences: i) in

the objects during test trial: the NOR test has two dissimilar objects, whereas OD has
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two similar objects, but one of them was displaced; ii) the brain regions that both tests
assess are different: OD is more hippocampal dependent, being necessary for encoding,
consolidation and retrieval of memory and it is sensitive to manipulations in CA1 region
(Assini et al., 2009; Haettig et al., 2011; Vogel-Ciernia and Wood, 2015), whereas NOR
depends on insular cortex, perirhinal cortex and ventromedial prefrontal cortex, besides
hippocampus (Winters et al., 2004; Bermudez-Rattoni et al., 2005; Akirav and Maroun,
2006; Balderas et al., 2008). Furthermore, we also observed memory impairments in L-
AA-treated animals, since they spent significant less time in the novel arm of Modified
Y-Maze test, as compared with saline animals. We also saw that in the step-down
Inhibitory avoidance, L-AA-treated animals had a tendency to take less time to step
down of the platform when compared with saline animals. Taken together, these data
indicate that the hippocampal-dependent memory was particularly affected in mice

chronically infused in one lateral ventricle with the gliotoxin, L-AA.

It is well-known that hippocampus has an important role in certain forms of
memory (Scoville and Milner, 2016). However, this region of the brain has gain more
insight, not only in the formation of memories, but also in information processing and
the subsequent regulation of behaviour (Bannerman et al., 2004). Increasing evidences
showed that the ventral hippocampus plays an important role in fear and/or anxiety
(McHugh et al., 2004). Lesions in this subregion of the hippocampus had demonstrated
diminished levels of freezing after the delivery of a mild foot shock, anxiolytic properties
in anxiety tests and reduced plasma corticosterone levels following exposure to a
stressful situation (Richmond et al., 1999; Kjelstrup et al., 2002; Bannerman et al., 2003;
McHugh et al.,, 2004). Thus, it is possible that when administrating L-AA, mice lose
astrocytes in the hippocampus, resulting in short-term memory impairments and in

greater impulsivity, defined by lower anxiety.

Concerning the immunohistochemistry assays, we assessed the impact of L-AA
administration on astrocytic levels of GFAP and glutamine synthetase (GS) in the four
regions of the hippocampus (CA1 oriens, CA1 stratum radiatum, CA3 and dentate gyrus),
as well as astrocytes number and morphology. We obtained a significant decrease in
GFAP positive cells in CA1 oriens, CA1l stratum radiatum and CA3 regions of the

hippocampus in L-AA-treated mice compared with saline mice, whereas the GS
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immunoreactivity was not affected in none of the regions studied. These data are in
accordance with those obtained by immunoblot assays, where we measured the levels
of GFAP and GS in hippocampus lysates (of the hemisphere infused), and it was found
that L-AA-treated mice had significant lower GFAP levels, but not of GS, compared with
control animals (vehicle injected). Accordingly, it was reported that GS expression does
not positively correlate with the expression or levels of GFAP (Rose et al., 2013). Changes
in the expression/activity of GS, which regulates astrocytic glutamate—glutamine cycle
and consequently glutamate uptake from synaptic cleft by astrocytes, are associated
with neurodegenerative diseases and mental disorders (Rose et al., 2013; Pekny and
Pekna, 2014); however, our model was not properly a model of a chronic brain disorder.
Beside the significant decrease in the levels of GFAP, we also observed a significant
reduction in connexin 43 levels in the hippocampus of L-AA mice. The connexin 43 is
main component of hemichannels, which can form also gap junctions (joining of two
hemichannels of adjacent cells), which are crucial to form an astrocytic syncytium
(Giaume and Liu, 2012). Curiously it was reported that downregulation of connexin 43
impair the syncytium formation, and this syncytiopathy is responsible for memory
impairment in patients with severe depression (Mitterauer, 2010). Furthermore, our
data showing decreased levels of connexin 43 matched with those observed in GFAP
reduction (positive cells and density) and in the memory impairment observed in L-AA
mice. Regarding the protein S100B, no alterations were observed in its levels when
compared L-AA-treated and vehicle-treated mice, although a considerable variation of
this protein levels was detected (high SEM, see Fig. 26). S100p is secreted by astrocytes
upon brain injury or disease and can have pro-survival or pro-apoptotic effects
depending on the concentration reached in the extracellular environment (Villarreal et
al., 2011); thus, the quantification of S100B did not allow us to draw significant

conclusion about astrocytes blunting or ablation.

For synaptic levels, we observed that L-AA did not affect synaptic proteins,
mainly the synaptophysin, SNAP-25 and PSD-95, since no significant differences were
observed in the levels of these proteins between saline and L-AA-treated mice.
Although, in some studies, it was referred that the L-isomer of a-aminoadipate exerted

its toxic effects in glial cells and in neurons, unlike the D-isomer that only affected non-
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neuronal cells (Olney et al., 1980); this contradictory data might be due to the high L-AA
doses used or to the age of animals that were used. Indeed, there were more studies
that proved otherwise (Huck et al., 1984; Takada and Hattori, 1986; Khurgel et al., 1996).
Experiments performed in cell cultures shown that this L-isomer (L-AA) did not affect
neurons, since the loss of most of the astrocytes present in cultures did not disturb the

survival of neurons, (Huck et al., 1984).

Other aim of our work was the assessment of alterations in hippocampal
astrocytes morphology triggered by the gliotoxin L-AA, since it is known that
morphological alterations in the astrocytes reflects in part changes in astrocytes
function (Heller and Rusakov, 2015; Khakh and Sofroniew, 2015). Moreover, our group
have data showing that L-AA treatment of hippocampal slice of mice affect the synaptic
plasticity, of LTP and LTD type (Pereira et al., 2018, poster). Thus, we used one recent
validated tool to assess tridimensional structure of GFAP-labeled astrocytes in CA1l
region of hippocampus (visualized by confocal microscopy) in a simple, efficient and
semi-automated manner in order to determine alterations in the number and length of
astrocytes ramifications (Tavares et al.,, 2016). The tridimensional analysis of
hippocampal astrocytes of L-AA-infused and vehicle-infused control mice revealed that
the first group of animals had a significant increase in the number and length of the
ramifications, as compared with control group (see Fig. 25). Although in both animal
groups the number (5-6) of astrocytic primary branches were similar, L-AA also
increased the number of intersections in radius closer to the cell body, suggesting a
higher complexity of astrocytes near the cell body. It should be referred that we are
aware of GFAP labeling might underestimate the number of and length of astrocytic
ramifications, since other studies using fluorescent dye to fill the astrocytes and electron
microscopic examination confirmed that GFAP delineates only about 15% of the total
volume of the astrocyte (Rusakov et al., 2014). However, the method we used was
rigorously validated and is widely used by others, and we did a comparative study

between the L-AA-treated and vehicle-treated (control) mice.
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Chapter 6 | Conclusions
and Future Perspectives



Conclusions:

+* The gliotoxin, L-a-aminoadipate impaired hippocampal-dependent memory, and

also increased the impulsivity in mice;

X/

+» L-AA significantly downregulated the astrocytic protein markers, GFAP and
connexin 43, but did not affect the levels of synaptic protein markers, suggesting

that it did not affect neurons;

+ L-AAincreased the number and length of astrocytes ramifications, as well as, the

level of ramifications complexity near the cell body.

Non-pathological conditions Astrocytic pathology induced by L-AA

GIn O

ng =

‘0
GLAST

Memory unaffected Memory deficits

Figure 29 - Astrocytes in non-pathological conditions vs. pathology induced by L-a-aminoadipate. In an astrocytic
pathology induced by L-AA, there is the competition between this gliotoxin and glutamate to enter in astrocytes
through Na*-dependent glutamate transporters, GLT-1 and GLAST. L-AA inside the astrocytes inhibits glutamine
synthetase (GS) and consequently the conversion of glutamate (Glu) into glutamine. The exposure to L-AA cause an

increase in the number and length of hippocampal astrocytic ramifications, which go along with memory deficits.

Future perspectives:

¢ Assess the impact of astrocytes blunting in a mice model of Alzheimer’s disease;

X/

« Evaluate the role of an astrocytic pathology in other brain regions, particularly in

the striatum (due to impulsivity observed in icv L-AA infused mice).
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