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Resumo

A capacidade de regenereacao do sistema nervoso (SNC) central é limitada, gerando um desafio
para a producdo de novas terapias. Estudos recentes do nosso laboratorio evidenciaram um
potencial interessante para a aplicacdo de células estaminais mesenquimatosas (MSC) como um
potencial agente terapéutico para o SNC no qual o seu secretoma (secrecao de fatores troficos
e vesiculas) tem sido descrito como o principal mecanismo de acao, capaz de estimular
neurogénese e a sobrevivéncia de células gliais. Neste contexto, astrocitos tem grande
importancia na homeostase do SNC modulando importantes funcées como neurotransmissao,
fluxo sanguineo e neurogénesis. Portanto, este projeto teve o objetivo de investigar o papel
dos astroocitos nos efeitos modulatorios promovidos pelo secretoma de MSC’s nomeadamente
nos seus niveis de proliferacao e nas densidades gliais. Para isso, foi utilizado um modelo animal
transgénico que possui o complexo SNARE bloqueado, reduzindo desta forma a transmissdo
astrocitica. Adicionalmente, a morfologia destes astrocitos foi estudada. Como controlos,
foram usados murganhos C57BL/6. Uma semana apos a injecao com o secretoma, procedeu-se
a avaliacoes histologicas, os tecidos foram marcados para Ki-67 e GFAP e contramarcados para
DAPI. O secretoma apresentou um papel estimulatorio sob os niveis de proliferacdo
evidenicados pelo maior nimero de células positivas para Ki-67 na zona sub-granular do
hipocampo nos animais wild type e nos SNARE high, sendo a transmissao astrocitica importante
para tal processo tendo em vista que, em comparacdo com animais SNARE low, os niveis de
proliferacao foram reduzidos, adicionalmente, o secretoma elevou a proliferacao de celulas
gliais radiais (RGC) apenas nos animais Snare High, mostrando um possivel efeito compansatorio
sob a reducado da transmissao glial. Adicionalmente, os animais tratados com secretoma que
possuiam expressdao do transgene, apresentaram morfologia hipertréfica e mais complexa
quando comparados com animais wild type. Os resultados encontrados devem ser considerados
com parcimonia pela natureza exploratoéria do presente estudo, vale a pena reasaltar que é a
primeira vez que este tipo de abordagns experimentais e analises é desenvolvido neste modelo

animal.

Palavras-chave

Secretoma, astrocitos, célula estaminal mesenquimatosa, proliferacao, morfologia
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Resumo Alargado

A capacidade de regenereacao do sistema nervoso (SNC) central é limitada, e os processos
fisiologicos que a governam sao complexos, criando um desafio na geracdo de novas terapias.
Atualmente diversas classes terapéuticas tem sido estudas e entre elas a terapia celular tem
ganhado crescente atencdo na comunidade cientifica.

Estudos recentes do nosso laboratorio evidenciaram o potencial a aplicacdo de células
estaminais mesenquimatosas (MSC) como agente terapéutico para o SNC, no qual o seu
secretoma (fatores troficos e vesiculas) tem sido descrito como o principal mecanismo de acao,
capaz de estimular processos como a neurogénese, diferenciacao neuronal, crescimento axonal
e a sobrevivéncia de células gliais, processos essenciais para recuperacao funcional do SNC. De
fato, dados obtidos em modelos animais, de doencas como a doenca de Parkinson ou lesdes na
medula spinhal mostraram aumentos da capacidade funcional, reducao da area de lesao
tecidual e reducao da resposta inflamatoria. Atualmente a assinatura molecular do secretoma
é estudadar com objetivo de identificar os componentes responsaveis pelos efeitos benéficos e
tem sido dada especial atencao as vesiculas extracelulares como exosomas e microvesiculas, ja
que estes norteiam a comunicacao celular e tem a capacidade de alterar respostas teciduais a
lesao em diversos modelos animais.

Neste contexto, astrocitos apresentam elevada importancia por estarem envolvidos em diversos
processos homeostaticos no SNC, participando de eventos de neurotransmissao, regulacao do
fluxo sanguineo e da neurogénese, bem como em respostas a lesdes agudas ou doencas de
carater neurodegenerativo. Portanto, este projeto teve o objetivo de avaliar histologicamente,
o papel dos astrdcitos nos efeitos modulatorios promovidos pelo secretoma de MSC’s
nomeadamente nos niveis hipocampais de proliferacao e sob as densidades astrogliais. Para
isso, foi utilizado um modelo animal transgénico que possui o complexo SNARE bloqueado
denomeado dnSNARE. Neste modelo, ocorre uma importante reducao significativa nos eventos
exocitoticos reduzindo desta forma a transmissdo astrocitica. Adicionalmente, a morfologia
destes astrocitos foi estudada em resposta ao tratamento com o secretoma. Como controlos,
foram usados murganhos C57BL/6 com transmissdo astrocicita inalterada. Uma semana apos a
injecdo do secretoma, os animais foram sacrificados e procedeu-se a avaliacdes histologicas,
para marcadores de proliferacao e para marcadores de astrocitos. Os tecidos foram submetidos
a immunohistoquimica para Ki-67 e GFAP e contramarcados para DAPI, e submetidos a
microscopia confocal para obtencdo de imagens em trés dimensdes. Foram feitas contagens de
células proliferativas na zona sub-granular do hipocampo e no hilus, e para astrocitos na
camada celular granular. O secretoma apresentou um papel estimulatorio nos niveis de
proliferacao, evidenicados pelo maior nimero de células positivas para Ki-67 na zona sub-
granular do hipocampo nos animais wild type e sob menor dimensao nos SNARE high,

evidenciando a importancia da transmissdo astrocitica neste processo. O secretoma aumentou



a proliferacdo de celulas gliais radiais (RGC) apenas nos animais SNARE High, mostrando um
possivel efeito compansatorio sob a reducao da transmissao glial, o que podera justificar a
maior proliferacao na zona sub-granular.

Nao foram encontradas deiferencas nas densidades astrogliais entre os diferentes grupos
experimentais.

Adicionalmente, os animais tratados com secretoma e que possuiam elevada expressao do
transgene, SNARE High apresentaram caracteristica morfologia hipertréfica e mais complexa
em comparacao com animais WT. Os animais com expressao do transgene baixa Snare Low
apresentaram maior complexidade morfologica apenas marcada pela analise de Sholl. Salienta-
se que os resultados apresentados devem ser considerados com parcimonia dado a natureza
exploratdria do presente estudo. Vale a pena resaltar que é a primeira vez que este tipo de

abordagens experimentais e analises é desenvolvido neste modelo animal.

Palavras-chave
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Abstract

The central nervous system (CNS) has a limited auto-regeneration capacity, which makes it
challenging for the development of new therapies. Previous studies from our lab have
demonstrated the applicability of mesenchymal stem cells (MSCs) as a possible therapeutic too
for CNS, in which their secretome (e.g. the secretion of trophic factors and vesicles) has been
described as the most probable mechanism of their therapeutic action, due to its ability to
stimulate/modulate neurogenesis. Glial cells as astrocytes are important players in neural
activity and in the modulation of neurotransmission, thereby being crucial elements in
neurogenesis. Thus, in the present project, we aimed to evaluate the impact of astrocytes on
the effects promoted by the application of MSCs secretome as a therapeutic tool for the
modulation and generation of new neurons. For this, MSCs secretome was injected into the
dentate gyrus (DG) of the hippocampus of a transgenic animal model (with the SNARE complex
blocked) without astrocytic transmission, and therefore with their function partially depleted.
Additionally, morphological features of astrocytes were assessed. As controls wild type Black 6
mice, in which the astrocytic function has not been depleted were used. One week after
secretome treatment, animals were sacrificed, and brains collected for molecular and
histological analysis. Pre-frontal cortex tissue was used to perform a transgene analysis in order
to divide the experimental groups in wild type (Wt), Snare high and Snare low (animals
presenting different patterns of gene expression). Brains were immuno-stained for GFAP and
Ki-67 and assessed under a confocal microscope for proliferations levels at the SGZ of the
hippocampus, at the hilus, for counting of radial glial cells at the SGZ and for GFAP+ densities
at the DG. Confocal images were also employed for morphological analysis.

Results demonstrated increased levels of proliferation for Wt and Snare high animals at the SGZ
when compared to Snare low when treated with secretome, furthermore, secretome increased
levels of proliferating radial glial cell in Snare high animals. Morphological assessments revealed
increased process hypertrophy and complexity in snare animals treated with secretome. The
results could be attributed to trophic factors present in the secretome, previously shown to
increase proliferation at the DG and also to alter astrocyte morphology. The impact of
transgene expression is harder to explain, nevertheless, impaired exocytosis from astrocytes
could have implications for the response to a proliferative stimulus given the established

autocrine signaling trough this mechanism.
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Secretome, astrocytes, mesenchymal stem cell, proliferation, morphology
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Chapter 1 - Introduction

1.1. The central nervous system regenerative capacity

Central nervous system regeneration is a hard feature to achieve in the human diseased brain.
Although other species such as the zebra fish and even rodents present considerable
regenerative capacity, traumatic lesion to the human brain have devastating effects with
severe life-threatening risk and strongly associated co-morbidities (Williams et al., 2014; Otero
et al., 2018).

In fact, this inherent incapability for regeneration was challenged by Santiago Ramon y Cajal
more than 90 years ago, the results of the experiments were published in his book entitled
Regeneration and Degeneration of the Nervous System for the first time in English in 1928. This
results presented compelling evidence for the possibility of growing axons either from
peripheral or central nervous tissue in response to the exposure to growth-promoting substrates
originated from peripheral nerves, challenging his very own decree from only 2 years before
“In adult centers the nerve paths are something fixed, ended, immutable. Everything may die,
nothing may be regenerated” (DeFelipe, Jones, 1991) (Silver et al., 2015; Williams et al., 2014).
Since then our understanding of the cellular and molecular basis of CNS trauma and
degeneration have evolved as well as the research avenues that aims to one day provide system-
wide regeneration of the CNS tissue.

In aiming for CNS regeneration, a list of barriers must be surpassed in order to subvert the
damages caused by an injury or prolonged neurodegeneration, a graphic representation of this
barriers as well as the mechanisms that gives support to regeneration is present in (Figure 1)
at the end of this section. Firstly, and probably the most important feat to be achieved is a
way of promoting neuroprotection of the local cell population but also fostering cell
proliferation and differentiation. Secondly, the promotion of sustained and controlled axonal
growth coupled with efficient remyelination that targets the enforcement of synaptic
connections. Thirdly, angiogenesis needs to exist in order to provide metabolic support to the
area in regeneration, and finally, the complete restoration of the local homeostasis is achieved
after repair of the blood brain barrier.

In the case of a traumatic injury to the CNS, laceration, contusion and compression are the
three pillars of the first injury and the cause for the disruption of local homeostasis, it results
in cell death, but also amplifies into a second wave of injury related mechanisms such as
ischemia, ionic imbalance mediated cell death, glutamatergic excitotoxicity, inflammation and
hemorrhage (Ahuja et al., 2017). This second injury thereby magnify the damage caused by the
first insult ultimately leading to cystic cavity and astroglial scar. Therefore, strategies should
target the mechanisms of secondary injury in order to prevent the amplification of damage to

spread into functional areas (Silva et al., 2013).



Neuroprotection is a key aspect that is currently being given considerable attention and
numerous studies using a diverse range of strategies aiming at neuroprotection, did accomplish
positive functional outcomes (Santamaria and Guest, 2017).

Currently, some drugs are now being tested in clinical trials with mechanistic goals ranging
from (excitotoxicity reduction, hemorrhage and inflammation control, and promotion of neurite
sprouting, or angiogenesis). (Ulndreaj et al., 2017).

Additionally, emerging therapies such as stem cell therapy are under intense pre-clinical
investigation. In this context mesenchymal stem cells (MSC’s) are promising due to their ability
to reduce inflammation, and most importantly due to the secretion of neurotrophic factors that
have been shown to promote neuroprotection. (Squillaro et al., 2016; Inés et al., 2019)

In regard to axonal damage and regrowth, their molecular characteristics are complex and,
currently not fully established, nevertheless, according to the current evidence, it is possible
to make some considerations, in this sense, axonal damage varies according to cell type, injury
type and severity and also affected area. It is known that upon injury, a myriad of events takes
place ultimately leading to axonal degeneration. (Egawa et al., 2017) For instance, the
disruption of cell membranes leads to disrupted metabolic coupling among neuron and glial
cells generating an environment of neuronal energy and metabolite deficiency, the
dysregulation of ionic gradients for instance causes intracellular signaling pathway disturbance
and microtube cytoskeleton destabilization, what together culminates in axonal dieback from
both ends. (Filous et al., 2017; Silver et al., 2015).

Attempts of intrinsic neuronal regeneration have been reported, and those showcase the
existence of regenerative mechanisms contained within neurons that unfortunately are often
hampered by molecules of glial origin such as myelin and proteoglycans as both present a strong
inhibitory potential against axonal regeneration, demonstrating that axonal injury may not be
a static end point, but probably a phenomenon that can be modulated, prevented or even
reversed. (Willians et al., 2014; Aboul-Eneinm et al., 2006)

It is now becoming increasingly evident of how important glial cells are for the fate of axonal
regeneration and now it is recognized that by creating an extrinsic environment filled with
negative cues they hinder the already limited neuronal regenerative potential. Therefore,
strategies targeting the modulation of glial cells combined with others aiming to boost the
neuronal intrinsic regenerative potential are likely the ones to achieve better outcomes
(Willians et al., 2014).

For instance, reactive astrocytes could be targeted to reduce the rates of chondroitin sulfate
proteoglycan (CSPGs) production, an extracellular matrix component known to hamper axonal
regeneration, additionally, strategies aiming to reestablish astrocyte-neuron metabolic
coupling could be feasible to support neurons overcoming metabolic death (Escartin and
Rouach, 2013; Siebert and Osterhout, 2011; Bradbury et al., 2002).

Accordingly, dysfunctional oligodendrocytes and myelin derived proteins such as Nogo-A, MAG
(mielin associated glycoprotein) and OMgp (oligodendrocyte/ myelin glycoprotein) are a

promising target as they have been shown to promote growth cone collapse and neuronal



growth arrest mediated by a CREB inactivation mechanism. For instance, the presence of
neurotrophic factors can counteract their actions as they elevate cAMP and P-CREB as well as
mTOR, a potent growth promoting protein show to strongly promote axonal sprouting and
growth. (Liu et al., 2011; Giger et al., 2010)

Regarding the inflammatory response related to axonal damage, a specific role for microglia
and macrophages have been established a long time ago where the injection of pyrogens
induced an increased leukocyte presence at the lesion site that was correlated with better
neurological recovery as well as reduced intralesional scarring in dogs. (Guth et al., 1994; Guth
et al., 2006).

The findings were confirmed decades later in spinal cord injured rats, where LPS treated
animals presented higher intraspinal leukocytosis that correlated with a robust axonal growth
and functional recovery (Kiger et al., 2009). The understanding of the inflammatory reaction
to the spinal cord injury grew since then, and now it is understood that the increased presence
of higher numbers of the polarized M2 macrophage the so-called anti-inflammatory macrophage
is superior when compared to M1, the inflammatory sub-type. The reason for this might be
explained by the fact that M2 cells release activin-A, a molecule that enhances remyelination
dependent on oligodendrocyte progenitor cell differentiation (OPCs) (Miron et al., 2013).
Although there is a current lack of in-vivo evidence to support the positive role of M2 cells in
the promotion of axonal regeneration, infusion of IL-4 into guidance chambers implanted into
injured sciatic nerves promoted M2 polarization together with Schwann cell migration
culminating in enhanced axonal regeneration (Mokaram et al., 2012).

Furthermore, in a model of spinal cord injury, systemic injection of IL-4 was able to promote
increased functional recovery as well as a reduction in the number of cells expressing
inflammatory markers such as CD11b/c and iNQS, accordingly, levels of the anti-inflammatory
cytokine IL-10 rose considerably in the serum after treatment (Lima et al., 2017).

Taken together, the existing evidence on the possibility of axonal regeneration is multifaceted
and a positive outcome will likely arise from an integrated approach that focus at turning the
intrinsic genetic neuronal machinery for regeneration on, with the modulation of the external
cues in order to promote a more supportive environment for axonal regrowth.

Essentially, after axonal growth, remyelination presents itself as the next challenge to be
achieved, and although myelin contains inhibitory proteins for axonal growth, the myelin sheath
and myelinating oligodendrocytes are critical for proper axonal function. (Zhang et al., 2013;
Maki et al., 2013) In fact, the presence of OPCs (oligodendrocyte progenitor cells) have shown
to be important for the generation of mature myelinating oligodendrocytes during injury states.
Additionally, OPCs may support axonal regrowth trough the creation of a permissive
environment mediated by the B-catenin signaling pathway, and they are now being explored as
possible candidates for cell therapy targeting remyelination in different animal models of
demyelination. (Kim et al., 2015; Wang et al., 2013; Rodrigues-Frutos et al., 2016)

Another important hallmark to address in order to create an environment that fosters CNS

regeneration is the reestablishment of the local microvasculature. Angiogenesis is a



phenomenon that shares conserved molecular constituents to the axonal guidance phenomena.
It is a process that starts early in life to ensure adequate delivery of oxygen and nutrients to
the developing brain. (Wang et al., 2017)

Upon brain or spinal cord injury, depending on how severe the damage is, disruption of the
blood brain barrier (BBB) and blood vessel rupture takes place, and data shows that the
reassembling of such structures plays a remarkable importance in reestablishing a homeostatic
environment to support regeneration. (Tata et al., 2015)

Recently, a study on rats subjected with spinal cord injury found that increases in angiogenesis
correlated with increases in functional recovery as well as sparring of white matter after a
treatment with platelet rich plasma (PRP) injection (Chen et al., 2018). The authors attributed
the effects to the angiogenic state created by PRP and also revealed the mechanism for such
action, pointing for a role of angiopoietin-1 (Ang-1) Tie-2 pathway in mediating the effects
encountered, additionally the researchers attested for the presence of an array of angiogenesis
promoting molecules such as PDGF and VEGF, contained in PRP.

Additionally, a more mechanistic study found that the delivery of angiogenic microspheres
containing VEGF, Ang-1 and FGF-2 was able to promote neural regeneration and motor function
gains together with neurogenesis in rats subjected to spinal cord injury. (Yu et al., 2016). The
authors discuss the importance of the sustained delivery of such angiogenic molecules to the
promotion of a supportive environment for the intrinsic angiogenic response that takes place
after SCI, interestingly the presence of such molecules prevented vessel regression 7 days after
injury being able to further increase functional vessel density (Yu et al., 2016).

Despite of the clear role of oxygen and nutrient provision and CO2 and metabolite removal
provided by new vessel formation, another study presented an interesting result that
strengthens the importance of angiogenesis for CNS regeneration, as the sole presence of new
vessels, induced axonal sprouting trough prostacyclin production in as experimental model of
encephalomyelitis, showing not only the importance of local blood flow but also the existence
of local molecular signaling between capillary endothelial cells and neurons at the injury site.
(Muramatsu et al., 2012)

Together with the lesion site revascularization, reestablishment of the blood brain barrier (BBB)
is essential to achieve regeneration, as the BBB promotes the interface with blood born
inflammatory cells and mediators, promoting its functionality is crucial to reduce inflammation
and restore local homeostasis (Bejjani et al., 2016; Alves et al., 2014).

For instance, in the event of a neurotrauma the disruption of vasculature integrity leads to the
entrance of blood derived molecules into the brain (Chodobski et al., 2011). Fibrin for example,
acts on microglia increasing its phagocytic activity, thrombin, ramps up the production of NO
(nitric oxide) as well as stimulating its proliferation, and inflammatory cytokines (IL-6 and IL-
12) production (Adam et al., 2007; Moller et al., 2000; Ryu et al., 2000).

Similarly, albumin also acts on microglia inducing the production of NO (nitric oxide) and IL-18,
astrocytes are also responsive to the presence of albumin at the CNS, by expressing receptors

to TGF-B receptor 2 (Ralay Ranaivo and Wainwright, 2010). Apart from these “strict” blood



born molecules, other, parenchymal derived substances exert important roles on the
dysfunction of the post-traumatic BBB. Glutamate for instance, is released from various
parenchymal cells including infiltrating neutrophils and increases BBB permeability (Palmer et
al., 1993). Reactive oxygen species (ROS) have the ability to not only increase BBB permeability,
but also allows the invasive capacity of inflammatory cells by inducing the overexpression of
cell adhesion molecules such as intracellular adhesion molecule 1 (ICAM1), a similar effect is
caused by the presence of TNF-a and IL-1B, these cytokines, up regulate the expression of E-
selectin, and vascular cell adhesion molecule 1 (VCAM1), in addition, these cytokines promote
inflammation by increasing the production of chemokines (CXCL1-2 and CCL-2) by endothelial
cells and astrocytes leading to increased leukocyte invasion (Bradley et al., 1993; Hess et al.,
1994; Stanimirovic et al., 1997) .

Matrix metalloproteinases (MMP) also have an important role in BBB post injury dysfunction,
they are produced by many cell types including invading leukocytes and act degrading the basal
lamina proteins as well as tight junction therefore disrupting BBB integrity. (Cunningham et
al., 2005; Yang et al., 2007).

Taken together, the data mentioned above clearly states the obvious importance of the BBB as
a central player in future strategies for CNS regeneration, it also highlights the past flawed
view that a single molecule would be able to recapitulate the functionality of the BBB once its
disrupted, and take us to the future where a more holistic approach will certainly be the best
option for the design of new and efficient therapeutic strategies.

New and exciting alternatives are paving the way for effective therapies aiming at regenerating
the damaged CNS, the next chapter will provide an overview of the field of cell therapy for
CNS regeneration giving special attention to the use mesenchymal stem cell and its derived

products.



e > o
Axonal growth S~ N (N
- - - ey =S8 \ \ \
> w N
= Excitotoxicity \
Z\% ic™S
7 ' Angiogenesis ¢ |nflammation : e \ \\
/ » / imbalance \Neuroprotection
/
! \ \
i ! Oxidative
b |
| ! I
\ \ ] !
\ \ / I
\ l \ / /
\ * N\ Hemorrhage > ) /
\Remyelmatlon N\ Edema P Glioprotection g

~ BBB brakeage
N\ T i
- ~ S /(" >
_ BBB repair = "
7 = - P
@ @ -,
e @@ -

Figure 1. Highlights the physiopathologycal mechanisms that takes place after an injury as well as the
physiological phenomena that needs to happen in other to promote regeneration to the CNS. (In red):
physiopathological mechanisms and (in blue) the regenerative mechanisms. Abbreviations: BBB, blood
brain barrier.

1.2. Mesenchymal stem cells as a regenerative tool

The history of using cells to promote a desired therapeutic outcome is rich and long, for
instance, over the last 50 years, over a million hematopoietic stem cell transplants (HSCT)
have been performed, putting HSCT as the most well-established cell therapy currently in
clinical use. Nevertheless, most cell-based therapies are experimental, with few exceptions
reaching clinical trials, in fact, recent analysis have shown that the majority of cell-based
therapies are still at early stage of development (clinical trials of phases 1 and 2) focusing on
clinical safety and early signs of efficacy respectively (Trounson et al., 2015; Gratwohl et al.,
2015).

Cell therapy could be classified according to clinical therapeutic indication, e.g.
cardiovascular, neurological or ophthalmological; or if they are isolated from and destined to
the same patient (autologous) or if they are transplanted into another individual (allogeneic)
transplantation. Additional definition is provided by the EU and discriminates between
minimally manipulated cells destined to homologous usage (transplants or transfusions) or those
classified and regulated as medicine referred to as (Advanced Therapy Medicinal Products,
ATMP’s) which are the ones required to demonstrate, quality, safety and efficacy standards in
order to obtain marketing authorization before becoming commercially available. (Weissman
and Shizuru, 2008)

ATMP’s are further divided into gene therapy, somatic cell technology or engineered products

and currently, the so far approved ATMP’s includes not only somatic cells such as dendritic cells



(Provenge®), cartilage-derived chondrocytes (ChondroCelect® and MACI®) and conreal limbal
stem cells (Holoclar®), but also, in vivo gene therapy (Glyberra®).

The rapid progress made in the field and the strong presence of somatic cells leading such
innovations, confirms the importance of this area of research.

Although the field of somatic cell technology is not only comprised by stem cells, most of what
has been done at the pre-clinical and translational level is related to those cells. In fact, several
hundred clinical trials using mesenchymal stem cells (MSC’s) or subpopulations of MSC’s are
currently ongoing around the world and several of them are of phases 2 or 3 (Li et al., 2014).
At figure 2, a graphic scheme summarizes the main tissue sources, advantages regarding
therapeutic applicability.

Indeed, in comparison to other cells, MSC’s do not present the same ethical constraints as
embryonic stem cells nor they have the technical disadvantages of isolation and further
expansion when compared to other cells such as neural stem cells (Salgado et al., 2010).
Furthermore, MSC’s present a general immunosuppressive characteristic upon transplantation
becoming a great candidate for allogeneic transplantation as well as being a good candidate
for in vitro genetic manipulation aiming for the expression of proteins with regenerative
interest (Dai et al., 2005; Meng et al., 2018).

In addition, important aspects put MSC’s in an interesting position as a therapeutic tool for
multiple conditions, for instance, their widespread availability limits the concerns regarding
the amount of starting material as well as the need for invasive techniques of cell harvest.
(Teixeira et al., 2017).

Furthermore, as research advances, more tissue sources are identified as candidates, often
presenting MSC’s with unique therapeutic applications, at the moment, researchers have been
able to isolate MSC’s from mostly bone marrow, adipose tissue, birth derived tissues (umbilical
cord’s blood and Warton’s jelly, amniotic fluid and placenta), dental pulp, peripheral blood,
and skin, as seen in figure 2 (Gronthos et al., 2000; Teixeira et al., 2013; Niezgoda et al., 2017).
Also, a smaller number of reports found them present and were able to successfully isolate,
characterize, proliferate and pre-clinically study MSC’s from synovial fluid, endometrium,
muscle and brain. (Jones et al., 2008; Xu Y et al., 2015; Paul et al., 2012)

Another important characteristic is the fact that MSC’s present great proliferative potential
with minimal senescence across multiple passages. It is worth pointing out that, some studies
have identified a breaking point of when the cultured cells start to become considerably
senescent, changing its differentiation capacity, reducing its proliferation and also the profile
of secreted neuroregulatory proteins (Serra et al., 2018). Therefore, it is currently advisable
that for therapeutic purposes, the number of passages as well as the age of the donor are to
be given thoughtful consideration (Bonab et al., 2006; Gu et al., 2016). Notwithstanding, MSC’s
can additionally be genetically engineered to over-express desired therapeutic proteins, in
order to improve its regenerative performance trough different approaches ranging from

different viral vectors, liposomes, siRNA and CRISPR (Borger et al., 2017; Gerace et al., 2017).



In light of such complexity and in order to standardize and promote its full characterization, it
was introduced in 2006 by the International Society for Cell Therapy (ISCT), the minimal criteria
for identification of MSC’s, the publication defines them as being a plastic adherent, multi-
potent population capable of differentiate down the osteogenic, adipogenic and chondrogenic
lineages, expressing the membrane antigens CD105, CD90 and CD73, while presenting negative
expression of classical hematopoietic markers such as CD44 and CD35. (Dominici et al., 2006)
In fact, many in vivo reports had encouraging uses for MSC’s in a multitude of conditions ranging
from spinal cord injury (SCI), bone marrow recovery in cancer patients, Parkinson’s disease,
stroke and graft versus host disease (GVHD), despite of such positive data, the mechanisms of
action behind those effects were uncertain (Koc et al., 2000; Li et al., 2001a; Li et al., 2001b;
Ikehara et al., 2003).

Mechanistically, in the late nineties trough to the early two thousand, their regenerative
potential was attributed to two main aspects, firstly, many studies have showed MSC’s to have
a great migratory potential towards any given lesion site, with results showing migration and
homing capacities to the heart after allograft transplantation, to the brain after nerve injury,
to the bone marrow after metabolic storage disorder, and to the kidney following acute tubular
damage (Wu et al., 2003; Wynn et al., 2004; Herrera et al., 2007).

The mechanism behind this homing capacity was revealed to be from an interaction between
chemokines such as SDF-1 and fraktalkine released from the damaged tissue and chemokine
receptors expressed by the MSC’s such as CXCR4 and CX3CR1. (Ji et al., 2004)

Together with this homing capacity, the ability to differentiate into new and functional cells,
replacing damaged ones to recover tissue homeostasis was the mechanism believed to mediate
their actions (Pittenger et al., 1999; Bruder et al., 1998). At around the same time, several
reports indicated that MSC’s could have an even greater differentiation capacity being able to
differentiate beyond the mesodermal lineages, in fact, a genome wide, gene expression
analysis, found expression profiles of not only mesenchymal traits but also, endothelial,
epithelial and neuronal lineages (Tremain et al., 2001). Although later studies showed MSC’s
aptitude to present neuronal-like morphology, the experiments revealed this to be an artifact
of stressors in the culture conditions that led to cytoskeletal collapse, phenomena that could
be mimicked by the use of actin cytoskeleton-disrupting pharmacological agents (Kemp et al.,
2011). Additionally, albeit there seems to be an in vivo potential for trans-differentiation of
the engrafted MSC’s into neuronal or glial progenitors, the rates by which such event happen
(1-5% of cells respectively) would hardly explain any of the increased functional results
presented by such studies (Salehi et al., 2016) Furthermore, cell-fusion events have also been
demonstrated to occur in vivo upon transplantation by different mechanisms to those of trans-
differentiation, but in the same way, the frequency by which such phenomenon occurs with
fusion rates of 2-11 clones per million cells clearly deem this process unlikely to be the one
behind the promotion of any of the functional results (Terada et al., 2002; Woodburry et al.,
2000).



Nevertheless, up until that point and without clear notion of the mechanisms behind MSC’s
actions, a considerable number of evidences was mounting regarding its beneficial impacts for
regenerative purposes, especially for CNS applications. (Maltman et al., 2011)

A few years later, Gnechhi and colleagues, in 2005, published a paradigm shifting research,
revealing the most probable mechanism of action for the MSC’s, opening a field for different
ways and technologies to be explored in the way researchers used these cells for therapeutic
purposes. His results demonstrated that the therapeutic potential of MSC’s was mostly related
to the secretion of growth factors to its extracellular environment rather than to their
differentiation potential. (Gnechhi et al., 2005).

Indeed, a few years earlier, an array of different growth factors such as brain derived
neurotrophic factor (BDNF), glial-derived neurotrophic factor (GDNF), neurotrophin-3 (NT-3),
fibroblast growth factor 2 (FGF-2), vascular endothelial growth factor (VEGF), hepatocyte
growth factor (HGF) and ciliary neurotrophic factor (CNTF) were identified in the culture media
of such cells after exposure to an ischemic brain extract confirming their paracrine capacities
(Chen et al., 2002).

Whereas the secretome nowadays, is widely accepted as one of the main drivers behind the
therapeutic potential of MSC’s, it is worth mentioning that the sole presence of these cells in
a damaged tissue present benefits, namely by contact mediated trophic support (Donders et
al., 2015; Scuteri et al., 2014).

Another important regenerative mechanism that have only recently began to be explored, is
the MSC’s capacity to transfer functional organelles such as lysosomes and mitochondria to
neighboring cells trough tunneling nanotubes (TNT) and extracellular vesicles (EV’s).

The current research on the topic is new and comes mostly from in vitro and in vivo models of
respiratory system inflammation or ischemia-reperfusion injury in the contexts of lung and
heart disease (Murray and Krasnodembskaya, 2019).

Transfer of mitochondria from MSC’s have been reported to happen between endothelial,
epithelial, cardiac, renal and immune cells and is followed by physiological enhancement of
oxidative phosphorylation and ATP production having important implications in the recipient
cell bioenergetics (Hsu et al., 2016). Such process can be mediated by microvesicles, apoptotic
bodies and TNT, and it shows to be protective against chronic obstructive pulmonary disease
and asthma mouse models (Islam et al., 2012). Furthermore, EV-mediated transfer of
mitochondria to macrophages, increases ATP turnover and enhances phagocytic activity in
vitro, additionally TNT-mediated mitochondrial transfer promoted macrophage bioenergetics
and improved phagocytosis in vitro and in models of Escherichia coli-induced lung injury
(Phinney et al., 2015).

In another context, TNT-mediated mitochondrial donation from MSC’s to cardiomyocytes
improves bioenergetics as well as reduces apoptosis, interestingly the reverse transport also
occurs in moments of oxidative stress when cardiomyocytes can transfer mitochondria to MSC’s

triggering anti-apoptotic responses (Koyanagi et al., 2005).



Lysosomal transfer induces the maintenance of both lysosomal pH and pool during physiological
stress, reducing the risk of early apoptosis and senescence of endothelial cells in the case of a
vasculopathy. Transfer of lysosomes was shown to happen trough TNT endothelial progenitor
cells (EPC’s) and endothelial cells inducing the rescue of vascular function through mediation
of vaso-relaxation properties in models of diabetic-induced vascular senescence. (Yasuda et
al., 2011)

Such mechanisms, although underexplored at the moment, represent novel and important
features of MSC’s in maintaining a responsive communication to its microenvironment and even
at this point there is existing data to support the transfer of mitochondria and lysosomes as

important mechanisms behind the therapeutic effects of mesenchymal stem cell therapy.

« @ Chondrocyte

, * Differentiation capacity < » {:; Adipocyte

@ Bone Marrow
/13

4 @ » Osteoblast

) \
/ i ¢ * Proliferative capacity > Multiple passages with
G / b minimal senescence
A
o G o=\ K) : i
N ‘&&g‘/—- " ) fﬂ< * Immunosuppressive , Capacity for allogeneic
)

) [ transplantation

/1 \ Adipose Tissue " N i
T + Manipulation of culture— Bioreactors I =)
WNRM'ICW} (?) Umbilical cord TS conditions

W » Viral Vectors

i * Gene editing

—» CRISPR

Umbilical
cord Blood

Figure 2. Tissue origin and phenotypical characteristics of MSCs. MSCs are distributed throughout the
different tissues of the body, increasing the number of tissue sources for isolation, they present
multilineage differentiation potential and possess a high proliferative capacity, additionally, they can
be easily cultured in vitro and manipulated using different culture technologies and genetic
engineering to increase its regenerative potential. Abbreviation: CRISPR, clustered regularly
interspaced short palindromic repeats. Adapted from: Merino-Gonzalez., et al 2016.

1.3. Secretome of mesenchymal stem cell

Since the beginning of its usage, the term cell secretome have gained more context, reaching
areas even outside of stem cell biology or regenerative medicine, for that reason an accurate
conceptual definition is hard to be made given the complexity of the biological processes it
entails. Nevertheless, secretome could be broadly defined as the myriad of molecules secreted
by any given cell, including (proteins, extracellular vesicles, signaling lipids, metabolites and
even whole organelles). A graphic depiction of the molecular complexity of the secretome as
well as identified CNS processes that it modulates can be found in figure 3.

Further in this section, data from interventional studies applying the secretome for CNS

regeneration purposes will be discussed (Praveen et al., 2019; Teixeira et al., 2013).
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MSC’s secretome has been shown to be extremely responsive to changes in the environment in
which the cells are cultured, and as a regenerative product, it offers endless possibilities for
modulation of its trophic potential depending on the type of MSC used as well as the culturing
protocol of choice. For instance, the usage of hypoxic culture condition has been shown to
increase the neuroregulatory profile of the secretome of MSC’s, moreover, secretome collected
from cells cultured in dynamic bioreactors have a higher profile of trophic factors and is able
to induce higher levels of neuronal proliferation and differentiation in vivo when compared to
the secretome from MSC’s cultured in static conditions. (Teixeira et al., 2015; Teixeira et al.,
2016)

Additionally, when primed with pro-inflammatory cytokines, bone marrow MSC’s (BMMSC’s)
secretome presented higher levels of TIMP-1 a key anti-angiogenic protein, furthermore,
pharmacological preconditioning has also been shown to induce changes in BMMSC’s and ADSC’s
conditioned media showcasing the broad possibilities for modulation of the trophic profile of
the secretome (Maffioli et al., 2017; Ferreira et al., 2018).

Nowadays, such molecular changes in the secretome can be verified and characterized with
the aid of multiple technologies, although we should recognize that more robust techniques
with smaller detection limits would benefit the field immensely, which by allowing the total
molecular characterization of the secretome would enable the full understanding of its
mechanistical properties (Teixeira et al., 2017).

At the moment, proteomic-based techniques are the most common for secretome
characterization, reflecting the importance of the proteomic research field for general
biomedical science, in this sense, techniques such as 2D-eletrophoresis, multiple liquid
chromatographic techniques, mass spectrometry, multiplex-type essays and ELISA (enzyme-
linked immunosorbent assay) are the ones most used (Teixeira et al., 2017).

Alternatively, and with an aim directed to metabolomics, nuclear magnetic resonance (NMR)
spectroscopy can be employed to study the metabolic composition of the secretome (Pereira
et al., 2014).

As a matter of fact, several characterization studies based on proteomics have been carried
out in the past few years, in which most of them were targeted to clarify differences among
the secretome of different MSC’s population. In that sense, data from a LC-MS/MS study showed
clear differences between the secretory potential of MSC’s derived from bone marrow, adipose
tissue or umbilical cord tissue, the analysis revealed the expression of 451 different proteins,
being 134 of them common among all three cell populations and in spite of such differences all
cells presented relevant expression levels of important neuroregulatory proteins, which in the
context of the study, answered important mechanistic questions from in vivo interventional
studies. For instance, BMMSC’s secretome expressed important protective proteins against
oxidative stress and apoptosis, whereas ADSC’s secretome presented expression profiles
important for the prevention of excitotoxicity and inflammation, lastly, the secretome of
umbilical cord perivascular cells (HUCPVC’s) showed to be appropriate to increase proteostasis

and to reduce apoptosis (Pires et al., 2016).
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Similar results were obtained from mass spectrometry analysis of the secretome from stem
cells of the dental apical papilla (SCAP’s) in comparison to BMSC’s secretome, only this time,
the number of identified proteins were higher (2,046) given the lower detection limit of the
applied method, the results reviewed some degree of overlap between the two secretomes,
but also highlighted differences among them, for instance SCAP’s presented increased secretion
of proteins involved in metabolic processes, transcription, chemokines and neurotrophins and
decreased secretion of proteins involved with immunomodulation, angiogenesis and
developmental processes. (Yu et al., 2016)

Although, extremely relevant, an important caveat of such proteomic data from mass
spectrometry is the type of fractionation applied to the sample in order to increase the
sensitivity of the measures, for instance, the different biogenic pathways that produce the full
composition of the proteome that makes up the secretome is lost, in that sense, previous
fractionation of the secretome would be advisable, specially, taking into account the fact that
the secretome is composed not only of soluble proteins but also by extracellular vesicles with
a rich protein content (Anjo et al., 2016; Yu et al., 2016). Therefore, analyzing the two
fractions (soluble protein fraction and vesicular fraction separately would give us insight into
the complex mechanisms behind the physiological responses to the secretome.

When applied to in vitro and in vivo models of CNS diseases, the use of MSC secretome is shown
to present promising results, for instance, in Parkinson’s disease , secretome usage is shown to
improve cell survival of TH+ dopaminergic neurons in culture as well as protect them against
neurotoxicity caused by MPTP and 6-OHDA toxins, two clinically relevant toxins used in
Parkinson’s disease models. Furthermore, in vivo application of MSC secretome has shown to
rescue the parkinsonian phenotype by reducing local inflammation and oxidative stress, as well
as maintaining the TH circuitry of animals injected with 6-OHDA, similar effects were also
encountered with the employment of undifferentiated hNPC’s (human neural progenitor cells)
secretome in the same disease model. Such regenerative outcomes were associated with the
presence of secreted trophic factors, BDNF, IL-6, glial cell-line derived neurotrophic factor
(GDNF), cystatin C, glia-derived nexin, galectin-1, pigment epithelium-derived factor (PEDF),
vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), (FGF-2),
endothelial growth factor (EGF), anti-inflammatory, IL-10 and TGF-B, anti-oxidant proteins,
peroxiredoxin-1, superoxide dismutase and protein deglycase (DJ-1) and extracellular matrix
enzyme MMP-2 (matrix metalloproteinase 2). (Cova et al., 2010; Park et al., 2012; Kim et al.,
2009: Teixeira et al., 2017; Pinheiro et al., 2018). Such pre-clinical data moved research into
early clinical trials of safety and efficacy assessment of BMSC or UC derived MSC’s. Currently
two studies are undergoing patient recruitment and one is currently active. (NCT03550183,
NCT02611167, NCT03684122. 2019, Clinical Trials.gov National Library of Medicine)

Regarding spinal cord injury (SCI), several reports have showed that the secretome from MSC’s
modulates important physiological hallmarks associated with improved disease outcome, for
instance, in vitro and in vivo data, supports the use of secretome for axonal sparring, reducing

inflammation and apoptosis and maintaining levels of myelination thus promoting axonal
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regeneration, neurite outgrowth and glial scar reduction, which in turn mediates functional
recovery. Such results demonstrate that the presence of trophic factors in the secretome such
as BDNF, VEGF, NGF, IL-6, SDF-1a, HGF and GDNF were responsible to drive those mechanisms
(Cantinieaux et al., 2013; (Ciskova et al., 2018; Szekiova et al., 2018; Kingham et al., 2014;
Wright et al., 2010). Indeed, such results encouraged researches to move forward, and several
clinical trials exploring the role of MSC’s transplantation are now undergoing.

Recently, a metanalysis of a systematic review from MSC’s transplantation data in humans was
published comprising eleven studies and 499 patients, the results reviewed encouraging
improvements in sensory and bladder functions although, no differences were seen in motor
function or activities of daily living (ADL) when compared to controlled groups. (Xu and Yang,
2019). Such data reveal the potential clinical applications for interventions in sub-acute SCI
lesions and encourage the exploration of other treatment strategies such as different routes of
administration, use of the secretome with or without cell therapy and also the exploration of
combined strategies.

Indeed, more recently, MSC-derived extracellular vesicles, including exosomes and micro-
vesicles are being studied for their role in MSC-based cell therapy, such vesicles have been
shown to at least partially mediate cell-cell communication, cell signaling and also influence
cellular metabolism locally or at distant organs, furthermore, studies have found them able to
modulate responses to injury, such as inflammation, and cell survival ultimately influencing
disease onset, progression and therapy (Phinney and Pittenger, 2017; Rosca, et al., 2017).
Extracellular vesicles are an heterogenous class of lipid bilayer vesicles containing a diverse
cargo. In order to be characterized, EVs could be assigned to their biogenesis pathway within
the cell, although, such characterization requires the correct imaging technique to be
employed and should capture the exact moment of release by using techniques such as electron
or atomic force microscopy (Lotvall et al., 2014). Instead, a more traditional characterization
is achieved accordingly to morphological features and specific membrane marker expression
patterns. For instance, vesicles coming from endocytic origin are normally termed exosomes,
and vesicles coming from the shedding of plasmatic membrane are usually referred to as
ectosomes (micro-vesicles or microparticles) (Thery et al., 2018).

Morphologically, exosomes present diameters in the range of 30 to 150nm whereas ectosomes
could present diameters of a 100nm to more than one micrometer, Nevertheless, the current
MISEV, 2018 guideline suggests a division defined by ranges, where vesicles that are smaller
than 100nm or not bigger than 200nm should be referred to as (small EV’s) and vesicles that
are bigger than 200nm should be called (large/medium EV’s). Additionally, they can be
categorized by its density (low, middle or high), and also, biochemically based on known
membrane markers such as (Annexin A5, CDé63, CD9, CD81, TSG-101, HSP-70 and many others).
(Thery et al., 2018)

The biogenesis of exosomes follows the typical endocytic pathway, where transmembrane
proteins are endocytosed and trafficked to early endosomes, those early endosomes mature

into late endosomes in a process where the endosomal membrane invaginates generating intra
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luminal vesicles (ILV’s), as a result, the multivesicular bodies (MVB’s) are formed and are
destined to the plasma membrane for exocytosis. The process of intraluminal vesicle formation
is governed by sphingomyelinase 2 and is ceramide dependent, whereas the formation of MVB’s
is governed by the ESCRT machinery, a protein arrangement formed by four different protein
complexes (Zorec et al., 2016).

The fusion of the MVB’s to the plasma membrane is mediated by different proteins of the Rab
family (Ras superfamily of small GTPases) Rab 11, Rab 27 and Rab 35, and its contents are
released to extracellular environment (Qin and Xu, 2014).

Although far less complex, the biogenesis of ectosomes also involves both the ESCRT machinery
and ceramide, being controlled by the interaction of ARRDC1 (Arestin) and tumor sensitive gene
(TSG-101), a process that allows for the assembly and budding of the vesicles. The size of
ectossomes can vary broadly, and EV’s of over 4um in diameter have also been reported. Such
large sized EV’s present a specific membrane shedding marker, B1-Integrin, and also exhibits
in its outer leaflet acid sphingomyelinase and phosphatidylserine, they can contain whole
organelles such as lipid droplets and even mitochondria, and although the physiological
relevance of its release has not yet been fully revealed the possibility that they can represent
apoptotic bodies remains plausible. (Bianco et al., 2009; Bianco et al., 2005)

Additional to the already verified positive effect of the secretome and its existing protein
content, early investigations are being made in the context of further characterization of the
vesicular component of the secretome aiming for better understanding of the molecular
mechanisms governing such findings. In fact, the possibility exists that at least some of the
proteins already identified as composing the soluble portion of the secretome are also present
inside extracellular vesicles such as exosomes and, in fact, BDNF, FGF, VEGF, MMP’s, HGF, IL-
10, TGF-B have been found to be expressed in MSC exosomes (Chisanga et al., 2015) .
Furthermore, many interventional reports now have data from in vitro and in vivo experiments,
where the role of MSC’s derived exosomes is evidenced, for instance in the promotion of
angiogenesis, immunomodulation and myogenesis as well as in the reduction of oxidative stress
and apoptosis, having strong implications for, hearth, kidney and autoimmune diseases (Jing et
al., 2018). In what concerns CNS pathologies additional benefits were also observed, for
instance in stroke, exosomes from MSC’s mediated neurite outgrowth and functional recovery
by the delivery of mIR-133b in vivo (Xin et al., 2016). Similarly, in TBI they were shown to
reduce neuroinflammation by suppressing microglial and astrocyte activation and also by
inducing neurogenesis by stimulating neurogenic niches (Yang et al., 2017). Such tendency was
also observed in SCI where MSC’s exosome injections presented modulatory effects of
inflammation and regeneration what led to functional recovery in rats. (de Rivero et al., 2015)
In neurodegenerative diseases such as Alzheimer’s, exosomes from ASC’s were shown to express
functional neprilysin (NEP) capable of degrading AB aggregates 40 and 42, and in Parkinson’s
where the presence of catalase in MSC exosomes presented strong neuroprotective function in
the 6-OHDA rat model (Katsuda et al., 2013; Chang et al., 2018).
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Although extremely encouraging, the results mentioned above gives rise to an important
mechanistical question, of where is the beneficial impacts of MSC’s secretome therapy coming
from? The evidence is clear that either the secretome as a whole or the isolated extracellular
vesicles and exosomes possesses a huge potential when applied to different pathological
contexts. A solution to this question would emerge from carefully designed studies aimed to
test in the same disease context and population, not only the secretome as a whole but also a
second arm with the isolated EV’s and a third arm with the soluble proteins left from the
isolation protocol from the same secretome batch. Coupling such study with a proper molecular
characterization of each fraction would likely yield a huge amount of valuable information for
the design of future therapies as well as clinical trials and will likely be decisive in the future

of cell-free based therapies.
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Figure 3. MSCs secretome molecular complexity and function. MSCs trough different secretory
pathways secrete an array of molecules that modulate clinically relevant pathological hallmarks of
numerous CNS diseases. Abbreviations: HSP-27, heat-shock protein 27; Gal-1, galectin-1; IL-6,
interleukin-6; PEDF, platelet endothelial derived factor; PAI-1, plasminogen activator inhibitor 1;
CADH2, cadherin-2; SEM7A, Semaphorin 7A; BASP1, Brain acid soluble protein 1; GDN, glial derived
nexin; TRX, thioredoxin; CYPA, cyclophilin A; CYPB, cyclophilin B; CYSC, cystatin C; PRDX1,
peroxiredoxin-1; DJ-1, protein deglycase-1 Adapted from: Phinney and Pittenger, 2017; Pires et al.,
2016

1.4. Astrocyte functions in the CNS an overview

The basis created in the first chapter will help the reader to understand the different molecular
aspects necessary to support the different functional roles astrocytes have in the CNS.

This sub-chapter will be divided into the most relevant and well-studied astrocytic functions
aiming to construct a final picture that enables easy recognition of key targets for the

understanding of pathophysiological implications as well as therapeutic opportunities.
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1.4.1. Neurodevelopment

Originally recognized as cells with predominantly structural roles being responsible for the
tilling of the brain cytoarquitecture, astrocytes have earned progressive attention and are
currently seen as crucial cells for sustaining normal brain physiology.

In neurodevelopment, astrocytes show remarkable importance by coordinating neuronal
survival, differentiation and maturation trough contact mediated or the release of its
secretome composed of soluble trophic factors, signaling vesicles and extracellular matrix
proteins (ECM), what allows for neurite outgrowth and controlled modulation of synapse
formation and function (Clarke and Barres, 2013).

These functions are sustained by the continuous communication between neurons and
astrocytes what gives the necessary molecular inputs that thanks to the expression of receptors
for neurotransmitters are interpreted and translated into astrocytic secretion of molecular cues
able to alter neuronal physiological fate.

For instance, in the CNS development of embryonic drosophila, astroglia was shown to be
responsible to maintain viability of follower neurons while they migrate towards pioneer
neurons by cell-cell interaction via axonal guidance (Booth et al., 2000).

Regarding neurite development, astrocytes are involved by secreting lamnin-1, fibronectin and
plasminogen activator inhibitor-1, such ECM proteins were responsible for elongation and
maturation of neurites after astrocyte muscarinic and also thyroid hormone (T3) stimulation.
(Guizzetti et al., 2008; Martinez Rodrigo et al., 2002).

Additionally, astrocytes have been shown to promote synapse formation by the release of
thrombospondins (Christopherson et al., 2005), synapse maturation by the secretion of TNF-
alfa (Stellwagen et., 2006) and control of synapse function and support of synaptic plasticity
by sustaining LTD (long-term-depression) mediated by vesicular ATP release (Pascual et al.,
2012).

1.4.2. Neurotransmission

Astrocytes have the ability to infiltrate into the neuropil and wrap its processes around the
synapse, by doing that, they can sense the molecular synaptic microenvironment and also
respond to it by sending specific molecules with three main targets, modulation of synaptic
structural formation, induction of functional changes and in some cases synapse elimination.
The astrocytic involvement in synapse formation have been attested in many synapses such as
glutamatergic, GABAergic, glycinergic and cholinergic ones, and multiple molecular signals that
govern this process are both contact-mediated or secreted cues (Allen et al., 2017; Chung et
al., 2015).

As an example, in the formation and maturation of presynaptic terminals, cholesterol is seen
as an essential molecule released by astrocytes into apoE (apolipoprotein E) that is responsible
to increase vesicle density and fusion probability leading to increased presynaptic function (van
Deijk et al., 2017).
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An important step in the establishment of functionally connected synapses is the ability to
eliminate dormant or superfluous ones based on its activity. Such process is achieved by the
secretion of SPARC (secreted protein acidic and cysteine rich) that antagonizes the positive
effects of HEVIN, also, by the secretion of TGF-B that promotes synaptic c1q expression what
leads to c3 receptor-mediated microglial recognition and phagocytosis. In addition, astrocytes
also can autonomously eliminate excess synapses via the phagocytic receptors Mertk and
Megf10. (Kucukdereli et al., 2011; Schafer et al., 2012)

1.4.3. Brain metabolism

The human brain consumes approximately 20% of the total energy substrate at rest even though
it only represents around 2% of the total body mass. This high energetic efficacy is achieved
thanks to the considerably high metabolic plasticity of astrocytes (Morita et al., 2019;
Falkowska et al., 2015).

Astrocytes are strategically positioned in a way that reveals its central role in CNS metabolism
and in fact, these cells sit between the cerebral microvasculature and densely distributed
neuronal processes and synapses (Verhatsky et al., 2017). This specific localization is
important, because astrocytes are able to cover entire surfaces of capillaries where they
express multiple transporters such as GLUT 1, which enables facilitated diffusion of glucose,
monocarboxylate transporters (MCT) that facilitates absorption of lactate and also fatty acid
translocase (FAT) enabling absorption of fatty acids (Leino et al., 1997; Pierre et al., 2005;
Husemann et al., 2001). Such nutritional substrates serve as basic fuel for the different
neurochemical reactions required for normal brain homeostasis. Additionally, astrocytes are
put in the center of this metabolic control specially because they present a large enzymatic
capability as well as being arguably the only stock of glycogen in the brain. Glycogenolysis
serves to provide glucose for ATP production, oxidative stress management, synthesis of
neurotransmitters and neurohormones, and structural components for brain cells (Belanger et
al., 2011). Although the basal blood supply of glucose seems to be enough to sustain neuronal
glycolytic requirements throughout normal activities, during periods of high energy demands
and in hypoglycemia the relevance of astrocytic derived glucose is increased. For instance,
during intense firing patterns, where there is an accumulation of glutamate in the peri synaptic
space, astrocytes can absorb the excess glutamate in exchange for lactate and glutamine
fueling the metabolic neuronal requirements in the phenomenon known as ANLS (astrocyte-
neuronal L-lactate shuttle). (Li et al., 2015; Abe et al., 2006) In addition, evidence from
experiments of glucose-deprivation conducted on the optic nerve shows that astrocytes are
relevant in ma