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Resumo

O acidente vascular cerebral isquémico (IS, do inglés ischemic stroke) é causado
pela reducao ou bloqueio do fluxo sanguineo para o cérebro e é a terceira causa de morte
mais comum em Portugal. A estimulacdo magnética transcraniana repetitiva de alta
frequéncia (HF-rTMS, do inglés high-frequency repetitive transcranial magnetic
stimulation) tem sido considerada uma estratégia terapéutica promissora para o IS, visto
ter a capacidade de melhorar as sequelas mais frequentes causadas pela isquemia
cerebral. As melhorias observadas tém sido associadas a altera¢des neuronais. Contudo,
levantou-se a hipotese de esta técnica modular as astrécitos, potenciando as suas
capacidades neuroprotetoras. Com o presente trabalho, pretendemos esclarecer quais os
mecanismos desencadeados pela estimulacdo magnética repetitiva de alta frequéncia
(HF-rMS, do inglés high-frequency repetitive magnetic stimulation) em astrocitos que

contribuem para os seus efeitos neuroprotetores.

Foi realizado um modelo in vitro de isquemia com culturas de astrocitos e
culturas mistas de neurénios e astrdcitos corticais sujeitas a privacdo de oxigénio e
glicose (OGD, do inglés oxygen and glucose deprivation). A neuroprotec¢ao promovida
pela HF-rMS foi avaliada através da analise de marcadores de atividade neuronal e da
analise morfométrica dos neurdénios. Os niveis de fatores de crescimento no meio
condicionado de astrocitos (CM, do inglés conditioned medium) foram avaliados através
de um Array de fatores de crescimento e a expressao do fator neurotroéfico derivado da
glia (GDNF) foi analisada por RT-PCR e por Western Blot.

Os nossos resultados mostram que a modulagido dos astrocitos pela HF-rMS
promove a recuperacao neuronal apds um insulto isquémico. Esta modulacao ajuda a
manter o nimero e o comprimento das neurites e aumenta o niimero de neurénios que
expressam c-Fos. A avaliacao dos niveis dos transportadores de glutamato EAAT1 e
EAAT?2 nos astrécitos mostrou que o EAAT2 nao foi afetado pela HF-rMS, contudo, o
EAAT1 aumentou em culturas sujeitas a OGD e HF-rMS, sugerindo que a neuroproteccao
promovida pela HF-rMS pode envolver uma reducio da excitotoxicidade. Além disso, a
analise do CM de astrocitos mostrou que a HF-rMS estimulou a libertacdo de varios
fatores troficos pelos astrocitos, nomeadamente o GDNF. A neutralizacio do GDNF
presente no CM de astrécitos impediu a recuperacdo do ntimero de neurites e do seu
comprimento induzido pela HF-rMS e diminuiu o nimero de neuroénios c-Fos*,
indicando que este fator neurotréfico desempenha um papel crucial na recuperacao

neuronal induzida pela HF-rMS.



Em conjunto os resultados obtidos mostraram que a modulacao de astrécitos pela
HF-rMS é capaz de recuperar os neurdnios lesionados pela isquemia, diminuindo a
excitotoxicidade e promovendo a neuroprotecc¢ao através da libertacdo de GDNF pelos
astrocitos. Esta observacao sugere que, ao modular os astrocitos, a HF-rMS pode ser

utilizada para promover a neuroprotec¢ao em outras lesdes cerebrais.

Palavras-chave

Acidente vascular cerebral isquémico; estimulacdo magnética repetitiva de alta

frequéncia; astrocitos; neuroproteccao; GDNF.
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Resumo Alargado

O IS é causado pela reducao ou bloqueio do fluxo sanguineo para o cérebro
atingindo, anualmente, cerca de 15 milhoes de pessoas, e corresponde a terceira causa de

morte mais comum em Portugal.

Apesar da alta incidéncia, ndo existem terapias eficazes em promover a
recuperacao dos tecidos cerebrais lesionados pela isquemia. As terapias existentes
baseiam-se na reposicao do fluxo sanguineo para limitar a extensao da lesao, ou, mais
tarde, na reducao de défices especificos causados pelo IS através de fisioterapia e/ou
terapia da fala. A HF-rMS é uma técnica de estimulacao nao invasiva e indolor, que esta
indicada para o tratamento pos-agudo da isquemia. Esta técnica é usada na clinica com
resultados favoraveis ao nivel da funcdo motora, afasia, heminegligéncia, disfagia e
défices cognitivos, mas os dados relativos aos efeitos celulares causados pela HF-rMS

centram-se principalmente nos efeitos neuronais.

Na HF-rMS uma corrente elétrica passa através de uma bobina colocada sobre o
escalpe, fazendo gerar campos magnéticos que atravessam o cranio e modificam a
atividade das células cerebrais. Quanto mais alta a intensidade, mais profundamente os
campos magnéticos conseguem penetrar o cérebro, modulando a atividade de estruturas
mais profundas. O campo magnético induz uma corrente elétrica no cérebro que vai
induzir um fluxo de iGes alterando a carga elétrica nas membranas celulares e levando a
despolarizacdo ou hiperpolarizacao neuronal. Nos tltimos anos, a HF-rMS tornou-se
uma técnica promissora para a recuperacao das funcoes cerebrais e para a normalizacao

da atividade cortical em varias disfun¢des neurologicas.

Ap6s um IS, a HF-rMS reduz a perda neuronal, a morte glial, o volume de enfarte,
aumenta a neurogénese, promove a plasticidade sindptica e modula a expressao génica.
O nosso grupo demonstrou que a aplicacdo da HF-rMS a culturas corticais sujeitas a
isquemia reduz a morte celular, a degeneracao das neurites e modula os marcadores
sinipticos, sendo os astrocitos cruciais para os efeitos benéficos observados. Observou-
se ainda que a aplicacao do meio condicionado por astrdcitos é suficiente para a inducao
dos efeitos benéficos. Apesar de varios estudos terem mostrado a capacidade da rMS em
estimular a libertacao de varios fatores troficos para o meio, os componentes libertados
pelos astrocitos em resposta a rMS, e que contribuem para o efeito neuroprotetor nao
sao conhecidos. O objetivo do presente trabalho é determinar os efeitos desencadeados
pela HF-rMS nos astrocitos que contribuem para a sua acao neuroprotetora e identificar
que mediadores sao libertados por estas células em resposta a HF-rMS. Utilizando

culturas de astrocitos e culturas de neuronios e astrocitos corticais sujeitos a OGD
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avaliamos o efeito da HF-rMS nos niveis de transportadores de glutamato EAAT1 e

EAAT?2, e nos niveis de fatores de crescimento libertados para o meio celular.

A avaliacdo dos niveis dos transportadores de glutamato EAAT1 e EAAT2 nos
astrocitos mostrou que o EAAT2 nao foi afetado pela HF-rMS, contudo, o EAAT1
aumentou em culturas sujeitas a OGD e HF-rMS, sugerindo que a neuroproteccao
promovida pela HF-rMS pode envolver uma reducdo da excitotoxicidade. Além disso, a
HF-rMS aplicada ap6s OGD aumentou os niveis celulares de mRNA de Gdnf e de
proteina GDNF, e a HF-rMS promoveu a libertagio de GDNF pelos astrocitos. Para
avaliar a contribuicdo do GDNF libertado pelos astrocitos em resposta a HF-rMS para a
neuroproteccao mediada pela estimulacao ap6s um episédio de OGD, neutralizamos o
GDNF presente no meio condicionado por astrocitos por acdo de um anticorpo anti-
GDNF. Nao se observaram diferencas na viabilidade celular ap6s HF-rMS, analisada
através do ensaio de MTT e, por seguinte, também nao se observaram efeitos da
neutralizacdo do GDNF. Contudo, estes dados vao de encontro ao que foi observado
anteriormente pelo nosso grupo, ou seja, a HF-rMS nao aumenta a viabilidade celular,
mas contribui para a recuperacdo dos neurénios sobreviventes. Através da analise Sholl
verificou-se que a neutralizacio de GDNF impediu a recuperacao do ntimero e do
comprimento de neurites promovida pela HF-rMS. Além disso, a neutralizagao de GDNF
impediu ainda o aumento do nimero de neurénios c-Fos* induzido pela HF-rMS.
Resumidamente, estes resultados sugerem que a HF-rMS é capaz de promover a
recuperacao neuronal através da promocao da libertagao de fatores tréficos para o meio,
entre eles o GDNF. Os dados obtidos sugerem ainda que a HF-rMS podera proteger os
neurénios da excitotoxicidade glutamatérgica, uma vez que induz um aumento da

expressao de EAAT1.

A modulacao dos efeitos protetores mediados pelos astrocitos por acao da HF-
rMS poderé ser uma estratégia atil em patologias em que hé lesdo neuronal, e mostram
que a acao protetora desta técnica se estende para além dos processos de regulacao da

atividade elétrica das redes neuronais.

Palavras-chave

Acidente vascular cerebral isquémico; estimulacdo magnética repetitiva de alta

frequéncia; astrécitos; neuroproteccao; GDNF.



Abstract

Ischemic stroke (IS) is caused by the reduction or blockage of blood flow to the
brain and is the third most common cause of death in Portugal. Due to its ability to
improve the most frequent clinical sequelae left by brain ischemia, high-frequency
repetitive transcranial magnetic stimulation (HF-rTMS) has been considered a
promising therapeutic strategy for IS. The observed improvements have been associated
with changes in neurons and their synaptic liaisons. However, the hypothesis that this
technique modulates astrocytes, potentiating their neuroprotective capabilities, was also
raised. With the present work, we aim to clarify which mechanisms triggered by high-
frequency repetitive magnetic stimulation (HF-rMS) in astrocytes contribute to its

neuroprotective effects.

Neuron-glia and astrocyte cortical cultures subject to oxygen and glucose
deprivation were used as an in vitro model of ischemia. Neuroprotection promoted by
HF-rMS was evaluated through the analysis of markers of neuronal activity and
morphometric analysis of neurons. The levels of growth factors in the astrocyte-
conditioned medium (CM) were assessed through a Growth Factor Array and glial-
derived neurotrophic factor (GDNF) expression was analyzed by RT-PCR and Western
Blot.

Our results show that neurons injured by ischemia can be rescued through the
modulation of astrocytes by HF-rMS. This modulation helps to maintain the number and
length of neurites and increases the number of neurons expressing c-Fos. Quantification
of glutamate transporters EAAT1 and EAAT?2 in astrocyte extracts showed that EAAT2
levels were not affected by HF-rMS, however, EAAT1 levels were increased in cultures
subjected to OGD and HF-rMS, suggesting that HF-rMS neuroprotection may involve a
reduction of excitotoxicity. Furthermore, analysis of the astrocyte CM showed that HF-
rMS stimulated the release of several trophic factors by astrocytes, namely GDNF.
Neutralization of GDNF present in the CM impeded the recovery of neurite number and
length induced by HF-rMS and blocked the increase of c-Fos* neurons, indicating that

this neurotrophic factor plays a crucial role in the neuronal recovery induced by HF-rMS.

Our results show that modulation of astrocytes by HF-rMS effectively rescues
neurons injured by ischemia by decreasing excitotoxicity and promoting neuroprotection
through the release of GDNF by the astrocytes. This suggests that by targeting astrocytes,

HF-rMS can be used to promote neuroprotection in other brain lesions.
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Chapter 1

Introduction






1. Introduction

1.1. Stroke

1.1.1. Stroke prevalence

Worldwide, 15 million people suffer a stroke annually, with one-third of these
people dying and one-third becoming permanently disabled [1]. If not promptly
reversed, ischemic stroke (IS) leads to lifelong sequelae that may compromise physical,
cognitive, and emotional functions [1, 2]. A quarter of adults over the age of 25 are
expected to suffer an IS in their lifetime, with a large percentage retaining sequelae that
will severely compromise their quality of life [3]. In the European Union, stroke is the
second leading cause of death and one of the main causes of disability in adulthood, and
in Portugal, the third leading cause of death, only surpassed by cardiovascular diseases

and cancer, with more than 14,000 cases documented annually [4, 5].
1.1.2. Ischemic stroke and hemorrhagic stroke

An IS arises due to a decreased or blockage of the blood flow to brain tissues due
to cerebral infarction caused by a thrombus [6]. Embolism is the main cause of IS, with
most emboli being clots formed in the heart (cardiac embolism) [7]. A hemorrhagic
stroke is defined as an acute neurological injury that occurs due to bleeding in the brain
and can be divided into two mechanisms: intracerebral hemorrhage, in which there is
bleeding in the brain, or subarachnoid hemorrhage, in which there is bleeding in the

space that surrounds the brain [8].

Although hemorrhagic stroke is more deadly, IS is more common [8]. Of all
strokes, 87% are ischemic, 10% are hemorrhagic, and 3% are due to subarachnoid

hemorrhage [9].

1.1.3. Post-stroke impairments

As mentioned before, if not promptly reversed, ischemic stroke (IS) leads to
lifelong sequelae that may compromise physical, cognitive, and emotional functions,

depending on the location, size, and severity of the injury [1, 2].

Common complications after stroke include both short-term complications and
long-term sequelae. The physical impairments consist of motor, visual and
somatosensory deficits. Motor deficits include paralysis or deficit of neuro-
musculoskeletal function which can lead to reduced joint mobility or muscle strength,

spasticity, hemiplegic shoulder pain, wrist and hand flexion [10, 11], or dysphagia [12].
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The visual impairments can cause visual loss, monocular or binocular [13]. The
somatosensory deficits consist of numbness or tingling in one part of the body, in less
severe cases, to complete sensory neglect of a body part or one side of the body, in the
most severe cases [14]. Cognitive impairments can include deficits in memory,
concentration, attention, and orientation [15, 16]. Emotional impairments are more
subtle, but with considerable impact on life quality. IS patients may experience anxiety,

frustration, anger, sadness, and depression [17, 18].
1.1.4. In vivo and in vitro models of ischemic stroke

There are several models, both in vivo and in vitro to mimic IS. In vivo studies
are mainly done in rats and there are several different models, however, the most widely
used are the middle cerebral artery occlusion (MCAO) model and the photothrombosis
model. The MCAO model consists of introducing a monofilament through the internal
carotid artery to block the middle cerebral artery during 1 to 2 hours, followed by
reperfusion. The longer the monofilament stays in, the more extensive the injury will be
[19, 20]. In the photothrombosis model, the photosensitive dye Rose Bengal is injected
intraperitoneally, and then a part of the brain is illuminated with a specific wavelength
of light, which will form highly reactive oxygen products that in turn induce peroxidation
of the endothelial cell membranes, leading to platelet adhesion and aggregation, and
eventually to thrombus formation leading to interruption of local brain flow. The light
source can be applied to the intact skull without the need for craniotomy, which allows
targeting any cortical area of interest in a reproducible and non-invasive way.
Photothrombosis does not obstruct just one artery as usually happens in the case of

human stroke and induces lesions in superficial vessels [21, 22].

Another option is a craniotomy model, which consists of directly ligating,
clamping, or cauterizing the brain vessel, however, this model is quite different from
what occurs in humans and causes more trauma to the animals [23, 24]. The endothelin-
1 model is another model used. Endothelin-1 is a peptide with vasoconstrictor properties,
which when applied directly to the blood vessel, will lead to its vasoconstriction causing
ischemia, furthermore, when the effect wears off, the blood flow is restored representing
reperfusion. However, this model also does not mimic a human stroke due to the reduced
edema [22, 23]. Finally, there are also models of embolic stroke, which can be of two
categories: thromboembolic clot models or models induced by micro or macro spheres.
Thromboembolic clots consist of the injection of pre-formed clots or the injection of
thrombin directly into the internal carotid artery or middle cerebral artery, which will

induce clot formation. The micro- or macro-sphere models, on the other hand, consist of



injecting micro-spheres (20-50um) or macro-spheres (300-400um) that will in turn

block the blood circulation [23, 24].

As for in vitro models, there are two: oxygen and glucose deprivation (OGD) and
chemical or enzymatic inhibition of metabolism. The chemical or enzymatic inhibition
methods use rotenone, antimycin, or sodium azide to inhibit the electron transport
chain. The cell damage mediated by antimycin was the most reproducible, however, and
despite this being an easy and fast method, it causes the release of many free radicals, so
it is not very suitable for ischemic stroke studies. The most widely used method is oxygen
and glucose deprivation, which consists of changing the cell culture medium to a glucose-
free medium and place the cell culture in a closed chamber in an N,/CO. atmosphere for
1 to 24 hours. The longer the OGD takes, the bigger the cellular damage will be. Then,
the medium is replaced, and the cells are placed back in a CO, incubator, mimicking the

reperfusion phase. This model reproduces more closely what happens in IS [23, 25].

1.1.5. Ischemic stroke cascade of events
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Figure 1 Cascade of cellular events after IS that lead to cell death. Ischemic injury results from a set of
cellular and molecular events caused by a decrease or loss of blood flow in a particular region of the brain.
This set of events is called the ischemic cascade and consists of a cellular energy failure, followed by
excitotoxicity, oxidative stress, blood-brain barrier dysfunction, and post-ischemic inflammation (these last
two are not represented in the figure), which together contribute to cell death. In the first few minutes, the
shortage of blood flow produces an energy gap in brain cells, which causes membrane depolarization,
triggering the release of the neurotransmitter glutamate into the synaptic cleft. The overactivated
postsynaptic N-methyl-D-aspartate (NMDA) receptors will lead to excitotoxicity processes (mainly due to
Caz* influx). In addition, energy failure and depolarization of the cell membrane inhibit glutamate
transporters in astrocytes and may even induce a reverse function of their action leading to further release
of glutamate into the synaptic cleft.



IS is characterized by a lack of oxygen and glucose in a part of the brain. This
failure of oxygen and glucose in the cells will start a cascade of events that will lead to cell
death [6, 26].

Initially, the lack of oxygen in the brain will lead to reduced ATP due to decreased
or stopped oxidative phosphorylation. Insufficient glucose will lead to the utilization of
brain glycogen, which is mostly provided by astrocytes, however, this quickly runs out.
In addition, oxygen insufficiency leads to anaerobic glycolysis, which produces a large
amount of lactate. The lactate can be used as an energy substrate for neurons, but also

leads to intracellular acidification [ 6, 26].

The cessation of oxidative phosphorylation triggers the reversion of ATP synthase
accelerating ATP consumption and triggering the production of reactive oxygen species
[6, 26].

As shown in Figure 1, the ATP depletion will compromise functioning of
membrane ion transporters, as is the case of the NA+/K+ pumps, which leads to a
decrease in intracellular K+ and an increase in the levels of Cl-, Ca2* and Na* inside the
cells. The increase of intracellular Na+ will lead to an increase of H,O inside the cell,
causing cytotoxic edema that can lead to membrane rupture, while the increase of Ca2*
will cause mitochondrial disfunction that will induce the release of apoptotic factors and

degradative enzymes [ 6, 26].

Consequently, cellular depolarization occurs, leading to activation of voltage-
dependent calcium channels, and release of excitatory neurotransmitters into the
extracellular space, such as glutamate. Due to the dysfunction of the NA+/K+ pump, the
transport of glutamate is hampered, causing its accumulation in the synaptic cleft. This
leads to the continuous stimulation of postsynaptic receptors, such as the N-methyl-D-
aspartate (NMDA) receptors, which leads to the loss of calcium homeostasis and the
activation of intracellular events that culminate in cell death, a process known as
glutamatergic excitotoxicity [6, 26]. Furthermore, the energy failure and cell membrane
depolarization, inhibits glutamate transporters in astrocytes and could even induce its

reverse function leading to further glutamate accumulation in the extracellular space

[27].

After several hours, the immune cells start to remove the damaged cells, a process
that triggers inflammation. This inflammation alters the blood-brain barrier allowing
fluids and proteins to enter the brain and causing edema. The increased inflammation
also leads to the release of cytokines and chemokines that exert deleterious effects on the

neurovascular network [6, 26].



All these processes, energy failure, excitotoxicity, oxidative damage, and

inflammation contribute to cell death [ 6, 26].

1.1.6. Phases of ischemic stroke: acute, subacute, and chronic

There are three phases after a stroke, the acute phase, the sub-acute phase, and
the late phase. The decrease in cerebral blood flow and the reduction of oxygen and
glucose initiates the processes of the acute phase, where intracellular levels of Ca2*, Na*,
and Cl- increase, oxidative stress, and glutamatergic excitotoxicity also increase and the
expression of glutamate transporters is promoted. The subacute phase is characterized
by the occurrence of various forms of cell death, the blood-brain barrier becomes more
permissive, and an inflammatory response is triggered. In the late phase, the glial scar
develops, allowing a demarcation between the infarct zone and the penumbra zone, and
recovery processes begin in the surrounding area with the occurrence of angiogenesis,

neurogenesis, and re-myelination [6, 26].
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Figure 2 Representation of the core and penumbra region after an IS. The core of the infarct is the region
in which the severe decrease in blood flow causes an energetic failure, and therefore the cells quickly die of
necrosis. In contrast, the penumbra is the region where although death pathways by apoptosis is activated,
if reperfusion occurs, the tissue has the possibility of being preserved. If this reperfusion does not occur, the
infarct core expands into the penumbra.

The infarct core and the penumbra zone are formed still in the acute phase and
are represented in Figure 2. The infarct core is the area where the reduction of blood flow
has occurred and presents almost immediate irreversible damage with total cell death by
necrosis due to the reduction of oxygen and glucose. The penumbra zone is an area of
tissue that has been exposed to a moderate decrease in blood flow, which makes the
penumbra a zone of progressive damage to neuronal tissue, in the course of hours or
days. The penumbra zone is the focus of stroke treatments due to its recovery potential.
However, the progression of ischemic damage is time-dependent, so the sooner a patient

treated, the better the prognosis [6].



1.1.7. Effects of ischemia on brain cells: neurons and glia

The brain is extremely susceptible to ischemia because neurons are cells with high
energy requirements and therefore, the interruption of blood flow for only a few minutes
leads to a cascade of events that triggers neuronal death [28]. Microglia comprise 10-15%
of all cells in the brain and constitute the first defense line in the central nervous system
[29]. Activated M1 microglia is the first step in the inflammatory response after IS and
this activation is initially triggered by neuronal death. In the acute phase, activated
microglia secrete several inflammatory cytokines (tumor necrosis factor (TNF), IL-1[3,
and IL-6) that contribute to the inflammatory response. After the acute phase, microglia
take over the repair function by removing the injured neurons [30, 31]. M2 microglia
release anti-inflammatory cytokines that restore tissue homeostasis [29]. Astrocytes
account for 50% of the brain cells [ 29 |. M1 microglia induces A1 astrocyte phenotype that
trigger neuronal damage [30]. The cytokines released by cells in the zone of injury and
penumbra, lead to the formation of the glial scar by reactive astrocytes, a scar that

restricts the spread of neuroinflammation and inhibits axonal regeneration [29, 30].

There are also A2 astrocytes that release neurotrophic factors with
neuroprotective effects by releasing anti-inflammatory cytokines and trophic factors,
such as brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic
factor (GDNF) or vascular endothelial growth factor (VEGF) [29, 30]. Oligodendrocytes
constitute 5-8% of total adult brain glial cells. Oligodendrocytes are extremely sensitive
to excitotoxicity and oxidative stress produced during ischemia, which can lead to
demyelination. This demyelination causes axonal destabilization and alters neuronal
communication. These events are aggravated by M1 microglia and A1 astrocytes. On the
contrary, trophic factors released by M2 microglia and A2 astrocytes increase

oligodendrogenesis [29].
1.1.8. Glutamate and excitotoxicity in ischemia

Glutamate is the main excitatory neurotransmitter in the brain. Glutamate is
released by vesicles present at the presynaptic terminals in a Ca2*-dependent manner.
Postsynaptically, it acts on three families of ionotropic receptors, the NMDA, the a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and the kainate
receptors, although the permeability to Na* and Ca2*is different between each receptor,
all of them promote the influx of cations. In addition to ionotropic receptors, glutamate
also acts on metabotropic receptors which consist of three classes, with class I receptors

regulating phospholipase C and leading to the production of diacylglycerol and inositol



triphosphate, and class II and III receptors being negatively coupled to adenylyl cyclase
[32, 33].

In a normal condition, glutamate is released into the synaptic cleft and captured
by membrane glutamate transporters. Astrocytes are the main cells responsible for the
uptake and recycling of glutamate. Glutamate is collected and converted into glutamine,
which can then be used by neurons for glutamate synthesis. This function is essential to

ensure correct function of glutamatergic synapses [29].

There are five types of glutamate transporters, two of which are expressed
predominantly in astrocytes, excitatory amino acid transporter 1 (EAAT1) and excitatory
amino acid transporter 2 (EAAT2), also known as glial glutamate and aspartate
transporter (GLAST) and glial glutamate transporter (GLT-1), and three are expressed in
neurons: excitatory amino acid carrier 1 (also known as EAATS in humans), EAAT4 and
EAAT5 [32, 33]. Although glutamate transport normally occurs in the direction of
glutamate entry into the cell, however in cases of IS in which Na+ and K* gradient across
the membrane is reduced, especially in the core area, the reverse function of glutamate

transporters can be induced, further increasing excitotoxicity [29].

1.1.9. Growth factors in ischemia

Growth factors are biologically active molecules, mainly peptides or proteins, that
affect the regulation of several organic processes, namely, the inflammatory process,
coagulation, healing, and cell differentiation and proliferation. Growth factors are also
essential for cell survival, neurogenesis, differentiation, synaptogenesis, and

neuroprotection [34-37].

After ischemia, the increased expression of growth factors, specially BDNF,
GDNF, platelet-derived growth factor (PDGF), and VEGF, activates a cascade of
signaling pathways that regulate angiogenesis, inflammation, cell differentiation,
proliferation, and apoptosis and promote neuronal plasticity and functional recovery

[34-37].

1.1.10. Stroke treatments in acute and chronic phase

Since stroke is caused by a decrease in blood flow in one region of the brain,
mostly caused by a clot, the current treatment for acute IS aims to restore blood flow as
quickly as possible. This reperfusion can be accomplished by administering
anticoagulants, such as recombinant tissue plasminogen activator (rtPA), or by

extracting the clot surgically. However, not all patients are eligible to take this treatment



since rtPA has a therapeutic window of three to four and a half hours due to the risk of

causing a hemorrhagic stroke (38, 39].

In the chronic phase of stroke, besides the use of medication to treat possible
medical complications, the therapies that are most recommended to reduce the
disabilities caused by an IS are, depending on the patient’s disability, physiotherapy
and/or speech therapy [16].

Nevertheless, several innovative therapies are being studied, such as the use of
nanoparticles and hydrogels to delivery encapsulated therapeutic biological factors, anti-
inflammatory drugs [40], stem cell therapy [41], or gene therapies that offers the
potential to alter cellular and molecular processes. Gene therapies are important to
recovery from ischemic stroke, reducing the inflammatory response and initiating
regeneration of damaged tissue [42]. Among the new therapies, repetitive transcranial
magnetic stimulation (rTMS) stands out as a promising non-invasive neuro-modeling
strategy for recovery of stroke patients, with several clinical studies showing that this
therapy had beneficial results in patients in the chronic phase [43]. rTMS was shown to
have beneficial effects on the rehabilitation of limb motor function in both acute and
chronic stages of the disease, dysphagia in the post-acute stage, aphasia, hemispatial

neglect, depression, and cognitive deficits [43-45].

1.2. Repetitive Transcranial Magnetic Stimulation

1.2.1. Principles of repetitive Transcranial Magnetic Stimulation

Transcranial magnetic stimulation (TMS) is based on the principles of
electromagnetic induction, discovered by Michael Faraday in 1831 [46]. TMS is a
neurophysiological procedure that consists of applying a magnetic field of time-varying
intensity to the superficial layers of the cerebral cortex, causing small internal electrical
currents called Eddy currents. Eddy currents allow the stimulation of neurons giving rise
to action potentials that either facilitate or inhibit the brain region that is stimulated [47].
Because the impedance of gray matter is higher than in white matter, the electrical
current is weaker in the subcortical layers, and therefore, structures such as the thalamus
and basal ganglia are not activated by TMS. The effect of TMS is due to the force that the
induced electric field exerts on the ionic charges in the intra- and extracellular media of
neurons [48]. Although its mechanisms of action are still not entirely clear, TMS has
been used for various purposes, such as for brain functional imaging and mapping
studies of the cortical cortex, prognosis, or therapeutic uses. One of its great advantages
as a therapy is that it has a localized effect and does not influence other organs, unlike

oral medication [46, 49].
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However, TMS has associated risks, as it can cause convulsions, headaches,
transient acute hypomania, or fainting. It also has contraindications, as it is not

recommended for patients with pacemakers, metal objects in the skull, or a history of

epilepsy [50].
1.2.2. Several types of TMS protocols and different types of coils

The electric field generated by TMS depends on several factors such as the shape
and orientation of the coil, the number of turns of the coil, the wave of the magnetic
pulse, the intensity, the frequency, the stimulation pattern, and the variation of the

magnetic field [48, 51].

The geometry and position of the coil determines the distribution and the focality
of the induced electric current in the brain. Circular coils and figure-of-eight coils are the
most commonly used, the latter being able to reach a more focal zone in the brain
allowing mapping of cortical function, as they allow for high precision stimulation in a
small area of the cortex. The focus of the figure-eight coils is located under the

intersection of the two constituent circles, as observed in Figure 3.a [48, 51].

TMS is broadly related to neuronal plasticity, the ability of the brain to change its
response to stimuli, and more specifically to synaptic plasticity, the ability of each neuron
to adapt after each stimulus. Synaptic plasticity includes long-term potentiation (LTP)
and long-term depression (LTD) [52, 53]. Depending on the stimulation parameters,
TMS can excite or inhibit neurons. TMS can be performed as a form of single pulses or
pulse trains, with the latter form seeming to produce more profound changes in neuronal
activity [51]. Among the various applications of TMS, rTMS stands out for therapeutic
uses. There are two conventional types of rTMS described as low-frequency rTMS (LF-
rTMS) and HF-rTMS. While LF-rTMS uses stimulation frequencies lower than 1 Hertz
(Hz) and is characterized by continuous trains of single pulses, the HF-rTMS uses
stimulation frequencies higher than 5Hz and is characterized by trains of stimuli lasting
5-10 seconds (s) separated by pauses of 20 to 50s [48, 50]. The functional effects of rTMS
last longer than just the treatment protocol period, being these effect associated with
LTD induced by LF-rTMS and to the LTP induced by HF-rTMS [ 48]. In addition to these
conventional forms of rTMS, there is also an alternative approach, which is delivered in
the form of a theta pulse, the Theta-Burst stimulation (TBS). This type of rTMS consists
of short bursts of 3 low-intensity pulses of 30 to 100Hz that occur every 200 milliseconds
[50, 54]. There are two forms of TBS, the intermittent (iTBS) and the continuous (cTBS).

While iTBS delivers a stimulus during 2s every 10s, for 200s total, and can result in MEP
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facilitation, the ¢TBS delivers a continuous stimulus for 40s, which can result in MEP

inhibition [55]. All these stimulation protocols are represented in Figure 3.b.

However, although TMS is mainly associated with LTP and LTD processes, other
mechanisms of action have been described. The LTP and LTD processes are related to
the electric current induced by TMS, causing changes in synaptic plasticity and
neurotransmitter release, as previously mentioned. However, several studies have shown
that the intrinsic magnetic field is also responsible for several effects including
macromolecular magnetic effects, magnetic spin effects, genetic magnetoreception, and
quantum effects, which affect the genetic apparatus of cells, modulate neuroprotection,
affect the release of neurotrophic factors, and modulate glial cells. Furthermore, the
combination of the induced electric current and the intrinsic magnetic field is seen as the

possible explanation for the long-term effects caused by rTMS [56].

a. b.
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Figure 3 Representation of the TMS application and protocols. (a) For the application of TMS, an electric
current is passed through the turns of wire that make up the coil. The coil is placed above the scalp and the
magnetic field lines produced by the electric current are formed perpendicular to the coil. An induced electric
field is formed perpendicular to the magnetic field, and therefore parallel to the coil. The focus of the largest
induced current is located under the intersection of the two round components of the coil. (b) Representation
of the pulses given in each stimulation protocol. Theta Burst Stimulation consists of trains of 30 to 100Hz
pulses that occur every 200ms. In the iTBS protocol, the bursts last 2s and are repeated every 10s, while in
cTBS the bursts are repeated every 40s and there are no pauses. At low frequency (<1Hz) there is a decrease
in cortical excitability, while at high frequency (>5Hz) there is an increase in cortical excitability.

1.2.3. Effects of HF-rMS in glial cells

HF-rTMS induces a transient increase in GFAP expression, increasing few days
after stimulation, and returning to basal levels after a few days or weeks, which indicates

that HF-rMS does not modulate astrocyte reactivity in lesion-free models [57-60].
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Regarding astrocyte activity, intracellular calcium levels were analyzed. Intracellular
calcium is a major regulator of astrocytes and the capacity of HF-rMS to alter calcium
levels of astrocytes was also studied [61, 62]. Although Clarke and colleagues (2017) did
not observe differences in intracellular calcium levels [61], the same group reported that
HF-rMS decreased the expression of stromal interaction molecule 1, calcium release-
activated calcium modulator 3, and calcium-activated potassium channel subunit beta-

4, proteins involved in the regulation of intracellular calcium [62].

Concerning oligodendrocytes, exposure of induced pluripotent stem cells cultures
to HF-rMS resulted in an increase of oligodendrocyte proliferation, as well as
oligodendrocyte differentiation from progenitor cells, demonstrated respectively by
increased oligodendrocyte transcription factor 2 transcription [63], and activation of the
non-canonical transforming growth factor f (TGF-f3)-Akt and TGF-f-Erk1/2 pathways,

known to mediate oligodendrocyte differentiation and myelination [60].
1.2.4. Use of HF-rMS in Neurological Disorders

Over recent years, rTMS has been proposed to be used as a therapeutic approach
for several neurological disorders such as major depressive disorder, IS, Parkinson's
disease, Alzheimer's disease, and multiple sclerosis [64]. In patients with major
depressive disorders, rTMS was associated with a decrease in the severity scores and to
an improvement of depressive symptoms [43]. Clinical data shows that rTMS is capable
of reducing functional deficits frequently presented by in IS patients, namely reduced
limb motor function [65], aphasia [66], hemispatial neglect [67], dysphasia [68], and
cognitive deficits [69]. In Parkinson’s Disease, clinical studies show a reduction of
tremor, rigidity, bradykinesia, dyskinesia, postural instability, and gait performance [70-
74]. In Alzheimer’s Disease patients, rTMS was associated with improvement of memory
and learning [75, 76], and in multiple sclerosis, rTMS reduced fatigue [77], pain and

inflammation [43].

The Food and Drug Administration has already indicated TMS as an accepted
treatment for drug resistant major depressive disorder and obsessive-compulsive

disorder [53].

Concerning the impact of HF-rMS on glial cells in disease models, astrocyte
reactivity decreased in Alzheimer’s Disease [78], chronic pain [79, 80], hemorrhagic
stroke [81], IS [82], multiple sclerosis [83], spinal cord injury [84-86] and traumatic
brain injury [87]. Microglia reactivity was also affected and showed reduction in

Alzheimer’s Disease [ 78, 88], IS [89], multiple sclerosis [90], and spinal cord injury [84,
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86, 91]. The inflammation decreased in Alzheimer’s Disease [88], IS [82, 89], and
multiple sclerosis models [90, 92]. Oligodendrocytes are also affected by HF-rMS with
increases of proliferation, differentiation, and myelination observed in multiple sclerosis

[90, 92] and in spinal cord injury models [84, 91].
1.2.5. Use of HF-rMS in post-stroke patients

TMS is being increasingly used for post-stroke motor rehabilitation due to its
ability to model excitability in the cortical motor network and to interfere with neuronal
plasticity [53, 93]. One strategy used is to apply HF-rTMS to the ipsilateral motor cortex
to enhance reperfusion and brain reorganization leading to synaptic plasticity,
particularly of the synapses necessary for movement control. However, another strategy
is to apply LF-rTMS to the contralateral motor cortex in order to decrease the inhibition
exerted on the ipsilesional side. Either of these strategies seems to have positive

consequences on motor learning [53, 93].

TMS is often combined with physical therapy as TMS appears to increase the
recovery process. Several clinical studies have examined the potential of TMS to treat
motor dysfunction and aphasia in post-stroke patients [44]. Chieffo and colleagues
(2014) studied the ability of HF-rTMS to improve chronic aphasia in post-stroke patients
and a significant improvement was noted [94]. Another study from the same group
evaluated 10 patients who suffered cortical strokes and had lost the full walking ability,
and improvements in lower limb motor function were observed [95]. Wang and
colleagues (2020) evaluated 15 stroke patients treated with HF-rTMS and noted
improved recovery of motor impairment with stimulation in the contralesional
hemisphere [96]. Sasaki and colleagues (2013) compared five days of LF-rTMS in the
contralesional hemisphere with the application of HF-rTMS in the ipsilesional

hemisphere and found that HF-rTMS increased motor function recovery [97].

1.2.6. How does HF-rMS affects glial cells and neurons in cerebral

ischemia?

In addition to the effects that magnetic stimulation has on neurons, there has
been increasing mention of the effects that TMS has on glial cells. The modulation of
several markers of astrocytic reactivity by HF-rMS was evaluated in different IS models.
HF-rMS treatment of primary cortical cultures exposed to OGD and of Sprague-Dawley
rats that suffered MCAO induced a decrease in C3 and iNOS and increased S100A10 and
Arg1, suggesting a conversion astrocyte with the A1 phenotype into the A2 form [82]. In
what concerns the GFAP levels, Luo et al (2017) and Caglayan et al (2019) reported the
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absence of alterations, whereas Hong et al (2020) reported a decrease in GFAP levels
induced by HF-rTMS [82, 89, 98].

In a study realized by our group, we showed that HF-rMS also prevents neuronal
death and neurite degeneration induced by OGD and increases the number of cells
expressing ERK1/2 and c-Fos, and the number and intensity of synaptic puncta.
Interestingly, these effects were only observed in neuron-astrocytes cultures, and not in
neuron-enriched cultures, thus suggesting that astrocytes are essential for the beneficial
effects induced by HF-rMS after ischemia [99]. Hong and colleagues (2020) also
reported that astrocytes contribute to the beneficial effects of HF-rMS after ischemia and
demonstrated that the culture medium from astrocytes that underwent HF-rMS was
sufficient to decrease neuronal apoptosis. This study also reported that HF-rTMS
decrease the levels of the pro-inflammatory mediator TNF-a and increase the anti-
inflammatory mediator IL-10 in the medium, which may contribute to the observed
beneficial effects [82]. The same authors observed that the HF-rTMS applied to Sprague-
Dawley rats that suffered MCAO reduce infarct volumes, and improved cognitive
functions, assessed by modified neurological severity score [82, 89, 98]. Using the MCAO
model, Caglayan and collaborators (2019) showed that HF-rTMS reduced
neuroinflammation, as showed by decreased expression of inflammation-related genes
such as IL-18, TNF-a, TGF-f3 and MMPo, and also by a decrease in the number of Iba-1
positive cells [89].

Besides the effects already mentioned, HF-rTMS caused an upregulation of
VEGF-A and VEGF-B, which promotes angiogenesis, that in turn protected capillary
integrity, observed by an increase in CD31 positive cells [89, 98]. These data suggest that

glial cells are crucial targets for the neuroprotection caused by HF-rTMS.
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2.0bjectives

Although HF-rTMS is applied in patients and has shown beneficial effects, the
biological mechanisms behind these effects are not yet fully understood. Most of the
existing data on the application of this technique are focused on the action of this

technique in neurons, and data on glial cells are scarce.

A previous work by our group showed that through factors that they released into the
medium astrocytes play an important role in neuronal recovery. Thus, the goal of this
work is to understand how astrocytes can contribute to the beneficial effects after HF-

rMS. More specifically, the present work aims to answer the following points:

1. Is HF-rMS capable to increase glutamate transporters levels, and consequently

decrease excitotoxicity?

2. What are the trophic factors that astrocytes release into the extracellular medium

after HF-rMS that lead to neuroprotection?
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3.Materials and Methods

3.1. Animals

All procedures were approved by the Animal-Welfare body of the Health
Research Centre at the University of Beira Interior and followed the requirements of the
European Convention for the protection of vertebrate animals used for experimental and
other scientific purposes (Directive 2010/63/EU). The rat colony was obtained from
Wistar Han IGS rats purchased from Charles River (RRID: RGD_2308816). The animals
were bred at CICS-UBI Health Science Research Center animal facilities, with free access
to water and food and maintained under a 12-hour light/dark cycle under standard
humidity and temperature conditions. Females (220-260 g) were housed in groups of

four in individually ventilated cages.

To obtain embryonic brain tissue, pregnant females were anesthetized with
ketamine (87.5 mg/kg, Imalgene 1000) and xylazine (12 mg/kg, Rompun), the
abdominal cavity was opened, the embryos were removed and then the females were
euthanized by exsanguination through a cut in the aorta. Embryos from Wistar rats at
the 15th-16t day of embryonic development, used to prepare cortical cultures were taken
from the animal facility to the culture room while still in the yolk sac in a 50mL tube with
phosphate buffered saline (PBS).

3.2. Culture of astrocytes

Cell culture was performed as previously described [100]. From the moment that
the embryos arrived at the culture room, all procedures were carried out inside the

laminar flow hood previously disinfected with ethanol 70% and using sterile material.

The embryos were carefully removed from the yolk sac and placed in a Petri dish
with cold PBS. Next, the cortices were dissected in another Petri dish with the help of a
magnifying glass. The scalp and meninges were removed, the cortex was collected,

chopped into small pieces, and pooled together in a falcon with 5 ml of PBS.

Mechanical digestion of the tissue was performed with a micropipette with a
regular tip, followed by plastic tips punctured with needles of decreasing diameter (20G:
0.9 mm, 23G: 0.6 mm, and 25G: 0.5 mm). After mechanical digestion, the cell

suspension was centrifuged (400 g, 3 minutes), the supernatant was discarded, and the

1 Phosphate-buffered saline (PBS): 140 mM NaCl (Fisher Scientific, S271-500), 2.7 mM KCI (PanReac
AppliChem, A2939), 1.5 mM KH-PO, (Honeywell, 60216), and 8.1 mM Na.HPO, (Fisher Bioreagents,
BP332-500), pH = 7.2.
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pellet was resuspended in 10 ml of M10cG medium? for astrocyte-enriched cultures, or
in 10 ml of Neurobasal mediums3 for neuron-glial cultures, pre-heated at 37°C. Finally,
the cells were cultured in 9.4cm2 plates (Thermo Scientific, 130180) coated with poly-D-
Lysine (PDL)4 at a density of 0.1489x10°¢ cells/cm? for Western Blot, Growth Factor
Array, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
analysis and in 24-well plates at a density of 0.11912x10¢ cells/cm2 for
immunocytochemistry. For the astrocyte-enriched cultures, 3 hours after plating the

cultures were washed with cold MEM to kill the neurons.

Each experiment consisted of four experimental groups, the control, which was
not subjected to OGD or HF-rMS, the OGD, subjected only to OGD, the HF-rMS,
subjected only to HF-rMS, and the OGD + HF-rMS, which was subjected to OGD and
HF-rMS.

The cells were kept in culture for 9 days in an incubator with controlled
temperature and CO. (37°C, 5% CO.). On the 8t day in vitro (DIV) the cells were exposed
to oxygen and glucose deprivation and HF-rMS, and 24 hours after the HF-rMS, both
the cell extracts and the conditioned medium (CM) or the coverslips were collected to
perform Western Blot, RT-PCR, and MTT assay or to perform the growth factor array

and the GDNF neutralization, or immunocytochemistry, respectively (Figure 4).

2M10¢G medium: 9.6 g/L MEM (Sigma-Aldrich, M0268), 0.026 M NaHCOj3 (Sigma-Aldrich, S5761), 0.49
mM glutamine (Sigma-Aldrich, G3126), 5 mg/L insulin from bovine pancreas (Sigma-Aldrich, 15500), 3.375
g/L 45% anhydrous D-glucose (Fisher Scientific, G/0450/60), 12 U/ml Penicilin/Streptomycin (Biochrom,
A2213), and 10% heat-not inactivated FBS (Biochrom AG, BCS0615), pH=7.2.

3 Neurobasal medium: Neurobasal medium (Gibco, 21103-049), 2% B27 (Gibco, 17504044), 25 uM
glutamate (Sigma-Aldrich, G8415), 0.5 mM glutamine (Sigma-Aldrich, G3126), 120 ug/mL gentamicine
(Sigma-Aldrich, G1272), and 10% FBS (Biochrom AG, BCS0615), pH=7,2.

4 Poly-D-Lysine (PDL): 0.15 M H3BO; (Chem-Lab, CL00.0216.1000) and 0.1 mg/mL PDL (Sigma-
Aldrich, P1149), pH=8.4.
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Figure 4 Experimental paradigm. At 8th DIV, the primary cortical cultures were submitted to OGD and HF-
rMS, and on 9t DIV both cell extracts and medium were collected for analysis of Western Blot, RT-PCR,
MTT assay, immunocytochemistry, growth factor array, and GDNF neutralization.

3.3. Oxygen and Glucose Deprivation and reperfusion

Oxygen and glucose deprivation was performed to simulate what occurs during
an ischemic stroke. The protocol was based on procedures previously described [100].
Thus, on the 8t DIV, the culture medium of the cells from the experimental groups
exposed to OGD (OGD and OGD + HF-rMS) was removed and replaced by Hank's
Balanced Salt Solution (HBSS)5 without glucose and the culture plates were placed on a
hypoxia incubation chamber (Stemcell Technologies, 27310). To induce hypoxia, a 4-

minute purge was performed, in which oxygen was replaced by a gas mixture containing

5 Hank's Balanced Salt Solution (HBSS): 1.26 mM CaCl. (Panreac, Coo1), 5.36 mM KCIl (PanReac
AppliChem, A2939), 0.44 mM KH-PO,4 (Chem-lab, 15004CL0014612), 0.49 mM MgCl. (LabChem, MGCH-
06P-1K0), 139.9 mM NaCl (Fisher Scientific, S271-500), 4.17 mM NaHCO3; (Sigma-Aldrich, S5761), 3.38 mM
Na-HPO, (Fisher Bioreagents, BP332-500), and 5.56 mM 45% anhydrous D-glucose (Fisher Scientific,
G/0450/60), pH=7.2.
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95% N, and 5% CO. at a flow rate of 20 L/min. After this period, the chamber was sealed,
was transferred to an incubator at 37°C, and the cells were left for 6 hours under hypoxia.
For the experimental groups not exposed to OGD (control and HF-rMS) the M10ocG
medium or Neurobasal medium was also removed and replaced by HBSS supplemented
with glucose and were placed again in the incubator, under normoxic conditions. After 6
hours the HBSS was removed and replaced by M10cG medium (astrocyte-enriched
cultures) or Neurobasal medium (neuron-glial cultures), and the cells were placed back
in the incubator. Samples that were used for Western Blot and Growth Factor Array were
placed in M10cG medium without fetal bovine serum (FBS), while samples that were

used for immunocytochemistry were placed in M10cG medium with FBS.

3.4. High frequency repetitive magnetic stimulation (HF-
rMS)

HF-rMS was performed on the 8t DIV right after the medium change that
followed OGD. The HF-rMS protocol used throughout this study was based on previous
studies of our group [100]. The coil used for stimulation was a figure-8 MCF-B70 coil
(180 x 116 mm, 9016E040), connected to a stimulator (MagVenture MagPro X100,
9016E0711). The culture plates were placed under the coil, about 1.5 cm away from the
center of the coil, aligning the center of the plate with the center of the coil, thus
maximizing magnetic field exposure, and were stimulated. The stimulation protocol
consisted of 24 trains of 50 pulses, applied in a biphasic waveform (280 us duration),
delivered at 10 Hz, with a 25s inter-train interval, totalizing 1200 stimuli. Each plate took
about 11.5 minutes. The intensity used was about 60% of the maximum device output.
Coil temperature ranged between 21 and 37°C, limiting the possible effects of
temperature changes. The plates that were not stimulated went to the same stimulation

room but were placed away from the stimulating coil.

3.5. Western Blot

Astrocyte-enriched cortical cultures were lysed with cold lysis buffer®. Protein
concentration was performed with the Bio-Rad Protein Assay (Bio-Rad, 500-0006).

After determination of protein concentration samples were denatured by adding loading

6 Lysis buffer: 25 mM Tris (Fisher Scientific, M-27435), 2.5 mM EDTA (Panreac, 131669.1211), 2.5 mM
EGTA (Sigma-Aldrich, E4378), 0,2% Triton X100 (Fisher Scientific, BP151-500), 2 mM NazVO, (Sigma-
Aldrich, S6508-10G), 4% complete EDTA free protease inhibitor cocktail tablets (Roche, 04693132001),
pH=7.5.

30



buffer” followed by heating at 100°C for 5 minutes. Equal amounts of protein (20ug) were
placed in the wells of the gel formed by the stacking gel8. Proteins were resolved? in a
12% gel by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) for 2
hours at 120V in running buffer. After the electrophoresis proteins were transferred
at 0.75A, for 80 minutes, to a polyvinylidene difluoride membrane (Amersham™
Hybond® P 0.45). After transference, membrane blocking was performed with 5% non-
fat milk powder in tris buffered saline with 0.1% tween (TBS-T)*2 for 1 hour. Incubation
with the primary antibodies was done at 4°C, overnight, followed by 40 minutes at room
temperature. The primary antibodies used were mouse anti-EAAT1 (1:1000, Santa Cruz
Biotechnology, sc-515839), mouse anti-EAAT2 (1:1000, Santa Cruz Biotechnology, sc-
365634), or rabbit anti-GDNF (1:1000, Santa Cruz Biotechnology, sc-328). Mouse anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:5000, Sigma-Aldrich,
MAB374) and mouse anti-tubulin (1:5000, Sigma-Aldrich, T9026) antibodies were
incubated for 9o minutes at room temperature and were used for protein loading control.
Goat anti-mouse IgG coupled to horseradish peroxidase (HRP) (1:20000, Santa Cruz
Biotechnology, sc-2005) and goat anti-rabbit HRP (1:20000, Santa Cruz Biotechnology,
sc-2004) were used as secondary antibodies, and were incubated during 1 hour at room
temperature. Protein bands were visualized by enhanced chemiluminescence
(ChemiDoc, Bio-Rad Laboratories) after incubation with Millipore Immobilon
Crescendo Western HRP Substrate (Millipore, Cat: WBLUR0500) for 5 minutes. The
densitometric analysis of each band was done with the ImageLab software (Bio-Rad
Laboratories), and bands of the proteins of interest were normalized to the density of the

band of the respective housekeeping protein.

7 Loading buffer: 100 mM Tris (Fisher Scientific, M-27435), 100 mM Glycine (Fisher Scientific, BP381-
1), 139 mM SDS (Panreac, 142363.1211), 8 M Urea (Acros, 140750010), 1.46 x 104 mM Bromophenol blue
(Amresco, 0449), and 1.42 M [-mercaptoethanol (Merck, 8.05740.1000).

8 Stacking gel: 531 mM acrylamide 30% (Panreac, A3626,0500), 124 mM Tris 0.5M, pH=6.8 (Fisher
Scientific, M-27435), 3.45 mM SDS (Panreac, 142363.1211), 11.35 mM PSA (Panreac, 131138.1610), and 6.58
mM TEMED (Acros, 138455000).

9 Resolving gel: 1.64 M acrylamide 30% (Panreac, A3626,0500), 373 mM Tris 1.5M, pH=8.8 (Fisher

Scientific, M-27435), 3.45 mM SDS (Panreac, 142363.1211), 11.35 mM PSA (Panreac, 131138.1610), and 3.29
mM TEMED (Acros, 138455000).

10 Running buffer: 25 mM Tris (Fisher Scientific, M-27435), 192 mM glycine (Fisher Scientific, BP381-
1), and 3.45 mM SDS (Panreac, 142363.1211).

i1 Transfer buffer: 25 mM Tris (Fisher Scientific, M-27435), 192 mM glycine (Fisher Scientific, BP381-1),
0.173 mM SDS (Panreac, 142363.1211), and 10% methanol (Fisher Chemical, M/4000/17).

12 Tris Buffered Saline with 0.1% Tween (TBS-T): 20 mM Tris (Fisher Scientific, M-27435), 140 mM
NaCl (Fisher Scientific, S271-500), and 2.1.x 10-3 mM Tween 20 (Fisher Scientific, BP337-500).
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3.6. Growth Factor Array

Analysis of growth factors present in the CM of the primary cultures of astrocytes
was performed with RayBio® C-Series Rat Growth Factor Array 1 (AAR-GF-1-8)
following the manufacturer’s instructions. The growth factors analyzed in this array were
BDNF, CSF2, EGF, FGF2, FLT3LG, GDNF, HGF, IGF1, IGFBP5, INHBA, NGF, PDGFA,
PDGFB, and VEGFA. Briefly, the CM was centrifuged at 19280 g for 3 minutes to remove
cell debris, and a pool was made with six samples from each experimental condition,
making up to 1 ml. The samples were incubated for 5 hours at room temperature and the
biotinylated antibody and HRP-Streptavidin was incubated for 2 hours at room
temperature. The growth factor profile was performed in duplicate, and dots were
detected using a chemiluminescence system (ChemiDoc, Bio-Rad Laboratories).
Basically, one plastic sheet was placed on the detection system and the membrane was
placed on top, followed by the detection buffers. The detection buffer was left on the
membrane for 2 minutes, after which time another plastic sheet was placed, waited 15s,
and detection was started. The calculated average pixel density of each pair of dots,
representing relative levels of growth factors, was analyzed with ImageLab software. All

the solutions used were included in the RayBio kit.

3.7. Polymerase Chain Reaction

To optimize the protocol for optimal annealing temperature and sample amount,
a polymerase chain reaction (PCR) was performed. The primers for both GDNF and
Cyclophilin A (CiA) (housekeeping) were designed with the Primer Blast-NCBI-NTH
program after literature consultation and were purchased from STAB VIDA: CiA Fw 5'-
CAA GAC TGA GTG GCT GGA TGG-3', Rv 5'- GCC CGC AAG TCA AAG AAA TTA GAG-
3' fragment size 163 bp and GDNF Fw 5'- ACG AAA CCA AGG AGG AACTGA -3',Rv5'-
TTT GTC GTA CAT TGT CTC GGC -3' fragment size 74 bp.

For PCR, two mixes were prepared, one for CiA and one for GDNF. Each mix
contained 2.5ul of 10x buffer, which already includes 20mM MgCl, (10X Dream Taq
Buffer, EP0702, Fermentas), 0.5ul of ANTPs mix (1toomM dATP - Ro141, 10omM dCTP
- Ro151, 100mM dGTP - Ro161, and 10omM dTTP - Ro171, Thermo Scientific), 0.075ul
forward primer, 0.075ul reverse primer, 0.625ul Taq (Dream Taq DNA polymerase,
EP0702, Fermentas) and nuclease-free water (Ro581, Fermentas) up to a total volume
of 23ul in each condition. To determine which annealing temperature was most effective,
6 temperatures were tested (52, 54, 56, 58, 60, and 62°C). The T100 Thermal Cycler
(BIO-RAD) was used for the reaction with the following protocol: 95°C for 3 minutes,
followed by 40 cycles of 95°C for 30 seconds, then 45 seconds at the annealing
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temperature (52, 54, 56, 58, 60, and 62°C), 1 minute at 72°C and finally 5 minutes at
72°C.

For visualization of the results, the PCR products were mixed with a 6X loading
buffer (MB13101, Nzytech) and were subjected to electrophoresis on a 2% agarose gel for
1 hour at 130V with 0.003% GreenSafe (MB13201, Nzytech) and a ladder (NZYDNA
Ladder VI, MB08901, Nzytech). The bands were visualized on a fluorescence gel imaging
system (UVITEC Cambridge). The annealing temperature of 58°C achieved the best
amplification for the GDNF primers (Figure 5.a) and CiA also achieved amplification at
this temperature (Figure 5.b), so this temperature was chosen as the optimal annealing

temperature.

a. b.
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Figure 5 Representative image of the product obtained from conventional PCR. (a) Representative image
of Gdnf mRNA. From left to right is represented the molecular weight ladder and seven bands. The first band
is the negative control, and the next six bands represented the temperatures tested using 2ul cDNA. (b)
Representative image of Cyclophilin A mRNA. From left to right is represented the negative control, two
bands with 1ul and 2ul ¢cDNA resultant form a protocol with an annealing temperature of 58°C, and the
molecular weight ladder.

3.8. Reverse Transcription Polymerase Chain Reaction

To evaluate the efficiency of the primers and GDNF gene expression in the
samples, a Reverse Transcription Polymerase Chain Reaction (RT-PCR) was performed.
Primer efficiency was evaluated using various dilutions of the same sample (1:1; 1:5; 1:25;
1:125), and the efficiency of both primers was proved, CiA with 92.77% efficiency and
GDNF with 107.63% efficiency. Two mixes were made, one for CiA and one for GDNF.
Each mix contained 1oul of SYBR Green (Luminaris HiGreen Fluorescein qPCR Master
Mix, Kog81, Thermo Scientific), 0.06ul forward primer, 0.06ul reverse primer, the
sample, and nuclease-free water until a total volume of 20pl, in which 4ul of the sample

was used for the GDNF mix and 1pul of sample was used for the CiA mix. All samples were
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run in duplicate. The following protocol was used in a CFX Connect Real-Time System
(BIO-RAD): initial denaturation at 95°C for 10 minutes, denaturation at 95°C for 15
seconds, annealing at 58°C for 1 minute, extension at 72°C for 10 seconds (40 cycles) and
finally 81 cycles of 10 seconds between 55°C and 95°C (0.5°C/cycle). Quantification was
determined using cycle time (CT) values and after normalization to the housekeeping

gene (CiA). The results were expressed as 2-24CT normalized to the control.

3.9. Neutralization of GDNF

To investigate the role of GDNF present in the CM of astrocytes, anti-GDNF (0.4
ug / ml, Santa Cruz, Cat: sc-328) was added to the medium for 20 minutes at room
temperature. After this time, the CM was added to mixed cultures of astrocytes and

neurons.

3.10. Immunocytochemistry

For the immunocytochemistry assays, the neuron-glial primary culture was
grown in 24-well plates containing 13mm coverslips coated with PDL. On the gt DIV,
the cells were fixed with 4% paraformaldehyde in PBS (Acros, 169650010) for 10 minutes
and washed with cold PBS. Then, a permeabilization solution (PBS with 1% Triton) was
added for 10 minutes, and then, a blocking solution to reduce non-specific binding. For
the immunocytochemistry of anti-MAP, a blocking solution with PBS 0.1% Tween and
20% FBS was added for 1 hour, and for the immunocytochemistry of anti-c-FOS, a
blocking solution with PBS 0.1% Tween, 20% FBS, and 3% Bovine Serum Albumin) was
added for 2 hours. After the blocking period, the primary antibodies used were rabbit
anti-MAP (1:500, Santa Cruz Biotechnology, sc-20172), incubated overnight at 4°C, and
mouse anti-c-FOS (1:100, Santa Cruz Biotechnology, sc-271243), incubated for 24 hours
at 4°C. After a washing step with PBS-T, to remove unbound antibodies, the cells were
incubated with the following secondary antibodies for 2 hours at room temperature: goat
anti-rabbit (1:1000, Invitrogen, A11010, A546) and goat anti-mouse (1:1000, Invitrogen,
A11001, A488). Next, coverslips were washed with PBS-T, incubated with Hoechst 33342
(1:1000, Invitrogen, H3569) for 10 minutes, washed with PBS-T, and finally the
coverslips were mounted on microscope slides using DAKO (CS703) mounting medium.
All antibodies and Hoechst 33342 were diluted in PBS-T with 1% FBS. The images were
acquired on an epifluorescence microscope AxioObserver Z1 with an AxioCamMR3
camera and EC Plan-Neofluar 40x/1.3 Oil DIC M27 lens. Acquisition and processing of
images were made with the AxioVision software (Carl Zeiss Microlmaging GmbH,

version: 4.8.2.0).
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3.11. Assay of cell viability

On the 9 DIV, the culture medium of neuron-glial cultures was aspirated and
incubated with 200ul of MTT solution (0.5mg/mL, M2128-5G, Sigma-Aldrich) prepared
in HBSS with glucose for 1 hour. The MTT solution was then collected, 200ul of 0.04M
HCI in isopropanol was added, homogenized until the precipitate dissolved, and the

absorbance was read on a 96-well plate at 570nm, using the 620nm reference filter.

3.12. Morphometric analysis of neurons

The morphometric analysis of neurons was realized in three independent cellular
preparations. Two coverslips per experimental condition were used in each preparation,
and fifteen neurons per coverslip were analyzed. The results are expressed as the mean

neurite number per neuron and the mean neurite length per neuron.

Sholl analysis was done on each skeletonized neuron considering the soma of the
cell as the origin. This analysis was executed with the FIJI software (v. 1.53q) using the
plugin Simple Neurite Tracer, with a sphere separation of s5um and without
normalization. The results are expressed as the mean number of intersections per
neuron. The area under the curve for the Sholl analysis was calculated using GraphPad
Prism 8 (GraphPad Software Inc., San Diego, CA).

3.13. Cell counting

The number of cells expressing c-Fos was evaluated by immunocytochemistry. To
assess the number of neurons expressing c-Fos, the number of cells labeled for this
marker was counted and normalized to the number of Hoechst 33342 labeled cells. For
the analysis, 2 coverslips and 15 fields per coverslip, were analyzed for each experimental
condition. For each coverslip, the cells co-labeled were counted and normalized to the
total of cells per field. The results are expressed as a percentage of control and represent

the mean of three independent experiments (performed with independent cell cultures).

3.14. Statistical analysis

The results are expressed as specified in the text and figure legends. Each
experimental condition was always performed in duplicate or triplicate in at least three
different cellular preparations. Comparisons between three or more groups with only one
variable were made with one-way ANOVA followed by Bonferroni's multiple comparison
test, as indicated in the figure legends. Data are presented as mean + standard error of
the mean (SEM). Values of P<0.05 were considered significant. All statistical analyses

were performed using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA).
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4.Results

4.1. Effect of HF-rMS on the levels of glutamate
transporters

Astrocytes are the main cells responsible for the removal of glutamate from the
synaptic cleft [29]. This is accomplished through Na+ and K+ dependent glutamate
transporters such as EAAT1 and EAAT2.

Previous studies realized by our group showed that astrocytes have an important
role in HF-rMS mediated neuroprotection. Since excitotoxicity is a major cause of
neuronal death, we proposed to evaluate whether the protection exerted by HF-rMS
involved the regulation of glutamate transporters in astrocytes. To evaluate this
hypothesis we determined, by Western Blot, the levels of the glutamate transporters
EAAT1 and EAAT2 in astrocyte extracts. Two bands were observed for EAAT1, as shown
in Figure 6.a, a monomer, and a dimer, with the dimer corresponding to the glycosylated
form of EAAT1. This glycosylation of EAAT1 has been correlated with the passage of this
transporter to the plasma membrane leading to an increased capacity for glutamate
uptake [101]. The two bands formed for EAAT1 were evaluated separately. Although the
quantification for the EAAT1 monomer showed no significant difference between the
experimental conditions (Figure 6.b), the quantification for the EAAT1 dimer showed an
increase of 51.3% from the OGD+HF-rMS experimental group when compared with the
control (P<0.01; Figure 6.c). This means that when HF-rMS was performed on the
cultures of astrocytes that had undergone OGD, there was an increase in the number of
glycosylated glutamate transporters. Interestingly, in the group that underwent HF-rMS
without having previously undergone OGD, there is no significant difference in the
number of transporters, indicating that HF-rMS needs an initial stimulus to trigger the

increase in the number of glutamate transporters.
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Figure 6 Effect of HF-rMS on glutamate transporter EAAT1 levels. Representative Western Blot bands for
EAAT1 dimer (245-135KDa), EAAT1 monomer (55KDa), and GAPDH (36KDa) (a). Quantification of EAAT1
monomer normalized to GAPDH and to control (b). Quantification of EAAT1 dimer normalized to GAPDH
and to control (¢). Data is shown as mean + SEM of six independent experiments performed in duplicate or
triplicate. Statistical analysis was performed using one-way ANOVA followed by Bonferroni’s multiple
comparisons tests (** P<0.01 to control; Supplementary Table 2).

One band, corresponding to a dimer was observed for EAAT2 (Figure 7.a).
Quantification of this isoform, showed that there is no difference in the intensity of this
band between the experimental groups (Figure 7.b), indicating that HF-rMS does not

modulate the levels of this isoform of glutamate transporters.
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Figure 7 Effect of HF-rMS on glutamate transporter EAAT2 levels. Representative Western Blot bands for
EAAT2 (63KDa), and GAPDH (36KDa) (a). Quantification of EAAT1 monomer normalized to GAPDH and
to control (b). Data is shown as mean + SEM of six independent experiments performed in duplicate or
triplicate. Statistical analysis was performed using one-way ANOVA followed by Bonferroni’s multiple
comparisons test (Supplementary Table 2).
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4.2. Effects of HF-rMS on the levels of growth factors

present in the culture medium

Previous studies from our group demonstrated that the medium conditioned by
astrocytes that had undergone OGD and HF-rMS to neuron cultures promoted
neuroprotection, showing that astrocytes release factors that are crucial to the HF-rMS-
mediated neuroprotection. Since a widely documented way for astrocytes to promote
neuroprotection is through the secretion of neurotrophic factors [37, 102], a panel of
neurotrophic factors and how their levels were affected by OGD and HF-rMS was
evaluated. For this, astrocyte-enriched cultures were exposed to HF-rMS, and the growth
factors present levels in the culture medium were analyzed using an antibody array
(Figure 8).

4.2.1. HF-rMS modulates the release of growth factors by astrocytes

As previously mentioned, astrocyte-CM prevents ischemia-induced neurite
degeneration. To identify which growth factors are involved in this effect triggered by
HF-rMS, astrocyte-enriched cultures (control and OGD) were exposed to HF-rMS, and
the growth factors present in the culture medium were analyzed using a semi-
quantitative antibody array. Of the fourteen growth factors analyzed, six of them showed
an increase in one of the groups that were subjected to HF-rMS. Activin A which showed
an increase in the HF-rMS group, FLT3 ligand presented an increase in the OGD+HF-
rMS group, and bFGF and VEGF-A presented increase levels in both HF-rMS and OGD
groups (Figure 8). Both GDNF and PDGF-BB show an increase over control and OGD in
both HF-rMS and OGD + HF-rMS group.

GDNF is a neurotrophic factor that promotes survival and differentiation of
neurons and was shown to have the ability to reduce the infarct zone and brain edema
after IS, is related to anti-apoptotic properties, and affects neurogenesis after stroke [37].
To determine whether HF-rMS altered Gdnf mRNA and GDNF protein levels a Western
Blot and a RT-PCR was performed on cell extracts collected from astrocyte-enriched

cultures.

43



60000
1000000+

40000+
800000

20000+

600000+

Spot intensity (arbitrary units)

<)
L

Control ~ HF-rMS OGD OGD+HF-rMS
400000+

Spot intensity (arbitrary units)

50000+

%
7
7
7
7
Vi
7
7
7
7
7
Vi
Vi
Ui
7
7
7
7
Vi
7
7
7
7
7
Vi
Vi
7
Z
%

17
%
i
i
i
7
%
7
i
i
i
i
7
%
7
i
i
i
7
%
7
i
i
i
i
7
7
%

NNAANNNNNANNN

HH Il HI] H

Activin A BDNF  bNGF bFGF EGF FLTsligand GDNF | GM-CSF  HGF IGF-1 PDGF-AAPDGF-BB IGFBP-5 VEGF-A

]
———
e
=
[
]

o= i

Figure 8 Effect of HF-rMS in growth factor levels present in the CM from astrocyte-enriched cultures
exposed to OGD. Semi-quantitative detection of fourteen growth factors using an antibody array, with a focus
on GDNF. Each bar corresponds to the average value of two pools of six samples each, performed in
duplicate.

4.2.2. HF-rMS induces GDNF expression in a cellular model of ischemia

Exposure to HF-rMS after OGD increased Gdnf mRNA levels on astrocyte-
enriched cultures by approximately 126.3% (Figure 9.c). In the absence of OGD, HF-rMS
was unable to promote the expression of Gdnf mRNA levels. Similarly, quantification of
GDNF protein (Figure 9.a.), showed that astrocyte-enriched cultures exposed to OGD
and treated with HF-rMS presented an increase of GDNF protein levels of 66.8% (Figure
9.b). In the absence of OGD, HF-rMS was unable to promote an increase of GDNF
protein. HF-rMS alone was able to induce GDNF release, whereas upregulation of GDNF
mRNA and protein levels was only observed in cultures previously exposed to OGD
suggesting a differential effect of HF-rMS on healthy and injured cells, and different

regulation of gene expression and mechanisms of release.
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Figure 9 GDNF levels in astrocyte-enriched cultures subjected to OGD and HF-rMS. Representative
Western Blot bands for GDNF (34KDa), and Tubulin (55KDa) are shown (a). Quantification of GDNF
normalized to Tubulin and to control. Data is shown as mean + SEM of three independent experiences
performed in duplicate (b). Quantification of the Gdnf mRNA levels in astrocyte-enriched cultures. Data is
shown as mean + SEM of four independent experiments, each represented by a dot (¢). Statistical analysis
was performed using one-way ANOVA followed by Bonferroni’s multiple comparisons tests (* P<0.05 to
control, $ P<0.05 to HF-rMS; Supplementary Table 2).

4.2.3. GDNF neutralization does not interfere with cell viability after HF-
rMS

To evaluate the participation of GDNF in the neuroprotection induced by HF-rMS
the cell viability the MTT assay was used. As expected, there was a significant decrease
of cell viability in OGD-exposed cells (P<0.001), however, this effect was not altered by
HF-rMS or GDNF neutralization (Figure 10). These data agree with previous data from
our group showing that HF-rMS does not improve cell viability, but rather protects, and

enhances the function of the survival neurons.
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Figure 10 Effects of neutralizing the GDNF present in astrocyte-CM on cell viability. The absorbance values
of experimental conditions were normalized to the values of non-CM condition. All results represent the
mean + SEM from six independent cell preparations with each experimental condition performed in
triplicate. Statistical analysis was performed using one-way ANOVA followed by Bonferroni's multiple
comparisons tests (***P<0.001, ****P<0.0001 compared to non-CM; Supplementary Table 2).
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4.2.4. GDNF neutralization blocks the recovery of neurite number and
length induced by HF-rMS

GDNF present in the CM from astrocyte-enriched cultures was neutralized, using
a specific antibody, before its transference to neuron-glial cortical cultures, and the
number of neurites, its length, and neuronal arborization was assessed (Figure 11). As
expected, the ischemic insult led to a decrease in the number of neurites (from
7.867+0.3925 to 5.222+0.3053 um; Figure 11.a), on neurite length (from 48.24+1.603 to
30.16+1.531 um; Figure 11.b), and in neuronal arborization (Figure 11.c and 11.d). The
results also indicated that the CM from control astrocyte-CM did not prevent ischemia-
induced neurite degeneration. However, CM from astrocyte-enriched cultures exposed
to HF-rMS increased the number of neurites (from 7.867+0.3925 to 9.978+0.6778 um;
Figure 11.a), the length of the neurites (from 48.24+1.603 to 70.43+4.742 um; Figure
11.b), and neuronal arborization (Figure 11.c and 11.d). A similar effect occurred when
the neuron-glial culture was previously subjected to OGD. The CM from astrocyte-
enriched cultures exposed to HF-rMS increased the number of neurites (from
5.22240.3053 to 9.84+0.6489 um; Figure 11.a), the length of the neurites (from
30.16+1.531 to 60.10+1.418 um; Figure 11.b), and neuronal arborization (Figure 11.c and
11.d) in OGD exposed cultures. However, the neutralization of the GDNF present in the
CM led to the complete loss of the protective effects induced by HF-rMS. Neutralization
of GDNF in CM from astrocyte-enriched cultures exposed to HF-rMS decreased the
number of neurites (from 9.978+0.6778 to 5.167+0.3859 um; Figure 11.a), the length of
the neurites (from 70.43+4.842 to 36.68+3.496 um; Figure 11.b), and neuronal
arborization (Figure 11.c and 11.d). A similar effect occurred in neuron-glial cultures
subjected to OGD. The neutralization of GDNF in the CM from astrocyte-enriched
cultures exposed to HF-rMS decreased the number of neurites (from 9.8+0.6489 to
5.144+0.5991 pm; Figure 11.a), the length of the neurites (from 60.10+2.418 to
20.71+4.344 um; Figure 11.b), and neuronal arborization (Figure 11.c and 11.d) in OGD
exposed cultures. These data suggest that the GDNF released into the medium
significantly contributes to the neuroprotection triggered by HF-rMS after OGD.
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compared to Control astrocyte-CM + HF-rMS; $$$$P<0.0001 compared to OGD astrocyte-CM, and
8§88P<0.0001 compared to OGD astrocyte-CM + HF-rMS; Supplementary Table 2).

4.2.5. GDNF neutralization blocks the increased in the number of neurons

expressing c-Fos induced by HF-rMS after ischemia

To further characterize the role of GDNF released by HF-rMS-exposed astrocytes
to the neuroprotection achieved, the number of cells expressing c-Fos, a molecular
marker of neuronal activity, was assessed by immunocytochemistry (Figure 12). As
expected, in neuron-glial cultures OGD induced a decrease of 38.7% in the number of
cells labeled for c-Fos (Figure 12). On the other hand, CM from astrocyte cultures
exposed to HF-rMS increased the number of cells expressing c-Fos by 79.6%, and a
similar effect occurred in neuron-glial cultures subjected to OGD. The CM from astrocyte
cultures exposed to HF-rMS increased the number of cells expressing c-Fos in OGD-
exposed cultures by 112.6%. Interestingly, neutralization of GDNF in CM from astrocyte
cultures exposed to HF-rMS completely inhibited the effect triggered by HF-rMS in
neuron-glial cultures subjected to OGD, decreasing the number of cells expressing c-Fos
by 115.9%. Similarly, in control conditions, neutralization of GDNF in CM from astrocyte

cultures exposed to HF-rMS decreased the number of cells expressing c-Fos by 124.2%.
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These data suggest that the GDNF released into the medium significantly contributes to
the neuroprotection triggered by HF-rMS in OGD-injured cultures.
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Figure 12 Neutralization of GDNF present in the CM from HF-rMS-exposed astrocytes impedes the
recovery in the number of neurons expressing c-Fos. Results are expressed as a percentage of non-CM and
represent the mean + SEM from three independent cell preparations, each experimental condition
performed in duplicate. Statistical analysis was performed using one-way ANOVA followed by Bonferroni's
multiple comparisons tests (**P<0.01, ****P<0.0001 compared to Control non-CM; ##P<0.01 compared to
Control astrocyte-CM; ££££P<0.0001 compared to Control astrocyte-CM + HF-rMS; $$$$P<0.0001
compared to OGD astrocyte-CM, and §8§§§P<0.0001 compared to OGD astrocyte-CM + HF-rMS;
Supplementary Table 2).
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5.Discussion

Increasing data from clinical trials demonstrated the benefits of HF-rMS in
ameliorating the impairments of several neurologic and neuropsychiatric disorders. IS is
one of the conditions in which this therapy has been shown to improve the most common
deficits such as dysphagia, aphasia, hemispatial neglect, depression, and cognitive
deficits [43-45]. rTMS is highly associated with neuronal plasticity [52, 53]. Despite HF-
rTMS being applied to patients and demonstrating beneficial results, the biological
mechanisms behind its effect are not fully understood. The existing studies focus mainly
on the effects of rTMS on neurons and the identified effects are increased ATP and
glucose metabolism [103], prevention of neuronal death [89, 104], reduced infarct
volume [103], increased neurogenesis [89], and neuroplasticity [ 105], hyperexcitability
[106], modulation of gene expression [89], and increased synaptic plasticity [99].
However, some studies have also demonstrated the effects of HF-rMS on glial cells. Hong
and colleagues (2020) observed a conversion from the A1 phenotype to the A2 phenotype
after HF-rMS and, consequently, a decrease in astrocyte reactivity [82]. It was also
observed that HF-rMS decrease inflammation by decreasing the levels of the pro-
inflammatory mediator TNF-a, IL-13, and TGF-f, and increasing the anti-inflammatory
mediator IL-10 present in the cell medium [82, 89]. Besides these effects, HF-rTMS
caused an upregulation of VEGF-A and VEGF-B, which promotes angiogenesis, that in
turn protected capillary integrity, observed by an increase in CD31 positive cells [89, 98].
These data suggest that glial cells are crucial targets for the neuroprotection caused by
HF-rTMS. A recent study from our group demonstrated that the application of HF-rTMS
prevents neuronal death and neurite degeneration induced by OGD and increases the
number of cells expressing ERK1/2 and c-Fos, and the number and intensity of synaptic
puncta. Importantly, these effects were only observed in neuron-astrocyte cultures, and
not in neuron-enriched cultures, thus suggesting that astrocytes are essential for the
beneficial effects induced by HF-rMS after ischemia [99]. Subsequently, another work
from our group showed that these beneficial effects occurred both in the presence of

astrocytes and in the presence of their secretome alone [107].

Astrocytes are the most abundant cells in the central nervous system and play an
important role in maintaining brain function. After an ischemic stroke, astrocytes have
a neuroprotective effect due to the release of neurotrophic factors and the limitation of
excitotoxicity [108]. In addition, astrocytes contribute to angiogenesis, neurogenesis,
synaptogenesis, and axonal remodeling [109, 110]. Considering that excitotoxicity is one
of the main factors leading to neuronal death and that astrocytes are the main cells

responsible for decreasing excitotoxicity [108], we evaluated the effect of HF-rMS on the
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levels of glutamate transporters EAAT1 and EAAT2 expressed by astrocytes. The
glutamate transporters EAAT1 and EAAT2 are mainly expressed in astrocytes, although
they may also be present in microglia and oligodendrocytes [111]. Western Blot analysis
showed that EAAT2 levels were not affected by HF-rMS, however, EAAT1 levels
increased in cultures subjected to OGD and HF-rMS, suggesting that HF-rMS promotes
glutamate capture from the synaptic cleft. The action of HF-rMS on the levels of the
glutamate transporter EAAT1 is context-dependent, as an increase in its levels only
occurs when HF-rMS is applied to cells previously exposed to OGD. Several studies have
already demonstrated the importance of these two transporters in in vivo models of IS.
Delyfer and colleagues (2015) demonstrated that EAAT1 inhibition increased
extracellular glutamate levels leading to neuronal death by excitotoxicity [112], but they
also demonstrated the importance of EAAT2 in decreasing excitotoxicity. EAAT2
knockdown exacerbated neuronal damage, indicating that EAAT2-mediated glutamate
uptake is essential for neuronal survival [113]. Furthermore, overexpression of EAAT2
showed that this transporter reduced excess glutamate levels, thereby decreasing
ischemia-associated brain death [114]. The action of glutamate transporters after TMS
has also been studied. The application of HF-rTMS in mice increased the levels of
glutamate transporters (EAAT1 and EAAT?2) in the absence of injury [115], and in rats, a
single session of iTBS increases EAAT2 expression, which could indicate a greater
efficiency in glutamate uptake leading to a reduction in excitatory transmission [116]. To
the best of our knowledge, our study is the first to demonstrate an increase in EAAT1
levels after HF-rMS in an in vitro model of ischemia. However, it is important to assess

the glutamate levels in the extracellular medium to know the real changes in EAAT1.

Furthermore, and given that our group has recently demonstrated that the
secretome of astrocytes is important for the beneficial effects induced by HF-rMS [107],
we evaluated what factors are released by astrocytes to the extracellular medium in
response to HF-rMS, specifically which neurotrophic factors, since they are recognized
as one of the ways astrocytes used to promote neuroprotection [37, 102]. Using a Growth
Factor Array we evaluated 14 neurotrophic factors present in astrocytes-CM and
observed an increase in GDNF and PDGF-BB in both groups subjected to HF-rMS. As
GDNF is a neurotrophic factor that promotes survival and differentiation of neurons and
has demonstrated anti-apoptotic properties and the ability to reduce the infarct area, and
brain edema [37], we evaluated the expression of Gdnf mRNA levels by RT-PCR and
GDNF protein levels by Western Blot after HF-rMS. An increase in both mRNA and
protein expression was verified in the HF-rMS + OGD groups. To confirm the
contribution of GDNF to the neuroprotective effects induced by the secretome of HF-

rMS-exposed astrocytes the GDNF present in the CM was neutralized with a specific
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antibody. This neutralization impeded the protective effects induced by HF-rMS, namely
in preventing neurite degeneration and promoting neuronal activation, assessed by c-
Fos labeling. Several studies have demonstrated the importance of GDNF liberated by
astrocytes to induce neuroprotection after IS. In IS models, GDNF has shown the
capacity to reduce apoptosis [117], reduce excitotoxicity by increasing EAAT1 and EAAT2
levels [118-120], lower the calcium influx induced by overactivation of NMDA receptors
[121] and reduce oxidative stress [122]. Moreover, GDNF promotes peri-infarct brain
remodeling and contralesional neuroplasticity [123]. The neuroprotective actions
triggered by neurotrophic factors released by HF-rTMS, namely BDGF, GDNF, b-NGF,
PDGF-AA, VEGF, and NT-3, were also shown [124-127]. Nevertheless, the ability of HF-
rTMS to modulate the levels of GDNF was only demonstrated in animal models of
Parkinson’s disease and neuroblastoma cultures [124-126]. Therefore, to the best of our
knowledge, our study is the first to demonstrate the capacity of HF-rMS to modulate the
release of GDNF, and more importantly, that the release of GDNF by astrocytes, plays a

crucial role in neuronal protection mediated by HF-rMS.

Taken together, our results show that HF-rTMS may be a valuable therapeutic
approach as it directly modulates astrocytes by increasing the levels of glutamate
transporters, which consequently may lead to decreased excitotoxicity. HF-rMS also
triggers the release of mediators, specifically neurotrophic growth factor GDNF, that will
promote neuronal survival after a period of ischemia. It is already known that neuronal
activity affects astrocyte function and, conversely, astrocytes are key cellular components
in the regulation of synapses, namely by releasing factors that regulate the number of
synapses formed [128]. Our results show that the neuronal survival observed after HF-
rMS involves astrocytes. However, the effect of TMS on astrocytes are likely to be
influenced by the presence of other cell types and the conditions of these cells. Therefore,
to clarify the influence of other cell types on what was observed in the present study, it
would be important to evaluate the effects of TMS on astrocytes when cultured with other
cell types, namely microglia and oligodendrocytes. Our results may be an important step
in understanding how the brain responds to HF-rTMS after ischemic injury, at the
cellular and molecular level, thus leading to the faster implementation of HF-rTMS as a

therapeutic approach in ischemic stroke recovery.

55



56



57



58



Chapter 6

Conclusions and Future Perspectives

59



60



6.Conclusions and Future Perspectives

Through this work, we explored the mechanisms triggered by HF-rMS in
astrocytes that contribute to their neuroprotective action. The data obtained showed that
HF-rMS has a direct modulatory effect on astrocytes increasing the glutamate
transporter EAAT1, which may suggest its role in reducing excitotoxicity, and that it also
affects the expression and release of chemical mediators to the medium, namely the
release of neurotrophic factors, such as GDNF, which contributes to the promotion of

neuroprotection in ischemia.

However, further experiments could be done to better understand the effects of
HF-rMS on non-neuronal cells that contribute to its neuroprotective effects in brain

ischemia:

¢ Analyze whether the observed increase in EAAT1 levels translates into a
decrease in extracellular glutamate levels. For this, we could measure

glutamate levels in the extracellular medium (e.g., by ELISA).

e Evaluate if HF-rMS affects other glial cells, such as microglia, cells
essential in the neuroinflammatory process occurring in ischemic stroke,
and whether a putative effect may contribute to the benefits of HF-rMS.
For this, we could implement cultures of neurons, astrocytes, and
microglia, and analyze markers of microglial reactivity (e.g., Iba-1, CD68,
Arg-1).

e Analyze the impact of different rMS protocols on astrocytes, to evaluate if
other protocols could potentiate the neuroprotective effects after an

ischemic insult.

e Implement the MCAO model to evaluate the impact of HF-rTMS in vivo,
and assess the effects on different non-neuronal components,
maintaining the interactions that occur in the body and are lost in in vitro

studies.
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Table 1 Composition of the solutions used.

Solution Reagent pH Concentration Reference
CaCl, 1.26 mM Panreac, Coo1
Kcl 5.36 mM PanReac AppliChem,
A2939
Chem-lab,
KH.PO, 0-44mM 15004CL0014612
Hank's LabChem, MGCH-
Balanced Salt MgCl. ) 0-49 mM 06P-1Ko
Solution NaCl 7 1 M Fisher Scientific,
(HBSS) 39-9 S271-500
NaHCO;4 4.17 mM Sigma-Aldrich, S5761
Fisher Bioreagents,
Na.HPO, 3.38 mM BP332-500
45% anhydrous Fisher Scientific,
D-glucose 556 mM G/0450/60
. Fisher Scientific, M-
Tris 100 mM
27435
. Fisher Scientific,
Glycine 100 mM BP381-1
Loading SDS ] 139 mM Panreac, 142363.1211
Buffer (6x) Urea 8M Acros, 140750010
Bror%?g:end 1.46 X 104 mM Amresco, 0449
mercaptoethanol 1.42 M Merck, 8.05740.1000
. Fisher Scientific, M-
Tris 25 mM
27435
EDTA 2.5 mM Panreac, 131669.1211
EGTA 2.5 mM Sigma-Aldrich, E4378
. Fisher Scientific
. ) >
Lysis buffer Triton X100 7.5 0.2% BP151-500
Sigma-Aldrich,
Na;VO, 2 mM $6508-10G
complete EDTA
free protease o
inhibitor cocktail 4% Roche, 04693132001
tablets
Sigma-Aldrich,
MEM 9.6 g/L Mo268
NaHCO;4 0.026 M Sigma-Aldrich, S5761
Glutamine 0.49 mM Sigma-Aldrich, G3126
Insulin from . .
Mi1ocG bovine pancreas - 5 mg/L Sigma-Aldrich, I5500
medium 45% anhydrous /L Fisher Scientific,
D-glucose 3-3758 G/0450/60
Penicillin/ .
Streptomycin 12 U/ml Biochrom, A2213
heat-not 10% Biochrom AG,
Inactivated FBS ? BCSo615
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Neurobasal

Gibco, 21103-049

Medium
B2y 2% Gibco, 17504044
Neurobasal Glutamate 25 UM Sigma-Aldrich, G8415
. 7.2
medium Glutamine 0.5 mM Sigma-Aldrich, G3126
Gentamicine 120 pug/mL Sigma-Aldrich, G1272
Biochrom AG
o, ’
FBS 10% BCS0615
Chem-Lab,
poly-D-Lysine H;BO, 8.4 0.15M CL00.0216.1000
(PDL) PDL 0.1 mg/ml Sigma-Aldrich, P1149
NaCl 140 mM Fisher Scientific,
S271-500
KCl 2.7 mM PanReac AppliChem,
PBS 7.2 A2939
KH,PO, 1.5 mM Honeywell, 60216
Na.HPO 8.1 mM Fisher Bioreagents,
2 4 ) BP332-500
Acrylamide 30% 1.64 M Panreac, A3626,0500
Tris 1.5 M, pH Fisher Scientific, M-
8.8 373 mM 27435
Resolving Gel SDS 3.45 mM Panreac, 142363.1211
PSA 11.35 mM Panreac, 131138.1610
TEMED 3.20 mM Acros, 138455000
Tris 25 mM Fisher Scientific, M-
. 27435
Running Glveine _ 102 mM Fisher Scientific,
Buffer y 9 BP381-1
SDS 3.45 mM Panreac, 142363.1211
Acrylamide 30% 531 mM Panreac, A3626,0500
Tris 0.5 M, pH 124 mM Fisher Scientific, M-
6.8 27435
Stacking Gel SDS 3.45 mM Panreac, 142363.1211
PSA 11.35 mM Panreac, 131138.1610
TEMED 6.58 mM Acros, 138455000
Tris 25 mM Fisher Scientific, M-
27435
Glvei M Fisher Scientific,
Transfer yeme ) 192m BP381-1
Buffer SDS 0.173 mM Panreac, 142363.1211
Fisher Chemical
o, H
Methanol 10% M/4000/17
Tris 20 mM Fisher Scientific, M-
Tris Buffered 27435
Saline with Fisher Scientific,
0.1% Tween NaCl B 140 mM S271-500
(TBS-T) Tween 20 1% 103 mM Fisher Scientific,
BP337-500
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Table 2 Statistical analysis.

F (DFn P post-hoc test for
DFd) ’ value multiple comparison P value
correction
Control vs. HF-rMS 0.7434
Figure Control vs. OGD 0.3044
6b | g (3 55) = o001 | Bonferroni's multiple Control vs. OGD+HF-rMS 0.0738
2.264 09 comparisons test HF-rMS vs. OGD 0.8702
HF-rMS vs. OGD+HF-rMS 0.4611
OGD vs. OGD+HF-rMS 0.9034
F (DFn P post-hoc test for
DFd) ¢ value multiple comparison P value
correction
Control vs. HF-rMS 0.7861
Figure Control vs. OGD 0.1479
6.c F(3,55) = | 0.008 | Bonferroni's multiple Control vs. OGD+HF-rMS 0.0072
4.328 3 comparisons test HF-rMS vs. OGD 0.6048
HF-rMS vs. OGD+HF-rMS 0.081
OGD vs. OGD+HF-rMS 0.6541
F (DFn P post-hoc test for
DFd) ’ value multiple comparison P value
correction
Control vs. HF-rMS 0.9992
Figure Control vs. OGD 0.6013
7b g (3,55)=| 1878 Bonferroni's multiple Control vs. OGD+HF-rMS 0.2441
1.653 ' comparisons test HF-rMS vs. OGD 0.6808
HF-rMS vs. OGD+HF-rMS 0.3036
OGD vs. OGD+HF-rMS 0.9278
post-hoc test for
F]ggg;l ¢ Vall)ue multiple comparison P value
correction
Control vs. HF-rMS >0.9999
Figure Control vs. OGD >0.9999
9b | k(5 04) = 0.0173 | Bonferroni's multiple Control vs. OGD+HF-rMS 0.0277
4.114 ’ comparisons test HF-rMS vs. OGD >0.9999
HF-rMS vs. OGD+HF-rMS 0.0478
OGD vs. OGD+HF-rMS 0.1512
F (DFn P post-hoc test for
DFd) > value multiple comparison P value
correction
Figure Control vs. HF-rMS >0.9999
%€ 1 F(312)= 0.0169 Bonferroni's multiple Control vs. OGD 0.4947
5-079 ’ comparisons test Control vs. OGD+HF-rMS 0.031
HF-rMS vs. OGD 0.7286
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HF-rMS vs. OGD+HF-rMS 0.0473
OGD vs. OGD+HF-rMS 0.9332
F (DFn p post-hoc test for
DFd) ’ value multiple comparison P value
correction
non-CM vs. non-CM OGD 0.0006
non-CM vs. astrocyte-CM >0.9999
non-CM vs. astrocyte-CM OGD <0.0001
non-CM vs. astrocyte-CM+HF-rMS >0.9999
Figure non-CM vs. astrocyte-CM+HF-rMS OGD | <0.0001
10 " .
F(9,18) = | <0.00 Bonferrom s multiple | astrocyte-CM vs. astrocyte-CM - GDNF | 0.2125
13.62 o1 comparisons test astrocyte-CM OGD vs. astrocyte-CM >0
OGD - GDNF 9999
astrocyte-CM+HF-rMS vs. astrocyte- o 6
CM-+HF-rMS - GDNF 374
astrocyte-CM+HF-rMS OGD vs. >0
astrocyte-CM + HF-rMS OGD - GDNF 9999
astrocyte-CM OGD vs. astrocyte- >0
CM+HF-rMS OGD 9999
F (DFn p post-hoc test for
DFd) ’ value multiple comparison P value
correction
non-CM vs. non-CM OGD 0.003
non-CM vs. astrocyte-CM 0.8924
non-CM vs. astrocyte-CM OGD 0.1627
non-CM vs. astrocyte-CM+HF-rMS 0.0312
Figure non-CM vs. astrocyte-CM+HF-rMS OGD | 0.0642
11.a " .
F(9,50) = | <0.00 | Bonferroni's multiple | astrocyte-CM vs. astrocyte-CM - GDNF | <0.0001
1909 o1 comparisons test astrocyte-CM OGD vs. astrocyte-CM 0.4686
OGD - GDNF 4
astrocyte-CM+HF-rMS vs. astrocyte- <0.0001
CM+HF-rMS - GDNF )
astrocyte-CM+HF-rMS OGD vs. <0.0001
astrocyte-CM+HF-rMS OGD - GDNF )
astrocyte-CM OGD vs. astrocyte-
CM+HF-rMS OGD <0-0001
post-hoc test for
F}SI;(IS] ’ vall)ue multiple comparison P value
correction
non-CM vs. non-CM OGD 0.0041
non-CM vs. astrocyte-CM >0.9999
- non-CM vs. astrocyte-CM OGD 0.0474
igure
lgl b non-CM vs. astrocyte-CM+HF-rMS 0.0002
’ F (9,50) = | <0.00 | Bonferroni's multiple
18.22 o1 comparisons test | 1on-CM vs. astrocyte-CM+HF-rMS OGD | 0.1641
astrocyte-CM vs. astrocyte-CM - GDNF | 0.0008
astrocyte-CM OGD vs. astrocyte-CM >0
OGD - GDNF 9999
astrocyte-CM+HF-rMS vs. astrocyte- <0.0001

CM+HF-rMS - GDNF
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astrocyte-CM+HF-rMS OGD vs.

astrocyte-CM+HF-rMS OGD - GDNF | <©:0001
astrocyte-CM OGD vs. astrocyte- <0.0001
CM+HF-rMS OGD )
F (DFn p post-hoc test for
DFd) > value multiple comparison P value
correction
non-CM vs. non-CM OGD <0.0001
non-CM vs. astrocyte-CM 0.0035
non-CM vs. astrocyte-CM OGD <0.0001
non-CM vs. astrocyte-CM+HF-rMS <0.0001
Figure non-CM vs. astrocyte-CM+HF-rMS OGD | <0.0001
11.c " .
F(9,20) =| <0.00 | Bonferroni's multiple | astrocyte-CM vs. astrocyte-CM - GDNF | <0.0001
1207 01 comparisons test astrocyte-CM OGD vs. astrocyte-CM 0.101
OGD - GDNF 1919
astrocyte-CM+HF-rMS vs. astrocyte-
CM+HF-rMS - GDNF <0-0001
astrocyte-CM+HF-rMS OGD vs. <0.0001
astrocyte-CM+HF-rMS OGD - GDNF )
astrocyte-CM OGD vs. astrocyte-
CM-+HF-rMS OGD <0.0001
post-hoc test for
Flglg(l;‘)n ’ vall)ue multiple comparison P value
correction
non-CM vs. non-CM OGD 0.0057
non-CM vs. astrocyte-CM 0.1258
non-CM vs. astrocyte-CM OGD >0.9999
non-CM vs. astrocyte-CM+HF-tMS <0.0001
Figure non-CM vs. astrocyte-CM+HF-rMS OGD | <0.0001
12 " .
F (9é 18) = | <0.00 Bonferron} s multiple | astrocyte-CM vs. astrocyte-CM - GDNF | 0.0019
3279 o1 comparisons test astrocyte-CM OGD vs. astrocyte-CM 0.9768
OGD - GDNF 27
astrocyte-CM+HF-rMS vs. astrocyte-
CM+HF-rMS - GDNF <0.0001
astrocyte-CM+HF-rMS OGD vs. <0.0001
astrocyte-CM+HF-rMS OGD - GDNF )
astrocyte-CM OGD vs. astrocyte-
<0.0001

CM+HF-rMS OGD
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Introduction

Ischemic stroke is caused by the reduction or blockage of blood flow to the
brain [1] and is the third most common cause of death in Portugal [2].
High-frequency repetitive magnetic stimulation (HF-rMS) has shown
potential in promoting the recovery of ischemic stroke patients [3-7].
However, data regarding HF-rMS cellular effects are scarce and are mainly
focused on neurons. Our group showed that the secretome of astrocytes
subjected to rMS promotes neuronal recovery, but the mediators
responsible for the neuroprotective effect have not yet been identified.
Thus, this study aims to identify the mechanisms triggered HF-rMS
that contribute to the neuroprotective action of astrocytes.

Experimental Design

L+

0OGD (6h) + HF-rMS (10Hz)

<
Primary cortical cultures =
‘ Wetar £1536 Reperfusion (24h)
Collection of medium and cell extracts

Collection of culture medium for: Collection of cell extracts for:

Growth Factor Array Western Bt

uno newtralzation of GONF RIPCR  toenemstry
Results
1. HF-rMS increases the expression of EAAT1 glutamate
transporter

il 1

Comvet  HEAMS  0GD  OGOSHFMS

Figure 1. Effect of HF-rMS on glutamate transporter levels. The error bars represent the
mean + SEM of six independent experiments performed in duplicate or triplicate, each sample
is represented by a dot. (**P<0.01 to control).
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Figure 2. a. Semi-quantitative detection of GDNF levels in astrocyte culture medium
through an antibody array (RayBio® C-Series Rat Growth Factor Array 1). b. GDNF protein
levels determined by western blot. c. Gdnf mRNA expression levels determined by RT-PCR
in astrocyte-enriched cultures. (*P<0.05 to control, $P<0.05 to HF-rMS)

3. Depletion of GDNF from the CM of HF-rMS-stimulated
astrocytes hampers the protection exerted by this CM on
ischemia-induced neurite degeneration

a b

samocytecn Astecye
Pt of ot pe e Nt et @ oso

Figure 3. GDNF neutralization hampers the effects of astrocyte-CM on ischemia-induced
neurite degeneration. a. Number of neurites per neuron. b. Neurite length. c. Area under
the curve from Sholl analysis. d. Number of intersections per neuron on the distance to
soma determined by Sholl analysis. *P<0.05, **P<0.01, ***'P<0.0001 compared to non-CM;
#P<0.05, #*###P<0.0001 compared to Control; ££P<0.0001 compared to HF-rMS;
$3P<0.01, $%P<0.001, $$$5P<0.0001 compared to OGD, and §55P<0.001, S855P<0.0001
compared to OGD + HF-rMs.

4. Neutralization of GDNF present in CM from HF-rMS-stimulated
astrocytes impedes the effect of this CM on ischemia-induced
reduction of c-Fos expressing neurons
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Figure 4. Neutralization of GDNF in CM from HF-rMS-stimulated astrocytes reduces the
number of neurons expressing c-Fos. *P<0.05, **'P<0.001, ***P<0.0001 compared to non-
CM; *##P<0.001 compared to Control; ££££P<0.0001 compared to HF-rMS; $$$$P<0.0001
compared to OGD, and 55%5P<0.0001 compared to OGD + HF-rMs.

Conclusions

HF-rMS increases the levels of glutamate transporter EAAT1 in
cortical cultures exposed to OGD, suggesting that HF-rMS may
decrease the excitotoxicity associated with the ischemic injury.

GDNF released by HF-rMS-exposed astrocytes contributes to the
neuroprotection promoted by HF-rMS in a model of ischemic injury.
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Introduction

Ischemic stroke is caused by the reduction or blockage of blood flow to the brain
[1] and is the third most common cause of death in Portugal [2]. High-frequency
repetitive magnetic stimulation (HF-rMS) has shown potential in promoting the
recovery of ischemic stroke patients [3-7]. However, data regarding HF-rMS
cellular effects are scarce and are mainly focused on neurons. Our group showed
that the secretome of astrocytes subjected to rMS promotes neuronal recovery,
but the mediators responsible for the neuroprotective effect have not yet been
identified.

Thus, this study aims to determine the effects triggered by astrocytes

that contribute to their neuroprotective action and to identify the trophic
factors released by astrocytes in response to HF-rMs.

Experimental Design
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Figure 1. Effect of HF-rMS on glutamate transporter levels. The error bars represent the
mean + SEM of six independent experiments performed in duplicate or triplicate, each sample
is represented by a dot. (** P < 0.01 to control).
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Figure 2. A. Semi-quantitative detection of GDNF levels in astrocyte culture medium
through an antibody array (RayBio® C-Series Rat Growth Factor Array 1). B. GDNF protein
levels determined by western blot. C. Gdnf mRNA expression levels determined by RT-PCR
in astrocyte-enriched cultures. (** P < 0.01 to control, $ P < 0.05 to HF-rMS, # P < 0.05 to
0GD).

3. Depletion of GDNF from the CM of HF-rMS-stimulated
astrocytes hampers the protection exerted by this CM on
ischemia-induced neurite degeneration
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Figure 3. GDNF neutralization hampers the effects of astrocyte-CM on ischemia-induced
neurite degeneration. A. Number of neurites per neuron. B. Neurite length. C. Area under
the curve from Sholl analysis. D. Number of intersections per neuron on the distance to
soma determined by Sholl analysis. **P<0.01, ***P<0.001, ****P<0.0001 compared to
non-CM; ####P<0.0001 compared to Control; ££££P<0.0001 compared to HF-rMS;
$$P<0.01, $$$P<0.001, $$$$P<0.0001 compared to OGD, and §§§§P<0.0001 compared to
OGD + HF-rMs.

4. Neutralization of GDNF present in CM from HF-rMS-stimulated
astrocytes impedes the effect of this CM on ischemia-induced
reduction of c-Fos expressing neurons
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Figure 4. Neutralization of GDNF in CM from HF-rMS-stimulated astrocytes reduces the
number of neurons expressing c-Fos. ***P<0.001, ****P<0.0001 compared to non-CM;
####P<0.0001 compared to Control; ££££P<0.0001 compared to HF-rMS; $$$P<0.001,
$$$$P<0.0001 compared to OGD, and §§§§P<0.0001 compared to OGD + HF-rMS.

Conclusions

HF-rMS increases the levels of glutamate transporter EAAT1 in
cortical cultures exposed to OGD, suggesting that HF-rMS may
decrease the excitotoxicity associated with the ischemic injury.

GDNF released by HF-rMS-exposed astrocytes contributes to the
neuroprotection promoted by HF-rMS in a model of ischemic injury.
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Certificate of Poster presented at XVII International CICS-UBI Symposium
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CERTIFICATE

| herewith certify that Susana Ferreira presanted a poster
in the XVl International CICS-UBI Symposium, which was held the 20" and 21 July 2022
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Certificate of course completion: “V curso para el desempefio de las funciones A, By C

en roedores, lagomorfos, carnivoros, cerdos y pequefios rumiantes”

Cantre de Crugio de Minimo lnvasién

Minimally Invasive Surgery Centre
A Tessws Usén

N° ACTA: 26495

CERTIFICADO DE APROVECHAMIENTO

D°. Susana Maria Alves Ferreira
ha participado como alumna en el

“V CURSO PARA EL DESEMPENO DE LA FUNCIONES A, BY C

EN ROEDORES, LAGOMORFOS, CARNIVOROS, CERDOS Y
PEQUENOS RUMIANTES

Organizado por el Centro de Cirugla de Minima Invasién Jesis Usén de Chceres.
Celebrodo en Céceres desde el 4 de Noviembre al 17 de Diciembre de 2021.

El Curso ha constado de 103 horos lectivas, incluyendo tanto teoria como préctica sobre las
siguientes matenas:
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BLOQUE TEMATICO |: Legilocién Nocienal y Europea

BLOQUE TEMATICO I: Eica, bienestar onimal y las fres erres (niveles] y 2)

BLOQUE TEMATICO lII: Biologia bésica de los animales de experimentacion, Roedores,
logomearfos, camivoros, cerdos y pequedfios rumiantes {nivel 1).

BLOQUE TEMATICO IV: Cuidodos, salud y manejo de los animales. Roedores, lagomorfos,
camivoros, cerdos y pequenios rumiantes.

BLOQUE TEMATICO V: Reconocimiento del dolor, sufrimiento y angustia. Roedores,
logomorfos, camivoros, cerdos y pequefios rumiontes.

BLOQUE TEMATICO VI: Métodos incruentos de sacrificio. Eutanasio (niveles 1 y 2).
BLOQUE TEMATICO VII: Procedimiendos minimamente invasivos sin anestesia (niveles 1 y 2).
BLOQUE TEMATICO VIll: Anestesia para procedimientos menores. Anestesia avanzada para
indervenciones quinirgicas o procedimienios mayores,

BLOQUE TEMATICO IX: Principios de cirugia.
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Certificate of attendance at theoretical sessions of the “Advanced Course on Fluorescence

Microscopy and Image Analysis”

Theorelical and Hands-0On Course

ADVANCED COURSE ON FLUORESCENCE

MICROSCOPY AND IMAGE ANALYSIS
27™ June o 19 Wit 2022

CERTIFICATE or ATTENDANCE

| herewith certify that ) .
Susava Maria Alves Ferreira

has attended the theoretical sessions (15 hours) of the Advanced Course on Fluorescence
Microscopy and Image Analysis, from the 27" June to 15t July 2022 @ CICS-UBI, Covilha
(Portugal). [
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Certificate of attendance at XVII International CICS-UBI Symposium
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Symposium

CERTIFICATE

| herewith certify that Susana Ferreira has attended
the XVI Annua CICS-UBI Symposium, which was held the 30" September and 1%
October 2021.
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The Organizing Committee
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Certificate of attendance at “Webinar de escrita cientifica — Principios Gerais para Obter

uma Publicagio Cientifica”

Certificado de participacdo
Certifica-se que
Susana Mava ves Sevvecra
participou no Webinar de Escrita Cientifica

“Principios Gerais para Obter uma Publicacéo Cientifica”,
realizado no dia 23 de outubro de 2021, com a duracdo de 6 horas.
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