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Abstract

Stroke is the first cause of death and disability in Portugal and the second
worldwide. The available therapeutic approaches to stroke treatment,
thrombolysis, and mechanical thrombectomy promote blood reperfusion but do
not directly target the brain parenchyma.

Remote ischemic conditioning (RIC) is a specific sub-type of conditioning that
triggers our endogenous mechanisms of defense through the application of a
stimulus, below the damage threshold, such as ischemia. In this particular case, a
non-vital organ (arm) is submitted to 4 cycles of 5 minutes ischemia followed by 5
minutes reperfusion, the RIC procedure, which may stimulate protective signaling
to remote target organs (such as the brain). In this light, our objective was to
understand the humoral mechanisms underlying the neuroprotective effects of
this procedure, in particular whether and how RIC-conditioned plasma affected
neuroinflammation, neuronal function, and blood-brain barrier integrity.

We found that RIC-derived plasma promoted significant anti-inflammatory
results since it limits reactive oxygen species generation when human HMC3
microglial cells are challenged with LPS and ATP inflammatory treatment.
Therefore, indicating that one of the possible ways for RIC-induced protection
occurs via inhibition of ROS production.

Additionally, RIC-conditioned plasma also exhibited neuroprotective properties,
by increasing synaptophysin expression, a marker for neuronal activity. These
results reinforce the protective role of the RIC procedure.

Lastly, slight BBB protective effects were also observed after treating the human
brain microvasculature endothelial cells hCMEC/D3 cell line with RIC-derived
plasma. However, these results should be further validated.

All in all, besides demonstrating the possible beneficial effects of the RIC
procedure, this work also showed a novel way to study these effects, which can be
a stepping stone for future studies and the possible clinical application of this

novel therapy.
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Resumo

Os acidentes vasculares cerebrais (AVC’s) correspondem a primeira causa de
morte e incapacidade em Portugal e a segunda em todo o mundo. As abordagens
terapéuticas disponiveis para o tratamento de AVC’s, a trombdlise e a
trombectomia mecanica promovem a reperfusdao, mas ndo atingem o tecido
cerebral.

0 condicionamento isquémico remoto (RIC) é um subtipo de condicionamento,
que ativa os nossos mecanismos endogenos de defesa através da aplicacdo de um
estimulo, abaixo do limiar de dano, tal como a isquemia. Neste caso em particular,
um 6rgao ndo-vital (brago) é submetido a 4 ciclos de 5 min de isquemia, seguidos
de 5 min de reperfusao, o procedimento RIC, que pode estimular a sinalizacao de
caracter protetor para um 6rgdo alvo remoto (tal como o cérebro). Neste contexto,
0 nosso objetivo foi perceber os mecanismos humorais subjacentes a este
procedimento, em particular, se e como o plasma condicionado pelo RIC afeta a
neuro-inflamacao, a fun¢do neuronal e a integridade da barreira hematoencefalica

Né6s observdmos que o plasma derivado do RIC promoveu resultados anti-
inflamatérios significativos, uma vez que limitou a producao de espécies reativas
de oxigénio (ROS) quando a linha celular de microglia humana, HMC3, foi
submetida a tratamento inflamatério com LPS e ATP. Indicando, assim, que uma
das possiveis formas de prote¢do associada ao RIC poderd ocorrer através da
inibicdo de geracdo de ROS.

Adicionalmente, o plasma condicionado também exibiu propriedades
neuroprotetoras, através do aumento da expressao de sinaptofisina, um marcador
de atividade neuronal. Estes resultados reforcam o papel protetor do RIC.

Por fim, também foram observados ligeiros efeitos protetores da barreira apds
tratar as células endoteliais, hCMEC/D3, com plasma condicionado. Contudo, estes
resultados devem ser validados.

Em suma, para além de este trabalho demonstrar os possiveis beneficios do RIC,
também mostrou uma nova forma de estudar estes efeitos, o que pode constituir

um avanco para futuros estudos e as possiveis aplicacdes desta terapia inovadora.

Palavras-chave: neuroinflamacgdo, AVC, neuroproteccao, isquemia
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I. Introduction

1. Stroke

Stroke, recognized by the “International Classification of Disease 11” as a
neurological disorder, corresponds to the world’s second leading cause of death,
killing approximately 5.5 million patients and leading to neurological disability in
around 13.7 million people annually [1,2]. In Portugal, stroke corresponds to the
number one cause of death and disability. Due to its great clinical, social, and
economic impact, there is a high demand and continued effort from clinicians and
scientific researchers to further understand stroke’s underlying pathological
mechanisms and to develop effective and successful new therapies against it [3]. In
this context, ischemic stroke is the most common type of cerebrovascular insult,
presenting the highest prevalence (~87%) when compared to hemorrhagic stroke
(10-25%) [1,4,5]. Contrasting with its low prevalence, hemorrhagic stroke is far
more dangerous than ischemic stroke, with a mortality rate that ranges between
40-50%, while those who survive remain significantly debilitated [3,6]. However,
the prevalence, incidence, mortality, and survival rate of both ischemic and
hemorrhagic stroke, can be greatly influenced by age, gender, geographic location,
race, socioeconomic situation, and risk factors [1]. For instance, the stroke rate in
young women is higher than in men; and the mortality rate is also higher in
women, whilst in men, stroke incidence increases in proportion with age [1,7].

Hemorrhagic stroke, the less common counterpart to ischemic stroke, occurs
when vascular stress causes the cerebral blood vessels to rupture (Figure 1b) [1,3].
As a consequence of this disruption, hypoxia, inflammation, oxidative stress, and
increased intracerebral pressure (ICP) can be triggered, which can further impair
blood flow in a snowball-like effect [3]. Essentially, hemorrhagic stroke elicits a
series of toxic effects in the brain vasculature, that ultimately lead to infarction,
which can happen either at the intracerebral level or subarachnoid level [1,3].
Hypertension is one of the most common risk factors in stroke, particularly,
hemorrhagic stroke, and it generally induces the rupture of small arteries or

arterioles, resulting in blood leakage into the brain parenchyma, otherwise known
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as, intracerebral hemorrhage (ICH) [3]. Trauma, amyloid angiopathy, cigarette
smoking, and heavy alcohol consumption, also constitute some of the several risk
factors for stroke [1,3]. Furthermore, subarachnoid hemorrhage can also occur
when there’s an accumulation of blood in the subarachnoid brain space, due to the
rupture of a cerebral aneurysm or injury-induced vascular malformations [1,3].

Ischemic stroke, can be caused by either a thrombotic or embolic incident,
which in turn lead to brain vessel occlusion (Figure 1b) and, subsequently, result in
a compromised vascular supply of oxygen to the brain (cerebral ischemia) [1,3,8].
In thrombosis, the blood flow is disrupted due to complications within the blood
vessel itself, usually, as a consequence of atherosclerosis, arterial dissection,
fibromuscular dysplasia, or inflammation [8]. For example, atherosclerosis or
atherosclerotic disease, in a very simplistic way, corresponds to a lipid
accumulation within the artery walls, therefore, hypercholesterolemia is one of the
major contributing factors to the development of this disease [9]. Atherosclerosis
triggers a vast array of cellular and molecular reactions in response to disease-
associated lesions, which mainly occur in large and medium-sized elastic and
muscular arteries [9]. One of the first lesions, in this context, is the formation of
fatty streaks, due to the accumulation of lipid-laden cells, namely, monocyte-
derived macrophages and T lymphocytes [9,10]. With time, these fatty streaks
often build up and progress into fibrous plaques, resulting in arterial narrowing
(stenosis) and clot formation, thusly, causing thrombotic stroke [1,3,10,11]. In the
case of an embolic stroke, a clot, or debris from other areas of the body, travel
through the bloodstream and can, eventually, block blood vessels [8,11].

The human brain is a highly metabolically demanding organ, with 25% of a
human being’s whole metabolic processes being solely attributed to this organ
[12]. For that reason, there are intricate and highly optimized homeostatic
mechanisms that maintain the cerebral blood flow rate at about 50 mL/100g of
brain tissue per minute (cerebrovascular autoregulation), therefore, any
disruption of this equilibrium compromises the brain and its cells’ function [12].
When ischemia ensues, the cerebrovascular tissue can be divided into two areas
(Figure 1a): the ischemic core, where blood flow is greatly decreased (7,7-14
mL/100g of brain tissue per minute) and, as consequence, necrosis of neurons and

glial cells initiates; and the surrounding tissue, known as the penumbra, where the
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perfusion rate is approximately 10-17 mL/100g of brain tissue per minute and,
therefore, can still be salvageable, since neurons in this area are functionally
impaired but not dead [3,13].

Overall, the severity of the ischemia-induced neuronal injury depends on the
degree, area, and duration of the hypoperfusion, thusly, when it comes to stroke
treatment, time is of the essence [2,3,12]. Consequently, both currently available
therapies for stroke (see section Currently available therapies) focus on the
early reestablishment of blood flow to the injured tissue, in order to limit the

associated repercussions [2].

Stroke

a) Brain Involvement b) Causes

Cerebral Arteries Ischemic
Core

Penumbra May lead '

Ruptured blood Clogged blood
vessel vessel
(Hemorrhage) (Ischemia)

Figure 1 - Depiction of the (a) brain involvement after ischemic stroke and the (b) two major causes of

stroke.
1.1  Pathophysiology of ischemic stroke

Stroke is an extremely complex neurological disease with equally complex
pathophysiology, which encompasses several cellular and tissue injury
mechanisms and interconnected signaling [14]. These processes include energy
failure and depletion, disruption of ionic homeostasis, excitotoxicity, generation of

oxygen free radicals and reactive oxygen and nitrogen species (ROS/RNS), blood-



brain barrier (BBB) disruption, activation of glial cells, and leukocyte infiltration
[2,3]. These events can, ultimately, culminate in both necrotic and apoptotic
processes in the ischemic core and penumbra region, respectively [2]. As
mentioned before, the ischemic core, as a consequence of cerebral ischemia,
suffers the most drastic blood flow decrease and, subsequently, its core tissue
becomes irreversibly injured [2]. Surrounding this necrotic core is the ischemic
penumbra, which is less severely damaged and still metabolically active but, if left
untreated, the cells it comprises, can undergo programmed cell death, otherwise
known as, apoptosis [2].

Once ischemia ensues, the local reduction of the oxygen and glucose content
greatly impairs the cells’ ability to generate high-energy phosphate compounds,
such as adenine triphosphate (ATP), due to mitochondrial disturbances [3].
Therefore, if this energy failure progresses, apoptosis may be triggered [3]. For
instance, even if an ischemic event does not result in complete occlusion of the
vascular supply, prolonged periods of hypoperfusion can be equally harmful [3].
One of the energy-dependent cellular processes that are majorly affected by this
energetic deficiency, is the membrane ion pump function [2,3]. This results in the
flow of several ionic species (i.e., calcium [Ca?*], sodium [Na*], and chloride [Cl])
into the cell and, consequently, in a notable increase in water inflow [2,3]. Overall,
this causes the rapid swelling of both neurons and glial cells, due to osmosis or
membrane depolarization, which often leads to cytotoxic edema [2,3].
Furthermore, ischemia also promotes the release of excitatory neurotransmitters,
such as glutamate and aspartate [2,3]. Glutamate, under physiological conditions,
is crucial for the maintenance of neuronal plasticity [3]. However, its unrestrained
release during an ischemic insult leads to a substantial increase in intracellular
Ca?+, which despite being a defensive response, frequently leads to cell death [2,3].
As soon as glutamate is released into the extracellular space, following ischemia, it
interacts and activates its receptors (i.e., N-methyl-D-aspartate [NMDA], a-amino-
3-hydroxy-5-methyl-4-propionate [AMPA], or kainite receptors) [2,3]. This
receptor activation prompts an exacerbated influx of Ca2* e Na*, which can both
hinder neuronal survival, with Caz* inducing cell death at high concentrations
[2,3]. Ca%?* can cross the neuronal membrane, either through voltage-gated or

ligand-gated channels, and activate numerous enzymatic systems, including,
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proteases, kinases, lipases, and endonucleases [2,3]. Consequently, their enzymatic
activity and metabolic products, such as free oxygen radicals and ROS, can damage
cellular membranes, genetic material, and proteins, thusly, disrupting -cell
homeostasis and activating apoptotic pathways [2,3].

Accordingly, there has been an increasing amount of evidence pointing towards
the connection between oxidative stress-related apoptosis and ischemic stroke
[2,15-17]. Overall, neurons and other neural cells, are always subjected to basal
levels of ROS and free radicals, either of exogenous or endogenous origin [2].
However, when these levels become high, cells activate their anti-oxidant defenses
to detoxify these highly reactive compounds, avoiding oxidative stress [18].
Nevertheless, the brain is still highly vulnerable to this process, due to its high
concentrations of peroxidizable lipids, high oxygen depletion, and high levels of
iron (pro-oxidants) [17]. Once an ischemic insult starts leading to energy failure,
lactic acid accumulates in neurons, resulting in acidosis [2,17]. The H*
concentration promotes the dismutation of the superoxide anion (O ;) to hydrogen
peroxide (H202), for example [17]. The major source of ROS during an ischemic
stroke are mitochondria, which generate O, in the electron transport chain
process [2]. Furthermore, the arachidonic acid metabolism (cyclooxygenase and
lipoxygenase pathways) and the NADPH oxidase of activated microglia and
infiltrating peripheral leukocytes also contribute to the overall increase in ROS
levels during the ischemic tissue [2,19,20]. Besides ROS and oxidative stress,
nitrosative stress can also occur, which is associated with an increased generation
of reactive nitrogen species (RNS). RNS induce protein nitrosylation that can alter
their integrity and function [17]. In addition, O 5 can react with nitric oxide (NO),
leading to the formation of peroxynitrite anion (ONOO-), which is highly reactive
causing DNA fragmentation and lipid peroxidation [17].

Following ischemic stroke, brain cells contribute to the inflammatory
environment by the secretion of pro-inflammatory mediators [2]. These cells
include endothelial cells, microglia, neurons, and astrocytes (see section Brain and
the cells). Activation of transcription factors, such as nuclear factor-kB (NF-«B),
hypoxia-inducible factor 1 (HIF-1), and interferon regulatory factor 1 (IRF-1), can
result in increased cytokine release and expression of endothelial cell adhesion

molecules (CAMs) [2]. Likewise, the major part of the neuroinflammatory process
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in stroke is associated with microglia, particularly, microglia in the penumbra
region [2,21]. These cells, along with astrocytes, can have both pro-inflammatory
and anti-inflammatory/neuroprotective effects, consequently, their role may vary
depending on the environment and kinetics after stroke [2,21,22]. Additionally, the
brain endothelium that composes the BBB can respond to inflammation and stroke
damage, by increasing its permeability and decreasing barrier function [2].
Ischemia also disrupts the overall structural integrity of the brain tissue and blood
vessels through the release of proteases, such as matrix metalloproteases (MMPs)
[3]. Finally, ischemic injury potentiates the interactions between endothelial cells,
brain cells (astrocytes, neurons, microglia), and peripheral cells (leukocytes,
platelets), which further disturb BBB integrity and contribute to the progression of
brain injury [2,3].

Leukocyte infiltration in the post-ischemic brain has also been indicated as an
additional contributing factor to the progression of ischemic stroke injury,
particularly, in the context of reperfusion-associated injury [2,23,24]. This
leukocyte entry into the brain parenchyma is attributed to its capacity to adhere to

the brain endothelium [2,24,25].

1.2 Currently available therapies

Presently, there are two available approaches in stroke treatment: intravenous
thrombolysis, using recombinant tissue plasminogen activator (rtPA), and
mechanical endovascular thrombectomy [26,27]. The clinical advances that
allowed the development of these two therapies greatly contributed to the
decrease of ischemic stroke-associated deaths.

Thrombolysis, as the name indicates, is a stroke therapy that induces the lysis
of the vascular thrombus or clot responsible for the blockage of cerebral blood
supply [14]. Similarly, to what is observed in our endogenous fibrinolytic system,
this thrombolytic approach, consists of administering rtPA, most commonly
alteplase, which cleaves plasminogen into active plasmin [14,26]. Once plasmin is
formed, it can degrade both fibrin and fibrinogen found on the reactive surfaces of
thrombi, thusly dissolving the blood clot and allowing the reestablishment of blood
flood flow to the ischemic area (reperfusion) [14,26]. This treatment can currently

be administered within 12h after ischemic stroke, as opposed to the 4.5h time-



window it used to have. However, it's important to know that early treatment
allows a better ischemic stroke prognosis. Alteplase treatment can also result in
hemorrhage, one of its more severe side effects, which can increase in proportion
with the rtPA administration delay and, eventually, lead to death [26]. Accordingly,
hemorrhagic stroke patients must not receive alteplase treatment, therefore, an
accurate diagnosis is required before its use.

For this reason, many researchers have focused on the development of more
efficient thrombolytics (i.e., Tenecteplase) or even “tPA helpers”, to reduce the risk
of occurrence of the mentioned side effects [26,28,29]. In addition, whenever a
large vessel is involved, it is common practice to treat ischemic stroke patients by
the mechanical removal of the clot itself via stent insertion, named thrombectomy
[26,27]. In fact, thrombectomy is frequently applied along with thrombolysis.

Mechanical Thrombectomy is a far more recently used therapy for ischemic
stroke, which was proven to be effective in 2015, in about 5 randomized controlled
clinical trials [26,27]. This therapeutic approach is particularly crucial in patients
who suffer large vessel occlusion, which is commonly associated with severe cases
of stroke and poor prognosis, and in which thrombolytic therapy has proven to be
less effective [26,27]. Overall, mechanical thrombectomy can be successfully used
up to 24h after ischemic stroke onset, according to more recent studies [26,30,31].
This therapy is also associated with fewer side effects, which has been even more
noticeable with the continuous upgrade of the stent-retriever devices. [26,32].
Nevertheless, the main disadvantage is the need for neuroradiology settings and a
central hospital.

Both therapies still have two major drawbacks in common. First, they do not
directly target the brain parenchyma and, therefore, are not able to limit the
subsequent damage associated with exacerbated inflammation. Secondly, they do
not promote any type of regenerative mechanism against neuron loss [26]. For this

reason, novel strategies targeting brain cells are of high relevance.
2. Brain and the cells

The brain, along with the spinal cord, comprises the central nervous system
(CNS), our own personal control center, that is responsible for the management of

all cognitive processes, memory, and movements [33]. In addition to the CNS, the
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peripheral nervous system (PNS) extends across the whole body in a complex
association of nerves, allowing communication between even the most distal parts
of the body and the brain [33]. This communication is carried out in the form of
nerve impulses, which are, essentially, messages that either come from the brain
(efferent) or the periphery (afferent) [33]. In addition, the brain roughly contains
1000 billion cells, which is a combination of both neurons and the several types of

glial cells [33].
2.1 Neurons

The most common way to represent neurons is the one portrayed with an
arborized cell body, characterized by an extensive number of dendrites and a
single axon [34]. However, neurons have long been recognized as highly
polymorphic cells [34]. Neurons are responsible for sending and receiving
electrical signals in response to a stimulus [33]. In general, this signal
transmission, whether it is chemical or electrical, is carried out by a specialized
structure called the axon. After neurons are “fired”, the signals can then be
received by a variety of structures, most commonly, dendrites, other axons, the
soma, and tiny projections that sometimes form on dendrites (dendritic spines)
[33]. Interestingly, both of these structures, axons and dendrites, broadly known as
neurites, can provide information about neurons’ functional importance, since the
number of dendrites is proportional to the number of inputs received by neurons
[34].

Synapses are the site through which neurons pass these nerve impulses,
allowing the formation of neural circuits [33,35]. Furthermore, synapses can be
divided into two major types: chemical synapses, and the more rare electrical
synapses [35,36].

Chemical synapses consist of three main components, which include, the
presynaptic terminal, the synaptic cleft, and the postsynaptic terminal (Figure 2a)
[35]. The presynaptic neuron is responsible for the release of specialized chemicals
known as neurotransmitters to the synaptic cleft. After their release, these
neurotransmitters are recognized by their specific receptors on the postsynaptic
side [35]. Chemical synapses are very diversified processes, exhibiting several

properties that can vary between them, including, the neurotransmitter in
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question, release probability, postsynaptic receptor composition, and presence of
neuromodulatory receptors (i.e., y-aminobutyric acid type B [GABAg] receptor)
[35].

The second type of synapse involves specialized connections that enable direct
ionic and small metabolite communication between neurons, the so-called
electrical synapses (Figure 2b) [36]. In this case and in contrast with chemical
synapses, there is a direct physical contact between the presynaptic and the
postsynaptic neuron through the formation of a great number of gap junction
channels, which tend to cluster themselves [36]. Once this connection is formed,
electrical current (ions), rapidly flows from one neuron into the other, allowing a
fast signal transmission [36]. Despite their functional relevancy (i.e., contribution
to initial neural circuit function and cortical processing), electrical synapses are
often only thought of as a simple and temporary process necessary to pave the way
for their more complex counterpart, chemical synapses [36]. However, more
recent studies have proposed that electrical and chemical synapses most likely

work together to configure brain function and its neural circuits [36,37].
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Figure 2 - lllustration of the two types of synaptic interactions between two neurons. a) Chemical synapse,
the most common type of synapse. It occurs when CaZ* enters the presynaptic axon, in response to the action
potential, which prompts the release of neurotransmitters, stored in synaptic vessels. b) Electrical synapse is
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rarer than the chemical synapse and is only exerted by specific neurons. Despite this, the fast nerve pulse
transmission provided by electrical synapses is still an important process.

2.2 Glial cells

The brain’s tissue is also populated by glial cells, which are often referred to as
the main physical supporters of neurons, which is even evidenced by their name
since “glia” in ancient Greek, means “glue” [33,38]. Despite this, we now know that
these cells exert many other functions during development and in the mature
nervous system (Figure 3), some of which have not yet been fully disclosed [38,39].
The term glial cell is broad and comprises several cellular subtypes, found in both
the CNS and PNS [39]. In general, the CNS is mainly populated by astrocytes,
oligodendrocytes, and microglia, while the major glial subtypes in the PNS are
Schwann cells and satellite cells [40,41].

Microglia are immunocompetent cells, that can adapt their phenotype upon
brain homeostasis disruption, which can be due to a mechanical or biochemical
injury [38]. In short, these cells can rapidly switch and adapt their phenotype from
a more “dormant” state and become “activated” (see section Microglial activation
and neuroinflammation).

Astrocytes are known to be the most abundant glial cell type in the adult CNS
[38]. Astrocytes are key cells for the metabolic support of neuronal function, along
with antioxidant defense and pH buffering. Similar to microglia, astrocytes also
display a reactive behavior and, consequently, suffer morphological and functional
shifts (astrogliosis) [38]. In addition, reactive astrocytes often release a series of
inflammatory factors, that can strongly dictate the outcome of a given pathology
[38,42]. Therefore, these cells are responsible for a great variety of roles both in
the healthy and diseased CNS, ranging from the maintenance of ion, water, and
BBB homeostasis to the preservation of diseased and damaged tissue, by blocking
inflammation [38].

Oligodendrocytes and Schwann cells are responsible for neuron myelination
in the CNS and PNS, respectively [39,43]. This role is highly important since axon
myelinization allows the rapid propagation of information between neurons [40].
Moreover, these two types of glial cells are also able to provide trophic support
and influence axon structure and their electrical properties by adjusting axon

diameter [40].
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Figure 3 - Summary of the major types of glial cells of the CNS and PNS and some their corresponding
functions.

Lastly, it is important to mention CNS endothelial cells, which along with other
glial cells, constitute a specialized barrier structure called the blood-brain barrier
[44-46]. This barrier separates the CNS from the periphery by tightly regulating
the movement of plasmatic proteins, ions, inflammatory mediators, and immune
cells between the circulatory system and the brain parenchyma [44,46]. All of this
is possible due to the characteristic properties of the cerebral endothelial cells
[45,47]. For instance, the tight , gap and adherens junction proteins, connect cell
membranes and are responsible for the high electrical resistance and low
paracellular permeability associated with BBB function (Figure 4) [44,46]. In a
diseased state, these functions and properties become disrupted, leading to BBB
dysfunction, a highly critical event in various neurological disorders (i.e., stroke,

multiple sclerosis, Alzheimer’s disease, etc.) [44,45].
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Figure 4 - Schematic representation of adherens and tight junction proteins responsible for blood-brain
barrier integrity (Adapted from Ronaldson and Davis 2011).

In summary, it’s always important to take into account that the complexity of the
brain processes is not solely due to neurons, glial cells, or even endothelial cells
separately, but due to the extensive crosstalk between these cells [40,47]. These
interactions, along with glia-glia interaction, regulate a vast array of processes,
including, neurogenesis, synapse formation, neuronal migration, proliferation,
differentiation, neuronal signaling, and overall maintenance of neuronal function

[47].
3. Microglia and stroke-induced neuroinflammation

Microglial cells, the brain’s resident immune cells, are particularly unique small
myeloid cells. Despite their similar ancestry to macrophages, microglia play very
specific and important roles both under physiological and pathological conditions
[48,49]. Interestingly, even though microglia possess distinctive and fixed
molecular signatures, they still constitute a quite heterogenic and morphologically
adaptable cell population, which allows them to adjust their responses to different
stimuli, injurious or otherwise [50,51]. Microglia are important in the context of
neuroinflammation since these cells are involved in the production of several pro-
and anti-neuroinflammatory mediators, such as cytokines, chemokines, reactive

oxygen species, and secondary messengers [52,53].
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3.1 Microglial activation and neuroinflammation

Under physiological conditions, microglia are characterized by a ramified
morphology with short and fine processes [50]. Once disruption of the healthy
brain environment is detected, microglia rapidly become activated to counteract
the damage [49,54]. During the activation, microglial soma undergo hypertrophy
and process thickening, assuming a rounder and more amoeboid-like shape [49].
This transition allows these activated microglial cells to promptly migrate to the
site of the lesion in a process known as microgliosis [49,52,53]. Along with this
ATP-dependent cytoskeletal restructuring, there’s also an upregulation of cell
surface receptors, namely, CD45, CD68, and the major histocompatibility complex
class II (MHC-II) [49,52,53].

In the context of infection, ischemia, or neurodegenerative diseases, several pro-
inflammatory stimuli released and/or generated by surrounding cells, mark the
start of microglial activation [55]. These stimulatory molecules can, generally, be
grouped into two major categories: damage-associated molecular patterns
(DAMPs) and pathogen-associated molecular patterns (PAMPs) [49,53]. For
instance, in ischemic or hemorrhagic stroke, the ischemic/hypoxic environment
can directly provoke neuronal death. Consequently, neuronal cell death leads to
the release of a series of proteic DAMPs, such as high mobility group box protein 1
(HMCB1), proteins from the peroxiredoxin family (Prx), and galectin-3 (Gal3),
amplifying tissue damage [49]. In addition, some PAMPs might include,
lipopolysaccharide (LPS) and other bacterial cell wall components [55]. In general,
a large number of these stimuli can be recognized by Nod-like receptors (NLRs)
and Toll-like receptors (TLRs), which have been largely implicated in the
coordination of the inflammatory response [49,53]. Interestingly, the latter has
been found to play a crucial role in stroke-induced neuroinflammation [49,53]. In
fact, microglial activation and the subsequent release of cytokines and chemokines
are expected to protect and benefit the CNS [52]. However, when this response
becomes exaggerated and persists during long periods (chronic microglial
activation), it leads to secondary tissue damage [52,56].

Neuroinflammation, a coordinated cellular response to tissue damage, is a
normal physiological process that, usually, is mentioned with a negative undertone

[52,56]. Nevertheless, the severity of neuroinflammation depends on the context,
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duration, and progression of the initial stimulus or insult, and is tightly linked with
the robustness of microglial activation [52,56]. For instance, neuroinflammation is
mainly mediated by microglia, which are responsible for the production and
release of several key molecules, namely pro-inflammatory cytokines, nitric oxide,
prostaglandins, and ROS [52,56,57]. When these mediators are uncontrollably
produced, they can greatly hinder brain tissue repair [57]. Likewise, this
uncontrolled microglial activation and cytokine production can increase BBB
permeability, which in turn leads to edema and circulating immune cell infiltration,
associated with a severe pathological state [52]. Moreover, vascular ischemia, cell
death, and other secondary inflammatory repercussions can further aggravate the
primary mechanical and physical damage of the insult [52]. These life-threatening
occurrences, which can result in both primary and secondary damage, usually
characterized by acute and transient neuroinflammation, may develop a more
chronic-like neuroinflammatory profile [52,56].

Neuroinflammation, similarly to peripheral inflammation, can be divided into
two major interconnected categories: acute neuroinflammation and chronic
neuroinflammation [58]. The first is characterized by an immediate glial response
(gliosis), in which there is an accumulation of glial cells, namely microglia, and
astrocytes, as well as the release of pro-inflammatory molecules [58]. This sudden
shift from practically nonexistent cellular activity to robust cytokine expression
and inflammatory response can be viewed as a harmful reaction [56]. Whenever
the injurious insult does not damage the BBB, the immune response is less
aggressive. Therefore, one can argue that in acute neuroinflammation, microglia
and other glial cells fulfill their reparative and protective roles, mitigating the
cause of the lesion [56,58]. In contrast, chronic neuroinflammation occurs when
certain harmful stimuli persist and is usually associated with neurodegenerative
diseases, such as multiple sclerosis and Alzheimer’s disease, among others [58].
Nonetheless, inflammation and, consequently, neuroinflammation independently
of type, can always be deleterious when exacerbated.

Interestingly, in the particular case of ischemic stroke, neuroinflammation can
be subdivided into several phases, according to different time points after injury,
that includes hyperacute, acute, subacute, and chronic stages. Furthermore, this

disease progression may be linked with dynamic changes in microglial polarization
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(see section Microglia and disease), since acute stroke seems to induce a more
anti-inflammatory phenotype in activated microglia, whilst chronic stroke is

associated with a more pro-inflammatory phenotype [59].
3.2 Microglial roles under physiological and pathological conditions

The definition and nomenclature of microglial phenotype and its associated
functions have long been splitting researchers’ opinions. For years, the so-called
“resting” microglia were viewed as merely dormant cells waiting to be activated by
any minimum disruption of the surrounding microenvironment. Once this
happened, these activated microglia were usually only associated with their
cytotoxic and inflammatory properties [60,61]. However, this is a
misrepresentative and simplistic subdivision, since “resting” microglia and their
processes are highly motile. Therefore, microglia actively scan the brain
parenchyma, assuring the maintenance of the cellular, synaptic, and myelin
homeostasis of the CNS [62]. In contrast, activated microglia have the ability to
adapt their response and phenotype to several environmental cues, that prompt
them to limit detrimental effects and also positively affect tissue repair and

recovery [53,62].
3.2.1 Microglia and homeostasis

Recently, regardless of their name, “resting” microglial cells have been
attributed to more active and crucial roles in the healthy central nervous system
(Figure 5). In fact, microglia actively monitor the brain microenvironment, whilst
carrying out several fine processes that contribute to the maintenance of the
brain’s homeostasis and, consequently, its neural networks [60]. Thusly, this
constant immunosurveillance carried out by non-activated microglia, allows them
to recognize certain factors that might be indicative of disease, such as microbial
structures, serum components, and protein aggregates. When this happens, these
surveillant and resting microglia change to an activated state (see section
Microglial activation and neuroinflammation), which is characterized by a
switch from a more ramified phenotype to an amoeboid-like morphology

[49,53,60].
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Moreover, microglia are also involved in the cellular organization and synaptic
wiring of the developing and mature CNS (i.e., synaptic pruning and synapse
maturation), the regulation of cell survival, proliferation, and differentiation, and
neurogenesis [50,63].

During early postnatal development, neurons and the corresponding synapses
are constantly being formed and remodeled. In fact, a large percentage (~50%) of
these newborn neurons undergo programmed cell death or apoptosis, which
corresponds to a key process to achieve the typical cellular organization of the
mature nervous system [60,63,64]. Subsequently, the resulting dead or dying cells
need to be cleared, which occurs by microglial phagocytose of these cells [63,65].
In addition, this phagocytic role regulating neuron cell number regulation is not
only important during development, but also throughout an individual’s life span.
Moreover, it is also observed during neurogenesis, where most newborn cells
undergo apoptosis during their transition from neural progenitors to neuroblasts
and are, thereafter, rapidly phagocytized [50,62]. Likewise, microglial cells also
support neuronal maturation, by releasing neurotrophic factors, such as nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3
(NT3), fibroblast growth factor (FGF), and insulin-like growth factor 1 (IGF-1),
which are essential for the survival, proliferation, and differentiation of the brain
parenchymal cells [50,64].

Similarly, to the excess of neurons generated in early development, an excess of
synaptic contacts is also observed in the mature CNS, many of which are also
eliminated by phagocytic microglia [50,63]. This process occurs in an activity-
dependent manner, meaning that microglia selectively engulf a large portion of
less active and immature synapses, while the remaining synapses are maintained
and strengthened [63,65]. Within this context, two of the possible molecular
pathways involved in this microglia-synapse interaction and pruning are the
classical complement cascade and a CX3CR1-dependent pathway. Regarding the
first, studies have shown that C3 and C1q are found in the synaptic compartments,
suggesting that these proteins may target synapses for microglia-mediated
phagocytosis by binding to the neuronal cell components [63,64]. The latter
pathway is associated with protein CX3CL1 (fractalkine), expressed by neurons,

and its receptor, which is expressed by microglia [53,63]. In the adult brain, this
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CX3CL1-CX3CR1 pair allows the constant neuron-microglia communication, which
mediates the response to damaged neurons [66]. In the developing CNS, it is also
associated with neuronal plasticity and synaptic transmission, possibly through

the recruitment of microglia to the synaptic sites [63,66].
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Figure 5 - Homeostatic roles of microglia in both the developing and mature CNS. Besides their
immunosurveillance-related functions, microglia also play crucial roles in the maintenance of tissue
homeostasis, which includes phagocytosis of apoptotic neurons, promotion of cell proliferation and
differentiation, and the modulation of the synaptic wiring (Adapted from Kierdorf and Prinz 2017).

3.2.2 Microglia and disease

Upon brain homeostasis disruption, microglial activation is highly influenced by
the local brain environment [60]. For instance, proximity to blood vessels,
exposure to neurotransmitters, and/or changes in the blood-brain barrier may
result in local microglial adaptions [60]. When activated, these cells can be both
pro-inflammatory and anti-inflammatory and, these differential responses are
highly influenced by their surrounding microenvironment, including interactions
with other neural cells, namely, neurons, astrocytes, oligodendrocytes, and brain
endothelial cells [49,53,68].

After infection or injury, microglia can vary between two different phenotypes,

the M1-phenotype, and the M2-phenotype (Figure 6), which are based on the
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phenotypic classification of macrophages [49,69]. On one hand, there’s the M1-
phenotype or classically activated phenotype, which is associated with a pro-
inflammatory response, accompanied by the upregulation of proteins such as
tumor necrosis factor-o. (TNF-a), interleukin 1f (IL-1B), interferon y (IFN-y),
interleukin (IL-6), inducible nitric oxide synthase (iNOS) and proteolytic enzymes
(ie, MMP9 and MMP3)[53]. On the other hand, there’s the M2-phenotype or
alternatively activated phenotype, characterized by the production and release of
interleukin (IL-10), transforming growth factor B (TGF-B), insulin-like growth
factor 1 (IGF-1), and vascular endothelial growth factor (VEGF), which are either
pro-angiogenic or anti-inflammatory mediators [49,53]. However, this binary
classification is an over-simplification, since the M1 and M2 microglia should not
be seen as two different cellular subtypes, but more as polar opposites of a
phenotypic spectrum, through which microglia can transition, adapting their

functions to the task at hand [53,61].
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Figure 6 - Adaptive microglial profile in response to disease. Once disease or injury occurs, resident microglia
rapidly respond to reestablish homeostasis. During this response, microglial cells dynamically adapt their
phenotype depending on the signal they receive. These signals can push microglial polarization towards a
more damaging or neuroprotective phenotype (Adapted from Xiong et al., 2016).
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In the context of various diseased states, namely, glioma, ischemic stroke,
Alzheimer’s disease, and many others, microglia are often attributed the label of
“professional” phagocytes, that can rapidly and efficiently respond to “eat-me” and
“don’t-eat-me” signals expressed by neurons and other neural cells, through a
great variety of signaling pathways (e.g., TREM2, MERTK, and MFG-E8) [60,63].
For instance, TREM2 is a receptor mainly expressed at the cell surface in both
osteoclasts and microglia. TREM2 activation is implicated in the phagocytosis of
apoptotic cell debris, suppression of pro-inflammatory factors, and upregulation of
chemokine synthesis [60]. Furthermore, microglia produce and release a series of
low molecular weight proteins, named cytokines, which are expressed at
significantly increased levels under pathological conditions [60]. One of the most
crucial cytokines in an immune stimulatory and pro-inflammatory environment is
IL-1B. This cytokine is mainly secreted by activated microglia in the CNS, during
infection, ischemia, stroke, and excitatory and mechanic lesions, while also playing
an important role in the regulation of cell proliferation and differentiation [60].
Along with IL-1f, microglia secret many other cytokines that are implicated in
different battlefronts in disease, which may be responsible for neuroprotective and
immunosuppressive effects or exacerbated inflammation (Table 1) [53,60].

Lastly, microglia also participate in immune cell recruitment (i.e., monocytes)
into the brain, in a chemokine-dependent manner. Some of the involved
chemokines include CC-chemokine ligand 2 (CCL2), interferon-y inducible protein
10 (IP-10), and macrophage inflammatory protein 1o (MIP-1a) [49,50,68]. These
circulating monocytes are particularly important for the neuroinflammatory
process and are, therefore, recruited by microglial levels of chemokine expression,

occurring during disease [50].
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Table 1 - Summary of a few known cytokines produced and released by activated microglial cells in response
to an injurious stimulus.

Cytokines Functions Reference

IL-10 Neuronal homeostasis modulator
Anti-inflammatory [70-72]
Neuroprotective
Glial activation modulator

IL-4 Regulates brain homeostasis
Supports oligodendrogenesis and [73-75]
neurogenesis
Neuroprotective

IL-6 Pro- and anti-inflammatory
Stimulation of acute phase responses [76]
Neurogenesis
Neuroprotective

TNF-a Pro-inflammatory
Regulation of microglial activation [77,78]
Induces oxidative stress

IFN-y Pro-inflammatory [79]
Microglial priming

4. Remote ischemic conditioning

To understand what remote ischemic conditioning (RIC) is, it's necessary to first
understand the bigger picture, particularly the concept of conditioning itself.
Conditioning (also described as preconditioning or hormesis) consists of
procedures that take advantage of the complex defense mechanisms that
organisms have developed to protect, compensate and, sometimes, even
regenerate occurring injuries [80,81]. This protective effect can be achieved in
cells, tissues, organs, or even whole living beings by submitting them to low levels
of noxious stimuli [80,82]. Overall, conditioning promotes the development of
tolerance or resistance against higher levels of harmful events [80].

The first scientific description of ischemic preconditioning (IPC) occurred in
1986, in the context of cardiac ischemia [83]. In these experiments, a dog’s heart
was directly treated with four 5-minute cycles of alternating occlusion and
reperfusion, earlier to the initiation of cardiac ischemia, which showed a
significant reduction in myocardial infarct size [83]. Ischemic preconditioning
occurs in two phases of protection: the early phase and the late or delayed phase

[81,84]. Essentially, the early phase occurs as soon as the conditioning process
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ends and it lasts ~3h [84]. This phase is thought to be associated with rapid
protein kinase signaling, which promotes the mitochondria-induced halt of the
apoptotic pathways [84]. The late phase, in contrast, starts 18-24h after ischemic
conditioning and lasts for about 4 days [84]. This delayed conditioning, is most
likely dependent on de novo protein synthesis, for example, proteins that are
implicated in inflammation after ischemia [80,84,85]. It was later, in 1997, when
the concept of remote ischemic conditioning was first mentioned, particularly, limb
RIC [81,84]. All in all, RIC refers to a form of IPC that can be applied directly to an
organ or tissue (i.e., heart, kidney, liver, brain, and limb) and have a systemic effect
[81,86]. However, in this study, the main focus will be the non-invasive, safe, and
feasible limb RIC, which will be henceforth mentioned only as RIC [84].

Keeping in mind the definition of conditioning mentioned above, RIC is a
procedure in which cyclic inflation and deflation of a cuff around a given limb, such
as the arm, simulate an attenuated ischemic event [82]. This RIC-induced ischemia
can, subsequently, activate protective pathways and induce tolerance against a
stronger injurious insult [81,82]. This form of conditioning is defined as “remote”
due to its ability to protect distant organs, including the heart, kidney, lung,
gastrointestinal tract, brain, skeletal muscle, liver, and pancreas [82,86]. In
addition, conditioning can be subcategorized into pre-, per-, and post-conditioning,
depending on whether this procedure is applied before, during (between ischemia
and reperfusion), or after the injurious episode [81,84]. Out of these three time-
based categories, remote ischemic preconditioning (RIPreC), may be considered
the less practical approach, since, in normal conditions, stroke onset can’t be
predicted [84]. Nevertheless, it could be used in a preventive manner, in situations
where patients undergo surgeries that may lead to postoperative ischemic
complications [81,82,84]. Still, RIC could also be used as a preventive treatment in
individuals with stroke-associated risk factors [81,82,84]. In contrast, remote
ischemic per-conditioning (RIPerC) and remote ischemic post-conditioning
(RIPostC), correspond to the more promising strategies in hospital settings. In fact,
it can be administered while the patients are in transport or even in conjunction
with the currently available therapies [82,84]. As a whole, RIC introduces a new
perspective to stroke treatment, but also other neurological diseases[80-82]. In

contrast to thrombolysis and mechanical thrombectomy (see section Stroke and
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currently available therapies), RIC targets the brain parenchyma, particularly,

the penumbra area [80-82].
4.1 Inter-organ communication mechanisms underlying RIC

The RIC-induced effect is not limited to a specific type of organ, injury, or
disease, thus this technique may be adaptable to many clinical contexts [80,84]. In
the particular case of the CNS, RIC can be beneficial in the context of both acute
neurodegeneration and chronic degeneration [80,84]. Taking all of this into
consideration, the consensus is that, there may be three major mechanisms (Figure
7) involved in the protective signaling from the periphery to the target organ,
namely, the brain [81,82,84]. These potential mechanisms are: (i) the neuronal
(autonomous nervous system), (ii) humoral (circulating factors), and the (iii)
immune-mediated mechanisms (immune cells) [82,84]. Moreover, the underlying
mechanisms of RIC might function in a synergetic manner, thusly providing
neurovascular protection, anti-inflammatory influence, reduced excitotoxicity, and
metabolic protection [87]. Consequently, the inflammatory milieu, mitochondrial
processes, and/or the upregulation of protective pathways are activated, which, in

turn, allows a decrease in tissue damage [87].
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Figure 7 - Representation of the three possible mechanisms through which the RIC-induced protective signal
may be transferred to the target organ (Adapted from Hess et al. 2015).
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4.1.1 Autonomous Nervous System

When it comes to the neuronal aspect of RIC, there have been several
experimental and clinical studies that focused on understanding the role of the
autonomous nervous systems on RIC-induced protective signal transmission [88-
92]. For instance, in an experimental study where autonomic ganglia were blocked
using hexamethonium, a diminished level of RIC-induced neuroprotection was
observed [90]. Moreover, another study to disclose the cross-talk between the
vagus nerve and muscarinic receptors found that RIPreC and its cardioprotective
effect depend on the vagus nerve signal transmission to the heart and subsequent
activation of muscarinic receptors by acetylcholine [91]. In general, both the
sympathetic and parasympathetic nervous systems seem to participate in this
procedure [89]. Despite these results, the neuroprotective effect provided by RIC
has been shown to demand an interlinked action between both the neural
constituents and the blood circulating biomolecules [81,93]. For example, the
release of blood-borne factors into the circulation may be dependent on the vagal
nerves’ contribution and, this subsequent release may even activate afferent

nerves [84,93].

4.1.2 Humoral mechanisms

The second hypothesis for inter-organ communication is based on circulating
molecules that are released into the bloodstream when RIC is applied [84]. This
idea is supported by the RIC protocol itself since the four cycles of ischemia are
accompanied by four other cycles of reperfusion. Reperfusion, thusly, allows the
secreted molecules to flow throughout the whole circulatory system towards the
target organ [84,94]. Furthermore, this mechanism was experimentally reinforced
by the cross-species blood transfer, in which an unconditioned subject (rabbit)
received blood from a conditioned one (human), which promoted protection
against cardiomyocyte necrosis [94,95]. Furthermore, it was even observed that
plasma obtained from a conditioned animal was able to positively affect isolated
hearts [95].

As mentioned before, the neural and humoral pathways seem to be tightly
connected, therefore, the release of blood-borne factors, which are secreted in the

conditioned limb, may be induced by peripheral nerves [96]. These molecules
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include adenosine, bradykinin, opioids, calcitonin gene-related peptide,
catecholamines, and prostaglandins, which function mainly as neurostimulators
[82,84]. Besides autacoids, chemokine CXCL12, IL-10, microRNA-144, nitrite, and
many other factors, seem to also mediate RIC-induced cytoprotection. For instance,
nitrite is an oxidation byproduct of nitric oxide oxidation, that essentially functions
as a storage of NO [81,82]. When hypoxemia occurs, nitrite is reduced to nitric
oxide which, subsequently, acts as a vasodilator [82,97]. Furthermore, nitrite also
protects mitochondria against oxidative damage, a common consequence of
hypoxia, acute ischemia, and ischemia-reperfusion injury [82,97]. In the context of
RIC, increased nitrite levels have been observed, which may account, at least
partially, for its cytoprotective effects [82,98-101].

All things considered, RIC might induce the secretion of specific or even multiple
protective factors into the bloodstream, which seems to confer cross-species and
cross-individual protection through blood and/or plasma transfusion [102,103].
However, the contribution of these circulating humoral factors to the RIC-induced
cytoprotection remains inconclusive, even though several proteomic analysis of
both animal and human plasma have been performed [104-107]. Considering the
several experimental studies using animal models, further research should be done
on humans, to effectively use these molecules as biomarkers. This includes the
validation and analysis of their efficacy, mechanisms/pathways, and how RIC

influences both the associated genomics and proteomics [104].

4.1.3 Immune-mediated mechanisms

Neuroinflammation, in general, is associated with the activation and migration
of both the brain’s resident immune cells (i.e., microglia and astrocytes) and
peripheral immune cells (i.e., neutrophils, monocytes, and T cells) [84]. After their
activation, these cells also secrete a variety of proinflammatory mediators, which
further exacerbate inflammation (see section Microglial activation and
neuroinflammation). In this context, RIC has been shown to inhibit microglial and
astrocytic activation once acute ischemic stroke ensued, as well as the recruitment
of peripherally-located immune cells [84,108]. Therefore, emerging evidence
suggests RIC-induced endogenous protection is, at least, partially due to the

modulation of immune-inflammatory interactions [104]. This cellular component,

-24 -



along with the humoral and neural ones, allows RIC to promote a response that, in
the neuroinflammation spectrum, falls closer to the “resolution” and “repair”
phases [109].

Starting with the brain’s resident immune cells, microglia, and astrocytes,
which upon the conditioning stimulus, seem to exhibit an immunosuppressive
effect on neuroinflammation, most likely through the release of anti-inflammatory
cytokines [84,109]. Moreover, astrocytes also promote repair by generating and
releasing trophic factors (i.e., IGF-1, VEGF), thusly supporting neuronal growth and
angiogenesis [84,109]. Besides this molecular aspect, microglia also highly express
TLR4, which confers them the ability to start an innate immune response [84].
Therefore, even if the exacerbated activation of these receptors usually is harmful,
their attenuated activation, like the one observed after RIC, may prepare the brain
against severe and sustained ischemia [84,110]. In fact, when TLR4 receptors are
genetically deleted, the neuroprotection provided by IPC was completely absent
[110]. In addition to this, proteins commonly known to present a pro-
inflammatory profile were upregulated (i.e., TNF-q, iNOS, and the p65 subunit of
NF-xB) [110].

On top of the role of microglia and astrocytes, growing evidence also indicates
points to the participation of the peripheral circulating immune cells in RIC
neuroprotection [84,109]. For example, the molecular and cellular aspects of
inflammation have been demonstrated to suffer changes after the conditioning
procedure, particularly, the subtypes of activated immune cells and the cytokines
they released [84,111]. On one hand, in this study, RIPreC presented an
immunomodulatory effect that favored the infiltration of non-inflammatory
monocytes as opposed to the monocytes with an inflammatory phenotype [111].
On the other hand, the expression levels of TNF-a and IL-6, pro-inflammatory
cytokines, were notably elevated [111].

Overall, RIC may induce an immunomodulatory effect on both brain and

peripheral immune cells and their responses, which may explain its effect.
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II. Objectives

Ischemic stroke, a high incidence and high mortality neurological disorder, is
still treated with therapeutic strategies based on blood reperfusion. Currently,
there is a therapy that directly targets the brain tissue, namely neuroinflammation
and cell death.

RIC is a promising and pioneering therapeutic approach, which can be
administered in a non-pharmaceutical and non-invasive way, comprising an
affordable therapy. RIC is based on endogenous defense mechanisms and may
allow multiple organ protection [104]. The neuroprotective and anti-inflammatory
effects of this procedure have been extensively experimentally proven using
animal models, where it was shown to reduce overall oxidative stress,
inflammatory cytokine release, inhibit brain edema [81,112-114]. In contrast,
much less clinical trials have studied RIC in stroke patients [81,115,116]. Only a
few studies have targeted the underlying mechanisms of RIC in healthy human
subjects [89,117].

Thusly, the main goal of this thesis is to understand the underlying endogenous
mechanisms of RIC responsible for the inter-organ communication and the
subsequent possible neuroprotective and anti-inflammatory effects. Our research
group has already studied the autonomous nervous system [89] and immune
associated mechanisms [117]. Therefore, the present work will focus on the
functional validation of human plasma derived from healthy volunteers subjected
to the RIC procedure. We aim to functionally test the conditioned plasma for
assessing circulating molecules, namely proteins, organic molecules, that may be
released and altered in the blood after the RIC procedure. This is a translational
study, since plasma samples from healthy young individuals were used to treat
human cell cultures to assess their potential beneficial effects.

This functional assessment of the RIC-conditioned plasma will be divided in
three strategies:

(i) Neuroinflammation assay, using a human microglial HMC3 cell line;
(i)  Neuroprotection/neuronal function assay, using a human

neuroblastoma derived SH-SY5Y cell line;
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(iii) BBB integrity assay in human brain microvasculature endothelial

cells, using the hCMEC/D3 cell line.

With these cellular models, we aim to answer specific questions, such as: Does
RIC have an anti-inflammatory and neuroprotective effect? Can it preserve BBB
integrity?

If our hypothesis is true, then other long-term objectives emerge: (i) which are
the humoral factors involved in the protective function and (ii) whether the RIC
procedure can be used as a therapy against ischemic stroke or even against other

diseases?
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III. Materials and Methods

1. Participants

A total of 10 young healthy volunteers (5:5 female/male proportion) were
recruited from the local population, all older than 18 years-old, with normal body
mass index and arterial blood pressure. The following exclusion criteria were used:
previous neurological disease or neurosurgical procedure, severe heart failure,
peripheral artery disease, skin ulcer, or other severe dermatological diseases.
Informed consent was signed by all of the participants before the beginning of the
study. The study was approved by the Nova Medical School, NOVA University of
Lisbon, Lisbon, Portugal (no10/2016/CEFCM) Independent Ethical Committee.

2. RIC procedure

The RIC protocol consisted of four cycles of 5-minute ischemia followed by 5-
minute reperfusion, applied to the upper limb (Figure 8a). Ischemia was
performed with a blood pressure cuff inflated to above 220 mmHg or at least 20
mmHg above the subject’s systolic arterial pressure. Adverse reactions to this

procedure were screened during the entire time.

3. Blood collection and plasma preparation

Peripheral blood samples were collected from all the participants before RIC
(RIC1), immediately after RIC (RIC2) and then 4h (RIC3) and one day (RIC4) after
the RIC procedure (Figure 8b). All of the samples were collected in EDTA-coated
tubes. For plasma preparation, the collected blood samples were centrifuged at
800g for 15 min to obtain the plasma. After separation, plasma samples were

aliquoted and frozen at —80°C until further use.
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Figure 8 - Schematic representation of the remote ischemic conditioning procedure
time course (b) and subsequent blood collection timeline (a).

4. Cell lines and Reagents

4.1 HMC3 cell line

For microglia and inflammatory response tests, the HMC3 microglial cells kindly
supplied by Dr. Inés Figueira (Molecular nutrition and health lab, CEDOC) were
used. These cells were kept in Minimum Essential Media (MEM), as the basal
media, which was supplemented with 11% (v/v) of non-inactivated Fetal Bovine
Serum (FBS), and 1% (v/v) of Penicillin/Streptomycin (Pen/Strep), provided by
Sigma and Gibco Life Technologies, respectively. Cells were maintained in 75 cm?
T-flasks (Corning) and 25cm? T-flasks (Corning), while passages were performed
once to two times a week in 1/3 dilution and 1/2 dilution, depending on cell

confluency.

4.2 SH-SYS5Y cell line

For neuronal viability and function assessment, the neuronal SH-SY5Y
neuroblastoma cell line was used. These cells were maintained in DMEM-F12

(Biowest) as the basal media, supplemented with 10% (v/v) of inactivated FBS,
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and 2% (v/v) Pen/Strep. Cells were maintained in 75 cm? T-flasks and cells were
subcultured two times a week in 1/3 dilution.

For analysis, SH-SY5Y cells were differentiated by culturing them in DMEM /F12
differentiation medium, characterized by a reduced FBS percentage of 1% (v/v),

2% (v/v) Pen/Strep, and supplemented with 10 uM of all-trans retinoic acid (RA).

4.3 hCMEC/D3 cell line

Lastly, the hCMEC/D3 cerebral endothelial cell line was also used, to assay BBB
integrity. The hCMEC/D3 cell line was kindly supplied by Dr. Pierre-Olivier
Couraud (INSERM U, 567, Univeristé René Descartes, Paris, France). Cells were
grown in an EBM-2 medium supplemented with VEGF, IGF-1, EGF, basic FGF,
hydrocortisone, as recommended by the manufacturer, 2,5% FBS, and 1% (v/v) of
Pen/Strep. The cell medium was changed every 48h, and the cells reached
confluence after 5-6 days of culture. All of the cell lines were kept in a humified

incubator at 37°C and 5% COa2.
5. HMC3 Treatment and ROS Quantification Protocol (DCF Assay)

HMC3 cells were plated onto 96-well plates according to an optimized seeding
of 8,5%103 cells/well. For the functional validation of the RIC-derived plasma,
HMC3 cells underwent media change after 48h of cell growth. Control cells were
maintained in normal culture media (11% FBS), while experiment cells were
treated with conditioned media (5% RIC plasma + 6% FBS). The total “serum”
percentage remained the same in all groups. After 24 hours, cells were stimulated
with LPS (Sigma), with a concentration of 500 ng/mL, and 24 hours after this, ATP
(Sigma), with a concentration of 5mM, was also administered to promote
inflammation. After 30 minutes, the DCF Assay was initiated. Cell media was
discarded, and cells were washed with PBS. Then, HMC3 cells were incubated with
5 uM of DCFDA (Invitrogen), and fluorescence was measured at an excitation
wavelength of 485 nm and an emission wavelength of 535 nm, using a Tecan
Infinite F200 Pro microplate reader. At the end of the DCF Assay, the reagent was
discarded from each well, and protein extraction and quantification were

performed.
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The same protocol was used for optimizing the inflammatory stimuli used in
this study, with the exception that no cells were treated with the RIC-conditioned

media.

Table 2 - Composition of PBS commonly used for washing steps and solution making.

Reagent Composition
PBS 1,54mM NaCl; 20mM KH2P04; 34mM NazHPO4
pH 7,2

6. SH-SY5Y and hCMEC/D3 differentiation protocol

SH-SY5Y neuroblastoma cells were plated at an optimized seeding of 6,3x103
cells/well in 24-well plates. On the following day, the differentiation protocol was
initiated by changing the cell medium to a differentiation medium (FBS, Pen/Strep,
and all-trans retinoic acid). Differentiation occurred over 7 days, the media was
changed on the fourth day, and on the sixth day, the media was changed to
conditioned media. After 24 hours, the protein was extracted (see section Protein
Extraction and Quantification) for Western blot analysis. For
Immunofluorescence analysis, the same protocol was followed, except cells were
plated onto coverslips previously treated with PDL at concentration 0,1 mg/mL
and washed three times with Milli-Q water.

hCMEC/D3 cerebral endothelial cells were differentiated for 11 days in 12-well
plates, using a differentiation medium (EBM-2 medium supplemented with Hepes,
basic FGF, hydrocortisone, 1% Pen/Strep, and 2,5% FBS as recommended by the

manufacturer).
7. Protein Extraction and Quantification

For the protein extraction, HMC3 and SH-SY5Y cells were lysed with RIPA
buffer. In some cases, HMC3 cells were lysed with ELISA lysis buffer. Cell extracts
were then transferred onto 96-well plates, at a final volume of 10 pL per well. 100
uL of working reagent from Pierce BCA Protein Assay kit (Thermo Scientific) were
added, followed by a 30-minute incubation step at 37°C. The absorbance values
from each well were then measured at 560 nm, using a Tecan Infinite F200 Pro
microplate reader. Protein concentration values were calculated using a standard

BSA curve with known concentration values (1000 to 7,8 pg/mL).
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Table 3 - Composition of the above-mentioned buffers and their corresponding applications.

Buffers Composition

RIPA Buffer 50 mM Tris-HCl; 150mM NacCl; 0,1% SDS; 1% Sodium
Deoxycholate; 1% Triton X-100; 1% protease inhibitors

8. Western Blot

Equal amounts of protein from SH-SY5Y and hCMEC/D3 cell extracts,
respectively, were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on polyacrylamide gels of 15 and 10%, for 1h30min,
along with the NZYColour Protein Marker Il (NZYTech). The proteins were then
transferred onto nitrocellulose membranes (1h30min), blocked with 5% BSA
(Sigma) solution, and incubated with the primary antibodies, mouse anti-
synaptophysin (Thermofisher) dil. 1/1000 in BSA (for SH-SY5Y) and rabbit anti-
beta catenin (Invitrogen) dil. 1/125 in BSA (for hCMEC/D3), at RT. Next, the
membranes were treated with secondary antibodies, sheep anti-mouse HRP
conjugated (Thermofisher) dil. 1/5000 in BSA (for SH-SY5Y) and donkey anti-
rabbit HRP conjugated (Thermofisher) dil. 1/5000 in BSA (for hCMEC/D3), for 1
hour at RT. Between blocking and incubation with both antibodies, the membranes
were always washed steps with TTBS. Rouge Ponceau (Biotium) was used as the
control for total protein loading.

Immunoblots were revealed by exposing the membranes to
electrochemiluminescence western blot detection reagent (Bio-Rad) for
approximately 1 minute and the reactive bands were detected after the
membranes contacted an X-ray film (Cytia Amersham Hyperfilm). The resulting
area and intensity of the bands were quantified using Image] software and are

present as a percentage relative to the control (100%).
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Table 4 - Composition of the buffers commonly used in the western blot analysis.

Buffers Composition

29,8g Tris base; 141,95g Glicine; 10g of SDS;
Running Buffer g Tris base g Glicine; 10g o

pH 8,3
Transfer Buffer 144g Glicine; 30g Tris base; pH 8,3
Stacking Buffer 0,5 M Tris-HCI; 0,4% (w/v) SDS; 1L H20
Separating Buffer 1,5 M Tris-HCI; 0,4% (w/v) SDS; 1L H20
TTBS 3 M NaCl; 1M Tris-HCI

1,5 mM Tris-HCl; 10% (w/v) SDS, 25 mL glycerol, 2,5 mL

Loading Buff
oading butter bromophenol blue; pH 8,8

9. Immunofluorescent Microscopy

SH-SY5Y cells were fixed with 4% paraformaldehyde (PFA) + 4% Sucrose for 20
min. Fixed cells were washed with PBS and permeabilized with 0,3% Triton X100
in PBS for 15 min. After permeabilization cells were blocked with BlockPerm
(0,1% Triton X100, 1% BSA in PBS) for 30 min at RT. The cells were washed with
PBS and incubated in a humified box at RT with the primary antibodies, mouse
anti-synaptophysin dil. 1/400 in BlockPerm and chicken anti-neurofilament M dil.
1/400, for 2 hours. After washing, cells were labeled for 1 hour with fluorescent
secondary antibodies, goat anti-mouse conjugated to Alexa Fluor 488 dil. 1/1000
and goat anti-chicken conjugated to Alexa Fluor 647 dil. 1/1000, from Invitrogen.
Coverslips were washed with PBS and mounted onto glass slides with Prolong with
DAPI (Thermofisher). Fluorescence imaging was done using a Zeiss Axiolmager D2

fluorescence microscope.
10.ELISA

HMC3 cells were plated with a 3x10# cells/well seeding value in 24-well plates.
The same treatment protocol used for the DCF Assay was followed. After protein
extraction and quantification, the cell extracts were used to measure TNF-a
concentration levels. The Human TNF-a Standard ABTS ELISA Development Kit
(Prepotech) was used, and the manufacturer’s instructions were followed

throughout. In the end, the absorbances were measured at 415 nm with
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wavelength correction set at 560 nm, using a Tecan Infinite F200 Pro microplate
reader. Absorbance data was thereafter converted to concentration values using
standard curves constructed by following the kit’s instructions.

This protocol was used for optimizing the inflammatory stimuli used in this
study.

11. Statistical analysis

The data present throughout is the mean #* standard deviation. Comparisons
between distinct groups of conditions and treatments were analyzed using the
two-tailed and unpaired Student’s t-test through Excel, with p-values of less than

0,05 being considered statistically significant.
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Figure 9 - Simplified schematic representation of the protocols used in this study.
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IV. Results

1. Inflammatory stimuli optimization

To proceed with the neuroinflammation assay, it was necessary to first establish
the most appropriate inflammatory stimuli for inducing inflammation in HMC3
cells. For this, techniques such as ROS and TNF-a quantification (DCF Assay and
ELISA) were used. The inflammatory stimuli in question were lipopolysaccharide
(LPS), adenosine triphosphate (ATP), the combination of the two, TNF-a, IFN-y,

and the combination of these two.
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Figure 10 - Representative data of the effects of various inflammatory stimuli on ROS
generation (a) and TNF-a release (b). HMC3 cells were treated with the inflammatory
stimuli for 24h and 30 min in the case of ATP. ROS intensity and TNF-a levels were
normalized with intracellular protein content. Data represents the median #* standard
deviation of three technical renlicates of one exneriment.

As both figures, 10a and 10b illustrate, all of the analyzed inflammatory stimuli
induced inflammation on the HMC3 cell line when compared to the control. In the
DCF assay, the highest ROS intensity percentage was observed after treatment
with TNF+IFN and LPS+ATP. While in the ELISA assay, the highest TNF-a
concentrations resulted from ATP (12,1 pg/mL) LPS+ATP (11,6 pg/mL), and I[FN-y
(11,7 pg/mL) treatment.

Based on this data, we concluded that the combined stimuli LPS+ATP were a
valid trigger for inducing inflammation and activation of the HMC3 microglial cells.

Thusly, these were the stimuli used in the subsequent neuroinflammatory studies.
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2. Neuroinflammation assay - effect of the conditioned plasma on ROS

generation

Neuroinflammation and oxidative stress are definitive signs of
neurodegeneration and neurological disease, often contributing to disease
evolution [17,118]. In fact, after ischemic stroke, the accumulation of lactic acid
(acidosis), contributes to the generation of H202, among other ROS [17]. In that
regard, we decided to assess the effect of the RIC-conditioned plasma -cell

treatment in the generation of this ROS. For this, ROS production was quantified

through the DCF Assay.
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Figure 11 - Effect of RIC-conditioned plasma treatment in LPS and ATP induced
inflammation. Cells were either treated or not with conditioned plasma for 24 hours and then
an additional 24 hours with LPS (500 ng/mL) and 30 minutes with ATP (5mM). After this, cell
media was discarded, and cells were treated with DCFDA for 15 minutes. Differences between
experimental conditions were analyzed by the two-tailed and unpaired Student’s t-test, with the
result being considered statistically significant when p-value < 0,05 (n=3). The asterisk indicates
statistical significance when comparing pairs of the treated conditions. The cardinal indicates
statistical significance when comparing pairs of untreated and treated conditions.
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As shown in figure 11, HMC3 microglial ROS generation, namely, H202 increases
in response to LPS+ATP treatment, per the optimization done previously and, it
gradually decreases after treatment with not-conditioned human plasma (RIC1)
and conditioned human plasma (RIC2-4). The highest decrease in ROS generation
is observed in the RIC4 condition, in which ROS levels seem to reach similar levels
to the same condition, but without inflammatory induction.

These results indicate that RIC treatment may have an anti-inflammatory effect
on exacerbated ROS generation, particularly, 4h and one day after the RIC

procedure.
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3. Neuroprotection/Neuronal function assay - effect of the conditioned

plasma on synapse formation

Synaptophysin is a specific presynaptic marker for neurons [119]. Thus, an
indirect way of assessing neuronal function is by the expression of synaptophysin.
In fact, during neurological diseases, including ischemic stroke, there is a decrease
in its expression, which is associated with damage to the brain’s neural networks
and synaptic functions [120].

In this context, synaptophysin can indicate neuronal viability and neuronal
function. Considering this, we tested the hypothesis of whether the RIC procedure
can improve neuronal function. Therefore, the effect of the RIC-conditioned plasma

on synaptophysin expression was analyzed in the SH-SY5Y cell line.
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Figure 12 - Preliminary data of the effects of conditioned plasma on synaptophysin
expression. Differentiated SH-SY5Y cells were treated or not with RIC-conditioned plasma for
24h. Protein extracts were obtained through RIPA buffer lysis. Protein was separated using SDS-
PAGE on a 15% polyacrylamide gel. Mouse anti-synaptophysin, Thermofisher (1/1000) was the
primary antibody used, while the secondary was sheep anti-mouse, Thermofisher (1/5000). (a)
Ponceau red was used as control for checking total protein loading. In order to obtain the
results, present in (c), the quantification of (b) was done using Image] software and are
presented as percentage relative to control (100%).

The pre-treatment with the conditioned plasma in SH-SY5Y promotes
upregulation of the presynaptic marker synaptophysin (Figure 12c). This effect is
observed in all of the RIC procedure time points (RIC1, RIC2, RIC3, and RIC4).
Firstly, human plasma per se improves synaptophysin expression, as indicated by
the increased expression in RIC conditions compared to FBS control. More
interestingly, there is a tendency of plasma derived from all time points after the
RIC procedure to upregulate synaptophysin. Out of these four time points, RIC4 is
the one that promotes a more noticeable increase when compared to the control,
in which synaptophysin expression is increased by 45%.

This data suggest that RIC treatment may promote neuroprotection through
increased neuronal function. However, this preliminary data needs to be further
reproduced, to validate the tendency and to assure its accuracy.

In addition to quantification of synaptophysin protein expression through

western blot, an immunofluorescence assay was also conducted.
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Synaptophysin

Figure 13 - Immunofluorescence staining for synaptophysin. SH-SY5Y cells were
treated with not-conditioned and conditioned human plasma for 24h. Cells were labeled for
synaptophysin (green) and neurofilament-M (red). Nuclei were stained using prolong
mounting media with DAPI (blue). The image corresponds to the control group (original
magnification 400x).

As shown in figure 13, it is possible to observe a few green speckles that
correspond to synaptophysin expressed by cells cultured with normal cell medium
with only FBS. This image may indicate that SH-SY5Y cells do, in fact, express
synaptophysin in normal conditions. However, no further conclusion can be made,
since it was not possible to render images corresponding to RIC1-4 samples.
Moreover, image and sample quality must be improved for a better observation of
neuronal cell body and neurites.

Still, this assay may lead to promising results that may support our findings
obtained by western blot (Figure 12c). With this in mind, it is necessary to do
additional experiments studying synaptophysin expression in response to RIC-

conditioned plasma, through immunofluorescent microscopy.
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4. BBB integrity assay - effect of the conditioned plasma on adherens

junction protein expression

One of the possible aftermaths of ischemic stroke is the disruption of the blood-
brain barrier. This disruption is associated with an altered expression of tight,
adherens, and gap junction proteins, consequently exacerbating stroke-associated
injury [121,122]. Knowing this, the expression of [3-catenin, an adherens junction
protein, was analyzed through western blot. Therefore, the RIC-derived protection
of the BBB was tested by the assessment of [3-catenin expression following RIC-
conditioned plasma treatment of the human brain microvasculature endothelial

cells hCMEC/D3 cell line.
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Figure 14 - B-catenin expression in hCMEC/D3 cells treated with conditioned plasma.
Differentiated hCMEC/D3 cells were treated or not with RIC-conditioned plasma for 24h.
Protein extracts were obtained through Loading buffer lysis. Protein was separated using SDS-
PAGE on a 10% polyacrylamide gel. Rabbit anti-beta catenin, Invitrogem (1/125) was the
primary antibody used, while the secondary was donkey anti-rabbit, Thermofisher (1/5000).
(@) Rouge red was used as control for checking total protein loading. In order to obtain the
results, present in (c), the quantification of (b) was done using Image] software and are
presented as percentage relative to control (100%).

B-catenin protein expression, as observed in figure 14c, appears to alter in
response to RIC-conditioned plasma cell treatment by increasing slightly and
gradually. The RIC 4 time-point exhibited the highest percentage relative to
control, with 108% of (-catenin expression.

Based on these results no concrete conclusions concerning the influence of RIC-
conditioned plasma treatment on [(-catenin expression can be made. Therefore,

further analysis of B-catenin protein expression should be done.
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V. Discussion and Conclusions

Ischemic stroke is a worldwide concern, due to its prevalence, high mortality,
and morbidity rate. In this neurological disorder, the propagation of the damage in
the CNS provoked by ischemia is associated with various events, such as
exacerbated neuroinflammation, neuronal death, and increased BBB permeability,
among others. In this context, microglia, neurons, and cerebral endothelial cells
play major roles, whether they are detrimental to disease progression or
beneficial.

Considering this, a therapy that targets the brain’s cells and their possible
damaging effects is of most interest. In this context, remote ischemic conditioning
procedure could correspond to a potential therapy that can tackle all of these
areas.

Thusly, the main goal of this work was to understand if RIC-conditioned plasma
collected from healthy human volunteers could limit inflammation, protect
neurons, and prevent an increase in BBB permeability, by the maintenance of its
integrity. For this purpose, three human cell models were used: the HMC3 cell line
(neuroinflammation study), SH-SY5Y cell line (neuronal function/neuroprotection
study), and the hCMEC/D3 cell line (BBB integrity study).

RIC-conditioned plasma significantly attenuated LPS+ATP-induced oxidative
stress, while RIC4 plasma samples, specifically, prevented this oxidative stress
(Figure 9). Interestingly, human plasma alone (RIC1 samples) also decreased ROS
generation by HMC3 cells, which may be explained by the fact that human cells
respond preferably to human plasma as opposed to the frequently used bovine
serum. Therefore, RIC treatment may directly attenuate tissue injury by reducing
ROS generation. Furthermore, this antioxidant and anti-inflammatory effect may
be more noticeable in a later stage (i.e., 4h or one day after RIC), which may
indicate that de novo protein synthesis is needed for this effect. In fact, the RIC-
induced protective effects were prevented, in an experimental study, in which a
protein synthesis inhibitor (cycloheximide) was administered to rats after RIC
treatment [92]. Although there are several studies in animal models proving the

anti-inflammatory capabilities of this procedure [112,113,123], this is the first
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time that this effect has been observed using human samples from healthy
individuals on human cell lines.

To further validate this anti-inflammatory effect due to RIC-conditioned plasma
treatment, HMC3 cells should also be assessed for other inflammatory markers.
One of the possible markers could be TNF-a, which is one of the key cytokines
produced by cultured brain cells and also one of the key cytokines expressed after
stroke [124]. Therefore, it would be interesting to understand how its expression
would be altered in HMC3 cells after treating them with the inflammatory stimuli
(LPS+ATP) and with the RIC-conditioned media. This could be achieved, in
progress future work, through human TNF-o ELISA. However, the fact that RIC-
derived plasma has shown this potential is a hopeful step toward a better
understanding of the RIC effects and its possible applicability in a clinical context.
Additionally, the microglial inflammatory response may also be tested, through the
cell migration assay. Thusly, we could observe if HMC3 cell became more or less
activated in response to the inflammatory stimuli and after treating them with RIC-
derived plasma.

Another interesting result obtained with RIC-conditioned media is the indirect
neuroprotection, by increased neuronal function, exhibited by SH-SY5Y cells
(Figure 10). In this neuronal function assay, the gradual increase of synaptophysin
expression reaches its peak one day (RIC4) after the RIC procedure, indicating
once again that the RIC-associated protection increases over time, most likely, due
to protein synthesis, instead of the immediate kinase activity that might occur.

In this context, it would also be interesting to quantify this synaptophysin
expression increase by determining the number of synaptophysin “spots” through
immunofluorescent microscopy, as observed in figure 11. For this, more careful
labeling of the different cell components should be done, to render more clear
images that can be quantified through image analysis software, such as Image].
Moreover, it would also be interesting to understand if microglial HMC3 cells, in
response to both LPS+ATP and RIC-conditioned plasma treatment, release factors
that protect SH-SY5Y neurons, by co-culturing both cell lines.

Finally, to further characterize the protective role of the RIC procedure, an
analysis of B-catenin expression in response to conditioned and not-conditioned

plasma was performed. This assay would allow us to understand, in an indirect
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way, if RIC treatment could also promote the maintenance of BBB permeability, by
securing the integrity of its junctions. Although the results presented in figure 12,
were not conclusive, despite the very slight increase in -catenin expression, this is
still a promising approach. Therefore, other junction proteins, such as Z0-1 (tight
junction protein), should be analyzed. In the future, B-catenin and ZO-1 could also
be analyzed by microscopy in order to evaluate its organization in the plasma
membrane, since permeability can be affected not only by expression levels but
also by special organization.

Overall, this was the first time that plasma collected from healthy young
individuals submitted to RIC was analyzed in human cell lines, for assessing its
potential to modulate microglial and neuronal activity in a protective manner. In
addition to this, our lab has also identified differently expressed circulating
proteins (i.e., secretory leukocyte peptidase inhibitor (SLPi), Apolipoprotein C1
(APOC1), Sex hormone binding globulin (SHBG), etc), whose functions have been
associated with neuroinflammation, neuroprotection, and the BBB [125,126].

The results here presented, contribute to the hypothesis that this procedure
may ameliorate ischemic stroke-associated tissue damage, and as such, further
studies should be performed to evaluate its application in hospital settings.
Furthermore, taking these results into account, a clinical trial where patients were
submitted to 5 cycles daily over 6 months with clear cognition improvements
[127], and the fact that RIC exerts mild short-term effects, we can speculate that it
could be more effective when applied chronically. In this context, we can draw
parallels between RIC and physical exercise, since RIC may also have long-term
effects once routinely applied. Besides this, when it comes to its clinical
application, several other parameters may influence RIC efficacy, which includes
sex and age. For instance, animal experiments have shown that the alterations
associated with age (i.e., exacerbated oxidative stress, higher pro-inflammatory
cytokine expression, etc) may reduce the RIC-associated protective effects [128].
Therefore, RIC may have more limited effects on aged patients, with subsequently
lower recovery and survival rates.

Additional studies are required, to fully confirm the results obtained in this
work, to reveal and understand the molecular mechanisms underlying the RIC

procedure, and how these can contribute to stroke patients’ survival and quality of
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life. The findings obtained in this thesis contribute to a better understanding of the
novel therapeutic approach to ischemic stroke treatment and other neurological

diseases.
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