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Abstract 
 

Microglia are the resident immune cells within the brain, however, in the last 20 years it 

has become clearer that their function is more complex than ordinary macrophages and 

goes well beyond guarding CNS from pathogens. In fact microglia are also responsible 

for maintaining the homeostatic balance within the brain. Factors that can modulate this 

balance can be of differing natures: for instance they can include subtle and prolonged 

factors like hormonal changes driven by stress; alternatively they can be dramatic like an 

ischemic injury; or prolonged and sustained as during the processes of secondary 

neurodegeneration associated with stroke. During my PhD I focused my attention on all 

these aspects, which can be considered at the opposite poles in the spectrum of events 

threatening homeostasis. In this thesis I describe the current knowledge about these CNS 

pathologies and how they are linked to inflammation in general and microglia activation 

in particular. Only by analysing microglia in such different conditions it is possible to 

fully appreciate the different shades that characterize microglia activation, and especially 

how different tuning of inflammation can have very different consequences for the CNS. 

There is already quite an extensive literature that describes the role of microglia in chronic 

stress and in stroke. These studies show the pivotal importance of microglia in these 

pathologies and especially the importance of microglia activation as modulator of 

inflammation. Thus, I decided to take an innovative approach and investigate aspects that 

are crucial to fully understand the role of microglia but that have not been yet 

characterised 

More specifically, in the first study I investigated the status of microglia activation in a 

murine model of chronic stress. Higher levels of basal inflammation correlate in a unique 
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way with development of depression in humans but the leading mechanism is still largely 

uncharacterised. Using in vivo and in vitro models, I found that the extracellular matrix 

(ECM) is dysregulated after chronic stress and influences microglia activation. This 

finding makes ECM a potential key player in the development of mood disorders.  

The focus of the second study was the role of microglia activation in the post-acute phase 

after stroke, which is a leading cause of disability worldwide (1). In this context, the 

reports about microglia activation are mixed, since they can have both a positive and a 

negative influence on the outcome. Using a novel intervention, low oxygen post 

conditioning (LOPC), I analysed the correlation between its neuroprotective effect and 

microglia activation, and I validated LOPC therapeutic potential in improving motor 

function. 

In the third study, I extended my previous findings to the stroke-associated 

neurodegenerative event called secondary neurodegeneration (SND). SND develops in 

areas distal but connected to the infarct site and is characterised by progressive neuronal 

loss concomitant to glial activation. Microglia activation is inextricably linked to SND; 

however microglial involvement in SND and its contribution are still largely not 

understood. Using LOPC as intervention and analysing the temporal evolution of 

microglia activation in the site of SND, I concluded that LOPC can ameliorate neuronal 

loss and promote the return of microglia to a basal state in later stages.  

In conclusion, in this thesis I present novel observations into microglia involvement in 

the development of CNS pathologies and provide useful insights in the mechanism 

leading to microglia activation, with important implications for future research. 
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CHAPTER 1 – Introduction 
 

 

Overview 
 

In this introduction I will begin describing the role and features of the brain’s resident 

immune cells, microglia. In particular, I will focus on microglial morphology and its 

relationship to neuroprotection and neurotoxicity in different contexts. This description 

will be supported by analysis of the current literature on studies performed in vivo and in 

vitro, with particular emphasis on the molecular mechanisms defining microglia 

morphology and activation, and the connection between the two. In this context I will 

introduce the extracellular matrix (ECM) and its relationship with both microglia 

morphology and activation. Then I will explain the importance of inflammation and 

microglia activation in the development of psychological pathologies, providing a 

rationale for a potential link with alterations in the ECM composition; the aim being 

considering a psychological and a physical modulator of microglial disturbances. Finally, 

I will highlight the data concerning microglia activation in stroke and stroke induced 

secondary neurodegeneration, while introducing the concept of low oxygen post 

conditioning and its validity as a therapeutic intervention. Considering the complexity 

and variety of topics, the reader will find a supplementary introduction before each paper 

to integrate the general introduction.  

 

Microglia 
 

Microglia are the resident immune cells of the central nervous system (CNS) and account 

for around 10% of the total cell population of the brain (2). Microglia were first described 
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around 100 years ago in the 1919 by two Spanish researchers: Nicolás Achúcarro and Pío 

del Río-Hortega (3). Using a labelling method based on silver ions combined with other 

metals, they managed to visualise microglia and postulated correctly about microglial 

plasticity (called “nomadic nature”) and function. The two researchers described 

microglia as cells possessing numerous processes with extensive branching, terminating 

with fine tapered tips and capable of phagocytosis.  In the following decades many studies 

showed that microglia indeed possessed macrophage-like characteristics and readily 

responded to tissue injury by both phagocytosing necrotic tissue and initiating and 

regulating the inflammatory response by releasing proteins capable of transducing pro- 

or anti-inflammatory actions. However, more recently it has become clear that microglia 

are not just simply CNS macrophages that respond to damage or pathogens.  

Microglia are also involved in pathologies that are not caused by direct damage to the 

brain but still present neuronal death. Among neurodegenerative diseases microglia have 

been shown to be involved in: Alzheimer’s disease (4), Parkinson’s disease (5), multiple 

sclerosis (MS)(6) and Huntington disease (7). Additionally, the role of 

neuroinflammation in psychological and psychiatric disorders has recently started to 

attract considerable attention, highlighting the need for studies specifically aimed to 

investigate immune activation in the field of psychopathology (8). The role of microglia 

as the main modulators of inflammation seems to be the key to explain their involvement 

in such different pathologies but the exact mechanisms linking microglia to the 

development of CNS disorders is still in need of further investigations. 

The first aim of my PhD was to expand understanding of the relationship between the 

inflammatory status of microglia and psychological disorders like chronic stress. A 

second aim was to investigate the involvement of activated microglia in stroke and stroke 
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related neuronal loss. Microglia in the development of mood disorders and stroke-induced 

neurodegeneration will be extensively discussed later in this introduction. However, to 

fully understand how immune cells can be involved in different pathologies, it is 

necessary to first grasp the pivotal role of microglia in maintaining brain homeostasis. 

Role of microglia in healthy brain 

 

Most of what we know about microglia function in the embryonic phase and in adult 

individuals come from studies performed in rodents. Microglia are involved in many of 

the key processes that happen both during and after embryonic development. During the 

development phase, microglia originate from myeloid progenitors in the embryonic yolk 

sack and start populating the brain from embryonic day E9.5 (9, 10) . It has been shown 

that this mechanism is necessary for the normal brain development during the embryonic 

stage (11) and that microglia contribute to the fundamental reorganization of neuronal 

connections (Fig 1). Indeed, both excess production of neurons and neuronal loss by 

apoptosis are evident in most regions of the developing CNS, and microglia are 

responsible for the removal of apoptotic cellular debris (12). Additionally, during late 

CNS development, selective synapse elimination and axon pruning by microglia are 

required for mature neural circuit formation (13, 14). In the adult brain microglia compose 

the first line of immune defence. To effect this function, microglial cells display extensive 

ramifications, covering the entire CNS parenchyma to detect potential threats to the 

homeostasis of the brain. In accordance with their immunological role microglia migrate 

to sites of damage, undergo structural changes that effect their morphology, release 

cytotoxic mediators against invading microbes and clear dead cells debris by 

phagocytosis. 

 



` 

7 
 

 

 

Figure 1. Origin and establishment of microglia in the CNS. (a) Microglia 

morphological changings during development, from amoeboid to the typical 

ramified. (b) Microglia cells are exposed to several signalling molecules 

(extracellular matrix proteins, chemokines and growt). Microglia derived from 

the yolk sac (SPI1/Pu.1+ and Irf8+) enter the CNS during embryonic stages 

E8.5–E9.5. At neonatal stages (P0–P3), amoeboid microglia populate the 

parenchyma. Once established, microglia undergo proliferation and spread in the 

cerebral cortex parenchyma and acquire their fully ramified morphology. 

Adapted from (2). 
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It was presumed for many years that under normal physiological conditions microglial 

cells are quiescent and in a resting state. Surprisingly, two-photon microscopy studies 

showed that microglial processes in the healthy brain/ absence of disease or damage are 

substantially motile and survey their local surroundings through formation of random 

filopodia-like protrusions (15). This state of high motility facilitates microglial processes 

to perceive the status of their immediate microenvironment and dynamically assess 

surrounding synapses, regulating growth or elimination of small spines (16, 17) and 

shaping neuroplasticity in physiological and pathological conditions in both rodents and 

humans (18, 19). Therefore their ramified morphology is fundamental for microglial 

proper function. 

 

Relationship between morphology and function in microglia 

 

From a morphological point of view, microglia transit from an amoeboid to a ramified 

phenotype during the postnatal phase, as they gradually enter an inactivated state (20). 

Indeed in the postnatal brain microglia are initially mitotic, rounded in shape (amoeboid), 

and phagocytic. During this phase microglia participate in important developmental 

functions including cell debris phagocytosis, guidance of axons in white matter tracts and 

synapse elimination (21, 22). As brain development proceeds, microglia transit from an 

amoeboid to a ramified phenotype during the postnatal phase as they gradually enter a 

deactivated state. During this process amoeboid microglia become gradually less 

abundant while the number of ramified microglia increases as they acquire a surveillance 

role. Even though this ramified state is usually considered a resting phenotype, it has been 

shown that microglia are not actually “resting”. In fact their processes actively scan the 
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environment for endogenous signals of unbalanced homeostasis, like damage associated 

molecular patterns (DAMPs) (15, 23). Intriguingly, the ramification process that begins 

after birth is almost the reverse of what happens during microglia activation in the adult 

brain. In response to injury or immune challenge, surveillant microglia undergo a 

ramified-to-amoeboid morphological transformation and become phagocytic (Fig 2). 

 

 

 

Figure 2. Morphological characteristics of microglia. Example of reconstructed 

in vivo microglia from post mortem human tissue showing different adopted 

morphologies (24). 
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Two complementary roles for microglia have been described. In their canonical role, as 

a member of the innate immune system, microglia detect invading pathogens and control 

the innate /initial defence response, mainly through the Toll-like receptors (TLRs) 

signalling cascade (25, 26). Secondly, microglia are also the in charge of preserve the 

CNS homeostasis and they exert this function through their scanning activity. Alterations 

of homeostasis, for example caused by neuronal death, induce the activation of microglia 

and a consequent sterile inflammation state. During their continuous surveillance of the 

environment using their processes, microglia also dynamically form new cell to cell 

interaction with other brain populating cells, like neurons (27) and astrocytes (15). For 

example, activation of the neuronal NMDA receptor can trigger the release of ATP and 

promote neuron-microglia interaction (28, 29). As result, a third role has been recently 

proposed for microglia, as monitor of other cells functional status and, more importantly, 

as guardians of synaptic activity and plasticity. In fact ramified microglia actively interact 

with neurons at the synaptic level also during adulthood, for example with selective 

partial phagocytosis of pre-synaptic structures (30);  for an exhaustive review see Salter 

and Beggs 2014 (31). 

Neuroprotective role of microglia 

 

In vitro, a neuroprotective function, both direct and indirect, has been attributed to 

ramified microglia using organotypic hippocampal slices (HOSC). The HOSC method 

allows investigators to simulate an in vivo system, with all the components and cell types 

present in the hippocampus, but in a controlled environment. An example of the direct 

role has been described in the 2012, when Vinet et al. showed that ramified microglia 

prevent excitotoxic neuronal cell death caused by n-methyl-D-aspartic acid (NMDA) 

treatment (32). An indirect role was described in a study in 2014, where authors showed 
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how microglia trigger astrocytes to protect neurons from death caused by neurotoxic 

methylmercury treatment (33). However many factors can influence the behaviour of 

cells in vitro, hindering researchers in their effort to model perfectly in vivo responses. 

For example resident cells of the intact CNS are not exposed to serum, which is 

commonly added to cell medium and contains components that are known to be 

modulators of microglial activation (34). Still, organotypic hippocampal slice cultures 

have proven extremely valuable in uncovering microglia involvement in neuroprotection, 

and now in vivo investigation is required to sort out the physiological relevance of 

ramification status to mediate this role. The general neuroprotective role of microglia in 

vivo, by promoting neurogenesis or clearing debris (35), is discussed later in specific 

sections about microglia in brain injuries. 

Microglia as mediators of neurotoxicity 

 

In addition to their neuroprotective effects microglia can also be neurotoxic in their 

activated amoeboid shape. In fact activated microglia release neurotoxic factors  like pro-

inflammatory cytokines or reactive oxygen species (ROS)(36). This neurotoxic 

phenotype is, at least in part, regulated by the fracktaline receptor signalling cascade as 

suggested by Cardona et al. (37). In this paper the authors, using three separate models of 

CNS damage, identified that the absence of functional CX3CR1 leads to increased 

neuronal loss due to microglial toxicity, indicating that fracktaline signalling facilitates 

neuroprotection. Specifically, when systemic inflammation was induced by 

intraperitoneal injection of lipopolysaccharide (LPS), CX3CR1-/- mice displayed 

increased microglial activation and significantly higher levels of neuronal apoptosis. This 

effect is likely to be mediated at least in part by IL-1β, as LPS-stimulated CX3CR1-

/- microglia expressed increased levels of IL-1β and microglial transplant into IL-1β 
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receptor null mice failed to cause neuronal cell death. Since the chemokine fracktaline is 

mainly expressed by neurons, this was one of the  first examples of cross-talk between 

microglia and neurons. 

Prolonged microglial activation exacerbates neurotoxicity in two stages. In the first phase, 

microglia can initiate neuron damage when they recognize pro-inflammatory stimuli, 

such as LPS, become activated and produce neurotoxic pro-inflammatory factors. In the 

second phase, microglia can become over-activated by reacting to this neuronal damage, 

giving rise to an event called reactive microgliosis. This over-activation amplifies the 

toxic effect to neighbouring neurons, resulting in a perpetuating cycle of neuronal death 

(38). Reactive microgliosis could be an underlying mechanism of progressive neuron 

damage across numerous neurodegenerative diseases, regardless of the instigating 

stimuli. In an interesting study, (39) a singular, very strong LPS challenge is enough to 

induce prolonged microglial activation lasting months after the challenge. The authors 

suggest that the prolonged microglia activation with consequent high expression of the 

pro-inflammatory cytokine TNF-α can potentially promote neuronal loss, illustrating an 

important link between high activation levels of microglia and neurotoxicity. I will 

discuss later the important involvement of this process in the development of 

neurodegeneration after stroke.  

Modelling microglia morphology  

 

In order to fully describe and understand the mechanisms contributing to changes in 

microglia morphology, in my studies I used both in vivo and in vitro methods.  From an 

experimental point of view, microglia have been most closely studied using in vitro 

preparations, typically utilising cells lines or microglia derived from neonatal rodents 

(40). Despite the many advances made by using in vitro approaches, it is important to 
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recognise that microglia are quite different in vitro and in vivo. Most significantly for this 

review and my doctoral investigations, microglia in culture can differ in morphology to 

what is observed in vivo. For example in mixed glia culture, microglia identified 

immunohistochemically using ionized calcium-binding adapter molecule (Iba-1) or 

CD11b antibodies present two different morphologies: one is round and loosely attached; 

the other is flat and tightly attached. Usually, only round cells are identified as microglia 

since it is difficult to recognize microglia without staining or unless they express a 

fluorescent marker since they are tightly attached to astrocytes. Further, in my studies I 

observed that primary microglia in vitro alone present fewer processes (branches) with a 

significantly lower level of branching complexity and tortuosity than in vivo (41, 42). 

Despite the intrinsic limits, the in vitro approach is sufficient for proof-of-concept studies, 

and can provide clues about the mechanisms inducing profound changes in microglia 

morphology. I will describe first few studies in vivo models used to investigate microglia 

morphology, followed by short overview on the limitations of the in vitro approach. 

Microglia in vivo 

 

Changes of microglia morphology can be triggered by many factors. In vivo, it has been 

observed that upon damage or insult microglia display an activated profile, and this 

phenotype has been validated using many different models. The presence of an insult like 

moderate midline fluid percussion (FPI) causes 7 days after the injury an increase on the 

Iba-1 staining, a marker of microglial activation (43). Moreover, microglia show swollen 

cell bodies and fewer processes (44). Similar transition to a less ramified morphology 

have been shown also in the acute phase after stroke, up to 24 hours (45). In particular, 

Morrison HW et al. showed in their study that microglia in the region proximal to the 

injury start to transition to a more de-ramified morphology at 8 hours after ischemic 
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stroke, and at 24 hours microglia in all the ipsilateral regions display a marked de-ramified 

morphology. As discussed later, this finding prompted us to investigate the morphology 

changes after stroke in a wider temporal window up to 4 weeks after stroke (Chapters 4 

and 5). 

Similarly with what has been reported after brain injury, after immune challenge (like 

LPS injection) microglia acquire an amoeboid morphology (46), switching from resting 

ramified with extensive branching to  larger cell body and reduction of ramified 

processes. But exogenous causes are not the only ones that can influence microglia 

morphology in vivo; another crucial factor is cross-talk with other brain cells and in 

particular neurons. For example CD200, a membrane glycoprotein expressed by neurons, 

regulates microglia activation. Moreover in CD200 knock out mice microglia look less 

ramified with shorter glial processes (47). But the cross-talk between microglia and 

neurons is quite broad. Indeed it has been shown in retinal explant that microglia 

morphology can be modulated by endogenous neurotransmission, and in particular that 

different modes of neurotransmission differentially regulate morphological parameters 

(48). Finally neurons can also modulate microglial behaviour after LPS challenge, as it 

has been observed in vitro (49). Later in this introduction I will discuss more in detail 

about the role of microglia and microglia morphology in vivo, specifically in the context 

of chronic stress and stroke pathobiology. 

Microglia in vitro 

 

BV-2 cells are the mostly widely used microglial cell line within the scientific literature 

(50).  Driving the widespread usage of the BV-2 line is the fact that they are widely 

available, readily grown, and tolerate most culture based interventions very well.  While 

these practical advantages are important, it is also worth noting that the molecular 
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phenotype of the BV-2 line has been extensively compared to primary cells derived from 

neonate and adult microglia.  From these studies it became clear that while BV-2 cells 

possess many typical microglial features, they do not perfectly recapture the features of 

primary microglia (51). Besides the differences between using a cell line and primary 

cells, it is also important to be aware that the in vitro approach is limited in recapitulating 

the in vivo behaviour of microglia (Fig 3). For example a recent study clearly highlights 

the difference between in vitro and in vivo, as the authors showed that the tissue 

environment substantially influences both gene expression and epigenetic profiles of 

human microglia (52). Another example can be found in the difference in the 

transcriptome of microglia between in vivo and in vitro profile after LPS stimulation 

described in a study by S. Lund et al.(53). However, the correlation found between the 

two methods in this study suggests that in vitro culture is still a viable option to study the 

behaviour of microglia. The situation of cells in vitro is very simplified but controlled 

compared to in vivo, where microglia receive inputs from other cells and from soluble 

and insoluble factors. For the purposes of my studies this is a critical difference. Various 

elements can induce a microglial morphological transformation besides molecules strictly 

related to the immune response, like LPS or cytokines. Indeed, it has been shown that 

both soluble (54-58) and non-soluble factors (57, 59-61) can alter microglial morphology, 

activation or proliferation. Therefore, the innate immunity cascade is likely not to be the 

only factor that influences morphology. The molecular pattern that mediates the effect of 

these non-soluble factors is still unknown, but it is likely to involve systems that are 

deeply related to cellular morphology, like cytoskeleton organization and composition 

of/adhesion to the extracellular matrix. Therefore in vitro methods are a valuable asset to 

dissect the nature of different factors influencing microglia morphology and they are a 

critical part of my first study (Chapter 3). 
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Figure 3. Microglia in vivo and in vitro. Morphology of microglia identified by 

Iba-1 staining (left) and primary microglia cultured in vitro on uncoated surface 

(right). The in vitro approach can only partially recapitulate the complexity of 

microglia branching.  

Mechanisms driving changes in microglial morphology  

 

Molecularly many studies have aimed to investigate microglia morphology by 

considering signalling cascades triggered by cytokines, which are known to induce 

morphological modifications. The response to LPS is mediated by the toll like receptor 4 

(TLR4) (62) and blocking the TLR4 signalling impairs the classical change in 

morphology characteristic of activated microglia (63). Also IFN-γ treatment triggers an 

inflammatory response that causes an increase in iNOS production and glutamate uptake 

(64), as well as microglial morphology changes (65). The signalling cascade that mediates 

IFN-γ-induced morphological changes includes Interferon regulatory factor 8 (IRF8), a 

transcription factor that binds to the interferon (IFN)-stimulated response element (ISRE) 

and is constitutively expressed in microglia. IRF8 binds to other transcription factors and, 

by doing so, it regulates expression of genes stimulated by type I IFNs (66). Intriguingly, 

in the cortex of IRF8 knock-out mice, microglia are less ramified, and when cultured they 
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maintain an amoeboid morphology that is very different from WT microglia (67), 

suggesting a pathway through which IFN-γ may affect microglia morphology regardless 

of its pro-inflammatory activity. 

 All the morphological variations described are mediated by changes in the cytoskeleton, 

which defines the cellular shape and structure of all types of cells. 

Cytoskeleton  

 

Changes in morphology are correlated with changes in the composition and organization 

of the cytoskeleton (68, 69) as well as cellular function and cellular migration capability 

(70). Rho GTPases have a pivotal role in managing the changes in of cytoskeleton and 

are responsible for the formation of f-actin rich protrusions like lamellipodia and 

filopodia. The importance of the branch structures during microglia activation is 

supported by studies showing that the inactivation of Rho GTPases results in 

morphological de-ramification and activation (71). Additionally, microtubules are 

important for the ramification of primary microglia (72). During microglia activation, the 

microtubule organization is altered profoundly and their polarization is correlated to 

different microglia activation states (73). Iba-1 is specifically expressed by microglia in 

the brain and macrophages. On top of that, Iba-1 cooperates with Rac, a small G protein 

of the Rho GTPases family. The Iba1-Rac tandem has been identified as a mediator 

between activation and regulation of the reorganization of actin cytoskeleton, which is a 

peculiar event of microglia activation (74). This link between activation and morphology 

would put activation as the upstream event that leads to a change in microglia morphology 

but, as explained later, other studies suggest that the morphology and relative 

cytoskeleton reorganization could itself promote an activated phenotype. Thus, elements 

that are not considered pro-inflammatory per se could induce changes in microglia 
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morphology, and doing so influence microglia activation state. However, this kind of 

signalling needs the mediation of receptors. 

One of the best examples of mechanisms inducing cytoskeleton reorganization is given 

by the signalling mediated by integrins.  These cellular receptors provide a physical link 

between the cytoskeleton and extracellular structural elements, like extracellular matrix 

(ECM). Indeed integrins are named as such for their role in integrating the intracellular 

cytoskeleton with the ECM (75). Thus, in my first study I investigated whether different 

ECM elements can induce morphological changes and modulate microglia activation 

status. I will now first describe the integrin signalling mechanisms and then I will present 

a brief overview of the ECM components. 

Integrin mediated signalling 

 

Adhesive interactions between cells and ECM proteins play a vital role in a vast array of 

biological processes, including but not limited to: cell survival, differentiation, migration, 

growth, tissue repair, tumor invasion and inflammatory responses (75, 76). The major 

group of proteins mediating these interactions belongs to a family of cell surface receptors 

known as integrins. Integrins represent a family of proteins consisting of alpha and beta 

subunits, which form transmembrane heterodimers (77). Integrins function as adhesion 

receptors for extracellular ligands and transduce a variety of biochemical signals into the 

cell through downstream effector proteins (78). For example the interaction of integrins 

with their ligand induces the activation of the focal adhesion kinases (FAK) after co-

localization with integrins themselves (79), and FAK signalling regulates cell motility 

and actin polymerization (80). In particular, FAK regulates the activation status of the 

aforementioned Rac GTPase by activating GRAF, the relative GTPase activating protein 

(GAP). Moreover, FAK can also regulate gene expression by impairing the transcription 
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of p53 dependent genes (81) or supporting p53 degradation (82). Thus interaction of ECM 

proteins with integrins can result in a large number of different biological changes. ECM 

proteins can also induce cells to further modify the types of integrins expressed on their 

surface, so that alternative ECM -intergrin interactions are possible. 

But the role of integrins in microglia goes beyond their function as ECM receptors. Indeed 

LPS treatment on in vitro microglia upregulates a number of different integrins (83) and 

the DAMP ATP can stimulate integrin beta1 activation through one of its receptors p2y12 

(84). Furthermore also cytokines can modulate the activation state of integrins (85). 

Altogether, these studies suggest that inflammatory stimuli modulate integrin function. 

Therefore integrins, and possibly the ECM /cell interaction they mediate, can modulate 

the activation process of immune cells (86). Finally, integrins are also involved in the 

crosstalk between microglia and other cell types. For instance, the signal cascade that 

regulates microglial morphology can be activated by the α-synuclein released by neurons, 

and integrin beta-1 is essential for the reception of this signal (87). In my first study I 

determined a relationship between microglia morphology and one of the most important 

elements constituting ECM, Laminin. However the ECM composition and associated 

signalling cascade is very complex. 

The extracellular matrix 
 

The extracellular matrix (ECM) forms a three-dimensional network surrounding cells that 

defines the structure of tissues. The ECM is produced and secreted by neurons and glia 

to generate a framework formed by a wide range of proteins and glycans (88). This 

complex structure constitutes between the 10 to 20% of the total brain volume (89, 90), 

but surprisingly relatively few studies focused on the ECM compared to the vast 

literature on the other cellular components of CNS. Recently, it has become 
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increasingly evident that the ECM is more than just a structural frame between cells and 

that it can actually regulate physiological responses in the brain. Thus, we can identify 

two main roles exerted by ECM. The first one is structural, as ECM provides neurons 

with anchorage points and defines their organization in the different CNS regions. 

Moreover, differences in composition of this matrix are the main feature that grant 

different biomechanical properties to these regions. The second highly complex role of 

ECM resides in its involvement in signalling cascades. Depending on the composition, 

ECM can be a source of signalling since it can guide cellular growth (91) and survival 

(92), but can also function as a controller of the diffusion of signalling molecules in cell-

to-cell communication. I will now introduce some of the main components of ECM and 

their importance in the CNS. 
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Figure 4. ECM components localization and structural organization in the 

CNS. Extracellular matrix (ECM) components are distributed in the basement 

membrane, the perineuronal nets around neurons or in the interstitial matrix 

between cells of the CNS. Different proteins interact together and contribute to 

form the ECM. Adapted from (93). 

Main components of the extra cellular matrix and involvement in CNS 

pathologies 

 

Chondroitin Sulfate Proteoglycans. Chondroitin Sulfate Proteoglycans (CSPGs) are a 

family of molecules composed by a number of elements (neurocan, brevican, aggrecan, 

versican among others) present in a variety of tissues. CSPGs are involved in several 

processes within the CNS; they influence dendritic spines formation (94), are important 

components of peri neural nets (95) and even modulate inflammation, for example by 

regulating inflammatory cells migration or sequestering cytokines (96). CSPGs are also 

one of the main components released by astrocytes to form the glial scar (97, 98). The 

glial scar is a protective mechanism that aims to isolate the area of damage to prevent its 

spreading  (99, 100), but it has also been shown to restrict axonal regeneration after 

damage, and following injury a dramatic increase in expression of CSPG in the area 

surrounding the damage can be observed (101, 102). However the model that proposes 

negative control of axonal regrowth by CSPGs has been challenged recently (103) 

suggesting that their role is still not completely understood. 

Collagen. The collagen family is composed of 28 members and together the collagen 

protein family are the most abundant proteins in mammals, accounting for an astonishing 

30% of total protein mass  (104).  Different members are found in different tissues like 

connective tissue, cartilage, bones, ligaments and finally brain. In particular great interest 
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arose for the role of Collagen VI in the brain as a neuroprotectant from Amyloid beta 

neurotoxicity (105), a mechanism possibly involved in Alzheimer’s disease development. 

Fibronectin. Fibronectin is the product of a single gene but alternative splicing results in 

20 different variants in humans (106). Fibronectin also plays a very important role in 

cellular processes like migration, differentiation, growth and can interact with as many as 

12 different integrin receptors (107, 108). Fibronectin has two forms: a soluble one called 

plasma fibronectin and an insoluble one called cellular fibronectin which is assembled in 

the ECM. Surprisingly, the soluble form is important in preserving neurons after cerebral 

ischemia since knock-out mice lacking this form show increased ischemic area (109), 

while one particular isoform soluble fibronectin can instead exacerbate brain injury and 

inflammation after stroke (110). Moreover in multiple sclerosis the soluble form has also 

been shown to form aggregates that prevent remyelination (111) while the insoluble form 

is a pro-inflammatory modulator of microglia (86). These studies give a good example of 

how different isoforms of ECM proteins can have very different impact on CNS 

pathologies. 

Laminin. Laminins are heterotrimers composed by three different chains: α, β and γ. 

Currently, 5α, 3β and 3γ chains have been identified that can assemble into 45 

heterotrimers, but up to now only a total of 17 isoforms have been observed (112). These 

various isoforms are expressed in different tissues (kidney, muscles, skin) and can interact 

with a wide range of integrin receptors and other ECM proteins. We can define two main 

roles for Laminin in the brain that are expressed by specific cell types, although some 

elements overlap. Firstly, Laminins that are expressed by pericytes, astrocytes and 

endothelial cells are important for vascular and blood brain barrier integrity. Secondly, 

isoforms of Laminin deposited mainly by neurons are important for neuronal function. 
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These isoforms have been shown to stabilize synapses (113), trigger axonal formation 

(114) and promote neuronal survival (115). 

Laminin adhesion to the ECM can be modulated by the activation of microglia (85) and 

in turn ECM components can tune microglia activation (116). ECM components like 

Laminin can also influence microglia morphology (117) suggesting a potential 

connection between microglia activation, morphology and extracellular matrix. However 

all these studies have been performed in vitro. Prompted by previous results in our lab 

(118) and literature supporting this hypothesis, in Chapter 3 I investigated this connection 

in the context of psychological disorders and specifically chronic stress. As detailed in 

the next paragraph and following, chronic stress is an environmental factor that can lead 

to psychological disorders like major depression (MD). Numerous studies have indicated 

that microglia morphology is profoundly altered in various brain regions in animal models 

of chronic stress. Further, both preclinical and clinical studies found a deregulation of 

inflammatory status in chronically stressed/ depressed subjects. However, the causes 

leading these phenotypes are still largely not characterised. The concept itself of stress is 

quite elusive, so I will now proceed illustrating what stress is, the signalling cascades 

triggered by this response and their association with inflammation. 

 

Aetiology of Stress 
 

The formulation of a comprehensive definition of stress has been subject of debate for 

decades. Back in the 1938 one the pioneers of the stress field, Hans Selye, defined stress 

as ‘the non-specific response of the body to any demand’ (119). This debate is still 

ongoing (120), but in the modern days it is general consensus that the word “stress” 

describes the response that is activated when the subject perceives an uncontrollable 
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danger, which is termed as ‘stressor’. While the stressor causes a perturbation in the 

systemic homeostasis, the stress response is the mechanism in charge of restoring the lost 

homeostasis. Repeated activation of the stress response is highly detrimental to a range 

of systems essential to physiological functioning (121, 122). In fact stress is considered a 

major risk factor in the development of psychopathological (123, 124) and pathological 

(125) conditions. Given these associations, it is not surprising that the effects of stress are 

a substantial economic and psychological burden. 

The induction of the stress response by a stressor involves the initiation of a number of 

physiological changes. Particularly relevant among these changes is the activation of the 

autonomic nervous system, with a consequent release of catecholamines (epinephrine, 

also known as adrenaline, and norepinephrine). These hormones are known to induce 

rapid physiological changes within seconds to a few minutes and set the body in a 

“reactive state” in order to be immediately prepared for the imminent challenge. 

However, the activation of this pathway is only the first part of the stress response. The 

second part, necessary to give the body the resources to cope with the stressor, is the 

activation of the hypothalamic-pituitary-adrenal (HPA) axis and the release of adrenal 

steroid glucocorticoids (GCs). These two pathways cooperate together for a concerted 

response. While epinephrine induces fast changes to cope with the challenge, 

glucocorticoids have a slower dynamic aimed at the mobilization of resources for the 

body, for example by regulating the metabolism of glucose with subsequent prolonged 

modulation of glucose concentration in the blood stream (hence the name gluco-

corticoids). However the function of GCs is much more complex since they can have both 

preparative or suppressive effects (126).  
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The systemic effects of chronic stress involve a coordinated response by the cellular 

components of all activated systems. These responses are facilitated either by cell-to-cell 

interactions or by cell-to-matrix interactions (93, 127). In particular, one of the most well-

characterised response to chronic stress involves the overproduction of GCs via the 

hypothalamic-pituitary-adrenal (HPA) axis .Stress activates the HPA axis that can lead in 

the upregulation of the levels of circulating glucocorticoids (GC). It has been 

hypothesized that prolonged activation status can lead to glucocorticoid receptor 

resistance (GCR) (122), which interferes with appropriate regulation of inflammation. In 

fact GCs are hormones that are known for their anti-inflammatory properties. Not all the 

stress related disorders cause an imbalance in the immune response, nonetheless recent 

studies have shown that stress or high concentrations of GCs can aggravate the immune 

response in different brain regions (128). In line with these observations, studies from our 

and other labs performed in rats suggest that microglia are affected by chronic stress at 

various extent and that, in pathological stress conditions, microglia change their ramified 

state (129) . Therefore the activation state and reactivity of microglia are altered by 

chronic stress, but the mechanism that leads microglia to this altered phenotype is still 

unclear. Moreover it is still unclear if this is correlated with stress driven inflammation. 

The relationship between chronic stress and inflammation  

 

Both pre-clinical studies performed in animal models and clinical studies in humans 

suggest that there is a close relationship between stress and inflammation. On the one 

hand, activation of the immune system in rodent models has been shown to induce 

depressive like behaviour, with changes in eating and drinking, sleeping, and social 

behaviour (130-132). However, probably the most compelling evidence of the 

involvement of inflammation in the development of depression comes from observations 
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in humans. Continuous activation of immune signalling has been shown to lead to the 

development of depression-like symptoms in vulnerable subjects (133, 134). There are 

numerous findings in support of this concept obtained in patients undergoing cytokine 

therapy. A good example can be found in the therapeutic delivery of Interferon-α (IFN-

α) for treatment of infections or as cancer therapy, since a significant psychiatric 

morbidity has been shown following this treatment with up to 45% of patients developing 

major depression (135, 136). Even more relevant, the emergence of depression was 

validated by findings obtained in a malignant melanoma clinical study, where these 

symptoms were prevented by standard antidepressant therapy (137). On the other hand, a 

number of studies suggest that depression can induce an inflammatory status. Indeed, it 

has been observed that patients with major depression have activated inflammation even 

if they are otherwise medically healthy. In these studies, inflammatory status is assessed 

by measurement of inflammatory cytokines in the serum, providing a marker of systemic 

inflammation. Most notably, three inflammatory cytokines have been consistently 

reported to be increased in patients with major depression: Intereukine-6 (IL-6) (138-

140), Interleukin-1β (IL-β) (141, 142) and tumor necrosis factor –α (TNF-α) (140, 143, 

144). Beside the systemic inflammation it is not surprising that  that pathological stress 

has been associated also with inflammation in other specific tissues, like lungs (145), 

heart (146) and gut (147). While this finding are extremely intriguing and suggest some 

level of overlap as deregulation of the immune system, the neurobiology and temporal 

dynamics of sickness behaviour and mood disorders are significantly different. It is not 

very clear, however, how disturbances in the HPA axis can induce this inflammatory 

phenotype. A possible explanation has been found in the dysfunction of the 

glucocorticoid receptor (GR), that leads to a state of glucocorticoid resistance (148, 149). 

GR is a transcriptional regulator that resides in the cytosol and, upon binding with the 
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ligand, translocates in the nucleus acting as a transcriptional activator or repressor. 

Structurally, GR proteins contain two zinc-finger domains that mediate the binding to 

specific DNA sequences called glucocorticoid responsive elements (GRE), while the N-

terminal transactivation domain of GR has a powerful function that regulates the 

transcriptional machinery (150). Glucocorticoids are widely used to suppress 

inflammation and they exert this function by activating GR. Activated GR can bind to 

and inhibit the transcriptional activity of NF-kB, one the main transcription factors 

responsible for the expression of pro-inflammatory cytokines (151).  In the GCR 

paradigm, GR dysfunction can be explained by reduced expression, alteration of the 

binding affinity to its ligand, binding to DNA or interaction with other proteins or 

transcription factors (152, 153), ultimately leading to dysregulation of the inflammatory 

response. However this paradigm is still debated and the context-dependent actions of the 

steroid hormone contribute to complicate the whole picture. 

Few studies have already shown that stress can alter microglia morphology in animals. 

For example, Diz-Chaves et al. (2012) exposed pregnant mice to stress throughout 

gestation and identified disruption of microglia morphology in the offspring.  Hinwood 

et al. (2012b) used a detailed method of digital reconstructions and showed changes in 

the microglia morphology in rats exposed to chronic stress. Intriguingly, these changes 

could be prevented by delivery of the microglial inhibitor minocycline. In my first study 

I validated the inflammatory status after chronic stress and dissect its relationship with 

microglia morphology and, potentially, changes in ECM composition (Chapter 3).  

 

In addition to examining how microglia respond to an environmental challenge like 

chronic stress, I was also interested in how they respond to a physical challenge.  One of 

the best models of brain injury is the photothrombotic stroke because of its precision and 



` 

28 
 

high reproducibility. Moreover, as detailed later, this model induces secondary lesions in 

specific regions and this mechanism will be the focus of the third report. So in my 

following studies I focused on microglia activation following stroke, where the presence 

of inflammatory response is very well verified but the role of microglia is still not 

completely characterised. Now I will briefly describe the clinical relevance of stroke and 

current treatments. 

 

Stroke 
 

Stroke is one of the major causes of death and disability in developed counties, especially 

among the elderly. Stroke occurs when the blood supply to a part of the brain is cut-off 

so that the tissue does not receive enough oxygen and nutrients. This can be caused by 

vessel occlusion due to a clot (ischemic) or by a vessel rupture (haemorrhagic). Within 

minutes, the consequent disruption of cerebral blood circulation rapidly induces neuronal 

death in the primarily affected area, which is known as infarct core. The area surrounding 

the core, called penumbra or peri-infarct area, displays a blood flow below normal but 

sufficient enough to not cause immediate neuronal loss and can be rescued when the 

normal blood flow is restored and, in doing so, prevent permanent damage (154). In the 

case of ischemic stroke, the blood flow can be restored by delicate microsurgery.  The 

physician uses very thin tubes called catheters guiding them along the blood vessels of 

the brain and performs mechanical thrombectomy, deploying a stent to keep the blood 

flowing (155). In conjunction with surgery the patient can qualify for treatment with 

thrombolytics, which are compounds that help dissolve blood clots. In particular tPA is 

currently the gold standard treatment but the time limit for its benefits is 4.5 hours post-

stroke (156). 
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During the past decades a huge effort has been made in finding new treatments to prevent 

neuronal death after stroke. However, despite promising results in pre-clinical studies 

(more than 1000 studies have identified potential compounds), the identified compounds 

fail during clinical trials (out of 100 trials, none gave consistent benefits to patients)(157). 

These numbers clearly called for a drastic change in our approach to investigate new 

interventions. It has been proposed that other targets often neglected should be pursued, 

because the interaction between neurons, microglia, astrocytes and vasculature has 

actually a pivotal role in stroke recovery and focusing only on neurons seemed not 

sufficient (158). During my studies I used Phototrombotic stroke as model for brain stroke 

induction. As every other model, PT stroke has both advantages and disadvantages.  

Since it seems vital to broaden our view when investigating neuroprotective mechanisms, 

in my studies I did not focus only on neurons but also on microglia. I will now briefly 

describe the importance of microglia and microglia activation in the pathology of stroke. 

Microglia in stroke 

 

It has been shown that microglia in the region adjacent to the infarction become activated 

in response to stroke.  Specifically, they undergo a morphological transition progressively 

retracting their branches and adopting a more rounded morphology that is described as 

amoeboid shape. As previously mentioned amoeboid microglia are the activated pro-

inflammatory form, they can phagocytose debris and release high levels of pro-

inflammatory cytokines and free radicals (41). It is still debated whether microglia 

activation is detrimental or beneficial for recovery after injury, as a number of studies 

support both these views (159). I will highlight studies supporting the general importance 

of microglia, their pro-inflammatory status and the prevention of their pro-inflammatory 

phenotype. 
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There is compelling evidence supporting a neuroprotective role of microglia after stroke. 

A proof of concept comes from a study of Gergely Szalay, who showed in 2016 that 

microglia protect the brain from ischemic damage using a model of pharmacological 

microglia depletion (160). Within the brain microglia are self-renewing and this 

mechanism requires a colony-stimulating factor 1 receptor (CSF1R)-dependent signalling 

(161). Using a high-dose treatment of a CSF1R kinase inhibitor that can permeate the 

blood brain barrier, it is possible to reversibly deplete microglia (162). The authors 

showed that in rats depleted of microglia, stroke by middle cerebral artery occlusion 

(MCAO) induces a marked increase in neuronal death caused by increased excitotoxic 

injury, which correlated with a dysregulation of neuronal responses. Intriguingly, 

giving enough time for microglia to repopulate the brain before the stroke reversed the 

effects of microglia depletion, resulting in an infarct size similar to controls.  

Activation and proliferation of microglia are an important component of the physiological 

response after injury. In a similar study, Lalancette-Hébert et al (163) ablated the 

proliferating microglia after stroke by MCAO using a transgenic mouse model where a 

mutant of the herpes simplex virus type 1 thymidine kinase is expressed under the control 

of the promoter for CD11b, whose expression is specific of the myeloid lineage. 

Therefore, treatment with Ganciclovir specifically ablates proliferating CD11b-positive 

like microglia and macrophages but it doesn’t affect the quiescent cell population (164). 

The ablation of proliferating microglia greatly changes the temporal dynamics of 

inflammation after stroke, with increased expression of pro-inflammatory cytokines at 72 

hours, and induces a wider area of infarction. 

Microglia phagocytic activity after injury alters the removal cellular debris; however 

there are conflicting describing both a positive and a detrimental effect on active 
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phagocytosis. On the one hand, the activity of microglia to phagocytize and ingest 

damaging components contributes to the re-establishment of homeostasis after injury, and 

this is considered a key component of tissue repair (165). On the other hand, prolonged 

induction of phagocytic activity can be highly detrimental, as shown by Neher et al. in a 

model of endothelin-1 induced stroke in rats (166). In this study the knock-out of either 

one of two proteins mediating phagocytosis, Mer receptor tyrosine kinase (MerTK) or 

Milk fat globule EGF-like factor 8 (MFG-E8), lead to decreased neuronal death at 3, 7, 

and 28 days post-stroke and prevented long-term functional motor deficits. As the authors 

suggest, this is likely to be the consequence of the inhibition of viable neurons 

phagocytosis, thus preventing delayed neuronal death. In another study Lui et al. (167) 

inhibited microglia activation at 4 days after MCAO using minocycline, a tetracyclic 

antibiotic whose anti-inflammatory effect has been extensively reported (168-171). 

Intriguingly, the treatment resulted in a reduction of activated microglia, an increase in 

number of new neurons and most importantly an improved functional recovery.  

All together, these studies and others suggest that the temporal dynamic of microglia 

activation and the timing of intervention are very important in determining the severity 

of neuronal loss and associated functional outcome after stroke. It is considering these 

reports that in Chapters 4 and 5 I aimed to investigate the progression of microglia 

activation in the weeks following stroke. Very promising preliminary data in our lab 

showed low oxygen post conditioning (LOPC) can be a valuable intervention to promote 

neuroprotection after stroke (Appendix 1). I decided to use LOPC as a tool to help me 

understand how modulating stroke severity alters microglia and what the relationship 

between stroke severity and microglia activation is.  

Low oxygen post conditioning 
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For a long time athletes have exploited the benefits of training at high altitude to improve 

physical performance. For example, this peculiar training has been shown to improve 

aerobic performance and endurance in professional runners or swimmers (172-174). 

These improvements have been mostly  attributed to the pronounced benefits for the 

cardiovascular function associated with the intervention (175), suggesting potential 

applications of low oxygen exposure in cardiovascular pathologies.  In fact numerous 

experimental and clinical studies have now investigated the benefits of hypoxic training 

in the treatment of cardiovascular diseases (176). In particular, it has been recently 

proposed that hypoxic training  can effectively enhance cardiovascular function in 

pathological conditions like hypertension, coronary heart disease, and heart failure (177).  

The best and most studied example of the benefits of low oxygen exposure in CNS injury 

is given by studies that investigated this treatment following spinal cord injury. The first 

preclinical reports, suggesting that low oxygen exposure could improve synaptic 

plasticity in a rat model of cervical spinal injury, date back more than a decade ago (178, 

179). These findings were followed by small but indicative clinical studies that aimed to 

translate this treatment to humans.  Intriguingly, these studies proved the translatability 

of low oxygen exposure and confirmed that it is beneficial in patients with spinal cord 

injury (180-182). In particular were reported improvements in ankle strength (183), 

walking speed and endurance (184, 185), and finally hand function (186).  Therefore, it 

is not surprising that hypoxic exposure has been proposed as a low risk and 

therapeutically valuable treatment in humans (187).  

Interest in the potential of low oxygen exposure in stroke as a therapeutic intervention 

originated by clinical observations. Some reports suggested that few minutes of sub-lethal 

cerebral ischemia grants transient tolerance to a subsequent, prolonged stroke event. For 
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example, prodromal transit ischemic attacks were found to attenuate stroke severity in 

numerous clinical studies (188-191), opening the doors to the concept of ischemic 

tolerance, also known as hypoxic/low oxygen pre-conditioning. This phenomenon has 

been demonstrated in pre-clinical studies of cerebral ischemia (192, 193), and it has also 

been observed in humans with reduced cerebral blood flow (190, 194-196) 

Preclinical studies had very promising results, showing that moderate hypoxic pre-

conditioning (8-10% Oxygen) could indeed give protection against brain and cardiac 

ischemia (197). However from a practical point of view the finding was hard to put into 

practice as ischemic attack is very difficult to prospectively predict. In 2009, Leconte et 

al. showed that neuroprotection could be achieved also by hypoxic or low oxygen post-

conditioning (LOPC) using a rat model of MCAO and exposing the animals to 8% oxygen 

5 days after stroke (198). Later pre-clinical studies confirmed these results and reported 

that delayed LOPC strongly promotes neurogenesis, BDNF expression and functional 

synaptogenesis with concomitant improvements in cognitive-function (199-201). Many 

different mechanisms of neuroprotection have been proposed for LOPC, like post-

translational modification of neuroprotective heat shock protein (202), inactivation of the 

ERK pathway (203) or promotion of VEGF signalling (204). Stroke is a catastrophic 

event that disrupts countless pathways in the brain.  On the other hand, LOPC stimulates 

a concerted physiological response with multiple effects, so these studies suggest that 

LOPC ameliorates stroke induced neuronal death acting on multiple levels. 

As discussed above, microglia activation can be deleterious for neuronal survival after 

stroke. In the animal models of stroke, a few studies have shown that LOPC can 

effectively suppress microglia activation and decrease the release of pro-inflammatory 

factors like IL-1β and iNOS (205-207). Based on these results and others obtained in the 
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lab (Appendix 1) in Chapter 4 I investigated the effectiveness of LOPC on stroke induced 

motor deficits and the correlation between neuroprotection in the peri-infarct area and 

microglia activation. Instead in Chapter 5 I focused on LOPC neuro-protection and 

inflammation in a pathological event subsequent but closely related to stroke: secondary 

neurodegeneration. 

  



` 

35 
 

Stroke and induced secondary neurodegeneration 
 

Stroke is caused by a sudden interruption of the blood supply to the CNS that leads to 

neuronal loss in a matter of minutes. Additionally, it has been recognised for a long time 

that in the weeks to months following stroke dramatic changes can be identified in regions 

remote from the infarct site. We can identify three different but closely related events that 

affect areas distal from the infarct site: diaschisis, Wallerian degeneration (WD) and 

secondary neuronal death (SND).  

The term ‘diaschisis’ was first introduced one century ago by the German 

neuropathologist Constantin von Monakow to describe neurophysiological changes ( i.e. 

in metabolism or neuronal activity) in regions distal from the focal brain region (208, 

209). This definition is quite vague, and for decades clinical patterns that were not directly 

explained by the lesion were generally ascribed to diaschisis. Only recently, with the 

development of advanced imaging techniques, it has been possible to validate the 

characteristics and clinical relevance of diaschisis (210).  

Regions connected to the area where the focal damage occurs not only can display 

neurophysiological dysfunctions, but can also present signs of degeneration of fibre tracts 

within white matter. This process is called Wallerian degeneration (WD) or axonal 

degeneration, and is primed by a lesion to the axonal body that can result from the 

neuronal loss due to ischemic infarction. For example, WD has been observed both in the 

corpus callosum and in the pyramidal tract in longitudinal clinical studies on patients with 

large middle cerebral arterial stroke, using diffusion tensor imaging (211, 212). The 

progressive axonal disintegration triggers a series of events: macrophages infiltration, 

myelin degradation, microglia activation, and finally atrophy of the fibre tract (213-216).  

These structural changes evolve with time and have been detected in both the acute and 

chronic phases after stroke (212, 217, 218) and more importantly can correlate with the 
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motor-function (219). This has been reported in patients with subcortical ischemia, where 

WD affected the pyramidal tract both proximal and distal to the site on injury, and highly 

correlated with motor function (220, 221). However, it is important to notice that WD 

does not necessarily lead to neuronal death (222). 

 

Neuronal death in grey matter areas distant from the primary injury is described as 

secondary neurodegeneration (SND). SND is characterised by a unique dynamic that 

unfolds in a time scale of months to years after the primary injury. This process has been 

observed in patients using a number of different imaging approaches like CT (223), MRI 

(224, 225) and DTI (226, 227) and it is independent of the type of occlusion. But at 

present, few studies have been aimed to specifically investigate the SND associated with 

stroke (228, 229). In fact only recently SND has been proposed as a potential therapeutic 

target (230), despite being identified more than 30 years ago  and being associated with 

impaired functional recovery (231-233). In particular, SND has been shown in the 

thalamus. The thalamus is a very complex system of somatosensory relay nuclei that 

processes somatosensory input to the somatosensory area of the ipsilateral cortex. 

Thalamo-cortical projections have been deeply characterised in mice (234) and highlight 

the intimate relationship between the two systems. 
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Figure 5. Imaging of MCA infarction and  SND development. (A) Infarction 

site (white arrow) at 8 days after stroke imaged by fluid-attenuated inversion 

recovery (FLAIR, a form of MR image processing). (B) Imaging by diffusion 

tensor tractography (DTT) after 3 months post stroke. The white arrow indicates 

the primary infarction site, while the purple ones indicate the degeneration of 

pyramidal tract superior and inferior to the infarction. The blue arrow indicates 

the secondary degeneration of the ipsilateral middle cerebellar peduncle. (C) 

Schematic of the SND pathway after MCA stroke. Remote non-ischemic regions 
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synaptically connected to the primary lesion, such as the ipsilateral thalamus, the 

substantia nigra (SN), and the distal pyramidal tract, present pathological changes 

including neuronal death and gliosis.. MCAdt, middle cerebral artery deep 

territory; MCAst, middle cerebral artery superficial. Adapted from (230). 

 

Tamura et al in the 1991 first reported ipsilateral thalamic atrophy after MCA stroke in a 

small clinical study (223). Intriguingly, the area of the thalamus gradually decreased 

during one year of observation. Previous studies in our lab using a mouse model of 

cortical stroke have shown a marked neuronal loss associated with extensive microgliosys 

in the thalamus (Appendix 1). The extensive connections between cortex and thalamic 

nuclei make the cortical stroke model an excellent tool to investigate SND in remote but 

connected areas. Therefore in Chapter 5 I aimed to investigate the mechanism that leads 

to SND using this model. In particular, I focused on the temporal dynamic of microglia 

activation and the association with neuronal death and I evaluated the direct involvement 

of the excitotoxic pathway. I will now discuss more in detail these two mechanisms 

possibly behind SND. 

Mechanisms of SND 
 

The mechanisms that lead to neuronal death in remote areas from the infarct are still not 

completely understood (235) but inflammation has been shown to play a major role. In a 

rat model of MCAO investigating SND and inflammation in the thalamic area, increased 

expression of the pro-inflammatory cytokine TNF-α has been reported after one day, 

while microgliosis appeared after 3 days and SND was clearly evident only after 14  days 

(236). Another example of the importance of microglia activation in the development of 
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SND can be found in a study from 2006 from Schroeter et.al (229). The authors induced 

cortical stroke in a murine genetic model knock-out for osteopontin, a glycoprotein 

abundantly secreted by activated macrophages that can modulate the inflammatory 

response (237-239). Knock-out mice presented an infarct area similar to the wild type and 

a strikingly increased thalamic SND, associated with increased microglia activation. 

Nevertheless, it still needs to be elucidated whether the inflammatory response is cause 

or consequence of neuronal death, especially considering that other pathways can lead 

the development of SND. For example, inhibition of the autophagy pathway by Beclin-1 

knock down decreased thalamic SND after stroke, as shown by decreased number of 

autophagic and of apoptotic neurons and increased number of intact neurons (240). 

Intriguingly, the authors also observed reduced microgliosis and admitted that 

inflammation could contribute to induce of autophagy, suggesting that different 

mechanisms are involved in the development of SND. 

Another hypothesis to explain remote neuronal after stroke loss postulates a retrograde 

neurodegeneration process of the thalamocortical projections caused by excitotoxicity 

(241). Briefly, in this model, Ca2+ influx through N-methyl-D-aspartate glutamate 

receptors (NMDARs) activates, through the post synaptic density protein PSD-95, the 

neuronal nitric oxide synthase (nNOS) and stimulates NO production (242). In turn, the 

increase in NO and associated production of peroxynitrile damages the cellular 

components (243). Attempts to block NMDARs to avoid excitotoxicity and brain damage 

failed as clinical therapy (244), since directly targeting NMDARs and nNOS can have 

severe consequences by interfering with physiological functions in the CNS (245). These 

side effects may be circumvented by blocking specifically the neurotoxic NMDAR 

signalling mediated by PSD-95/nNOS without inhibiting NMDARs (246, 247). However, 

very few studies have investigated this model specifically in the context of SND. 
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Moreover, also the choice of the stroke model adopted has an important impact on the 

development of SND. Indeed the process of distal neurodegeneration is gaining 

increasing attention and more studies are needed to investigate this pathology closely 

associated with stroke and, within this context, many studies showed that the choice of 

model is crucial. Phototrombotic (PT) ischemia targeting the motor-cortex area provides 

a unique, clean model to study stroke-induced retrograde degeneration, without major 

interference by penumbra (248, 249) and edema (250). In support of this concept, as 

shown in (251), middle cerebral artery occlusion (MCAO) and PT ischemia in rat induce 

SND by different mechanisms. While the MCAO delayed neuronal loss can be caused 

also by edema or by the globus pallidus damage, the SND caused by PT ischemia is most 

likely attributed to retrograde degeneration from the cortex.  
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CHAPTER 2 

 

Aims and hypotheses 

Study 1: Chronic stress induced disturbances in Laminin: A significant contributor to 

modulating microglial pro-inflammatory tone?  

Hypothesis: Many studies suggested that chronic stress is accompanied with a chronic 

status of mild inflammation. The relationship seems to be bidirectional, as higher 

expression of pro inflammatory cytokines is found in individual with depression and the 

activation of the immune system can induce behaviour consistent with a mental disorder. 

To examine how stress induces inflammation, in my first study I considered a phenomena 

that has been largely neglected up to now, the composition of the ECM. Chronic stress is 

known to increase the basal activation level of microglia, but the mechanism has not been 

fully elucidated. It is well described in the literature that ECM can influence a number a 

key cellular processes like growth, survival and differentiation. However the influence of 

ECM composition on the inflammatory response, particularly in the context of chronic 

stress, has not been deeply characterised. By screening a number of microarrays 

performed on chronic stressed mice and rats we found that mRNA levels of some ECM 

components, in particular Laminins, are significantly deregulated. At the present time, 

there are no studies that specifically associate chronic stress with increased levels of 

Laminin. Moreover our lab recently showed that chronic stress alters the morphology of 

microglia and their degree of ramification in rats. As ramification is considered a measure 

of microglia activation, this data indicates a state of microglia activation associated with 

chronic stress exposure. Previous studies have shown that ECM proteins can induce 
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morphological changes in microglia, supporting a potential role of ECM in microglia 

altered ramification and hemce activation during chronic stress. Based on preliminary 

experiments, I hypothesised that Laminin presence can alter microglia morphology and 

inflammatory tone.  

Aims: The first aim was to verify that chronic stress alters the expression of the ECM 

component Laminin. In particular, we focused on Lamininα-1 expression in the 

hippocampus. We sourced tissue specifically from the hippocampus as microglial 

disturbances have consistently been reported in this structure following chronic stress 

(252). The second aim was to investigate if changes in Laminin correlated with changes 

in the degree of microglial ramifications. The third aim was to assess an increase of the 

levels of pro-inflammatory cytokines expression in mice after chronic stress exposure and 

verify using an in-vitro approach whether Laminin can directly alter the inflammatory 

status of microglia. 

Study 2: Low Oxygen Post Conditioning promotes persistent motor recovery after 

stroke  

Hypothesis: As discussed above, inflammation appears to have an important role in the 

pathogenesis of stroke. Approaches directed to specifically target inflammation have 

shown promising results in pre-clinical studies (253, 254). However these results have 

yet to translate in clinical efficacy. For example a small clinical trial recently showed no 

clinical effect of treatment with minocycline, a tetracycline that inhibits microglia 

activation (255). Nevertheless many studies suggest that acute inflammation is 

detrimental for the outcome after stroke, so the role of microglia activation is unclear. 

Our lab has recently identified a very promising intervention capable of ameliorating 

neuronal loss after stroke: low oxygen post conditioning (LOPC), which consists of 
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prolonged exposure days after stroke to atmospheric air with a low content of oxygen. 

However the role of microglia activation in this neuroprotective mechanism is not known. 

Preliminary data showed that LOPC can prevent neuronal loss in the area close to the 

ischemic infarction, and I therefore hypothesised that the observed neuroprotection could 

translate into functional outcome. Considering that prolonged activation of microglia can 

exacerbate neuronal death, I also speculated that a decrease in inflammation could be one 

of the mediators of LOPC induced neuroprotection.  

Aims: The first aim was to verify the clinical relevance of LOPC as potential treatment 

after stroke. To this end I used different behavioural tests to estimate the motor deficit 

induced by stroke and evaluate the effect of LOPC treatment in ameliorating the motor 

impairment.  LOPC is a very complex treatment since it likely does not affect just one 

pathway, but induces a concerted physiological response. Previous studies have already 

shown that LOPC can induce a number of different neuroprotective mechanisms.  Based 

on the literature, I also evaluated two potential mechanisms though which LOPC can exert 

neuroprotection: microglia activation/inflammation and BDNF expression. 

Study 3: Low Oxygen Post Conditioning ameliorates thalamic secondary 

neurodegeneration induced by excitotoxicity  

Hypothesis: Secondary neurodegeneration (SND) describes the process of neuronal 

death in areas distal from but connected to the primary injury. Our lab and others have 

previously reported the occurrence of neuronal death by SND in the thalamus after 

cortical ischemia. Preliminary data generated in our lab showed that LOPC after 15 days 

can reduce thalamic SND specifically, but did not affect the level of microglia activation. 

For a long time it has been debated whether activation of microglia in the thalamus is a 

cause or consequence of SND. I hypothesised that assessing the time line of microglia 
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activation will shed light on a possible contribution of microglia and their role and or 

response to SND. Additionally, this study also investigated the potential neuroprotective 

effect of LOPC on the potential underlying mechanism driving SND. Many studies, using 

models of stroke and traumatic brain injury (TBI), have shown that damage in the cortex 

leads to neuronal death in the thalamus. One intriguing explanation involves retrograde 

degeneration of the thalamic projections after the cortical damage through an excitotoxic 

mechanism. As detailed later, excitotoxicity is mediated by the NMDA receptor that, once 

activated, promotes the activation of nNOS and generation of free radicals, toxic for 

neurons.  I hypothesised that LOPC could disrupt this signalling pathway and prevent 

secondary neuronal death.  

Aims: Previous results generated in our lab showed that microglia in the thalamus have 

an activated phenotype at 30 days after stroke. The first aim of this study was to compare 

microglia activation in the thalamus at 15 and 30 days after stroke between LOPC and 

control (atmospheric air) group. The second aim directly associated with the first was to 

verify that the effect of the LOPC protocol was not temporary and SND wouldn’t progress 

once the treatment ended at 15 days. The third aim was to investigate the excitotoxic 

process in the thalamus after LOPC. 
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CHAPTER 3 

Chronic stress induced disturbances in Laminin: A significant 

contributor to modulating microglial pro-inflammatory tone? 
 

Introduction 

 

The main aim of my first study was to investigate microglial morphological alterations in 

a murine model of chronic stress and determine how these modification correlate with 

microglial inflammatory status and composition of the extracellular matrix. There is 

extensive evidence showing that chronic stress induces an inflammatory status and 

structural remodelling in microglia, but the mechanism leading to these changes is largely 

unknown.  

In homeostatic conditions, the innate immune system is triggered by the occurrence of an 

injury or invasion of pathogens and initiates a molecular cascade of inflammatory 

processes mediated by the expression and release of cytokines (256). The aim of this 

process is in first instance to help contain infection, and secondly to promote healing and 

recovery after damage. It has been also shown that immune response can be triggered by 

mental health status. Specifically, it has been shown in both pre-clinical and clinical 

studies that the expression of inflammatory markers is increased in subject with 

depression but otherwise healthy. In particular, many studies report an increased 

expression of two particular pro-inflammatory cytokines: Intereukine-1β (IL-1β) (141, 

142) and tumor necrosis factor –α (TNF-α) (143, 144). Chronic inflammation in patients 

is often associated with early signs of depression (257), while patients diagnosed with 

depression show increased levels of systemic inflammation (258). Furthermore, studies 

revealed that the activation of microglia was exacerbated in individuals that committed 

suicide, indicating a crucial role for neuroinflammation in depression pathogenesis (259). 
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In light of these reports, in this study we focused on these two cytokines and inducible 

nitric oxide synthase (iNOS), a very well characterised marker of microglial activation 

(260).  

For many years it has been reported that microglia undergo morphological changes 

following activation caused by a pro-inflammatory stimulus but, until recently, microglial 

morphological status was categorised either as resting-ramified or as activated-amoeboid. 

Only a few years ago it was discovered that microglia can undergo structural remodelling 

in response to environmental challenges as well, like after exposure to chronic stress (118, 

261, 262). However, the mechanism leading to these morphological changes was largely 

uncharacterised. Here I contemplated an intriguing hypothesis, the involvement of the 

ECM in modulating microglia remodelling and activity. ECM components are capable of 

transducing both intracellular signalling and morphological remodelling in different cell 

types, especially in correlation with different adhesive properties (263-267). Thus, I 

expected that ECM composition can potentially affect microglia. 

Increasing evidence has built up in the past decades about the importance of microglia 

not only in response to treats of different nature, but also to changes in the homeostatic 

balance within the CNS. This study proposes that changes in the ECM composition can 

be a pivotal element among the mediators that can induce alterations in microglia 

function. As a proof of concept I used the chronic stress model of depression, a model in 

which microglia profile is profoundly affected. I identified differential expression of one 

particular ECM component, Laminin-1, and I showed that this isoform has the potential 

to induce microglia structural remodelling and an activated phenotype.  
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Supp. Fig.1 Laminins expression profile by qPCR in vivo and in vitro. (A) Quantification by 
real time qPCR of the expression of other Laminin subunits expressed in the hippocampus do not 
show significant variations. (B) Quantitative qPCR shows an increase in expression of Laminin-
α1 in N2a cells after 24h of incubation corticosterone (50 μM). Data are shown as fold change to 
carrier alone (Ethanol 1:1000) (* p<0.05). 

Supp. Fig.2 Laminin-α1 immunohistochemistry in the hippocampus. (A) Laminin-α1 IHC 
with Cresyl violet counterstaining. The Laminin signal co-localizes with Cresyl violet in both the 
pyramidal area and DG. (B) Example of the areas cropped for Laminin-α1cumulative 
thresholding. (C) Visual example of the difference in material thresholded, in the indicated 
hippocampal areas and at the shown pixel intensity, between samples derived from handled and 
stressed mice. 

Supp. Fig.3 Laminin coating dose response. 24 wells plates were coated with increasing 
concentrations of Laminin, from 1 to 16 μg per well. BV2 cells were then plated on these 
substrates at an equal density and left for 48 hrs. After incubation supernatant was collected and 
assessed via ELISA for TNF-α release. Analysis revealed that the concentration suggested from 
the manufacturer (4 μg/1.9 cm2  was sufficient to induce a robust biological effects on BV2 
microglia (* p<0.05, ** p<0.01 one way ANOVA, n=4 mean and s.e.m. shown).  

Supp. Fig.4 BV2 grown on Laminin express higher levels of pro-inflammatory cytokines. 
BV2 microglia were plated on Uncoated or Laminin for 48 hours and then assessed for pro-
inflammatory expression markers. Expression of the pro-inflammatory cytokines TNF-α and IL-
1β is increased in BV2 plated on Laminin as determined by qPCR. Real-time PCR analysis is 
presented as fold change to Uncoated. (* p<0.05, Student’s t-test, mean and s.e.m. shown of n=5). 
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Supp. Fig.5 Laminin but not Collagen or Fibronectin induces higher TNF-α release in BV2 
and primary microglia. (A) Medium was collected form BV2 plated on Uncoated, Laminin, 
Collagen or Fibronectin for 48 hours, and analysed for TNF-α presence by ELISA. (** p<0.01 
One way ANOVA, mean and s.e.m. shown of n=5) (B) BV2 microglia were plated on Uncoated, 
Laminin, Collagen or Fibronectin for 48 hours, then cells were treated with 100ng/ml of LPS for 
24 hours and medium collected for TNF-α detection (*** p<0.001 One way ANOVA, mean and 
s.e.m. shown of n=5). (C) Primary microglia were plated on Uncoated, Laminin or Collagen for 
48 hours and then the medium was collected to measure TNF-α release. (* p<0.05 One way 
ANOVA, mean and s.e.m. shown of n=4). (D) After 48 h on Uncoated, Laminin or Collagen, 
primary microglia were challenged with 1ng/ml of LPS for 24 h and medium collected to quantify 
TNF-α release. (* p<0.05 One way ANOVA, mean and s.e.m. shown of n=4). ELISA results were 
normalised per cell number. 

Supp. Fig.6 Laminin alters microglia morphology. (A) Detail of a representative images taken 
by fluorescent microscope of primary microglia CX3CR1GFP/+ grown for 48h on Uncoated or 
Laminin. Primary microglia grown on Laminin are smaller and present with fewer processes 
compared to those grown on Uncoated (Bar 10 μm) (GFP in green). (B) Quantification of primary 
cells area with Morphological analysis software. (C) Number of processes counted per cell 
(Mann-Whitney test, *** p<0.0005, fields n=15 mean and s.e.m. shown).  
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Discussion 

 

The aim of this study was to investigate the mechanisms that lead to microglia structural 

remodelling and inflammatory status. In particular I focused on the role of extracellular 

matrix and its potential in inducing microglia disturbances. This is a very novel line of 

research since the ECM is mostly investigated for its structural properties and only 

recently we started to appreciate that the ECM has an active role in modulating cell 

function (268). I will now discuss these results in light of the existing literature and 

highlight some of the inevitable limitations of this study. 

Major depressive disorder (MDD) has the third highest incidence worldwide. The most 

accepted hypothesis about the development of MDD is called the stress hypothesis, which 

identifies pathological alterations in the stress-responsive HPA axis as a cause of 

depression. While it is impossible to model all the aspects and shades of human 

depression using animal models, many paradigms using different stressor have been 

developed over the years, giving us the opportunity to efficiently induce depression-like 

behaviours in animals (269, 270). In this study I used restraint chronic stress paradigm. 

This model has been extensively used and validated in our and other labs, gives very 

consistent results, and is simple and less prone to be influenced by the examiner; all these 

elements made this model an excellent choice to induce chronic stress for my experiments 

(118, 270-276). Many studies show that chronic restraint stress induces the archetypal 

features of the stress response and physiological changes, including weight loss, a long 

lasting consequence of ongoing stress in rodents (277-279). The duration of the 

unpredicted stressor was varied between two and six hours/day. This is fundamental 

considering that varying the ratio between free time and restraint time maintains 

responsiveness to a homotypic stressor (280).  
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In this study we report several new findings that shed some light on how chronic stress 

can alter microglia morphology and inflammatory tone. The first part of this study was 

performed in vivo, and I focused on the hippocampus in particular. A conspicuous number 

of studies have shown that chronic stress induces morphological and molecular alterations 

in the hippocampus. For example, chronic stress causes changes in the hippocampal 

structure with consequent volume loss  (281), in dendritic spine density and size (282, 

283), and diminishes neurogenesis (284-286). More importantly, these changes are 

associated with a very robust functional outcome. Hippocampal function is important for 

spatial learning and memory (287) and many groups using different tests confirmed that 

chronic stress is associated with spatial learning and memory impairment in animal 

models (283, 288-291). Furthermore, chronic stress significantly elevates the expression 

of pro-inflammatory cytokines specifically within the hippocampus (292-294), 

supporting the involvement of neuro-inflammation in the development of impairments 

induced by chronic stress. Therefore, despite focusing exclusively on the hippocampus 

might seem somewhat arbitrary, existing literature supported this choice. Moreover the 

study design did not exclude further analysis in other brain regions and a project aimed 

in this direction and based on my results is currently been planned. 

In this study, we analysed the expression of the pro-inflammatory mediators TNF-α, IL-

1β and iNOS. While there was no detectable change in IL-1β expression, TNF-α and 

iNOS profiles confirmed a mild inflammatory status induced by chronic stress.  

Concomitantly, I found a profound alteration of microglia morphology. Microglia 

presented significant shortening of branch length and marked decrease in number of 

primary branches and number of branching points. These findings confirmed a general 

microglial deregulation but this is the first paper specifically reporting microglia atrophy 

in the hippocampus induced by chronic stress in the mouse model. 
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Additionally, I focused on Laminin among all the components of ECM. This choice was 

made after extensive analysis of microarray gene expression of brain tissue from 

chronically stressed animals published by other groups. In these data I found that the 

ECM component that most often resulted deregulated was Laminin. We then analysed 

the expression profile of Laminin using three different approaches. Firstly, I screened for 

the differential expression of Laminin subunits using qPCR, finding a valid candidate in 

Laminin-α1. Secondly, I validated the increase expression of this sub-unit using western 

blot, since mRNA expression is not always confirmed at protein level. Thirdly, I used 

immunohistochemistry to identify the origin of this increase in Laminin since, as 

discussed in the introduction, Laminins can be expressed by different cell types within 

the CNS. This analysis revealed that the increase in Laminin expression was restricted to 

the neuronal layers of the hippocampus, a finding particularly intriguing considering the 

importance of Laminin for neuronal plasticity and dendritic spine stability (295-299). 

Whereas these finding do not preclude the deregulation of other ECM proteins, this is the 

first report specifically aimed to investigate ECM disturbances after chronic stress, and 

makes a compelling case for the importance of future investigations. 

The in vivo findings suggested a correlation between microglia morphology and Laminin 

alterations. However further validation in vivo was very difficult, since for example the 

knock-out of Laminin genes causes spontaneous intracerebral haemorrhage (300, 301). 

Therefore we used an in vitro approach to validate the potential effect of Laminin on 

microglia. The Laminin-α1 subunit drives the deposition of Laminin-1 (302), so in the in 

vitro experiments microglia were plated on surfaces coated with recombinant Laminin-1. 

Moreover control microglia were plated also on uncoated, as well as collagen and 

fibronectin coated surfaces. These controls allowed me to discriminate between a general 

effect due to coating and specific phenotypes induced by the substrate. Morphological 
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analysis on primary microglia plated on substrates showed that Laminin induced a 

decrease in ramifications after 48 hours form plating.  

Using the in vitro approach I also investigated the inflammatory tone of the BV2 

microglial cell line as well as primary microglia derived from newborn mice, when plated 

on Laminin or others substrates. This analysis was performed on three levels: gene 

expression profile of the pro-inflammatory cytokines TNF-α, IL-1β and inflammatory 

marker iNOS, release of TNF-α and IL-1β and production of nitrites (marker of iNOS 

activity), and phagocytic activity. All these data suggested that Laminin increases the 

global inflammatory status of microglia. Furthermore, we characterized the relationship 

between microglia inflammatory status and Laminin, showing that Laminin increases not 

only the basal expression of pro-inflammatory cytokines, but also enhances microglial 

response to a pro-inflammatory stimulus like LPS. Finally, I designed and set up a delicate 

experiment with the purpose of testing the effect of Laminin on the resolution of 

inflammation. This was a very innovative and really unique experiment that allowed us 

to precisely dissect the role of Laminin in this process. In this experiment cells were 

stimulated with LPS before being plated on different substrates. The expression of pro-

inflammatory cytokines was then assessed after 24 and 48 hours from the stimulus. The 

overall result was were intriguing and suggested that the resolution of inflammation can 

be slowed down by the presence of Laminin. 

Whereas other factors remain to be investigated, the findings presented in this paper 

suggest that the process of neuroinflammation that has been described in chronic stress 

models can also be mediated by the composition of the extracellular matrix. Taken 

together, the findings presented in this chapter provide fundamental new information 

about the process of neuroinflammation and microglia alterations after chronic stress. 
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Collectively, these observations build upon the foundations of the relatively under-

researched area of ECM composition and further our understanding of the phenomenon 

of clinical depression. This information will provide future direction to research in the 

field. 
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CHAPTER 4 

Low Oxygen Post Conditioning as an efficient non-

pharmacological strategy to promote motor function after stroke.  
 

Introduction 

 

Stroke is caused by the sudden interruption of blood supply that leads to neuronal death 

within minutes after the event. While the formation of a thrombus or embolus is the 

responsible for the primary injury in ischemic stroke, many other mechanisms contribute 

to exacerbate the damage in the days following the ischemic attack. Inflammatory 

pathways in the acute phase are important pathophysiologic contributors to ischemic 

brain damage, and appear to be detrimental for the outcome post-stroke. Activated 

microglia can already be identified hours after the injury, and can release a variety of pro-

inflammatory and cytotoxic mediators that can contribute to neuronal death (303, 304). 

A prolonged status of acute inflammation can promote neuronal death in a number of 

ways, and many preclinical studies over the years have shown that the reduction of 

inflammation after stroke is a promising target with the potential of salvaging brain tissue. 

For example, the inhibition of TNF-α or IL-1β by delivery of monoclonal antibodies has 

been shown to reduce the size of the infarct and promote neuroprotection (305, 306). 

Consistent with these findings, rats genetically ablated for the expression of IL-1 have 

smaller infarct compared to wild type in a MCAO model (307), whereas administration 

of recombinant IL1 leads to a worse outcome (306). 

Suppressing microglia activation using treatment with specific compounds can protect 

brain tissue after ischemic damage (308, 309). In particular, microglia quickly become 

phagocytic after stroke, as indicated by their amoeboid shape and higher expression levels 

of CD68 (310, 311). This is an important activity aimed to re-establish homeostasis (165), 
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however inhibition of the pro-phagocytic (the ‘eat-me’ signalling) in neurons prevents 

neuronal death without affecting inflammation, implying that microglia phagocytosis 

may be detrimental after stroke (312). Therefore the inflammatory profile of microglia 

after stroke is very significant for the outcome and modulating inflammation can be a 

valuable therapeutic approach to reduce the impact of stroke.  

Preliminary data generated in our lab showed that low oxygen post conditioning (LOPC) 

has a neuroprotective effect. In particular, LOPC decreases tissue loss and the presence 

of aggregates of β-amyloid. These aggregates can have a toxic effect on neurons 

promoting their death, so we investigated the process that lead to formation, degradation 

and transport of beta amyloid (Appendix 1). Whether this is a very intriguing hypothesis, 

I chose to focus on the role of microglia in the neuroprotective activity of LOPC and in 

particular, I investigated changes in microglia morphology, which is an important feature 

of microglia that defines their role, and the expression of activation markers CD11b, 

CD45 and CD68.  As mentioned, activated and phagocytic microglia are less ramified 

and more amoeboid in shape and express higher levels of the marker CD68. Thus, in this 

study I evaluated by morphological and molecular criteria the differential status of 

microglia activation after LOPC and its correlation with neuronal death. Furthermore, I 

focused on the production of BDNF, an extremely important neurotrophic and 

neuroprotective factor that is also produced by microglia.  
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Discussion 

The aim of this study was to explore the neuroprotective potential of low oxygen post 

conditioning (LOPC) as modulator of microglia activation after stroke in the peri-infarct 

area.  The application of LOPC in the context of stroke is inspired by the numerous 

benefits that have been reported in athletes training at high altitude. LOPC has been 

suggested as a potential non-pharmacological therapeutic intervention for a number of 

pathologies; including cardiovascular diseases (177, 313), spinal cord injury (181, 185, 

186), and ischemic stroke (198, 200, 201, 314, 315). Furthermore, it has been suggested 

that LOPC can induce decreased microglia activation after stroke, as indicated by 

diminished expression of the pro-inflammatory mediators iNOS (205), and IL-1β (207), 

and partial prevention of the shifting of microglia towards an amoeboid morphology 

observed in the early phase after hypoxic injury. However most of these studies focus on 

the outcome right after the end of treatment, while in a translational perspective it is 

pivotal to assess the effects of an intervention like LOPC also in the mid and long term. 

Thus, in the current study, I was interested to investigate whether our LOPC following 

stroke could improve outcome after stroke and if the positive effects were sustained over 

time. 

In the experiments for this project included 2 different groups, stroke alone and stroke 

with LOPC, assessed at 2 timepoints, 15 and 30 days after stroke. The LOPC protocol 

consisted of 2 weeks of exposure to normobaric 11% oxygen for 8h/day starting 48 hours 

after stroke. I used this protocol since preliminary data showed that intermittent post 

conditioning had results similar to continuous exposure (Appendix 1) but in a 

translational view it has a higher value and is technically more feasible. It is important to 

consider that there is plenty of room to optimize this treatment, since protocols consisting 
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in shorter exposure, e.g. fewer hours per day or less days of treatment, might still retain 

therapeutic effects. However this kind of investigation was beyond the scope of this 

project, and considering the data available, I deemed more valuable for now to verify 

whether the effects were transient and explore the potential mechanisms of 

neuroprotection. 

A first important aspect that I investigated, and that is sometimes neglected in pre-clinical 

studies, was to verify that the neuroprotection observed in our previous study was 

associated with a functional outcome. Our lab and others have previously verified using 

different tests that LOPC can ameliorate cognitive impairment after stroke. However, the 

effect of LOPC on motor function has not been object of investigations. The target of the 

photo-thrombotic ischemia that I induced was the motor sensory area of the cortex, 

therefore the motor functional outcome is particularly relevant. To evaluate motor 

function I choose two tests: the grid walk and the cylinder test.  In the grid walk, each 

mouse is placed on an elevated grid of 2x2 cm squares and recorded for 5 minutes while 

exploring the surroundings.  Healthy mice walk on the grid by placing their paws 

precisely on the grid. After stroke, the mouse motor-coordination of the affected paw is 

compromised causing the mouse to slip when walking with that limb. The opposite paw 

instead is not affected by the stroke and the frequency of slipping does not change after 

surgery. The number of foot faults, identified as a slip that causes the limb to cross the 

grid, was counted on a total of 50 steps. In the cylinder test the mouse is placed in a glass 

cylinder and recorder for 10 minutes. Afterward, paw placement was evaluated and the 

first forelimb to contact the wall during a full rear determined one score for that side. A 

final asymmetry score was calculated as the ratio of non-impaired forelimb movement 

minus impaired forelimb movement to total forelimb movements. Mice were tested 

before stroke, during the LOPC treatment and up to14 days after the end of LOPC. The 



` 

87 

analysis of these two tests showed the effectiveness of LOPC to enhance motor 

performance following stroke and suggest an improvement long lasting after the end of 

the treatment.  

To explore the potential underlying mechanisms contributing to the improved motor 

function following LOPC, I first examined tissue and neuronal loss in the peri-infarct 

regions. As predicted, stroke animals exposed to LOPC showed an overall improvement 

relative to the stroke only animals. Strikingly, the neuronal loss was constant between 15 

and 30 days, showing that 15 days of LOPC was enough to partially prevent neuronal 

death on long term after the end of the treatment. 

 Furthermore, I observed that vessel growth was also increased by LOPC, a finding in 

line with our previous study (Appendix 1). Stroke itself triggers pro-angiogenic signals 

to promote repair over time, as shown by the increase in vessel density between 15 and 

30 days in untreated mice. These findings show that LOPC can enhance the endogenous 

pro-angiogenetic signalling, resulting in increased vessel density at 15 days. At 30 days I 

could not observe a significant difference in vessel growth between LOPC and stroke 

alone, suggesting that the pro-angiogenetic stimulus of LOPC fades with the end of the 

treatment. A future direction will be to extend the LOPC exposure for a longer period, to 

confirm this observation and verify if prolonged pro-angiogenetic stimuli can also 

promote a better functional outcome. 

Brain derived neurotrophic factor (BDNF) belongs to a family of neurotrophins that 

promotes neuronal proliferation, survival and differentiation (316). Treatment with 

BDNF in the acute phase after stroke reduces the infarct volume and neuronal loss (317), 

while a delayed delivery can improve motor recovery in rats (318, 319). BDNF is 

synthetised as a precursor (proBDNF) which undergoes N-terminal is cleavage to 
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generate mature BDNF (mBDNF). mBDNF is the biologically active form and is crucial 

for brain protection after ischemic injury (320). Prompter by the decrease of neuronal loss 

observed after LOPC, I investigated the expression of BDNF as a potential mediator of 

neuroprotection. Protein analysis showed that mice underwent LOPC significantly 

present higher levels of the mature form of BDNF at 30 days, while the increase at day 

15 was not significant. Based on these results, I conclude that the neuroprotective activity 

of LOPC is unlikely to be mediated by BDNF. However, this is still a very promising 

result considering the importance of BDNF for stroke recovery, and shows that LOPC 

can induce beneficial effects after the end of the treatment. This particular finding has 

important limitations. Indeed the mechanism that triggers mBDNF increase is unclear. 

The increased BDNF that I observed by western blot analysis is likely to be caused by 

enhanced production, since the level of total BDNF is normalized to overall protein levels. 

However neurons are an important source of BDNF, so it is possible that this increase 

just reflects the higher number of surviving neurons after LOPC. This would imply that, 

in this model, the increase in BDNF is a consequence and not a cause of neuroprotection. 

Further studies are now needed to clarify the origin and the effects of mBDNF increase 

and elucidate the relationship with LOPC. 

Modulation of inflammation is a particularly interesting therapeutic approach after stroke, 

and extensive literature describes the importance of inflammation in the development of 

brain damage after injury. As mentioned in the introduction, LOPC has the potential to 

attenuate the expression of proinflammatory markers after stroke. Building on these 

observations, I investigated the expression of microglia activation markers by western 

blot, and I found that the expression levels of CD68 and CD45 were decreased in the peri-

infarct region of LOPC treated mice, suggesting decreased microglia activation. As 

expected, the expression of these markers also decreases with time, consistently with the 
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progression of inflammation resolution over time. These conclusions were also supported 

by the morphological analysis of microglia. At 15 days microglia in LOPC mice are 

extensively more branched, as pointed out by the significant increase in branch points and 

total branch length, and the degree of ramification increases with time.  Altogether, these 

data suggest that LOPC can induce a decrease in microglia activation that progresses also 

after the end of the treatment. As discussed in the introduction, inflammation is a complex 

mechanism consisting in an acute phase, aimed in first instance to respond to harmful 

stimuli, and a second phase aimed to promote angiogenesis, regeneration and repair. 

Future studies are needed to specifically investigate whether LOPC can shift the balance 

from the harmful, acute phase in favour of the second, pro-regenerative phase, and doing 

so promote a globally neuroprotective environment. 

In conclusion, the results from the current study are an important addition to literature 

investigating the modulation of microglia activation and LOPC treatment after stroke. 

LOPC has a significant effect on improving motor function and promotes many different 

mechanisms that can contribute to neuroprotection: tissue loss reduction, neurogenesis, 

angiogenesis, expression of neurotrophic factors, with concomitant promotion of 

cognitive and motor function. While the exact mechanisms need to be further 

investigated, this study helped to build a strong rationale supporting the validity of LOPC 

as a therapeutic intervention, mature for translational studies in patients. 

  



` 

90 
 

CHAPTER 5 

Low Oxygen Post Conditioning prevents thalamic secondary 

neuronal loss caused by excitotoxicity in a murine model of 

cortical stroke. 

 

Introduction 

 

Ischemic stroke is characterized by dramatic cell death and sustained inflammatory 

response at the lesion site. As explained above, the rapid activation of microglia in this 

region has a pivotal role for the biological response to injury. In addition to the damage 

surrounding the vascular occlusion, stroke triggers neuronal death and an associated 

inflammation also in regions distal from the primary damage but structurally connected 

to the infarct. This phenomenon is referred to as secondary neurodegeneration (SND) and 

develops in a timeframe of weeks to months after the insult, making this damage and its 

consequences an insidious problem difficult to evaluate. Recently, more attention has 

been dedicated to SND and an increasing number of studies suggest that the severity of 

SND has clinical relevance (230). The exact cause for this neuronal degeneration is not 

fully understood, thus in this study I investigated the potential involvement of the 

excitotoxic mechanism and its relationship with microglia activation.  

Neuronal death following injury triggers anterograde and retrograde degeneration of 

neuronal axons, and may induce excitotoxicity and oxidative stress leading to further 

neuronal death in remote brain areas. Briefly, glutamate is the major excitatory 

neurotransmitter in mammalian CNS and its extracellular levels have been shown to be 

dramatically elevated after injuries like ischemia and TBI (321). Glutamate activates Ca2+ 

permeable ion channels like NMDARs to transmit post synaptic excitatory signals and, 

in homeostatic conditions, this process is important for neuronal communication and 
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learning. However, excessive release of glutamate and subsequent over-stimulation of 

targeted receptors triggers excessive influx of Ca2+ into cells in a process known as 

“excitotoxicity”. The high concentration of intracellular free calcium activates a variety 

of enzymes, beginning a series of signalling cascades that ultimately lead to cell death. 

The alteration of Ca2+ homeostasis hereby described is considered to be one of the key 

mechanisms that cause secondary neurodegeneration following brain injury. As such, in 

this study I investigated the potential role of LOPC as a treatment to interfere with this 

excitotoxic process. 

Another mechanism that is considered to be involved in the development of SND is 

inflammation. While the dynamics of immune cells activation in the peri-infarct area 

during the acute phase post-stroke are well characterized, much less is known about the 

role of the inflammatory process during SND. In rodents, microglial activation have been 

consistently reported in the thalamus across different models of stroke, and is usually 

identified by increased expression of activation markers (CD68, CD11b and MHCII) 

(272, 322). First signs of activation in the SND area can be observed around the third day 

after ischemia, and persist for at least 4 weeks. (251, 272, 323). Intriguingly, this intense 

microgliosis occurs in the same areas affected by neuronal loss. The close spatial and 

temporal correlation between microglial activation and neuronal loss strongly suggests a 

detrimental role of inflammation for the development of SND. Changes in microglial 

activation markers have been shown to precede neuronal death in the thalamus, thus 

supporting an active contribution of microglia to SND (236, 251). Studies using different 

approaches (drug compounds or knock-out models) to modulate the extent of SND often 

show effects for both neuronal loss and microglial activation (229, 324). However recent 

studies have shown that increased thalamic neuronal loss in chronically stressed mice was 

associated with dampening of microglia activation (272), suggesting a complicated 
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relationship between the SND and microglia activity. The second aim of this study was 

to investigate closely this relationship by using LOPC as intervention. In particular, by 

evaluating neuronal loss and inflammation at two different time points, I could observe 

their interconnection from a unique perspective.  
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Discussion 

 

In the previous study I have identified that vascular regeneration, BDNF expression and 

decreased inflammation after exposure to LOPC protocol were associated with a 

considerable reduction in neuronal loss within peri-infarct regions, concomitant with a 

promising improvement in motor function. In this study, I extended my findings by giving 

specific consideration to the effects of LOPC within the ipsilateral thalamus and the 

neuronal loss that affects this area after cortical stroke, in a process called secondary 

neurodegeneration (SND). Previous data generated in the lab have shown that the protocol 

of LOPC adopted can ameliorate SND at some extent (Appendix 1). However, after this 

study, it was still unknown whether this effect was temporary and if the damage in the 

area would deteriorated after the end of the treatment.  Furthermore, the involvement of 

microglia activation was only marginally elaborated, and the excitotoxic process not 

considered. 

The thalamus has the key function to relay peripheral sensory information to the cortex. 

Previously, our and other groups have reported that stroke in the sensory motor cortex 

area induces SND specifically in two thalamic area: the ventral posterior nucleus (VPN) 

and the posterior nucleus (PO). These nuclei are involved in the relay of somatosensory 

and motor information and are connected, via corticothalamic and thalamocortical 

projections, to the area targeted by phototrombotic stroke.  (325, 326). Using 

immunohistochemistry I was able to estimate the neuronal loss specifically in these areas. 

To identify neurons I used NeuN, a very specific marker of mature neurons, and as 

primary analysis I quantified SND as estimated area affected by evident low density 

presence of NeuN+ cells. Then, by neuronal count, I accurately evaluated SND within the 

dorsal thalamus and specifically inside the areas affected by SND. This analysis allowed 
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me to evaluate SND on different levels and revealed that SND worsen with time and 

LOPC can prevent this degeneration. Specifically, analysis showed a wider area affected 

by SND in stroke alone samples compared to LOPC, significantly different at both time 

points. On the other hand, cell count analysis within the dorsal thalamus area, PO and 

VPN all showed significantly less NeuN+ cells in stroke alone mice at 30 days compared 

to 15 days, while in LOPC samples neurons number was constant over time and similar 

to stroke alone at 15 days. These results show that LOPC decreased the extent of SND 

area at 15 days and, even more importantly, it strongly prevented further 

neurodegeneration, that instead occurred in the subsequent weeks in stroke alone mice. 

SND leads to progressive neuronal loss and clinical studies in humans showed that SND 

develops in the months following ischemic injury. This temporal analysis suggests that 

even a relatively small neuroprotective effect in the first phase of SND development, like 

the one observed, can have an important impact on the degree of neuronal loss at latter 

stages. However, an explanation can be also found in the results of Chapter 4, since the 

infarct size could correlate with the extent of SND and LOPC decreases neuronal loss in 

the peri-infarct area. A potential approach to elucidate this point would be to further delay 

the beginning of LOPC treatment, when neuronal death in the peri-infarct is unlikely to 

be prevented anymore.  

 

After confirming the neuroprotective activity of LOPC, I proceeded to investigate the 

potential underlying mechanism. As extensively highlighted across this thesis, microglia 

activation can promote neuronal death by inducing release of neurotoxic factors or by 

stimulating phagocytosis of injured neurons. I identified the areas of microgliosis by 

immunostaining for two markers of microglia activation: Iba-1 and CD68. As previously 
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described also by others, at 15 days the microglia activation was restricted to PO and 

VPN, the same areas affected by neuronal loss. Intriguingly, while the global area of 

activation was similar in stroke alone animals between 15 and 30 days, LOPC samples 

showed very little to none microglia activation at 30 days. These results were consistent 

with western blot analysis of CD11b, another marker overexpressed in microglia after 

activation.  As in other reports, also in this study I could see that decreased SND is 

accompanied by less microgliosis; however, using the data produced in this longitudinal 

study, I can bring my considerations a bit further. At 15 days data showed that SND is 

ameliorated by LOPC, while microglia activity is not. If inflammation was the only driver 

of SND, I would have expected the same level of thalamic neuronal death. Instead at 30 

days, after LOPC I found constant SND and marked decrease of microglia activation, 

while with time SND is strongly exacerbated in stroke alone. Altogether these data 

suggest that inflammation is more a consequence than a cause for SND, and stopping the 

progression of SND promoted the natural resolution of inflammation. This model does 

not preclude a contribution of microgliosis to SND, but points out that LOPC is interfering 

on an alternative mechanism that lead to SND in first place. Thus, as potential primary 

cause of SND I investigated excitotoxicity and the involvement of LOPC in disrupting 

this mechanism at 15 days, right after the end of the treatment. It is important to underline 

that both neuronal death and microglia activation are only attenuated by our LOPC 

intervention, and their presence is clearly detected at 15 days. 

As extensively detailed in the introduction and in the paper itself, neuronal death by 

excitotoxicity is caused by abnormal Ca2+ influx and consequent over-activation of 

signalling cascades leading to cell death. Of particular interest is the activation of nNOS 

caused by activation of NMDAR and Ca2+ influx, that induces the production of highly 

cytotoxic elements. In order for Ca2+ influx to induce nNOS activation, nNOS needs to 
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be localised in a complex together with NMDAR. However this interaction is not direct, 

and needs the mediation of a specific scaffold protein, the post synaptic density protein 

PSD95. The formation of this complex formed by NMDAR/PSD95/nNOS ultimately 

allows the activation of nNOS following CA2+ influx, and excessive influx translates in 

excessive nNOS activation and excessive production of free radicals (327).  Intriguingly, 

overexpression of nNOS does not automatically translates in cytotoxicity, but at the same 

time silencing of nNOS or PSD95 protects from excitotoxicity (328, 329). To investigate 

this signalling cascade, at first I verified calcium accumulation specifically in the SND 

areas, which was not influenced by LOPC. Then I quantified by western blot the 

expression of all the elements involved in this pathway, specifically: the NMDAR 

subunits NR1 and N2B, PSD95 and nNOS.  The data showed that LOPC thalamic 

samples presented a small (35%) but significant decrease in PSD95 expression, while the 

other components of this pathway were unchanged. Since the expression of another 

synaptic protein, Synapsin-1, was unaffected, it seemed unlikely that the decrease in 

PSD95 was due to a general synaptic deregulation. However, it must be also considered 

that Synapsin-1 is an ubiquitous pre-synaptic marker and it is plausible that other 

mechanisms could be compensating for the decreased levels of PSD95 that I observed. 

To corroborate the evidence of LOPC disrupting the NMDAR/PSD95/nNOS signalling, 

I generated another cohort of mice to specifically investigate the levels of interaction 

between NMDAR and PSD95 by co-immunoprecipitation (CO-IP). Unfortunately, I 

could not find commercially available polyclonal antibodies targeting NR1 or N2B 

capable of pulling down PSD95. However, in preliminary experiments I successfully 

optimised the protocol and found a PSD95 antibody capable of co-immunoprecipitate 

PSD95 with N2B, the NMDAR subunit interacting with the PSD95. The results showed 

that thalamic LOPC samples have decreased levels of N2B pulled down with PSD-95 by 
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a polyclonal PSD-95 antibody. Since a protein unrelated to the complex like β-actin was 

undetectable in the PSD-95 pull down samples, this indicated a bone fide decreased 

interaction between NMDAR and PSD-95 in ipsilateral thalamic neurons after 2 weeks 

LOPC. These results strongly suggest that LOPC have the potential to decrease SND by 

interfering in the excitotoxic mechanism, but further studies are need to validate this 

finding and elucidate the exact mechanism leading to the disruption of the 

NMDAR/PSD95/nNOS complex. 

In conclusion, this study showed that LOPC treatment strongly prevents the development 

of SND, also suggesting that longer expositions to LOPC is unlikely to induce further 

benefits since deterioration of SND was already stopped by 2 weeks of treatment. LOPC 

blocking SND development also induced a faster resolution of inflammation, providing a 

new, important clue about the causal dichotomy between secondary neuronal death and 

microgliosis. Further, I identified a new mechanism that can mediate the neuroprotective 

activity of LOPC. Altogether, the data from the studies in chapters 4 and 5 prove the 

potential of LOPC as a non-pharmacological treatment to induce neuroprotection after 

ischemia. 
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CHAPTER 6 

Conclusion 
 

In conclusion, this thesis has demonstrated several new findings. I identified a new 

mechanism that can lead to microglia disturbances linked to pathologies and described a 

new therapeutic approach that can induce neuroprotection after stroke, while analysing 

the role of microglia activation in stroke peri-infarct and SND areas.  

There are several models of experimental stroke that can be used by researchers.  The 

most common models of ischemic stroke in rodents include mechanical MCAO, 

thrombotic occlusion by injection of preformed clots or micro-emboli, injection of the 

vasoconstrictor endothelin-1 and the photo-thrombosis (reviewed in (330)).Each of these 

models has a set of well described advantages and disadvantages, and I will now discuss 

some of these limitations.   

The model of MCAO in rats was first described in the 1986 by Koizumi et al. (331) and 

then modified to reduce complications and adapted to mice (332). Briefly, an occluding 

suture or injection of clots is applied via the common carotid artery towards the junction 

of the anterior and middle cerebral arteries, resulting in ischemia of MAC vascular 

territory. The main advantages of this technique are that it closely mimics the stroke event 

in human, it does not require cranial surgery and models focal infarction in a large 

vascular territory. However MCAO induces a very variable level of damage that affects 

thalamus and substantia nigra at variable degrees (333).  

Therefore the MCAO model does not readily lend itself to tightly controlled studies 

considering interventions with moderate effect sizes.  Further, exactly because MCAO 

damages multiple areas of the brain, it is not optimal to investigate thalamic damage and 

SND as consequences of the circuit interruptions between cortex and thalamus. MACO 
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can also causes serious complications as subarachnoid haemorrhage (334), visual 

dysfunction (335) and the muscles mastication and swallow ischemia, resulting in eating 

difficulty and weight loss (336). Such complications can influence post-stroke 

measurement of motor function, which is one of the primary aims of my studies. 

Furthermore, it has been reported that the infarct size caused by MACO is highly variable 

(337). A second widely used model of stroke consists in the application of the 

vasoconstrictor endothelin-1  that acts on endothelial cells (338). The advantages of 

endothelin-1 model are that it can be intracerebrally injected in specific regions to produce 

cortical ischemic lesion aiming the brain circuits of interest  with minimal tissue edema 

(339, 340). However, endothelin-1 receptor are also expressed in astrocytes and neurons 

(341, 342) and promotes astrocytosis and facilitates axonal sprouting in spinal cord injury 

(343), a potential bias when investigating a neuroprotective treatment as LOPC. 

The last model I will now discuss is the PT model of focal cerebral ischemia (344). The 

PT model induces ischemic damage within a limited and highly controllable cortical area 

by photo-activation of Rose Bengal, a light-sensitive dye that is delivered by 

intraperitoneal injection. The stimulation with light is applied on the intact skull with 

minimal surgery and target the cortical area of interest with precision within a tenth of a 

millimetre and small variability (345). The photo-activated Rose Bengal produces singlet 

oxygen that damages endothelia cell membranes leading to platelet aggregation and an 

occlusion that results in local blood interruption (346, 347). One clear limitation of PT 

stroke is that it can only induce the obstruction of superficial vessels, while the vast 

majority of human stroke are caused by the occlusion or rupture of one artery. Another 

limitation is that PT stroke is not able to produce ischemic penumbral zone like MCAO. 

I chose this model for my studies because it provides a clear and highly reproducible 

output and it is suitable for studying cellular and molecular mechanisms of cortical 
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remodelling (348). Furthermore my research goal had a focus on the effect of 

interventions in a relatively long term, up to 4 weeks. Therefore I did not consider the 

absence of penumbra within the tissue during the acute (few days) phase post stroke as a 

dramatic limitation. On the contrary, as described in chapter 5 the absence of penumbra 

makes PT stroke an optimal model to investigate SND.  

The key findings of this thesis can be summarised in the following points: 

 I validated the development of higher basal inflammatory status in a model of 

murine chronic stress. Concomitantly, I proved with different techniques that the 

expression of ECM components, in particular Laminin, is deregulated in this 

model. To investigate whether ECM disturbances can potentially modulate 

microglial level of activation, I used a wide array of in vitro approaches using both 

cell lines and primary microglia. Altogether, the data suggested that Laminin can 

induce a higher microglia inflammatory status, assessed as expression of pro-

inflammatory cytokines and phagocytosis, enhanced response to pro-

inflammatory stimuli and delayed resolution of inflammation. This study provides 

strong proof of concept implying the involvement of ECM alterations in the 

context of psychopathologies. 

 

 I evaluated a new therapeutic intervention after cortical stroke, LOPC, and 

showed that it can be highly beneficial for motor function. These benefits 

correlated with a neuroprotective phenotype, increased neovascularization, 

production of neurotrophic factors and a marked decrease of microglia activation 

markers. Moreover, the positive effects of LOPC were maintained after treatment, 

highlighting the clinical potential of LOPC. 
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 SND is a pathology closely related to stroke that leads to neuronal death over time 

in regions distant from the infarct core. I evaluated the potential of LOPC to 

ameliorate this neuronal loss and found that LOPC can interfere with the 

excitotoxic signalling that leads to neuronal death. Moreover, I used this model to 

study the involvement of microglia activation in the development of SND, and the 

data suggests that preventing SND also accelerates the resolution of inflammation 

at later times. This report adds a piece of very important information in 

understanding the involvement of microglia activation in SND. 

 

Inflammation in the CNS is believed to play a pivotal role in many neurodegenerative 

diseases and microglia activation is a hallmark of an existing pathological state within the 

brain (349). Studying microglial behaviour in different pathologies provided us with a 

unique perspective on microglia disturbances. In these studies I dissected microglia and 

microglia activation role in very different CNS pathologies. While at first glance stroke 

interventions and chronic stress might not seem connected, they are linked at different 

levels. For example, I contributed to studies from our lab showing that chronic stress after 

stroke exacerbates brain damage, while perceived psychological stress is associated with 

an increased risk of stroke (350). 

10 to 30% of patient with major depression disorder do not respond to pharmaceutical 

treatment (351, 352), and in stroke none of the neuroprotective compounds screened up 

to date in preclinical studies showed efficacy in clinical trials (157). These reports 

highlight the urgent need of changing our approach while studying CNS pathologies. This 

thesis provides new insights about microglia activation and its involvement in the 
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development of CNS pathologies, proposing new mechanisms of microglia activation 

after chronic stress and new potential treatments to improve motor functional outcome 

after stroke, with important implications for future directions.  
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