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Brain stroke is the second cause of death worldwide. Among the cerebrovascular 

accidents, ischemic stroke is the most common. It is caused by an interruption of blood 

flow, and it is characterized by sudden neuronal death (necrosis in the core) and 

apoptotic neuronal loss in the penumbra. After the generation of the glial scar 

surrounding the penumbra, ischemia in animal model can activate the neurogenic 

machinery in the subventricular zone (SVZ). However, the rapid formation of the glial 

scar after brain ischemia represents a double edged sword for brain survival. On one 

side, the ischemic scar isolates the healthy tissues from deadly factors released in the 

ischemic core but on the other hand, it impedes the neuronal regeneration from the SVZ. 

Previous results in our laboratory demonstrated that high levels of extracellular 

adenosine, one of the factors released after brain ischemia, could activate the SVZ and 

generate new astrocytes. In this PhD project, we used a mice model of transient brain 

ischemia by middle cerebral artery occlusion (MCAO) to accomplish the following 

objectives:  

1) To characterize the SVZ activation and astrogliogenesis following brain ischemia;  

2) To investigate the role of newborn astrocytes generated from the SVZ.  

By combining immunofluorescence with genetic cellular tracing (in vivo 

electroporation of neural progenitor cells) we demonstrated that brain ischemia induced 

the generation of newborn astrocytes from the SVZ. Newborn astrocytes expressed the 

specific marker Thbs4 and were derived from the activated Type B cells at the dorsal 

SVZ. The neural stem cells and the Thbs4 astrocytes generated from the SVZ, deviated 

their physiological route to the olfactory bulb and reached the ischemic scar. Here, 

astrocytes generated after brain ischemia could degrade and synthetize the hyaluronic 

acid of the extracellular matrix suggesting a dual role in the modulation of the ischemic 

glial scar. We demonstrated for the first time that astrocytes derived from SVZ can 

produce, uptake and degrade the hyaluronic acid of the extracellular matrix. Our results 

can open a new pharmacological strategy to modulate the formation and the remodeling 

of the glial scar, facilitate the tissue regeneration after brain ischemia, and propose 

astroglia as a possible pharmacological target.  
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1. ISCHEMIC STROKE  

 

1.1. Description 

Stroke is a devastating disease of which sudden onset produces neurologic 

deficits due to a focal disruption of the cerebral blood circulation. Stroke occurs as an 

acute event, mainly unilateral that trigger a pathological cascade at macro and micro 

levels. Based on the place where disruption occurs, neurological deficits are translated 

into motor, sensory and social disabilities that can produce the person disablement to 

execute daily activities.  

The vascular pathology occurs in the setting of either brain ischaemia or cerebral 

haemorrhage even though ischemic stroke is the most common type in humans (88% of 

all cases) (Mozaffarian et al., 2016). While hemorrhagic stroke is the result of bleeding 

inside the brain or in the subarachnoid space by the rupture of a vessel, ischemic stroke 

is caused by an obstruction of blood supply to the brain caused by a thrombosis or an 

embolus (Fig. 1) (Alia et al., 2017). Within ischemic stroke, brain damage results from a 

transient or permanent vessel occlusion, most often (71%) of the middle cerebral artery 

(MCA) (Fluri et al., 2015). While hemorrhagic stroke produced the death of most people 

who suffer it, more than 70% of people survived to the ischemic stroke, most of them 

with serious disabilities lifelong (Wieloch & Nikolich, 2006; Campbell et al., 2019).  

 

¡Error! No se encuentra el origen de la referencia.. Ischemic stroke and cerebral haemorrhage are the 

main brain stroke subtypes. Ischemic stroke is caused by the occlusion of a brain artery by a thrombus or 

an embolism, leading to reduced blood supply to the brain. Hemorrhagic stroke arises when an artery in the 
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brain ruptures and causes bleeding into the tissue or in the subarachnoid space. Taken from Augestad 

(2017).  

Despite that, available therapeutic tools mainly focused in palliating brain 

damage. For this reason, in this study we focus on brain ischemia, the current major 

brain vascular disease. Even it is a complex illness, understanding what happens in the 

ischemic brain is instrumental to develop proper treatments that revert the damage 

caused by the occlusion.  

 

1.2. Etiology and risk factors 

The etiology of ischemic stroke includes a heterogeneous vascular and, less 

common, by non-vascular causes. Arterial occlusion is most often caused by a thrombus 

that has travelled to the brain (embolized) from a more proximal location in the body, 

such as the heart or from an atherosclerotic plaque in the wall of large artery. There are 

several sources to develop brain ischemia that can be classify in five groups: large vessel 

disease, small vessel disease, cardiogenic embolism, cryptogenic stroke and because 

other determined etiology (Fig. 2).  

a. Large vessel atherosclerosis disease represents 30-40% of all ischemic strokes. 

Main causes are atherosclerotic disease in the aorta and major extra/intracranial 

arteries (flow limiting stenosis). Thrombosis can develop locally in a brain artery 

(less common) or in a body artery (aorta or internal carotid artery) where can be 

a source of embolism to a more distal segment such as of the middle cerebral 

artery.  

b. Small vessel disease or arteriolosclerosis represents 20% of ischemic strokes. 

Arteriolosclerosis is caused by the occlusion of small penetrating cerebral end-

arteries and produce small infarct areas between 3 and 15 mm size in the brain. 

This source of ischemic stroke is also known as “lacunar infarcts”.  

c. Cardiogenic embolism represents 25% of all ischemic strokes. In this case, the 

occlusion of the brain artery is caused by an emboli derived from the heart 

atherosclerotic plaque. Other cardioembolic stroke causes including atrial 

fibrillation or cardiac valve disease.  

d. Cryptogenic strokes represent more than 30% of all cases. Even after exhaustive 

diagnosis studies, some cases remain without a determined cause. Also in this 

category are included patients with more than one possible etiology.  

e. Other determined etiology refers to uncommon causes of ischemic stroke such 

as non-arterial causes, arterial dissection, hypercoagulate states or vasospasm. 

Most common causes of ischemic stroke in this group are watershed and 
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multifocal strokes together with degenerative vasculopathies and secondary 

consequences of different primary disease.  

 

Figure 2. Main causes of ischemic stroke. 1) Large vessel disease (atherosclerosis) include flow-reducing 

carotid stenosis or intracranial atherosclerosis (in gray). 2) Small vessel disease (arteriolosclerosis or 

“Lacunar syndromes”) in green. 3) Cardiogenic embolism (in blue) include atrial fibrillation or left ventricular 

thrombus as embolic source in the internal carotid artery. Modified from Silverman & Rymer (2009).  

 

The risk factors are divided in modifiable and non-modifiable factors. Genetic 

and environmental factors depend on if factors can be changed, treated or medically 

managed (modifiable factors) or can not be changed (non-modifiable): 

 Modifiable factors: drug abuse (for instance, cocaine-induced vasospasm), 

smoking, sedentary lifestyle, unhealthful diet, obesity, high blood pressure, 

vascular and heart disease (particularly atrial fibrillation), diabetes, body 

temperature, oral contraceptives, history of transient ischemic attacks, high red 

blood cell count, abnormal heart rhythm, cardiac structural abnormalities, high 
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blood cholesterol and lipids levels, hemiglobinopathy, hypercoagulate states, 

homocystinemia, among other.  

 Non-modifiable factors: age (more than 65 years), gender (more frequent in 

women), race/ethnicity and heredity/genetics. 

Although risk factors correlate with the presence of brain stroke, this vascular 

illness can be suffered by people without them.  

 

1.3. Stroke incidence, symptoms and outcome 

In the world, stroke affects more than 13.7 million people causing about 5.5 

million deaths every year (Campbell et al., 2019). Stroke is the second most frequent 

cause of death and a leading cause of adult serious, long-term disability in many 

countries (Silverman, & Rymer, 2009). The annual incidence of the brain stroke in Spain 

is 71780 new cases every year (SEN, 2019), that is, one person every 7 minutes suffers 

brain stroke. Overall, more than 650000 people in Spain are affected by brain stroke. 

The number of death caused by brain vascular failure rise to more than 27000 people 

every year (SEN, 2019). In the Basque Country, we have around 3379 new cases of 

brain stroke within a year (SEN, 2019). Approximately 1363 people die because vascular 

pathologies in the Basque Country in a year-around (SEN, 2019) being the second cause 

of death in our region.  

Despite an overall decrease in mortality over the last years, the number of stroke 

incidents is expected to increase due to the steadily growing population of elderly people. 

For this reason, it is urgent to develop therapeutic strategies to prevent (acting in the 

modifiable risk factors) and treat properly brain stroke when already occurs. As 

mentioned before, most people who suffer ischemic stroke survive and develop serious 

lifelong motor, sensory and cognitive disabilities. Ischemic stroke symptoms will vary 

depending on the cerebral location and size of the damaged tissue by the reduced blood 

flow. Most common symptoms include paraplegia, weakness of the limbs or face, 

aphasia, sensory disturbances, headache, dizziness and personality/emotional changes 

(Musuka et al., 2015; Schaapsmeerders et al., 2013). In addition, more than 80% of the 

stroke survivor develop long-term deficits that involve cognitive dysfunctions such as 

impairing memory and executive functions (Brainin et al., 2015; Jokinen et al., 2015). In 

fact, one of the main causes of dependency is the development of post stroke dementia 

in about 30% of stroke survivors, which is related to the brain atrophy caused by the 

vascular insult (Leys et al., 2005; Pohjasvaara et al., 1998). In addition to the personal 

deficits, ischemic stroke also entail social, economic and family burden. Most of people 
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who survive to ischemic stroke develops serious life disabilities and dependency (daily 

assistance, home attendant or admission to nursing home) of which force the family to 

adapt to the new situation. In addition to the family restructuration, patients need a 

constant health care from the ischemia onset to years or forever. Motor rehabilitation and 

early assistance have proven to be essential for the outcome of the disease. 

 

1.4. Current treatment and therapeutic strategies 

Diagnosis is needed to start the treatment in accordance with the etiology of the 

brain vascular occlusion. The goal of therapy in the ischemic stroke is to preserve tissue 

in cerebral areas where blood flow is reduced. Specifically, ischemic stroke treatment in 

the onset of the disease focuses in the clot removal. Thrombolysis is the standard clinical 

treatment for ischemic stroke, aimed to restore blood flow by dissolving the blood clot. 

Endovascular procedure or mechanical thrombectomy are strongly recommended to 

remove blood clot in patients with large vessel disease at sub-acute stages. However, 

around 15% patients are suitable for these treatments (Chia et al., 2016).  

The gold treatment in ischemic stroke is the administration of recombinant tissue 

plasminogen activator (r-tPA). This thrombolytic drug breaks up the clot and improves 

blood flow to the part of the brain being deprived. Despite its beneficial results, r-tPA is 

rarely administrated and only 5% of patients benefit from this therapy because clot buster 

must be used within 4 hours from the stroke onset to be successfully applied (Vidale & 

Agostoni, 2014; Wardlaw et al., 2014). Many people do not arrive to the hospital in time 

to receive the medication and once this temporal window past, cerebral damaged is 

irreversible.  

Besides technologic and scientific develop in the last years, current therapeutic 

strategies for ischemic stroke present limited benefits for patients and long-term 

disabilities appear in most of the cases. In fact, pathophysiological events, such as 

Wallerian Degeneration, happening in the later stages of the disease do not receive a 

proper treatment because are poorly understand (Dirnagl, Iadecola & Moskowitz, 1999). 

New clinical therapeutic approaches including melatonin, anti-apoptotic and anti-

inflammatory drugs and hypothermia are in human clinical trials although with limited 

results (Dirnagl, Simon and Hallenbeck, 2003; Campbell et al., 2019). A better 

knowledge about the progression of ischemic stroke together with a detailed 

understanding of the brain endogenous mechanisms for neuroprotection, repair and 

neuroanatomical rewiring are needed to develop new strategies and improve stroke care. 
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More studies are needed to find suitable strategies considering that prevention is the 

most efficient therapeutic strategy available at the moment.  

 

1.5. Brain vascular architecture 

Brain vascular system consists in an intricate network of arteries and veins which 

supply cell support elements and remove the cellular waste. Blood is supplied to the 

brain by two carotid arteries and the basilar artery, formed by the two vertebral ones 

which arrive to the Willis polygon and once there, are distributed in three main brain 

regions by the anterior, middle and posterior cerebral arteries (Fig. 3). Each one irrigates 

a specific brain region and although some collateral arteries can minimize the reduction 

of the blood flow by the occlusion, ischemic damage can still occur due to not all brain 

regions are covered by collateral arteries (Rusanen, Saarinen & Sillanpää 2015). 

Ischemic stroke is mainly produced in the main cerebral artery, the MCA (Fluri et al., 

2015). Occlusion of the MCA produces serious brain damage because this artery irrigate 

large regions. 

 

Figure 3. Brain arteries territory. Anterior cerebral artery (in pale blue), middle cerebral artery (in pink) and 

posterior cerebral artery (in dark blue) and their irrigated regions in the brain. Modified from Greenberg 

(2016). 

 

1.6. Pathophysiology: ischemic cascade at macro levels 

Brain is the most energy demanding body organ. More than 20% of energy 

consumption in the body occurs in the brain and most of this energy relies on oxidative 

phosphorylation process (OXPHOS) (Hossmann, 1994). When a cerebral artery is 
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occluded and blood supply is interrupted, surrounding tissue undergoes oxygen and 

nutrients deprivation (Kalogeris et al., 2012). The brain tissue affected by the occlusion 

suffers an irreversible damage that constitutes the infarct core, while the surrounding 

area where cells suffer a partial blood flow deprivation is known as penumbra area 

(Paciaroni et al., 2009). Cells in the penumbra area do not die because collateral arteries 

diminish the oxygen and nutrients deprivation but display dysfunctional activities 

(Rusanen et al., 2015). Since ischemic stroke onset to chronic phases of the disease, 

brain tissue inside and outside the infarct tissue undergoes considerable changes over 

time. One of the most relevant relies in the growth of the necrotic core tissue overtime if 

nothing is done to avoid it (Fig. 4). Because cells surrounding necrotic tissue do not suffer 

of a total deprivation and, though dysfunctional, maintain the cellular activity, it is 

considered the penumbra area as the major therapeutic target to treat ischemic stroke.  

 

Figure 4. Progression of ischemic brain damage. Taken from Dirnagl, Iadecola & Moskowitz, 1999. 

 

1.7. Pathophysiology: ischemic cascade at micro levels  

Time course of ischemic stroke can be generally divided into three clinical 

phases: acute, sub-acute and chronic (Fig. 5; Zhao and Willing, 2018). The first phase, 

the acute one is mainly characterized by the primary damage that is produced by the 

occlusion per se. The second phase, the sub-acute one is characterized by the 

secondary damage caused by neuroinflammation and apoptotic processes in the 

surrounding penumbra area. The last phase, the chronic one, is characterized by the 

presence and resolution of primary and secondary damage in addition with the beginning 

of neuroprotective responses that brain performs against ischemic stroke. Brain 

protective response including neurogenesis, angiogenesis, scar tissue formation, 

oligodendrogliogeneses, axonal sprouting and synaptogenesis (Dirnagl, Simon and 

Hallenbeck, 2003; Zhang & Chopp, 2009; Deb, Sharma & Hassan, 2010).  
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Figure 5. Ischemic stroke clinical phases from the onset to chronic stages. Acute phase also known 

as primary damage is characterized by occlusion consequences. Sub-acute phase or secondary damage is 

characterized by secondary damage derived from the occlusion process that comprise neuroinflammation 

and apoptotic processes. Chronic phase occurs weeks and months after occlusion and is characterized by 

continuing primary and secondary damage together with brain protective and regeneration responses. 

Abbreviations: OFR, Oxygen Free Radicals; COX-2, Cyclooxygenase 2; EPO, Erythropoietin; BM, Bone 

Marrow. Adapted from Dirnag, Simon & Hallenbeck, 2003. 

 

Pathophysiology of cerebral ischemia is complex; a wide variety of cellular 

processes, initiated by ischemia, have been shown to be integral for neuronal injury. At 

micro levels, each clinical phase implies different cell responses (Fig. 6). Initial ischemic 

consequences in the cell trigger accumulation of cytosolic calcium, excitatory amino 

acids (EAA) release, oxidative stress signals, reactive nitrogen species (RNS) signals 

and activation of inflammatory mediators. Reduction of oxygen and glucose at early 

stages produce an imbalance in the energy requirements and availability (neurons and 

glia). Immediately after complete oxygen and glucose deprivation, cells begin anaerobic 

metabolism which increase the metabolic acidosis because of lactate production (Yenari 

& Han, 2012). Due to ATP depletion, this process peaks in necrotic cell death by 

excitotoxicity. Cell death also happens when neurons and glia are non-capable to uptake 

synaptic glutamate (or other EAA) because energy failure. Accumulation of glutamate 

activates N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) post-synaptic receptors causing the depolarisation of 
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cellular membrane which facilitates the intracellular entry of sodium, potassium and 

calcium, promoting the biochemical cascade leading to ultimate neuronal death. 

 

Figure 6. Cellular processes derived from ischemic stroke in every clinical phase. Artery occlusion 

produces in the acute phase deprivation of oxygen and glucose in the cells which trigger several cell signals 

(anaerobic metabolism, stress signals, ion pump failure or ATP depletion among others). At sub-acute 

phase, cell alterations in the penumbra area comprise mitochondrial dysfunction, excitatory amino acid 

(EAA) release such as glutamate, infiltrating immune cell and brain blood barrier breakdown, among others. 

Chronic phase is characterized by damage consequences (apoptosis or gliosis in the penumbra) and 

neuroprotective processes such as neurogenesis, angiogenesis and synaptogenesis (modified from Yenari 

& Han, 2012). 

 

Accumulation of cytosolic calcium induce the activation of numerous enzymes as 

lipases, proteases, phospholipase C, endonucleases which affect the structural integrity 

of the cell. It also causes uncoupling of oxidative phosphorylation in mitochondria which 

leads the formation of reactive oxygen species (ROS). ROS damage the cells by 

peroxidation of lipid membrane, alteration of membrane potential, activation of pro-

apoptotic mediators and direct DNA and protein damage. Regarding the RNS, Nitric 

Oxide (NO) pathway is surely the most important ischemic event. NO is activated by 

increased intracellular calcium and its interaction with oxygen free radical superoxide 

(O2-) produce highly reactive and toxic peroxynitrite (ONOO-) which activates lipid 
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peroxidation. NO also enhances glutamate release. Finally, inflammatory mediators, 

such as pro-inflammatory cytokines release by immune cells, induce protein misfolding, 

cytoskeletal breakdown or release of reactive ROS in neurons (Campbell et al., 2019). 

Once initiate these events, pathological cell signals feed each other being almost 

impossible to stop the ischemic cell cascade. The final consequence is the cell death by 

necrosis or apoptosis although apoptosis is most often in the penumbra area where brain 

tissue suffer a partial deprivation of oxygen and nutrient (Yao et al., 2001; Onténiente et 

al., 2003; Broughton, Reutens & Sobey, 2009; Puyal, Ginet & Clarke, 2013). How the 

pathological events and brain responses are managed is fundamental for the outcome 

of the disease.  

 

1.8. Neuroinflammation 

Neuroinflammation, along with apoptosis, is the main secondary damage located 

in the sub-acute phase and could continue to chronic phases of the disease. After 

resolution of the damage cause by the arterial occlusion per se, neuroinflammation is 

the second cerebral therapeutic target. Indeed, neuroinflammation induces more brain 

damage compared with the primary lesion due to inflammation resolution require an 

extensive brain demand and time. Ischemia induces first the innate immune activation 

by neural immune cells, microglia, and by peripheral immune cells as perivascular 

macrophages and neutrophils. Because brain blood barrier (BBB) disruption and 

infiltration of peripheral immune cells hours and days after the occlusion, adaptive 

secondary immune response also occurs. Although inflammation facilitates the 

elimination of cellular debris and pathogens, it is also known that contribute to cell death 

and infarct growth (Dirnagl, Iadecola & Moskowitz, 1999). 

Due to oxygen and nutrients deprivation, BBB elements like endothelial cells, 

pericytes and astrocytes suffer ion pumps imbalance which affect to the membrane 

stability and finally produce the death of the cells (Peruzzoti-Jametti et al., 2014). 

Necrotic cells release damage-associated molecular patters (DAMPS) that initiate the 

activation of pattern recognition receptors such as Toll-like receptors (TLRs), RIG-1 like 

receptors (RLRs), NOD-like receptors (NLRs), AIM2-like receptors (ALRs) and C-type 

lectin receptors (CLRs) (Hanke & Kielian, 2011; Chamorro et al., 2012). Activation of 

pattern recognition receptors in microglia induces a downstream signalling pathways 

including the nuclear factor kappa-light-chain-enhancer (NF-κB), the mitogen-activated 

protein kinase (MAPK) and type 1 interferon (IFN-1) which in turn upregulate 

proinflammatory cytokines, chemokines and ROS that culminate in the cell death 

(Takeuchi & Akira, 2010; Kim et al., 2016). Even microglia seem to play a negative role 
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by default, its role in debris clearance and promoting axonal sprouting and regrowth is 

fundamental for the damage resolution (Ma et al., 2017).  

Peripheral immune cells also play a role in the neuroinflammation cascade initiate 

by the vascular occlusion. Infiltrating neutrophils arrive to the lesion around 4 hours 

after the occlusion and once there, these peripheral immune cells begin to produce 

proteases, cytokines, elastase, free oxygen radicals, inducible nitric oxide synthase 

(iNOS), matrix metalloproteinases (MMPs) and myeloperoxidases (MPO) (Justicia et al., 

2003; Amulic et al., 2012). The release of these elements induce excitotocixity by NO 

production and the degradation of the extracellular space that facilitate the infiltration of 

other peripheral immune cells and blood-related elements (Asahi et al., 2001; Elali et al., 

2011).  

The second immune peripheral cells which take part in the neuroinflammation 

cascade are macrophages. Macrophages play a dual role in the ischemic area due to it 

is known these cells contribute to the regeneration of the damage tissue through 

removing necrotic cell and myelin debris that is necessary for the proper inflammation 

resolution, promotion of angiogenesis, scar formation and secretion of growth factor like 

oncomodulin or neurotrophins that enhance axonal sprouting and regrowth (Dougherty 

et al., 2000; Hashimoto et al., 2005; Yin et al., 2006; Shi & Pamer, 2011; Brancato & 

Albina, 2011; Koh & DiPietro, 2011; Ma et al., 2017). However, macrophages are also 

known for releasing pro-inflammatory cytokines and toxic molecules such as tumour 

necrosis factor alpha (TNF-α) and NO that promote leukocytes recruitment and by 

producing glutamate that further induced cell death (Lewén et al., 2000; Leonoudakis et 

al., 2008; Olmos & Lladó, 2014; Roth et al., 2014).  

Later infiltration of peripheral immune cells as eosinophils, lymphocytes and 

mast cells also participate in the inflammatory response to stroke. Indeed, peripheral 

cells release adhesion molecules such as selectins which induce accumulation of 

platelets and fibrin in the ischemic territories (Marquardt et al., 2009). Because this 

accumulation, vessels persist occluded, BBB disrupted and perfusion reduced, 

enhancing infarct expansion (Ritter et al., 2009). Astrocytes become activated due to the 

immune-released cytokines and its reactivity limits accumulation and facilitate the 

removal of peripheral immune cells through the scar tissue formation (Bush et al., 1999; 

Sofroniew, 2009). With the resolution of the inflammation, glial activation like reactive 

astrocytes are allowed to restore the BBB through angiogenesis and vasculogenesis 

(Álvarez et al., 2013), initiating neurorepair and neuroprotective processes in the 

infarcted tissue.  
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2. GLIAL CELLS IN THE HOMEOSTATIC AND ISCHEMIC BRAIN 

 

Glial cells and neurons are found in a ratio of 1:1 in the brain although there are 

differences based on the neural development step and the brain region (Herculano-

Houzel, 2014). The most studied types are: microglia, oligodendrocytes and astrocytes. 

Glial cells in the central nervous system (CNS) develop heterogeneous functions under 

physiological and pathological brain conditions. In brain ischemia, glia participates in 

neuroprotective responses implemented to control and regenerate the damaged tissue. 

 

2.1. Glial role under physiological conditions 

In the non-pathological brain, glial cells are crucial for proper synapses formation 

at embryonic stages and neuronal homeostasis at adult stages including axonal 

conductance, ionic balance in the extracellular space, synapses participation, protection 

against external pathogens and metabolic support. Microglia is known for its role in the 

phagocytosis of apoptotic cells and synapses pruning during development that favour 

correct conformation of neuronal network (Tremblay et al., 2011; Kettenmann, Kirchhoff 

& Verkhratsky, 2013). In addition, microglia also play a relevant role at postnatal stages 

including its participation in the synapsis and its role as a resident immune cells of the 

brain (Wake et al., 2009; Kettenmann, Kirchhoff & Verkhratsky, 2013; Parkhurst et al., 

2013). Oligodendrocytes, in contrast, play a key role in the axonal myelination which 

facilitate neuronal inputs and thus the neuronal network (Fields, 2008; Zatorre, Fields & 

Johansen-Berg, 2012). Likewise, oligodendrocytes participate actively in the periaxonal 

ion and neurotransmitter homeostasis, as well as, provide axonal metabolic support (Du 

& Dreyfus, 2002; Yamazaki et al., 2010). Thus, oligodendrocytes can modulate action 

potential propagation in the neuronal axons (Fields, 2008). Finally, astrocytes are mainly 

characterized by its role as neuronal-supporting cells including processes involved in 

synapses, metabolic support and control of the amount of extracellular molecules to 

avoid excitotocicity. Astrocytes contact the blood vessels (BV) with their end-feet, being 

part of the BBB structure and thus obtain oxygen and nutrients that metabolize and 

supply to the neurons for the proper neuronal function (Abbott et al., 2010; Mathiisen et 

al., 2010). In addition, astrocytes play a key role in synapses by rescuing released 

neurotransmitter which can be toxic if accumulates in the extracellular space (Eulenburg 

& Gomeza, 2010; Boison, Chen & Fredholm, 2010; Zhou & Danbolt, 2013). Thus, 

astrocytes and other glial cells develop a crucial role in the physiological brain through 

supporting and modulating vital neuronal activities.  
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2.2. Glial role under ischemic conditions 

Under pathological conditions, such as ischemic stroke, glial cells become 

reactive and respond to the injury (for a review, see Verkhratsky et al., 2014). In the 

ischemic stroke, even glial activation occurs early after occlusion, their main action 

become relevant at chronic stages of the disease (Dirnagl, Simon and Hallenbeck, 2003; 

Zhang & Chopp, 2009; Deb, Sharma & Hassan, 2010). Astrocytes and oligodendrocytes 

play a crucial role in the recovery of the ischemic tissue (Giaume et al., 2007; Burda & 

Sofroniew, 2014) whereas microglia play a relevant role in the neuroinflammation 

cascade at sub-acute phases and its function at later stages is mainly focused to the 

proper resolution of the neuroinflammation as described above (Ma et al., 2017; Qin et 

al., 2019). At later stages, glial response is context-dependant since injury state 

determines the phenotype of reactive glial cells. In this part, we discuss the glial role from 

onset to chronic phases of the vascular disease.  

 

2.2.1. Microglia role in the ischemic lesion 

Even the dual role of microglial cells in the onset of the disease described above 

in the 1.8 section, microglia play an essential role at later stages when neuroprotective 

and neurorepair processes occur. In addition to the role in the inflammation resolution, 

microglia promote synapses formation and neuronal viability in the penumbra area 

through complement system activation (Ahmad et al., 2019). Depletion of microglia has 

found to be detrimental for the proper damage resolution causing exacerbated infarct 

volume, brain swelling, and neurological deficit (Lalancette-Hébert et al., 2007; Jin et al., 

2017). Understanding how microglia swift from toxic to protective phenotype in the 

ischemic stroke is one of the most current trending topics in the field.  

 

2.2.2. Oligodendrocytes role in the ischemic lesion 

Regarding oligodendrocytes, lesion size and how resolution has been managed 

is instrumental to determine what kind of role oligodendrocytes will develop. In the lesion 

area, oligodendrocytes die contributing to the excitotoxicity and remyelinization of living 

neuronal axons is inhibited (Dewar, Underhill & Goldberg, 2003; Arai & Lo, 2009; Bakiri 

et al., 2009). Although oligodendrocytes is reported to contribute to neuroprotective 

processes (Mandai et al., 1997; Tanaka et al., 2003), their role in enhancing neuronal 

survival in the penumbra area through promoting axonal conductance fail by high toxic 

molecules released in the extracellular space (Franklin & Ffrench-Constant, 2008; 
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McTigue & Tripathi, 2008; Zhang et al., 2013). It is not until total elimination of excitotoxic 

molecules by removing myelin debris and necrotic cells when oligodendrocytes 

precursor cells (OPC) arrive to the lesion, proliferate and differentiate into immature 

oligodendrocytes in order to replace dead oligodendrocytes in the lesion and in an effort 

to restore the conductance of living neuron axons (Nait-Oumesmar et al., 2008; 

Tepavčević et al., 2011). However, neurons in the ischemic area at later stages usually 

die by the adverse environment and oligodendrocytes are not able to restore axonal 

viability in a greater extend, producing neurodegenerative diseases like Wallerian 

degeneration (Dirnagl, Iadecola & Moskowitz, 1999). 

 

2.2.3. Astrocytes role in the ischemic lesion 

Astrocytes play a pivotal role in the physiological CNS and become reactive in 

response to injury. The activation state of reactive astrocyte changes according to the 

nature and severity of the insult, showing from alterations in molecular expression or 

progressive cellular hypertrophy to, in severe cases, proliferation and scar formation 

(Sofroniew, 2009). Astrocytes sense released toxic molecules and begin to express a 

wide range of genes involve in the activation state such as glial fibrillary acidic protein 

(GFAP), vimentin and nestin (Pekny & Nilsson, 2005; Burda & Sofroniew, 2014), which 

result in the appearance of multiple reactive phenotypes. In the ischemic stroke, as 

severe injury, astrocytes acquire an extremely reactive phenotype in the lesion core that 

contribute to beneficial and detrimental actions in the development of the disease. In the 

penumbra area, astrocytes adopt a hypertrophy morphology that help them to sense 

toxic molecules.  

Based on lesion size and location of astrocytes, they develop a biphasic function 

in the ischemic brain. As a response to ischemic stroke, astrocytes adopt an extremely 

hypertrophic morphology and proliferation (Sofroniew, 2009). In the core of the lesion 

and early stages of the disease, astrocytes promote BBB and Extracellular matrix (ECM) 

disruption by releasing molecules such as MMPs (Zhao et al., 2006; Candelario-Jalil, 

Yang & Rosenberg, 2009), lactate (Yenari & Han, 2012) and by retracting end-feet from 

BV (Dodson et al., 1977; Swanson, Ying & Kauppinen, 2004). This BBB disruption induce 

a delay in restoration of the vascular system and contribute to vascular extravasation of 

blood-related elements like peripheral immune cells and exacerbation of the 

inflammation cascade (Buffo, Rolando & Ceruti, 2010; Burda & Sofroniew, 2014). Even 

though, the most reliable pathological event by reactive astrocytes is the formation of the 

glial scar in the perilesional area that inhibit axonal sprouting and regrowth, inhibiting the 

repair of the damage tissue (Schwab, Kapfhammer & Bandtlow, 1993; Frisén, 1997). 
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Negative role of astrocytes seem to be restricted to the high toxic core area and early 

stages of the disease. Likewise, astrocytes hypertrophy, the increase in proliferation and 

up-regulation of different genes must be directed to promote brain repair (Sofroniew, 

2014). 

In the penumbra area or later stages of the disease, astrocytes display a positive 

role when astrogliogenesis is moderated or well-resolved. In this case, astrocytes help 

in removing extracellular toxic molecules such as calcium or glutamate (Ottersen et al., 

1996; Danbolt, 2001; Phillis & O´Regan, 2004), support neurons of energy through 

glycolytic metabolism (Brown, 2004), restore BBB by vascular endothelial growth factor 

(VEGF) release (Argaw et al., 2009; Williamson et al., 2021), promote OPC recruitment, 

proliferation and differentiation (Williams, Piaton & Lubetzki, 2007), modulate microglia 

function (Hauwel et al., 2005), promote glial scar formation to limit injury from healthy 

tissue (Pekny et al., 1999; Bush et al., 1999; Faulkner et al., 2004), ECM remodelling at 

later stages (Buffo, Rolando & Ceruti, 2010) and overall, improve the outcome of the 

disease. Indeed, deletion of reactive astrocytes in the damaged area after ischemic 

stroke induced a huge increase of cell death and demyelination promoting a worse 

recovery of the tissue damage (Pekny et al., 1999; Bush et al., 1999; Faulkner et al., 

2004; Li et al., 2008; Wanner et al., 2013). Using a transgenic mice approach to reduce 

the nestin and vimentin expression which are necessary for astrocytes activation, Pekny 

et al. (1999) shown reactive astrocytes ablation induced an increase of the damage 

tissue. Moreover, ablation of proliferation in reactive local astrocytes induces a worse 

performance of behavioural function and limits restoration of blood flow after cortical 

infarct (Willianson et al., 2021). Therefore, reactive astrocyte phenotypes, according to 

the ischemic phase and their location respect to the injury, may be a potential therapeutic 

target to prevent neural detrimental responses against to the ischemic insult.  

As mentioned before, astrocytes are responsible of the glial scar formation in an 

ultimate state (Fig. 7). Scar tissue is composed by platelet, fibrins and peripheral immune 

cells in the core of the lesion, and by reactive astrocytes in the penumbra area that 

become fibrotic and create a physical wall to divide damaged and healthy tissue 

(Sofroniew, 2009). Besides glial scarring and tissue remodelling are necessary for 

diminishing brain damage sealing off the damaged area, preventing microbial infections 

and limiting infiltration of peripheral immune cells and blood-related elements (Bush et 

al., 1999; Faulkner et al., 2004; Anderson et al., 2016), glial scar becomes detrimental 

at later stages because inhibit the regrowth of axons in the ischemic region (Yi & He, 

2006; Lo, 2008). This incident can explain why patient develop delayed cognitive 

impairment after stroke (Brainin et al., 2015). However, ablation of glial scar at early 
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stages induced a huge increase of the ischemic damage. Genetic silence of pentraxin-3 

(PTX-3), a key element in the glial scar formation, shown BBB damage and an increase 

edema due to the impairment of astrogliosis response (Rodríguez-Grande et al., 2014). 

Likewise, Benner et al. (2013), who deleted the expression of a key regulator of glial 

scarring, observed an increase of the edema volume in their transgenic mice. In spinal 

cord injury, ablation of STAT3 signals induced a glial scar malformation that drive to 

worse outcome of the disease (Barnabé-Heider et al., 2010; Anderson et al., 2016). 

Understanding why glial scar is not proper degraded after core resolution like in the 

spinal cord injury (Frisén, 2016; Anderson et al., 2016) is instrumental to improve repair 

and regenerative brain actions.  

 

Figure 7. Astrocytes activation and glial scar formation following brain injury. GFAP staining in the 

healthy tissue (a), moderate astrogliosis (b) or severe astrogliosis (c). Taken from Sofroniew (2009). 

 

3. ADULT NEUROGENIC NICHE: THE SUBVENTRICULAR ZONE 

 

Another neuroprotective response against ischemic stroke involves adult Neural 

Stem Cells (NSC) which participate in the progression of the disease. Here, we focus in 

the Subventricular Zone (SVZ), one of the main neurogenic niche in the adult mice brain.   

Stem cells are commonly found in the body tissue although their existence in the 

brain remained far unknown until the mid-60s decade (Altman, 1962; Altman & Gas, 

1965). In the developing of CNS, neuroepithelial cells located in the neural tube begin to 

proliferate and expand, later producing the embryonic neural progenitor cells known as 

radial glial cells (RGC) (Taverna et al., 2014). RGC also proliferate and produce new-

born neurons that migrate toward the pial surface. Therefore, neurogenesis occurs 

mainly at embryonic stages where RGC are highly found and create most adult neurons, 

acting as a guiding scaffolds to help new-born neurons to arrive at their final location (for 

review, see Borrell & Götz, 2014). Later on, at postnatal stages, RGC derive into NSC 
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that persist in discrete areas of the adult brain and retain neurogenic capacity throughout 

life (Tramontin et al., 2003; Merkle et al., 2004; Ming & Song, 2011). Among these 

remaining neurogenic niches, SVZ is the largest germinal area in the adult mice brain 

(Mirzadeh et al., 2008) which is located along the walls of the lateral ventricle. Another 

main neurogenic niche is the dentate gyrus of the hippocampus (Álvarez-Buylla & 

García-Verdugo., 2002). Adult NSC from SVZ are undifferentiated precursor cells 

derived from the embryonic RGC which retain the stemness capacity through self-

renewal, proliferation and differentiation processes, described the last as the capacity to 

give rise to both neuronal and glial lineages (Shi et al., 2008).  

 

Figure 8. Subventricular zone 

location and architecture. SVZ 

niche in the whole brain (a). 

Coronal view of SVZ lining lateral 

ventricles (b). NSC types in the 

SVZ: ependymal cells in gray, 

quiescent NSC (qNSC) in dark 

blue, active NSC (aNSC) in pale 

blue, transient amplifying cells in 

green and neuroblast in red (c). 

Taken from Chaker, Codega & 

Doetsch (2016). 

 

Unlike dentate gyrus, NSC in the SVZ harbour a potential capacity to migrate 

long distance via the rostral migratory stream (RMS) toward the olfactory bulb (OB) 

where neurogenesis occurs (Fig. 8; Johansson et al., 1999). Gliogenesis and 

oligodendrogenesis from SVZ stem cells also happen at adult stages (Luskin & 

McDermott, 1994; Menn et al., 2006; Ortega et al., 2013; Sohn et al., 2015). NSC 

comprise several population or phases that are generally classified into quiescent NSC 

or type B1 cells, transient amplifying cells (TAC) or type C and neuroblast or type A cells 

(Fig. 8; Doetsch, García-Verdugo & Álvarez-Buylla, 1997; Ihrie et al., 2011). Quiescent 

NSC or Type B1 cells become activated and give rise to neuroblasts (type A cells) 

through quickly proliferating TAC or type C cells. Neuroblasts migrate attached to glial 

chains and constitute the RMS. After arriving to the OB, neuroblasts differentiate into 

different types of OB interneurons base on their SVZ location and NSC population 

(Merkle et al., 2014; Fiorelli et al., 2015). Once in the OB, neuroblasts change their 

tangentially migration and begin to migrate radially until their final location in the OB 

layer, integrating in the pre-existing neuronal network (Luskin, 1998; Petreanu & Álvarez-
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Buylla, 2002; Imayoshi et al., 2008). NSC express different markers according to their 

undifferentiated or differentiated stage (Fig. 9) what make a challenge to track NSC in 

their travel since the SVZ to the OB.  

 

Figure 9. NSC markers from undifferentiated to differentiated stages. Taken from Codega et al. (2014). 

 

Quiescent NSC produce more than 10.000 immature interneurons from TAC 

(Doetsch et al., 1999). TAC can divide three or four time before differentiating into 

neuroblasts, thus, TAC expand the number of young neurons that travel to the OB (Ponti 

et al., 2013). However, even neurogenesis occurs in the adult brain every day, NSC pool 

remain at adult stages because of self-renewal capacity. Self-renewal, the gold features 

of NSC, can be described as the process to produce more undifferentiated NSC and 

retain the stemness feature through asymmetric division. When a stem cell enter in the 

cell cycle originate two daughter cells. In the symmetric division, both daughter cells 

receive the same factors whereas in the asymmetric division, one daughter cell receive 

RNAs, proteins and other molecules that maintain the undifferentiated program and the 

other cell receive lineage commitment factors (Obernier et al., 2018). Thus, NSC remain 

in the SVZ and avoid the exhaustion of the neurogenic pool. 

 

3.1. Local and long distance niche signals are key regulators of NSC behaviour 

Several elements in the SVZ niche are involved in NSC maintenance, 

proliferation and differentiation. Quiescent NSC display a particular morphology and 

localization in the SVZ, touching on one hand BV and on the other the lateral ventricle 
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through a small apical cilium that conform together with ependymal cells the pinwheel 

structure (Mirzadeh et al., 2008; Ihrie et al., 2011). In addition to the special cell shape, 

quiescent NSC display features like low levels of oxygen, between 2-5%, that drive to a 

glycolytic metabolism (Zheng et al., 2016) and subsequently, to the accumulation of 

molecules such as ROS, hypoxia inducible factor-1 alpha (HIF1α) and Transforming 

growth factor alpha and beta (TGFα and β) at physiological conditions (Tropepe et al., 

1997; Guerra-Crespo et al., 2009; Pavlica et al., 2012; Dias et al., 2014; Li et al., 2014; 

Zheng et al., 2016). Indeed, hypoxic stimuli promotes NSC self-renewal through VEGF 

and erythropoietin (EPO) production induced by HIF1α pathway (Pavlica et al., 2012; Li 

et al., 2014). Also ROS accumulation is observed to trigger self-renewal and 

neurogenesis (Le Belle et al., 2011). In addition to their own homeostasis, quiescent 

NSC maintenance is regulated by local and long-distance stimuli (Fig. 10). Among local 

regulators, signals from neighbouring cells (NSC, ependymal cells, microglia and 

astrocytes), from BV and endothelial cells, and finally, from cerebrospinal fluid (CSF) and 

Choroid Plexus (CP), influence NSC behaviour. Regarding long distance regulators, SVZ 

NSC sense neurotransmitter from multiple neuronal types from distance brain regions.  

Local regulators control the quiescence of NSC by releasing neurotransmitters, 

trophic factors, calcium waves, and other mechanisms. Local cells and NSC themselves 

stimulate each other because their close anatomical location in the SVZ. Because SVZ 

niche displays a unique extracellular space, the cell-cell contact and signalling is easy to 

perform. All efforts in the physiological SVZ point to preserve stemness capacity avoiding 

exhaustion of quiescent NSC. Autocrine regulators of NSC comprise TGF α and β 

(Guerra-Crespo et al., 2009; Dias et al., 2014), amphyregulin, fibroblast growth factor-2 

(FGF-2), endothelin-1 (Adams et al., 2020), insulin-like growth factor 2 (IGF2), leukemia 

inhibitory factor (LIF), ciliary neurotrophic factor (CNTF) and transglutaminase 2 promote 

proliferation (Mercier & Douet, 2014; Marques et al., 2011; Emsley & Hagg, 2003; Lee 

et al., 2013; Kjell et al., 2020) whereas sphingosine-1-phosphate (S1P) or prostaglandin 

D2 (PGD2) maintain quiescence (Codega et al., 2014; Chaker, Codega & Doetsch, 

2016).  

Neuroblasts in the SVZ inhibit NSC proliferation and differentiation via GABA 

inhibition and maintain NSC in a dormant state (Liu et al., 2005; Fernando et al., 2011). 

Also, other local SVZ cells such as microglia and astrocytes also play a role in NSC 

maintenance. Microglia display a different shape in the SVZ neurogenic niche and its 

processes can contact CSF (Sirerol-Piquer et al., 2019). One of its main function is to 

maintain niche homeostasis through removing apoptotic cells derived from dividing cells 

(Sierra et al., 2010). Activated microglia inhibit neurogenesis (Sierra et al., 2014) and 
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favour gliogenesis via tumor necrosis factor-α (TNFα) (Carpentier & Palmer, 2009). 

However, when exposed to interleukin-4 (IL4) and interferon-γ (IFNγ), microglia secrete 

insulin-like growth factor 1 (IGF1) and promote neural differentiation of NSC (Butovsky 

et al., 2006). SVZ astrocytes also modulate NSC proliferation through ATP release (Cao 

et al., 2013) whereas Wnt3, neurogenesin-1 (NG1), thrombospondin-1 (Thbs1), 

interleukin-β (IL1β) and interleukin-6 (IL6) promote neuronal differentiation (Ueki et al., 

2003; Lie et al., 2005; Barkho et al., 2006; Lu & Kipnis, 2010). Moreover, local 

acetylcholinergic neurons avoid activation of quiescent NSC (Paez-Gonzalez et al., 

2014). 

 

Figure 10. Local and long distance signals modulate SVZ neurogenic niche homeostasis. NSC 

regulators are cell-cell contacts themselves, microglia, astrocytes, ependymal and endothelial cells, vascular 

niche, ECM elements such as fractones, cerebrospinal fluid (CSF) and Choroid Plexus (CP) signals and 

local and long-range neuronal innervation (DA: Dopamine; 5-HT: Serotonine; Glut: Glutamine; GABA: 

gamma-Aminobutyric acid). Quiescent NSC (type B1 cells), TAC (type C cells) and neuroblasts (type A 

cells). Modified from Obernier & Álvarez-Buylla (2019). 

 

In addition to local cells, quiescent NSC are in close contact with the vascular 

SVZ structures (vascular niche) and receive blood and endothelial cell-released 

molecules such as prolactin (Shingo et al., 2003), growth differentiation factor 11 
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(GDF11), bone morphogenetic protein 11 (BMP11) (Katsimpardi et al., 2014), 

betacellulin (BTC), neurotrophin 3 (NT3), pigment epithelium-derived factor (PEDF) 

(Gómez-Gaviro et al., 2012; Andreu-Agulló et al., 2009; Delgado et al., 2014) and Notch 

ligand Jagged 1, Jagged 2 and Delta-like 4 (Gaiano & Fishell, 2002; Shen et al., 2004; 

Androutsellis-Theotokis et al., 2010; Butti et al., 2014) that preserve self-renewal and 

neurogenesis homeostasis. However, other blood-derived molecules such as VEGF 

promote angiogenesis and neurogenesis (Jin et al., 2002; Cao et al., 2004; Udo et al., 

2008; Ruiz de Almodovar et al., 2009) whereas stromal cell-derived factor 1 (SDF1) 

stimulate motility of quiescent NSC, TAC and neuroblasts (Kokovay et al., 2010). Blood 

molecules contact quiescent NSC also through small structures called fractones 

(Obernier et al., 2018; Mercier et al., 2002). ECM displays a unique SVZ environment 

composed by fractones which are projections of vascular basement membranes and are 

mainly composed by laminin, collagen IV, nidogen, heparan sulphates, perlecan and 

proteoglycans (Gattazo et al., 2014; Ottoboni et al., 2017). These ECM elements are 

fundamental for neurogenic pool maintenance because play a key role promoting 

quiescence (Kjell et al., 2020) or enhancing physiological activation by sequestering, 

concentrating and presenting release molecules (Kerever et al., 2007). 

Finally, CSF and CP influence quiescent NSC activity through ependymal cells 

release molecules (Lim et al., 2000; Siegenthaler et al., 2009; Petrik et al., 2018). Also, 

quiescent NSC contact directly the CSF and sense morphogens such as FGF2, IGF2, 

Wnt and Sonic Hedgehog (SHH) (Corbit et al., 2005; Rohatgi et al., 2007; Breunig et al., 

2008; Ihrie et al., 2011; Lehtinen and Walsh, 2011). CSF itself can induce changes via 

mechano-sensing signalling such as calcium waves, promoting proliferation and 

differentiation (Arulmoli et al., 2015; Jagielska et al., 2017; Petrik et al., 2018). 

Ependymal cells themselves can modulate NSC quiescence via noggin release (Lim et 

al., 2000). Noggin is an antagonist of BMP4 of which act in the quiescent NSC and inhibit 

cell proliferation and favours glial differentiation (Lim et al., 2000; Mercier & Douet, 2014). 

Far regulators include innervation of distant neurons. NSC from SVZ receive 

glutamatergic and GABAergic terminals from striatal neurons that promote survival and 

proliferation of neuroblasts (Song et al., 2017) and maintenance stemness (Young et al., 

2012) respectively. Serotoninergic projection from dorsal raphe nucleus innerve the 

dense network of supraependymal axons and contact directly with the apical processes 

of quiescent NSC enhancing proliferation (Brezun and Daszuta, 1999; Tong et al., 2014). 

Dopaminergic neurons also send terminals to SVZ where dopamine neurotransmitter 

induce NSC activation (Kippin et al., 2005; Kim et al., 2010) or NSC homeostasis 

(Höglinger et al., 2004; Baker et al., 2004; Lennington et al., 2011). Finally, 
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propiomelanocortin signals, a hormone precursor, released by hypothalamic neurons 

promote NSC proliferation in the antero-ventral SVZ and link neurogenesis with 

neuroendocrine function (Paul et al., 2017).  

External unmodified factors such as aging, gender, genes and diseases influence 

NSC homeostasis, proliferation and differentiation throughout life (Maslow et al., 2004; 

Luo et al., 2006; Shook et al., 2012; Capilla-Gonzalez et al., 2014). Indeed, aging 

induces a decrease in the number of NSC, an increase of cell senescence, loss of SVZ 

niche integrity, defects in cell-cell contacts and signalling and an alteration in NSC 

metabolism (Oh et al., 2014). Main consequences of aging is NSC exhaustion and 

subsequently reduction of neuroblasts population (Kerever et al., 2015). Causes 

included increase of aged-related genes that drive the accumulation of damaged DNA 

(Bailey et al., 2004); metabolic changes which prevent the swift from glycolytic to 

mitochondrial respiration, a requisite for NSC activation (Rabie et al., 2011; Chaker et 

al., 2015); and accumulation of toxic molecules that contribute to a low-grade of 

inflammation in aging (Franceschi & Campisi, 2014) which reduce neurogenesis,  

neuroplasticity and cause cognitive decline in aging (Villeda et al., 2011; Kerever et al., 

2015; Wyss-Coray, 2016).  

 

3.2. Regional heterogeneity in the SVZ 

NSC derive from embryonic RGC, inherit their regional signature (Fuentealba et 

al., 2015) and formed a heterogeneous population that, based on their rostro-caudal and 

ventro-dorsal location, generate different type of OB interneurons (Fig. 11; for a review, 

see Chaker, Codega & Doetsch, 2016). Transcription factors that characterize 

embryonic RGC are also expressed by inherited adult NSC. Pallial markers such as 

Emx1 (Young et al., 2007; Llorens-Bobadilla et al., 2015), Pax6 (Kohwi et al., 2005; Hack 

et al., 2005; López-Juárez et al., 2013; Llorens-Bobadilla et al., 2015), Tbr2 (Brill et al., 

2009), Neurog2 (Brill et al., 2009; Winpenny et al., 2011; Llorens-Bobadilla et al., 2015) 

or Sp8 (López-Juárez et al., 2013) are expressed in the adult dorsal regions whereas in 

the subpallium, lateral ganglionic eminences (LGE) and medial ganglionic eminence 

(MGE), transcription factors such as Dlx1/2/5 (Azim et al., 2012), Gsx1/2 (López-Juárez 

et al., 2013) and Nkx2.1 (Merkle et al., 2014; Delgado & Lim, 2015; Llorens-Bobadilla et 

al., 2015), Nkx6.2 (Merkle et al., 2014; Llorens-Bobadilla et al., 2015), Gli1 (Merkle et al., 

2014) are expressed in lateral and ventral SVZ regions. Finally, zinc is expressed in the 

septal wall and its expression persists in the adult medial SVZ (Merkle et al., 2014).  
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Different endogenous regulators in the adult SVZ also differ their presence along 

rostro-caudal and ventro-dorsal location. For example, wingless (Wnt) is expressed 

dorsally (Ortega et al., 2013; Azim et al., 2014) while SHH is ventrally expressed (Ihrie 

et al., 2011) even though recent report suggest mixed-lineage leukemia 1 (Mll1) and not 

SHH maintains Nkx2.1 expression in the ventral NSC (Delgado et al., 2021). Others 

transcriptional factors expressed from embryonic stages also determine cell fate of NSC. 

In addition, CSF flow and ependymal cells regulate cell fate of new-born interneurons. 

Ependymal cells which are known to modulate BMP signalling (Colak et al., 2008; Falcao 

et al., 2012) are denser and mature more rapidly in the medial and the dorsal SVZ 

(Spassky et al., 2005) determining the cell fate of these regions. Limitation of Wnt signals 

in dorsal SVZ is also restricted by mature oligodendrocytes located in the corpus 

callosum (Ortega et al., 2013). CSF flow, which is higher in the lateral wall of the 

ventricles, also defines new-born neurons fate through limiting Wnt signal in the lateral 

SVZ (Azim et al., 2014). Finally, cell cycle defines cell type production in the OB and their 

location as well (Ponti et al., 2013).  

 

Figure 11. Topographic characterization of NSC and their cell fate in the OB layers based on their 

SVZ location. Taken from Chaker, Codega & Doetsch (2016).  

 

Topographic characterization of the SVZ shows that specific NSC populations 

present a pre-establish neural program that control final post-mitotic cell type in the OB 

(Merkle et al., 2014; Fiorelli et al., 2015; Delgado et al., 2021). Calretinin periglomerular 

cells, superficial granular cells, tyrosine hydroxylase positive periglomerular cells and a 

small number of glutamatergic juxtaglomerular cells are preferentially generated in 

medial and dorsal SVZ (Merkle et al., 2007; Young et al., 2007; Brill et al., 2009; 

Fernando et al., 2011; de Chevigny et al., 2012) whereas calbindin positive 
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periglomerular cells and deep granular cells are mainly generated from ventral and 

lateral SVZ (Merkle et al., 2007; Young et al., 2007).  In summary, periglomerular cells 

and dopamine periglomerular neurons are produced from dorsal regions whereas ventral 

NSC derive into deep granular interneurons (Cebrián-Silla et al., 2021). Ultra-

specialization of SVZ niche suggests a large variety of NSC and a “cellular program” that 

determines the NSC fate under physiologic. 

 

4. SUBVENTRICULAR ZONE RESPONSE TO ISCHEMIC STROKE  

 

As a part of regenerative processes started after ischemic stroke, NSC become 

reactive and respond to injury. NSC from SVZ harbour the capacity to migrate long 

distance and after a sudden vascular occlusion, migrate toward the damaged area. SVZ 

response to injury take place in three phases: activation, migration of NSC-derived cells 

and their integration or role in the ischemic zone (Fig. 12). NSC become activated and 

proliferate in response to brain stroke at early stages of the disease (Jin et al., 2001; 

Zhang et al., 2001; Li et al., 2001; Parent et al., 2002; Zhang et al., 2004; Tonchev et al., 

2005). Next, NSC differentiate and leave the SVZ. NSC-derived cells travel long-

distances attracted by chemokines, cytokines and other ischemic-related molecules 

created by immune cells, fibroblasts, stromal cells and local cells in the lesion core (Jin 

et al., 2001; Arvidsson et al., 2002;  Parent et al., 2002; Zhang et al., 2001, 2004; 

Yamashita et al., 2006; Benner et al., 2013). Migration step takes some days or weeks 

after occlusion and it is not until several weeks or months that NSC-derived cells arrived 

to the injury and perform their role. Once there, NSC-derived cells display different 

functions including neuron repopulation (Yamashita et al., 2006; Kolb et al., 2007), 

removal of toxic molecules via glial scar formation or sequestation them to diminish the 

excitotoxic environment (Pekny et al., 1999; Benner et al., 2013; Faiz et al., 2015).  

Once in the lesion, NSC-derived cells are modulated by ischemic-related 

elements such as excitotoxicity (Yao et al., 2001; Onténiente et al., 2003; Broughton et 

al., 2009; Puyal et al., 2013), blood-derived elements such as fibrinogen (Pous et al., 

2020) or infiltrating immune cells (Imitola et al., 2004; Gordon, McGregor & Connor, 

2009). In addition, ischemic-related elements also influence NSC in the SVZ. Ischemic 

stroke increase SVZ vascular permeability allowing NSC to sense blood-derived 

molecules that later influence NSC-derived cells behaviour in the ischemic area (Young 

et al., 2012; Zhang et al., 2014).  

Four different SVZ responses are described to take place in the ischemic stroke: 

neuroblasts change their physiological stream path toward infarcted areas (Zhang et al., 
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2001; Ardvisson et al., 2002; Parent et al., 2002; Zhang et al., 2004; Yamashita et al., 

2006; Thored et al., 2007; Kolb et al., 2007; Zhang et al., 2014), NSC proliferate and 

differentiate into astrocytes that migrate to the lesion (Li et al., 2010; Young et al., 2012; 

Benner et al., 2013; Laug et al., 2019) NSC themselves migrate to the injury and once 

there differentiate in both neuronal and glial lineage (Liu et al., 2007; Faiz et al., 2015; 

Pous et al., 2020) and finally, due to the exhaustion of NSC pool, ependymal cells behave 

like progenitor cells, differentiate into new-born neurons and migrate to the damaged 

area (Carlen et al., 2009).  

 

Figure 12. SVZ response and NSC activation to the ischemic lesion. Neurogenesis (in red) and 

astrogliogenesis (in purple). SVZ response can be classify in three different phases: activation, migration 

and integration. Modified from Gregoire et al (2015).  

 

Neurogenesis is the most studied SVZ response because migrating neuroblasts 

can repopulate the lost area and make possible to revert the damage caused by the 

occlusion. However, even many reports show immature neurons arrive to the injury, they 

fail in achieving the repopulation of the lost area (Arvidsson et al: 2002; Yamashita et al., 

2006; Magnusson et al., 2014). One possible reason is the high toxic environment and 

other ischemic-related elements not well understood at later stages that could inhibit the 

neuronal replacement. Relevant publications are summarized in Annex 1 section. 

Despite this fact, other protective events related with the NSC-generated 

astrocytes take place in the ischemic area and can determine the survival of these new-
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born neurons or can themselves work as a neurogenic source through internal 

reprogramming from glial to neuronal lineage (Faiz et al., 2015; Chen et al., 2018). 

Astrocytes production is not only important for supporting new-born neurons but also 

play another major function, the formation and remodelling of the glial scar.  

As mentioned before, local proliferating astrocytes are not the only source of 

astrocytes in the ischemic region because NSC can also produce astrocytes which take 

part in the glia response to the ischemic stroke (Li et al., 2010; Young et al., 2012; Benner 

et al., 2013; Faiz et al., 2015; Laug et al., 2019; Pous et al., 2020). However, astrocytes 

production by NSC is an event far unknown. Benner et al., (2013) shown astrocytes 

derived from SVZ cells are essential for the proper formation of the glial scar. Using a 

transgenic mice approach to knock out astrocytes derived from NSC, Benner et al (2013) 

found that these animals shown an increase in the edema volume and infarct size 

causing a worse progression of ischemic lesion and mice deficits. Moreover, in other 

meticulous transgenic work, authors shown that SVZ mainly produce astrocytes in 

response to chemical focal lesion in the cortex which are necessary for the proper 

resolution of the disease (Faiz et al, 2015). Revealing the role of SVZ-derived astrocytes 

is instrumental for understanding the neuroprotective responses against brain ischemia.  

However, one limiting element is how to distinguish between local and SVZ-

derived astrocytes due to both populations share almost all their markers. A decade ago, 

researchers found a specific marker to identify astrocytes derived from NSC in the SVZ, 

the Thrombospondin 4 (Beckervordersandforth et al., 2010; Benner et al., 2013; Girard 

et al., 2014; Llorens-Bobadilla et al., 2015; Basak et al., 2018; Mizrak et al., 2019; Kjell 

et al., 2020; Cebrian-Silla et al., 2021). In this study, we characterize the astrocyte 

generation from NSC after ischemic stroke via Thrombospondin 4 expression.  

 

5. THROMBOSPONDIN 4: A MATRICELLULAR GLYCOPROTEIN  

 

Thrombospondin 4 (Thbs4) is a matricellular glycoprotein which takes part in the 

brain ECM (Lawler et al., 1995). Thbs4 is a homo-pentamer from the Thrombospondin 

family (Fig. 13) and unlike its sibling Thrombospondin 1 and Thrombospondin 2 that play 

a role in the synapses (Christopherson et al., 2005), Thbs4 is low expressed in the brain 

and its function remains further unknown. In the peripheral tissue, Thbs4 expression is 

related to muscle cells of the heart where participate in calcium waves regulation (Lawler 

et al., 1995; Vanhoutte et al., 2016). Thbs4 domain is cleaved in the endoplasmic 

reticulum and link with activating transcription factor 6a (Atf6a) in the Golgi organelle, 
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thus, Thbs4 modulate intracellular calcium reservoir (Lynch et al., 2012; Brody et al., 

2016). Thbs4 also seem to play a role in cancer development (Shi et al., 2021; Chou et 

al., 2021) by TGF-β-induced angiogenesis (Muppala et al., 2017). However, its function 

in the brain remain poorly understand. 

  

Figure 13. Thrombospondin 4 domains and extra-intracellular location of the homo-pentamer form. 

Hyaluonic acid is representated in pink. Taken from Stenina-Adognravi & Plow (2019). 

 

Recent reports demonstrated that Thbs4 expression is mainly restricted to the 

SVZ niche including RMS (Girard et al., 2014; Llorens-Bobadilla et al., 2015; Kjell et al., 

2020). A decade ago, Thbs4 expression was described in the SVZ and as specific 

marker for this niche (Beckervordersandforth et al., 2010). Since then, even more studies 

focused in Thbs4 expression in the SVZ because its role in the NSC maintenance and 

its rectricted expression in this germinal niche (Codega et al., 2014; Llorens-Bobadilla et 

al., 2015; Basak et al., 2018; Mizrak et al., 2019; Kjell et al., 2020; Cebrían-Silla et al., 

2021). Most reports observed that Thbs4 expression is extremely related to quiescent 

NSC (Codega et al., 2014; Llorens-Bodadilla et al., 2015; Cebrían-Silla et al., 2021) 

although its expression is also observed in other NSC (Basak et al., 2018; Mizrak et al., 

2019; Nam & Capecchi, 2020). Few publications reported the expression of Thbs4 by 

active NSC (Mizrak et al., 2019; Nam & Capecchi, 2020). Basak et al (2018) observed 

that specific SVZ cells expressed Thbs4 and also presented genes related with a primed 

state of NSC. Primed NSC are understood as NSC with a pre-establish program to 

respond to external harmful stimulus. Indeed, SVZ-derived astrocytes in the ischemic 

tissue differ from local reactive astrocytes because express the Thbs4 glycoprotein 

(Benner et al., 2013; Laug et al., 2019; Zhao et al., 2020; Pou et al., 2020). Several works 

showed the astrocytes production from SVZ in response to ischemic stroke using Thbs4 
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marker and result as a specific tag to identify NSC-derived astrocytes (Benner et al., 

2013; Laug et al., 2019; Zhao et al., 2020; Pous et al., 2020).  

 

6. EXTRACELLULAR MATRIX UNDER PHYSIOLOGICAL AND ISCHEMIC 

CONDITIONS 

 

6.1. Extracellular Matrix in the physiological brain 

ECM in the brain constitutes around 20% of a unique three-dimensional cell 

environment that surround neural cells and contribute to the features of the cerebral 

tissue (van Harreveld, Crowell & Malhotra, 1965; Nicholson & Hrabětová, 2017). Long 

polysaccharide chains called glycosaminoglycans (CAG), which are the backbone of the 

extracellular space, form the basis of the brain ECM. Brain presents a special ECM 

conformation, with a single non-sulphated CAG backbone structure, the hyaluronic acid 

(HA) (Preston & Shermann, 2011). This sugar is the main component of the brain ECM 

and its regulation by other ECM-related elements is what define its role in physiological 

and pathological processes (Fawcett et al., 1999). ECM is formed by different elements 

which attach to HA chain and are called “matrisome”. The rest of ECM elements are 

proteins decorated with CAG chains with different disaccharides composition like 

chondroitin sulphate, dermatan sulphate, heparan sulphate and keratan sulphate. These 

attach covalently to a core protein forming the proteoglycan, which links to HA and form 

the matrix network that occupies the extracellular space (Nicholson & Hrabětová, 2017). 

Among them, chondroitin sulphate proteoglycans (CSPGs) are the major population of 

proteoglycans in the brain (Margolis & Margolis, 1989; Ruoslahti, 1996) and include 

neurocan, aggrecan, versican, brevican, syndecan or CD44 among others (Shabani et 

al., 2021). The second major ECM elements are adhesive glycoproteins known as 

associated ECM proteins and ECM receptors. Among them, the most abundant in the 

brain includes fibronectin, laminins, collagens, integrins and nidogen glycoproteins. ECM 

receptors such as CD44, the receptor for hyaluronan mediated motility (RHAMM) or 

TMEM2 and ECM enzymes such as HA synthases and hyaluronidases are also key 

regulators of the ECM (Al’Qteishat et al., 2006; Peters & Sherman, 2020). Altogether, 

from the diversity of the core proteins and the sugar molecules decorating them, the ECM 

presents a huge diversity with a wide functional heterogeneity (Herdon & Lander, 1990).   

Brain ECM is roughly divided into three compartments (Lau et al., 2013; 

Bennarroch, 2015): (i) the neural interstitial matrix, (ii) the perineuronal nets and (iii) the 

basement membrane (Fig. 14). In the brain, ECM structure that bind cells together are 

called the neural interstitial matrix and are conformed by dispersed ECM molecules in 
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the parenchyma. However, ECM also conforms dense compartment known as the 

perineuronal nets (PNN) and the basement membrane. PNN are a dense matrix 

structure which wrap the neuronal surface and are crucial in controlling synaptic and 

neuronal plasticity in the developing and injured CNS (Deepa et al., 2006; Carulli et al., 

2010; Wang et al., 2012). PNN are mainly formed by HA and CSPGs (Köppe et al., 1997; 

Carulli et al., 2006; Deepa et al., 2006; Kwok et al., 2011). The second condense ECM 

structure is the basement membrane that delimit endothelial cells from parenchymal 

tissue. Basement membrane is formed mainly by collagen type IV, laminin, nidogen and 

fibronectin (Lau et al., 2013; Bennarroch, 2015). 

 

Figure 14. Composition of the ECM in the physiological brain. (i) Extracellular matrix or neural interstitial 

matrix, (ii) Perineuronal nets and (iii) Basement membrane are the three compartment of the ECM in the 

brain and are conformed by a diverse range of ECM molecules. Adapted from Bennarroch (2015). 

 

ECM is involved in a wide range of physiological and pathological processes in 

the brain, including a key role of ECM in development and maintenance of neural cells 

from embryonic to adult stages and beyond (Peters & Sherman, 2020). Extracellular 
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environment modulate responses which aim to cell migration, axonal guidance, 

synaptogenesis and synapsis maintenance and participate in the protective brain 

responses to injury. Among extracellular elements, HA the most abundant one is a highly 

versatile molecule which in the brain also develop different functions in addition to the 

neuronal support. High Molecular Weight (HMW) HA contributes to brain repair and 

homeostasis under physiological and pathological conditions whereas Low Molecular 

Weight (LMW) HA promotes neuroinflammation responses by glial cells (Litwiniuk et al., 

2016; Chistyakov et al., 2019), a huge relevant role under pathological diseases such as 

ischemic stroke. Other functions of ECM-related elements include the role of the CSPG 

in the inhibition of neurite extension and conservation of pre-existing ones (Chiu, 

Matthew & Patterson, 1986; Challacombe, Snow & Letourneau, 1997) whereas laminins, 

integrins and fibronectin promote the growth of new neurites (Ichikawa et al., 2009; Tan 

et al., 2011; Vecino et al., 2015). In addition, heparan sulphate proteoglycans (HSPGs) 

are located in the membrane of the cells and are involved in different intracellular 

signalling. Sydecan and glypican are the main HSPGs in the brain and are associated to 

the basement membrane ECM structures (Bennarroch, 2015). Together with HSPGs, 

adhesion ECM proteins and ECM receptors like integrins and thrombospondin mediated 

the mechanotransduction signalling of the cells in response to the extracellular 

requirements (Hynes, 1987; Morgan et al., 2007).  

 

6.2. Extracellular Matrix in the ischemic brain 

During embryonic development, ECM is mainly produced by immature and 

mature neurons (Luckenbill-Edds & Carrington, 1988; Bignami & Asher, 1992; Peters & 

Sherman, 2020) whereas at adult stages, astrocytes are the main producer of ECM 

components in physiological and pathological brain (Fawcett et al., 1999; Faissner et al., 

2010). In the ischemic stroke, ECM suffers a thorough restructuration due to the 

occlusion and must undergo successful remodelling to encourage brain repair. ECM 

elements involved in the ischemic cascade, such as LMW HA, induce activation of 

astrocytes and microglia which in turn modulate ECM structure by releasing 

glycoproteins to the extracellular environment (Fawcett et al., 1999; Bush & Silver, 2007; 

Faissner et al., 2010). For instance, accumulation of fibrinogen, an adhesive glycoprotein 

presented in blood cells and fibroblasts, induces a huge reactivity of local glial cells in 

the ischemic injury and evokes the formation of the glial scar (Pous et al., 2020). 

However, the main event related to ECM in the ischemic lesion is the formation of the 

glial scar which is created locally by reactive astrocytes and astrocytes-secreted ECM 

molecules such as HA and CSPGs (Lau et al., 2013; Bennarroch, 2015). Other ECM-



Introduction 

 
33 

related elements involved in the development of the ischemic cascade are CSPGs, such 

as neurocan or NG2, which are highly upregulated in the glial scar territory (Fawcett et 

al., 1999). Indeed, CSPGs are mainly produced locally by reactive astrocytes in the 

perilesional areas (Bush & Silver, 2007) and its inhibition through chondroitinase ABC 

promote axonal sprouting and regrowth (Moon et al., 2001; García-Alias et al., 2009). 

Further studies are needed to unreveal the potential role of ECM as a therapeutic target 

for brain ischemia. 

 

6.3. Extracellular Matrix in the Subventricular Zone 

SVZ harbours a special ECM structure just like the PNN in the brain parenchyma. 

ECM-related elements such as adhesive proteins like integrins, fibronectin, collagen, 

tenascin or nidogen are also found in the SVZ niche (Mercier et al., 2002; Kazanis et al., 

2007; Kazanis et al., 2010; Marthiens et al., 2010; Gatazzo et al., 2014) and perform 

essential functions for NSC homeostasis (Garcion et al., 2004; Kazanis et al., 2007; 

Shabani et al., 2021). ECM-related elements are involved not only in the physical support 

of NSC, but also promote cellular responses which regulate kinases and scaffolding 

proteins to transduce signals (Morgan et al., 2007). Tenascin-C is highly found in the 

SVZ because is a key regulator of NSC homeostasis and differentiation (Garcion et al., 

2004; Kazanis et al., 2007). Likewise, transglutaminase 2, which is also highly found in 

the SVZ, has been reported to control neurogenesis (Kjell et al., 2020). Similar to the 

extracellular microenvironment of the brain parenchyma, ECM elements surround NSCs 

and modulate cell-signalling responses through, for instance, the presence of integrins 

receptors (Humpries et al., 2006; Kazanis et al., 2010). Ependymal cells, fractones and 

SVZ vasculature also present ECM-related elements such as N-cadherin, laminins, 

integrins, nidogen, fibronectin, collagens, heparan sulphate proteoglycans (HSPG) or 

CSPGs which modulate NSC homeostasis (Gatazzo et al., 2014; Morante-Rodolat & 

Porlan, 2019).  

However, the most important ECM element in the SVZ niche is possibly 

hyaluronan. HA is enriched in NSC niches (Preston & Sherman, 2011). Increase of HA 

in the SVZ provide a high condense environment for NSC and is translated in to ECM 

stiffness. Indeed, Kjell et al (2020) found that this increase in the SVZ stiffness avoids 

NSC exhaustion. High expression of HA or HMW HA correlate with NSC quiescence 

(Preston & Sherman, 2011; Kjell et al., 2020) whereas CD44 and TLR signalling 

activation regulate NSC proliferation and differentiation (Okun et al., 2010; Su et al., 

2017). NSC activation from SVZ require HA digestion through hyaluronidases and HA 
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receptors which allow NSC proliferation, differentiation and response to brain injuries 

(Preston & Sherman, 2011). 

 

7. NEURAL STEM CELLS AS A POTENTIAL THERAPEUTIC TOOL FOR BRAIN 

DISEASES 

 

The interest in NSC stand out due to the potential therapeutic response these 

cells comprise. Multiple preclinical approaches has been performed using NSC as a 

central therapeutic response in several neurological diseases. Among them, in addition 

to the stimulation of endogenous NSC, the most outstanding are the in vivo 

reprogramming of local glial into neurons through neurogenic signals to recover the lost 

tissue and the in vivo transplantation of pre-conditioned NSC to differentiate into neurons 

(Fig. 15; Li & Chen, 2016). 

Regarding the conversion of local glia to neurons in order to restore neuronal 

death, different paradigms have been described although these tools are far distance to 

be fully understood nowadays. Even the clinical relevance, in vivo reprogramming 

through induced pluripotent cells or transdifferentiation techniques are not well-

understood yet and most of this work has been made in in vitro experiments (Berninger 

et al., 2007; Heinrich et al., 2010). Nevertheless, successful reconversion of neurons 

from astrocytes (Buffo et al., 2005; Torper et al., 2013; Niu et al., 2013; Guo et al., 2014; 

Mattugini et al., 2019), NG2 glia (Heinrich et al., 2014; Guo et al., 2014) and microglia 

(Matsuda et al., 2019) has been performed under physiological brain condition (Niu et 

al., 2013; Guo et al., 2014) or pathological models of acute insult (Buffo et al., 2005; 

Mattugini et al., 2019) or neurodegenerative diseases (Guo et al., 2014; Rivetti di Val 

Cervo et al., 2017; Qian et al., 2020). Indeed, glial cells can be reprogramming into 

specific neurons population (for review, see Lei et al., 2019; Qian et al., 2020). Relevance 

of this discover must be fully understood in order to further harness it for brain repair.  

About transplantation of NSC, controversial results shown its potential as 

therapeutic tool. Because CNS environment specialization and the particular phenotypes 

of resident neural cells acquired, transplantation of undifferentiated and differentiated 

neural cells in the brain might be insufficient for cell replacement after brain injury. In this 

way, the direct induction of final neuronal phenotype increases transplantation success 

and maturation of transplanted cells (Victor et al., 2014; Zhang et al., 2015; Sun et al., 

2016). Although transplantation of induced NSC have shown beneficial results restoring 

stroke deficits in mouse (Liu et al., 2014; Yao et al., 2015; Wu et al., 2015; Bacigaluppi 



Introduction 

 
35 

et al., 2016) and clinical trial began to use it for several brain disorders (for review, see 

Ottoboni, von Wunster & Martino, 2020), the transplantation of induced pluripotent stem 

cell (iPSC) per se entail a high risk of tumorigenesis (Fujimoto et al., 2012; Wu et al., 

2015; Yao et al., 2015). New future advances must compensate this fact in order to 

harness this tool for therapeutic purpose. Because side effects of the transplantation 

approach, studies over the last two decades has focused in using endogenous NSC not 

only for cell replacement but also as regulators of post-ischemic responses.  

 

Figure 15. Cell replacement strategies using NSC as a central component for brain repair. Stimulation 

of endogenous NSC, transplantation of induced pluripotent stem cells and in vivo reprogramming of glial 

cells into neurons are the main therapeutic approaches. Taken from Li & Chen (2016). 

 

For this reason, stimulation of endogenous NSC have been widely studied for 

brain repair. Not only for ischemic stroke (Arvidsson et al., 2002; Parent et al., 2002; 

Thored et al., 2007; Faiz et al., 2015), also for Traumatic Brain Injury (Thomsen et al., 

2014; Zhao et al., 2020) or spinal cord injury (Barnabé-Heider et al., 2010; Anderson et 

al., 2016; Llorens-Bobadilla et al., 2020) and neurodegenerative diseases such as 

Parkinson disease (van den Berge et al., 2011; Donega et al., 2019), Multiple Sclerosis 

(Nait-Oumesmar et al., 2008; Tepavčević et al., 2011; Liu et al., 2016), Huntington 

disease (Curtis et al., 2003; Jurkowski et al., 2020) and Psychiatric disorders (Wakade 

et al., 2002). However, NSC multipotency has been associated also with the formation 

of brain tumours (Quiñones-Hinojosa & Chaichana, 2007; Bardella et al., 2018; Lee et 

al., 2018). Understanding how NSC swift from beneficial to detrimental phenotypes will 

help us to harness this tool for brain repair in the future. 
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8. HOMOLOGOUS ADULT NEUROGENIC NICHE BETWEEN HUMAN AND 

RODENTS: CURRENT EVIDENCES 

 

Adult neurogenesis in mice and humans are extremely controversial (Martino, 

Butti & Bacigaluppi, 2014; Kempermann et al., 2018). The most remarkable reason is 

cytoarchitecture changes of SVZ between both species (Quiñones-Hinojosa et al., 

2006). Human adult SVZ display a different conformation characterized by four layers: 

the ependymal layer; a hypocellular gap, composed by projections of ependymal and 

glial cells; a dense ribbon of astrocytes where NSC-like astrocytes are located; and a 

transitional zone to the striatum parenchyma, rich in myelin and oligodendrocytes 

(Capilla-Gonzalez et al., 2016). These astrocytes showed neurogenic potential when are 

cultured in vitro even the presence of these astrocytes in the human SVZ drop 

dramatically after birth (Sanai et al., 2011). No evidence about proliferation is found in 

the astrocytes layer although few DCX+ neuroblasts are found surrounding this layer and 

the hypocellular gap (Sanai et al., 2004; Quiñones-Hinojosa et al., 2006). If RMS and 

neurogenesis in the OB exist in the adult human brain remain unknown and controversial 

(Sanai et al., 2004; Curtis et al., 2007).  

Neurogenesis in the SVZ is widely described in mice throughout life, despite it is 

not the case of human. The first evidence of human adult neurogenesis was provided 

though using BrdU-labelled neurons in the hippocampus of cancer patients receiving 

BrdU for diagnosis purpose (Eriksson et al., 1998). By using 14C dating, Ernst et al. 

(2014) demonstrated that adult human brain harbour the capacity to produce new 

neurons through life. However, neurogenesis in humans drops sharply after birth and 

few neuroblast can be found in the classical neurogenic niche at adult stages (Knoth et 

al., 2010; Sanai et al., 2011; Wang et al. 2011; Göritz & Frisén, 2012; Spalding et al., 

2013; Sorrells et al., 2018). Despite that, some publication has been found adult 

neurogenesis persists through aging in the dentate gyrus of the hippocampus (Boldrini 

et al., 2018; Moreno-Jiménez et al., 2019) and the striatum (Ernst et al., 2014) at 

minimum but stable levels (Fig. 16). Indeed, striatum is known as the neurogenic niche 

destination in the human brain instead of the olfactory bulb due to neurogenesis in the 

last area is far vestigial in the human brain (Sanai et al., 2011; Ernst et al., 2014).  

Although controversial, adult neurogenesis seems to be evident in most of the 

current publications in rodents and humans. A minimal turnover is found in the 

neurogenic niche of the human brain (Ernst et al., 2014; Boldrini et al., 2018). Moreover, 

when compare new versus old neurons, Kempermann (2012) showed adult 



Introduction 

 
37 

neurogenesis in human and mouse are quite similar and can be comparable (Bergmann 

et al., 2015).  

 

 

Figure 16. Neurogenic niche in the mice and humans brain: differences, pros and cons. Taken from 

Magnusson & Frisén (2016).  

 

The key to understand neurogenesis in the adult human brain seem to be the 

samples analysed in each work. Most publications that did not observe neurogenesis in 

the human brain have performed the analysis in aging non-pathological human brain 

samples (Sorrells et al., 2018) whereas neurogenesis is reported in adult human brain 

samples with neurodegenerative or psychiatric disorders (Ernst et al., 2014; Boldrini et 

al., 2018) our acute ischemic insult (Martí-Fabregas et al., 2010; Tatebayashi et al., 

2017). Further studies are needed to know if SVZ neural stem niche persist in the human 

brain.  
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Hypothesis  

Previous results at the host laboratory, demonstrated that high level of 

extracellular adenosine, an hallmark of brain ischemia, could activate the adult mice SVZ 

and sustain the astrogliogenesis by generation of newborn Thbs4+ astrocytes (Benito-

Muñoz et al., 2016)  (also shared by Benner et al., 2013; Llorens-Bobadilla et al., 2015; 

Pous et al., 2020).  

According to this, our main hypothesis is that brain ischemia in mice can activate 

the adult SVZ and sustain the astrogliogenesis. 

 

 Objectives 

To demonstrate our principal hypothesis we defined the following objectives: 

Objective 1: To characterize the SVZ activation and NSC response following an 

in vivo ischemic model in mice. Methodology: middle cerebral artery occlusion (MCAO) 

model.  

Objective 2: To demonstrate that SVZ-derived astrocytes recruitment to the 

infarcted area. Methodology: 5-Bromo-2´-Deoxyuridine incorporation and immune-

characterization; cell tracing by in vivo electroporation. 

Objective 3: To study the role of SVZ-derived astrocytes in modulating the glial 

scar after brain ischemia. Methodology: HA metabolism; matrisome analysis by RT-

qPCR; viral injection of adeno-associated virus for uregulating HA synthase 2 

expression; ImageJ scripts and image analysis. 
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Summary of method used in this project 

Experimental 
paradigm 

Model Techniques 

In vitro 
experiments 

Neurosphere cultures • Oxygen and glucose deprivation 

Organotypic cultures • In vitro immunofluorescence 

Astrogliogenesis • Fluorimetry assay  

In vitro coculture • Fluorescence-Activated Cell Sorting 

Hyaluronan and lactate 
treatment 

• Protein extraction and Western blot 

In vivo 
experiments 

Middle Cerebral Artery 
occlusion 

• Wholemount assay 

5-bromo-2'-deoxyuridine 
treatment 

• Protein extraction and Western blot 

In vivo postnatal 

electroporation 
• Subcloning protocol 

Adeno-associated viral 
injection 

• RNA extraction and Real Time-
Polymerase Chain Reaction 

 • Tissue fixation and dissection 

 • Immunofluorescence protocol for in 
vivo experiments 

Image 
acquisition and 
processing 

  

Statistical 
processing 

  

 

1. In vitro experiments 

1.1. Models, conditions and protocols 

 

1.1.1. Animals and experimental groups 

Male and female Sprague Dawley rat pups from P4 to P7 were used for in vitro 

experiments (CEEA/340/2013/MATUTE ALMAU). All animals for in vitro studies were 

handled in accordance with the European Communities Council Directive (2010/63/EU). 

All possible efforts were made to minimize animal suffering and number of animals used. 

Animals were maintained under standard laboratory conditions with food and water ad 

libitum. 

All in vitro experiments and conditions were performed using Control (CTRL) and 

hypoxic group as experimental groups. Drug treatments were performed at the same 

concentration both in hypoxic and control groups.  
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1.1.2. Neurosphere culture 

Neurospheres were prepared from P5- P7-days old Sprague-Dawley rats as 

previously described (Cavaliere et al., 2012) (see Fig. 17 for details). Four pups were 

sacrificed and the brain was collected for lateral SVZ isolation. Approximately 1 mm 

coronal slice containing the lateral ventricles was cut by hand and collected for further 

and more precise isolation. Lateral SVZ was isolated taking the lateral ventricles as a 

reference. Once extracted, SVZ was minced in 200 µm pieces with a Mc Illwain tissue 

chopper (Campden Instrument, www.campdeninstrument.com), and later digested for 7 

minutes in 5 milliliters of trypsin/EDTA at 37°C (Sigma, Madrid, Spain). Enzymatic 

digestion was blocked adding trypsin inhibitor (Sigma) and 0.01% of DNAse I (Sigma) 

for 10 minutes at room temperature.  

 

  

Figure 17. SVZ isolation for neurosphere culture. P4-7 pups were sacrificed and brain removed. 

Approximately 1mm coronal slice were cut by hand collecting SVZ. Taking lateral ventricles as reference, 

lateral SVZ was isolated as described in pictures. Tissue was mechanical minced and enzymatically 

digested. Single cell suspension was cultured with proliferative medium supplemented with EGF and b-FGF. 

After five-seven days, progenitor cells proliferated and created neurosphere. 

 

Mixture was centrifuged at 800G for 10 minutes and supernatant was discarded. 

Pellet was triturated in NeuroCult medium (Stem Cell Inc., Grenoble, France), with a 

glass Pasteur pipette for 25 times and 1000 µl pipette for 20 times. Non-dissociated cells 

were removed after suspension decant 20 minutes. Single cell suspension in the 

supernatant was diluted into the proliferation medium [NeuroCult with 10% neural stem 

cell factors from Stem Cell Inc., 2 mM glutamine, penicillin/streptomycin mix, 20 ng/mL 

EGF (Promega, Madrid, Spain), 10 ng/mL bFGF (Promega)], seeded at a density of 104 

cells/cm2 and cultured in suspension for 7 days at 37°C and 5% CO2. Single 

neurospheres were generated after 5-7 days of cell culture. 

 

1.1.3. Astrogliogenesis and oxygen and glucose deprivation (OGD) in vitro 

After 7 days of proliferation, neurospheres were enzymatically dissociated with 

Accutase (Sigma) to single cells and seeded in Poly-L-Ornithine-coated (Gibco, Madrid, 

http://www.campdeninstrument.com/
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Spain) 12Ø and 0.17 mm glass coverslips at 100.000 cells/well.  Cells were differentiated 

to astrocytes in serum-free-medium contained 50% DMEM (Gibco), 50% Neurobasal 

(Gibco), 5 ng/ml HBEGF, 100 units/ml pen/strep, 1mM sodium pyruvate, 2mM L-

Glutamine, 5 µg/ml N-acetylcysteine and  1X SATO (as previously described by Zhang 

et al., 2015). OGD protocol was performed the day after as previously described 

(Cavaliere et al., 2012). Differentiation medium was replaced by OGD medium (130 mM 

NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 26 mM NaHCO3, 0.8 mM MgCl2, 1.18 mM NaH2PO4, 

10 mM sucrose, ph 7.2) previously saturated with N2. Cells were subjected to OGD for 

60 minutes in 3% O2, 37°C and with humidity saturation. After OGD cells were returned 

to previously conserved medium and differentiated for 7-10 days at 37°C and 5% CO2. 

OGD condition was evaluated using Image IT green reagent (Thermo Fisher Scientific) 

for Hypoxic Inducible Factor 1 Subunit Alpha (HIF1α) expression and MitoSox red 

reagent (Thermo Fisher Scientific) for mitochondrial oxidation. After 7-10 days, cells were 

fixed with 4% paraformaldehyde (PFA) for 10 minutes and treated for 

immunofluorescence.  

 

1.1.4. In vitro co-culture 

In order to analyse if activated microglia could affect NSC differentiation under 

hypoxic conditions, we performed NSC/microglia co-culture. Rat microglia was isolated 

as previously described by Montilla et al. (2020). P0 Sprague-Dawley rats were 

sacrificed, brains collected and cortex carefully isolated. Tissues were first mechanical 

disrupted 20 times with 29G needle-syringe and 20 times with 27G needle-syringe. The 

homogenized was also chemically digested with trypsine 0.05% EDTA (Gibco). Trypsine 

was washed after centrifugation, the pellet dispersed in a medium contained Neurobasal 

and 10% FBS (both from Gibco) and cell suspension cultured in Poly-D-lysine pre-

treated 12.5 cm2 flasks for one week before performing the experiments. Microglia was 

collected in the suspension after shaking for one hour the mixed culture at 37°C and 5% 

CO2. Microglia was co-cultured with NSC in a ratio of 1:5 in serum-free-medium. 

NSC/microglia co-cultures were subjected to OGD using the same protocol for 

astrogliogenesis. Pure microglia cultures were used as a control using the same medium 

and protocol. 

 

1.1.5. Hyaluronic acid in vitro 

To understand if NSC internalize or produce Hyaluronic Acid (HA) of the cellular 

matrix, differentiating astrocytes were cultured in three different coating plates: a) with 

HA, b) Poly-L-Ornithine and c) the combination of  HA with Poly-L-Ornithine. 12Ø 0.17 
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mm coverslips were pre-treated with 1 mg/ml of high molecular weight HA overnight at 

room temperature. Dissociated neurospheres were seeded after 3 washes with sterile 

PBS 1X and differentiated with or without OGD. In some experiments (Fig. 46), 

hyaluronidase (OmniPur Hyaluronidase Sigma, HX0514-1, #37326-33-3) was added to 

the coating to remove extracellular hyaluronan spots.   

  

1.1.6. Organotypic culture 

Organotypic cultures are an intermediate model between in vitro and in vivo 

systems. With this approach we are able to maintain a tridimensional culture in vitro, 

simulating tissue response to external stimuli. Organotypic cultures maintain the 

cytoarchitecture, preserve cell-cell interactions, molecule transport and ion diffusion 

systems. In addition, slices can be cultured for weeks or months. Nevertheless, 

organotypic culture are not provided with the vascular system. As a crucial element in 

brain ischemia, vascular system exclusion is an important limitation of the model. 

However, recollecting all slices from the most rostral to the most caudal part of the SVZ 

allows us to analyse different sub-regions of the SVZ. It is well described SVZ harbors 

different cell populations located in specific sub-regions, for instance, NSC populations 

in the more rostral part are mainly taking part in the neurogenesis path to the olfactory 

bulb. Taking into account advantages and disadvantages, we decided to submit rostro-

caudal SVZ slices to OGD in order to analyse how hypoxia affects different NSC 

population.  

Organotypic culture protocol was adapted from Plenz and Kitai (Plenz & Kitai, 

1996). Cultures were prepared from P5-old Sprague-Dawley rat pups, the skull was cut 

through commissural lines and brains collected in cold Hank’s balanced salt solution 

(Fig. 18). Meninges, cerebellum and olfactory bulb were removed and the brain was 

sliced in 350 µm coronal sections with a Leica VT 1200 S vibratome (Leica 

Microsystems). Rostral slices, intermediate slices and caudal slices were collected once 

lateral ventricles, third ventricles and hippocampus respectively become evident. All 

slices with lateral ventricles were cultured from both hemispheres (6 slices per animal 

approximately). Slices were plated in liquid-air interphase 0.4 µm membrane (Millicell 

CM culture insert, Millipore, Schwalbach, Germany)  with the organotypic medium (50% 

Neurobasal-B27, 25% HBSS, 25% inactive horse serum (Gibco, Eggenstein, Germany), 

1 mM L-glutamine (Biochhrom, Berlim, Germany), 25 mg/ml penicillin/streptomycin mix 

and 5.5 mM glucose).  The medium was replaced the second day and every two-three 

days thereafter. OGD was performed after one week of the preparation and two weeks 

later, were fixed for 40 minutes in 4% PFA for Immunofluorescence (see protocol below).  
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Figure 18. Schematic view of organotypic culture preparation. A) Lines indicate the location and 

direction of cut to open the skull and remove the brain for further dissection. b inside the circle indicates the 

Bregma point. B) The outer third of the lateral cortex and the entire cerebellum were removed (arrows). C) 

Schematic view of explant structure, which includes corpus callosum (cc), cerebral cortex (cx), subventricular 

zone (SVZ) and striatum-caudate putamen (cp). 

 

1.2. Techniques 

1.2.1. In vitro immunofluorescence protocol 

Cells were fixed with 4% PFA and after one wash with PBS, unspecific epitopes 

were blocked with the blocking solution (PBS 1X, 0.1% Triton and 10% Normal Goat 

Serum) for one hour at room temperature. Primary antibodies (see Table 2 for specific 

working concentrations) were prepared in the same blocking solution and incubated 

overnight at 4°C with continuous shaking. After 3 washes of 10 minutes each with 

washing solution (PBS 1X 0.1% Triton), secondary antibodies diluted 1:500 in blocking 

solution were added and incubated for 1 hour at room temperature. After 3 washes with 

washing solution, DAPI was added for nuclei visualization. Finally, cells were rinsed with 

PBS 1X three times and mounted with Fluoromount-G mounting media 

(SouthernBiotech) in Microscope slides RS (RS FRANCE, #BPB019).  

For HA visualization, the same immunofluorescence protocol was used with 

minimal changes. Triton detergent is extremely aggressive and disturb HA staining thus, 

it was replaced with saponine. Saponine is a less aggressive detergent that produces 

transient pores in the cell membrane. For this reason, saponine was freshly prepared 

and added at 0.1% and maintained in all steps. To avoid reflection disturbance, Mowiol 

(Millipore 4-88 reagent #475904) mounting media was used instead Fluoromount-G 

(SoutherBiotech) mounting media. Mowiol mounting media has a similar oil reflection 

and improve HA ultra-structure visualization.  

Immunofluorescence protocol for organotypic slices was carried out in the same 

manner with minimal changes. Incubation in 4% PFA for fixation was increased to 40 
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minutes. Concentration of triton in the blocking solution was 0.5% instead of 0.1%. 

Following steps were performed as described before.  

 

Table 2. Primary antibodies for in vitro immunofluorescence protocol 

Antibody Host Isotope Dilution Reference Company 

Thbs4 Mouse Monoclonal IgM 
kappa light chain 

1/400 Sc-390734 Santa Cruz 
Biotechnology, USA. 

βIII tubulin Rabbit Polyclonal 1/400 ab18207 Abcam, UK 

GFAP Rabbit Polyclonal 1/4000 Z0334 Dako, Agilent 
Techonologies, Inc.  

Nestin Mouse  1/500 NES Cell Signaling, 
Germany 

Prominin 1 Rat Monoclonal IgG1 
kappa 

1/300 14-1331-
82 

Invitrogen, Spain 

BrdU Rat Monoclonal 1/400 MCA2060 Biorad, USA. 

Biotinylated 
Hyaluronan Binding 
protein 

- - 1/100 385911 Millipore, Germany 

MBP Chicken Polyclonal IgY 1/1000 AB9348 Millipore, Germany 

MCT1 Chicken Polyclonal IgY 1/1000 AB1286-1 Millipore, Germany 

MCT4 Rabbit Polyclonal IgG 1/200 AMT-014 Alomone, Israel 

Iba1 Guinea 
Pig 

Polyclonal IgG 1/500 234 004 Synaptic Systems, 
USA 

iNOS Mouse Monoclonal IgG2a 1/100 #610329  BD Bioscience 

Amigo2 Rabbit Polyclonal IgG 1/200 bs-11450R Bioss, USA 

Ptx3 Rabbit Polyclonal IgG 1/200 Bs-5783R Bioss, USA 

 

1.2.2. Fluorimetry assay (Matrix metalloproteinases assay) 

Neurosphere-derived astrocytes were dissociated and seeded in 96-well plates 

pre-treated with 1 mg/ml of high molecular weight hyaluronic acid as previously 

described. The following day, OGD was performed in the hypoxic condition. One week 

before seeding the cells, Matrix Metallo-Proteinases (MMPases) assay was performed 

following manufacture’s procedure (Abcam, ab112146). Briefly, MMPases presented in 

each condition were pre-activated for 3 hours and banded to a green substrate (light 

sensitive). Hoechst was added to normalize the green fluorescence intensity. 

Fluorescence was measured using a Synergy-HT fluorimeter (Bio-tek). Excitation 

wavelength used was 405 nm for Hoechst and 485 nm for the green substrate. Controls 

for APMA and pro-MMPases reagent was used in all experiments. Three independent 

experiments were performed with 4 wells per conditions. Data is represented as Relative 

Fluorescence Units (RFU) by Hoechst fluorescence intensity.  

 

1.2.3. Fluorescence-Activated Cell Sorting 

Fluorescence-Activated Cell Sorting (FACS) was performed on neurosphere-

derived astrocytes after one week of differentiation, with or without OGD. Cells were 

detached using trypsin 0.05% EDTA (Gibco) for 5 minutes at 37°C, collected and 
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transferred to a 1.5 ml tube (Eppendorf). After centrifuging at 800G for 5 minutes, cells 

were fixed in suspension with 4% PFA for 10 minutes at 4°C. After several washes with 

PBS 1X, blocking buffer was added and incubated for 1 hour at room temperature in 

continuous orbital shaking. Primary antibodies for Thbs4 was diluted at 1:100 in blocking 

buffer and incubated overnight at 4°C. The following day, after three washes with PBS 

1X, secondary antibodies diluted in blocking buffer was incubated for 1 hour at room 

temperature. Finally, after three washes with PBS 1X, cells were sorted using BD FACS 

Jazz™ Cell Sorting System (BD Biosciences). 488 nm (blue) laser was used to sort 

Thbs4 antibody positive cells (PE-CY7 secondary antibody).  

 

1.2.4. Protein extraction and Western blot 

Neurosphere-derived astrocytes were seeded in 35Ø petri dish (500.000 cells) 

and subjected to OGD as previously described. Seven days after OGD, proteins were 

extracted after cell lysis with RIPA buffer (RIPA, Thermo Fisher Scientific 89900), 

Protease and Phosphatase Inhibitor Cocktail 100X (Thermo Fisher Scientific) and stored 

at least one day at -20°C to allow complete cell disruption. Protein concentration was 

measured by chemioluminescence using RC DC™ Protein Assay (Bio-Rad). Forty 

micrograms of protein samples were denatured in reducing loading buffer contained β-

mercaptoethanol (M3148, Sigma) and 0.0002% bromophenol blue at 95°C for 5 minutes 

and separated in pre-casted 12% or 7.5% Tris-Glycine polyacrilamine gel using the 

Criterion cell system (Biorad). Electrophoresis was conducted at 80 V in a Tris-Glycine 

buffer (25 mM Tris, 192 mM glycine, 0.1% SDS in dH2O, pH 8.3). After complete 

separation, proteins were transferred to a nitrocellulose membrane (Biorad) using Trans-

Blot® TurboTM Transfer System (Bio-Rad). Nitrocellulose membranes were incubated in 

blocking solution (Tris-Buffer Solution (TBS), 0.1% Tween-20 and 5% BSA) for one hour 

at room temperature in a Duomax 1030 shaker (Heidolph Instruments, Germany). 

Primary antibodies (Table 3) were incubated overnight at 4°C in blocking solution. 

 

Table 3. Primary antibodies for in vitro Western Blot 

Antibody Host Isotope Dilution Reference Company 

Thbs4 Mouse Monoclonal IgM 
kappa light chain 

1/400 Sc-390734 Santa Cruz 
Biotechnology, USA. 

GAPDH Mouse Monoclonal, IgG1 1/1000 MAB374 Millipore, Germany 

Nestin Chicken Polyclonal IgY 1/1000 NES Aves Lab, EEUU 

MCT1 Chicken Polyclonal IgY 1/1000 AB1286-1 Millipore, Germany 

 

After incubation, membranes were washed three times for 10 minutes with TBS-

0.1% Tween. Horseradish peroxidase-conjugated secondary antibodies were incubated 

in blocking buffer for one hour at room temperature in a Duomax 1030 shaker (Heidolph 
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Instruments, Germany). After three washes with TBS, immunodetection was performed 

by electrochemical luminescence in a Chemidoc MP (Biorad).  

 

2. In vivo experiments 

2.1. Models, conditions and protocols 

 

2.1.1. Animals and experimental groups 

For in vivo experiments we used male and female wild-type C57BL6/J mice and 

Ai14-Rosa26-CAG-tdTomatoflx/flx transgenic mice bred at the animal facility of UPV/EHU. 

Ai14-Rosa26-CAG-tdTomatoflx/flx transgenic mice were kindly provided by Harold Cremer 

at Institut de Biologie du Développement de Marseille (IBDM). All animals for in vivo 

studies were handled in accordance with the European Communities Council Directive 

(2010/63/EU). All possible efforts were made to minimize animal suffering and the 

number of animals used. Animals were maintained under standard laboratory conditions 

with food and water ad libitum.  

Experimental groups. For in vivo experiments, sham and ischemic mice were 

used as experimental groups (M20_2016_318_matute almau). Ischemic mice were 

analysed at different time points after brain ischemia (7, 15, 30 and 60 days after lesion). 

For adeno-associated virus experiments, two control groups were used to limit virus 

injection side effects. Experiments with specific time scale are described in each section. 

 

2.1.2. Transient Middle Cerebral Artery Occlusion model 

There are different brain stroke models to reproduce ischemic damage in the 

mice brain (Macrae, 2011). Among them, the transient Middle Cerebral Artery Occlusion 

(MCAO) is one of the most classical models to perform preclinical ischemic brain strokes. 

This procedure replicates core-penumbra areas through arresting blood flow proximal to 

the lenticulo-striate arteries using an intraluminal filament. This model generates specific 

lesions in mice cortex and striatum with correspondent motor deficits. To better 

reproduce the canonical brain stroke, transient occlusion was followed by blood 

reperfusion in the ischemic area. MCAO model was performed according with 

Gelderblom et al., (2009) with mice weighting between 23-27 grams (approximately 3-4 

months old). Animals were anesthetized with 4% isofluorane (1 L/min vol oxygen) and 

maintained in 1.5-2% isofluorane (0.4L/min oxygen) using a vaporizer system (Harvard 

Apparatus Isoflurane Funnel-Fill Vaporizer). Following anaesthesia induction, mice were 

placed face up under magnifying glass and head was attached to the vaporizer mask to 
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maintain the anaesthetic status. Body temperature was maintained at 37°C during the 

surgery using a heating plate.  

Firstly, neck fur was removed and skin disinfected with 30% ethanol. A 1mm 

midline incision was made in the neck, salivary glands were pulled apart and windpipe 

exposed. The left common carotid artery (CCA) was isolated and the bifurcation 

identified without harming the vagal nerve. A first knot was temporary done in the CCA 

with 6-0 silk thread (B. Braun) to avoid blood perfusion. Another temporary knot was 

done in the internal carotid artery (ICA) with 6-0 silk thread to avoid blood reperfusion. 

Finally, two fixed knots were done in the external carotid artery (ECA) to allow 

monofilament introduction through a small hole between them. For 25 grams mice, we 

used a filament with 0.2-0.22 mm of diameter and 10 mm of length (Doccol Corporation, 

602223PK10). Monofilament was introduced and redirected toward the ICA. Ten mm-

length monofilament blocked blood flow in the Middle Cerebral Artery (MCA) level. Thus, 

ECA ligations remain in the animal as a side effect of the MCAO model although 

reperfusion is possible thanks to this. After one hour of occlusion, filament was extracted 

and temporary knots from CCA and ICA removed to allow blood perfusion. Animals were 

sutured and kept at 37°C until animal recovery. Representative cartoon about MCAO 

surgery is shown in Fig. 19. 

 

Figure 19. Caudal view of vessel architecture in the mice brain. Monofilament of 0.2-0.22 mm emboli 

diameter and 10mm length was introduced in the ECA and redirected to ICA. MCA was blocked at the 

proximal level.  

 

In addition, analgesia was underwent using 0.03 mg/kg buprenorphine 

(Animalcare Ltd, Nether Poppleton, United Kingdom) injected intraperitoneally (i.p.) 

every 12 hours for 24 hours. Weight and neurological scores were controlled and 
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recorded for all animals and every day until sacrificing them. Sham group were exposed 

to isofluorane anesthesia and common carotid artery was identified without ligation and 

filament introduction. ECA was ligated to reproduce MCAO model side effects.  

 

 Clinical scores 

In order to evaluate the Middle Cerebral Artery (MCA) occlusion and animal 

health, motor deficits and body weigh was assessed in each animal one hour after MCAO 

and later, every 24 hours until the day of perfusion. Those animals with a high weight 

loss were treated with physiological serum until weight gain. Animals without neurological 

deficits were excluded from the study. 

Neurological scores from motor deficits was registered in a system of five-point 

scale with grade (Table 4). 

Table 4: Neurological score scale 

Grade 0 No observable deficit. The animal is active. 

Grade 1 Failure to extend right paw. 

Grade 2 Decreased resistance to lateral push and circling to the right. 

Grade 3 Falling to the right. The animal presents rotating or revolving. 

Grade 4 Unable to walk spontaneously. 

Grade 5 Dead animal. 

 

 Infarct volume measure 

To measure infarct volume and evaluate the efficiency of the MCAO surgery, we 

performed different staining techniques: 2,3,5-triphenyltetrazolium chloride staining 

(TTC) cresyl violet and immunofluorescence for nestin expression (described in 2.2.5 

section), especially used to better visualize the glial scar.  

 

• Histology staining. 2,3,5-triphenyltetrazolium chloride (TTC) 

Infarct volume indicated the efficiency of MCAO model. This parameter is 

fundamental to understand the severity grade of the ischemic damage in the mice. There 

are several procedures to measure infarct volume. Among them, 2,3,5-

triphenyltetrazolium chloride (TTC) staining induces an intense red color in the living 

tissue whereas is pale pink in the dead regions. This phenomenon happens because 

TTC is enzymatically reduced to a red formazan product by dehydrogenases, which is 

more abundant in living mitochondria. As a result, viable tissues are stained red whereas 

dead tissues remain unstained. TTC was dissolved at 1% in PBS 1X solution and kept 

at 37°C before its use. After MCAO, animals were sacrificed, brains collected and cut 1 

mm thick using a mouse brain matrice stainless steel. Slices were immersed in TTC 
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solution for 5 minutes and quickly placed in a scale surface. Pictures were taken using a 

sony alpha 230 camera. Infarcted area was visualized delimitating the stained tissue 

using ImageJ software. Analysis was performed in both hemispheres. Infarct volume was 

calculated according to Storini (Storini et al. 2006). In this equation the ischemic area 

and the percentage of swelling were determined by subtracting the area of the healthy 

tissue in the ipsilateral hemisphere from the contralateral hemisphere on each section. 

 

• Cresyl violet staining 

Cresyl violet staining is one of the most useful protocols because it allows to 

measure infarct volume in each experimental animal and exclude non-infarcted animals 

from the statistics. Cresyl violet protocol was performed in 40 µm slices from perfused 

MCAO animals. 6 serial sections of 1mm were stained for any animal. Slices were placed 

in superfrost slides and dried for 1 hour at room temperature. Tissue was submerged in 

distilled water and then, in cresyl violet solution (0.5% cresyl acetate solution ACROS 

#405760100, 25% methanol and 75% distilled water) for 5 minutes. After that, tissue 

were dehydrated in an increasing concentration of alcohols (70%, 96% and 100% 

ethanol) and fixed in xylol for 2 minutes before mounting with DPX Mountant for Histology 

(Sigma).  

 

2.1.3. 5-bromo-2'-deoxyuridine treatment 

Administration of 5-bromo-2'-deoxyuridine (BrdU) is commonly used to assess 

proliferation in the neurogenic niches. In order to evaluate proliferation in different NSC 

pool of the SVZ, we performed two different BrdU protocols: 

 

Total cell proliferation 

To stain total cell proliferation in the SVZ we decided to use an acute BrdU 

treatment (Fig. 20). Fifty mg/kg BrdU was injected i.p. three times every two hour the day 

before the MCAO. Total BrdU cell number was quantify in the sham and MCAO groups 

24 hours after the surgery.   

 

Figure 20. Experiment design of acute BrdU treatment protocol for assessing SVZ proliferation. Three 

BrdU injections of 50 mg/kg were applied every 2 hours. The following day, MCAO model was performed 

and mice were sacrificed in the followed 24 hours.  
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Quiescent NSC staining 

Quiescent NSCs were stained by chronic BrdU incorporation using the protocol 

by Codega et al. (2014). To analyze the cellular origin of the Thbs4+ astrocytes, we 

labelled the whole pool of proliferating cells with 1% of BrdU in drinking water with 

sucrose during 14 days before the MCAO. One month after MCAO in the SVZ, BrdU 

stained only slow proliferative cells like type B cells whereas BrdU in rapid transit-

amplifying cells (type C) was washed away.  Three mice were sacrificed every 3, 7 and 

15 days after occlusion. Moreover, Type C cells were labelled with 50 mg/Kg of 5-iodo-

2′-deoxyuridine (IdU) 24 hours before perfusion (Fig. 21). Finally, Prominin 1 and nestin 

markers for quiescent and active NSC respectively were visualized by 

immunofluorescence to corroborate the identity of BrdU+ cells as quiescent or activated 

NSC respectively.  

 

Figure 21. Experimental design of chronic BrdU treatment for quiescent NSC identification. Animals 

were treated with 1% BrdU in the drinking water for 14 days before performing the MCAO model. To wash 

out all BrdU in fast-cycling cells, animals were kept for 30 days after MCAO protocol. In addition, three 

animals were sacrificed 3, 7 and 14 days after MCAO protocol as experimental controls for the BrdU 

treatment. Finally, IdU was injected at 50 mg/kg the day before sacrificing the animals to label all proliferative 

cells in that moment.  

 

2.1.4. Subcloning protocol 

In order to analyze the Thbs4 positive cells in the SVZ, subcloning protocol was 

performed to create a new plasmid based on two previous ones. PGL3-basic backbone 

with a mouse +/- 2000 bp of Thbs4 protein sequence as a promoter was kindly provided 

by Muppala et al. (2018). Using a pCMV-eGFP N1 provided by Prof. Zugaza from 

Achucarro Basque Center for Neuroscience, eGFP sequence was subcloned in the 

Thbs4 promoter plasmid using NcoI and XbaI enzymes. To verify subcloning efficiency, 

miniprep assay (Qiagen, Cat. 27104) was done and control digestion with NcoI and XbaI 

enzymes were performed. Control transfection in HEK cells were also performed to 

corroborate subcloning efficacy. 
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2.1.5. In vivo postnatal electroporation 

To confirm that Thbs4+ astrocytes were recruited in the lesion from the SVZ 

progenitor cells, we performed an in vivo post-natal electroporation. Ai14-Rosa26-CAG-

tdTomatofl/fl transgenic mice, kindly provided by Harold Cremer from Institut de Biologie 

du Développement de Marseille (IBDM), were dorsally electroporated with pCX-CRE 

using a BTX ECM399 electroporator system (Thermo Fisher Scientific) after anesthesia. 

P1 pups were anesthetized in ice for 1 minutes and pCX-CRE plasmid was injected in 

the left lateral ventricle using an air-flow pressure tube attached to a glass capillarity. 

Electroporation parameters were 95V, 950 ms interval and 5 pulses. pCX-CRE plasmid, 

also kindly provided by Harold Cremer (IBDM), was designed using CAG promoter and 

Cre sequence for LoxP recombination.  

After plasmid injection, heads were immediately placed between a 7 mm 

tweezers electrode. Anode electrode was situated caudally and cathode dorsally. 

Electroporation targeted mainly the dorsal SVZ progenitor cells that could successfully 

express the fluorescent protein tdTomato. MCAO model was performed 3-4 months later 

and sham and MCAO animals were perfused 7, 30 and 60 days after the MCAO. To 

confirm the efficiency of electroporation, olfactory bulb was sliced coronally  in 40 µm 

and tdTomato (tdTOM) positive cells migrating from the dorsal SVZ to the olfactory bulb 

(OB) were visualized  under physiological conditions (Platel et al., 2019) by fluorescence 

microscopy. Experimental design is shown Fig. 22.  

 

Figure 22. Electroporation protocol design. Sequence encoded in the transgenic mice cells (A). Temporal 

scale of the electroporation experiment (B). Cartoon showing electroporation steps and hypothesis/aim (C).  

 



Materials and methods 

 
58 

Previously produced plasmid, pThbs4-GFP vector, was also electroporated in P1 

mouse pups to further corroborate Thbs4 expression in the SVZ at postnatal stages. 

Pups were anesthetized with ice and 2.5 µg of pThbs4 plasmid was injected in the lateral 

ventricle. Immediately, pup head was placed between tweezers electrode and dorsal 

electroporation was performed with the same parameters described before. Pups were 

maintained at 37°C until total recovery and later returned to the mother box. Mice were 

perfused the following day to assess Thbs4 expression in the post-natal SVZ.  

 

2.1.6. Adeno-associated viral injection 

 To confirm that Thbs4+ astrocytes were recruited from the SVZ to the damaged 

area to modulate the glial scar, we simulated an ischemic scar by overexpressing HMW 

HA in Sham and ischemic mice. HMW HA was overexpressed in the striatum by Adeno-

Associated Viral injection of Hyaluronic Acid Synthase 2 (AAV2/9-CAG-HAS2-Flag). 

HAS2 adeno-associated virus was injected in the striatum of 3-4-month-old C57BL6/J 

mice. Animals were anesthetized using a vaporizer anesthesia system (Harvard 

Apparatus Isoflurane Funnel-Fill Vaporizer) attached to the stereotaxic frame. Injection 

was performed using a glass capillary pipette attached to Nanoject II nanoliter injector 

(Drummond Scientific). After the injection of 1 µl of HAS2 adeno-associated virus in the 

striatum (AP: +1.8; ML: -1.0; DV: -3.2), animals were maintained in analgesia, placed at 

37°C until total recovery and lately returned to post-surgery standard animal facility. 

HAS2 adeno-associated virus was kindly provided by Federico N. Soria and created by 

Nathalie Dutheil from the Institut des Maladies Neurodégénératives (Bordeaux) using 

CAG promoter, FLAG sequence, tata fusion protein sequence and a HAS2 cDNA obtain 

from Vera Gorbunova (Tian et al., 2013; Fig. 23). 

 

Figure 23. AAV2/9-CAG-HAS2-Flag virus scheme map.  

 

In MCAO group, ischemia was performed two weeks after injecting the AAV2/9-

CAG-HAS2-Flag in the contralateral hemisphere to synchronize the pseudo-lesion and 

the ischemic scar. Thbs4+ astrocytes were visualized by immunofluorescence 30 days 

after MCAO. The control group for viral infection was injected with 1 µl of the same 

backbone adeno-associated virus. 
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2.2. Techniques 

2.2.1. Wholemount assay 

Fresh brain was collected from sham and 24 hours post-MCAO animals in order 

to isolate SVZ as described in Mirzadeh et al., (2010). Contralateral hemisphere, 

olfactory bulb and cerebellum was removed. One-two mm of caudal brain was cut, in 

order to expose the posterior tail of the hippocampus. Using a scalpel, hippocampus was 

removed and the rest of the brain was fixed in 2% paraformaldehyde with 0.5% triton at 

4°C. After 24 hours, tissue was washed with PBS and SVZ was isolated from the cortex, 

striatum and midbrain. SVZ slide of 200-300 µm was stored in PBS Azide (0,01%) for 

short time or in cryoprotective solution for longer time. 

 

2.2.2. Protein extraction and Western blot 

SVZ and injured areas were isolated from fresh brains of sham and 15 days post-

MCAO animals (as previously described in wholemount section). Tissues were 

mechanical disrupted and minced in lysis buffer (RIPA buffer (Thermo Fisher Scientific 

#89900) and Protease and Phosphatase Inhibitor Cocktail 100X (Thermo Fisher 

Scientific). Samples were lysed in ice for 10 minutes following a 0.6 cycle of sonication 

and 80% amplitude using an Ultrasonic Processor (Hielscher Ultrasound Technology). 

Sonicated tissues were centrifuged at 1200 rpm for 10 min and 4°C to remove insoluble 

fragments. Protein concentration, protein separation and Western blot analysis were 

performed as described previously in 1.2.4 section.  

 

2.2.3. RNA extraction and Real Time-Polymerase Chain Reaction 

Fresh SVZ tissue from ipsilateral hemisphere was isolated as previously 

described from sham, 15 and 30 days after MCAO animals to analyse the expression of 

several genes (Table 5). RNA was extracted from the tissue after mechanical trituration 

following the manufacturer´s protocol (NZYTECH Total RNA Isolation kit protocol 

(NZYTECH, MB13402). RNA concentration was measured by spectrophotometry using 

the Nanodrop 2000c spectrophotometer (Thermo-Scientific, USA). 

Real time polymerase chain reaction (RT-PCR) from 10 ng of RNA was 

performed using the One-step NZYTECH RT-qPCR Green kit according to 

manufacturer´s protocol (NZYTECH, MB34302). RT-PCR was normalized using the 

housekeeping genes hypoxanthine phosphoribosyl-transferase 1 (HPRT1, Qiagen 

QuantiTect Primer Assay, Barcelona, Spain). Specificity of each amplification was 

confirmed by melting curve analysis. PCR reactions were performed in a CFX96 
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Detection System (BioRad, Madrid, Spain). Semi-quantification was performed using the 

2-ΔΔCt algorithm. Unsupervised hierarchical distance matrix and distance matrix map 

was developed using Orange3 software (Python v3.0).  

  

Table 5. Primer sequences used for RT-PCR protocol. 

Name Sequence Scale Purification 

Hyal1_FW GTGCCAAGCCCTATGCTAATAAG 25nm STD 

Hyal1_REV GCATGTCCATTGCAAAGACTGA 25nm STD 

Hyal2_FW GTCCCACATACACCCGAGGA 25nm STD 

Hyal2_REV GGCACTCTCACCGATGGTAGA 25nm STD 

Hyal3_Ffw GGACGACCTGATGCAGACTATTG 25nm STD 

Hyal3_REV GGTCCCCCCAGAGTACCACT 25nm STD 

Has1_FW AGGGCTCTTAAAGGAGGAGTCC 25nm STD 

Has1_REV AGAAGGTAAACTGAGTCCCCAGAA 25nm STD 

Has2_FW CAAAGAGGTTCGTTCAAGTTCTGA 25nm STD 

Has2_REV TGTGTTTGTTTCCCACTAGCTCTC 25nm STD 

Has3_FW CTGGTCTATCTCCTCCAACAGCTT 25nm STD 

Has3_REV GCTGGGATAATGAAGAGCTACAGAA 25nm STD 

Mmp2_FW ACCGTCGCCCATCATCAA 25nm STD 

Mmp2_REV TTGC ACTGCCAACTCTTTGTCT 25nm STD 

Mmp3_FW CTG GAA TGG TCT TGG CTC AT 25nm STD 

Mmp3_REV CTG ACT GCA TCG AAG GAC AA 25nm STD 

Mmp9_FW TCGAAGGCG ACCTCAAGTG 25nm STD 

Mmp9_REV TTCGGTGTAGCTT TGGATCCA 25nm STD 

Mmp14_FW CGGGCGGATCCACCAT 25nm STD 

Mmp14_REV GCCAGGCTTCGGGGCT 25nm STD 

Mmp15_FW CTTGCAGAGATGCAGCGCTTCTAC 25nm STD 

Mmp15_REV CTGGATGCTAAAGGTCAGATGGTG 25nm STD 

Mmp16_FW CAG CTC TGG AAG AAG GTT GG 25nm STD 

Mmp16_REV GAG CTG CCT CTT GTT TGG TC 25nm STD 

Hif1a_FW CATAAAGTCTGCAACATGGAAGGT 25nm STD 

Hif1a_REV ATTTGATGGGTGAGGAATGGGTT 25nm STD 

HPRT1_FW TGATAGATCCATTCCTATGACTGTAGA 25nm STD 

HPRT1_REV AAGACATTCTTTCCAGTTAAAGTTGAG 25nm STD 

 

2.2.4. Tissue fixation and dissection 

Mice from sham and MCAO groups were perfused with 4% PFA in 0.1M PB, 

brains were collected and post-fixed for 4 hours in the same solution. After several 

washes to remove paraformaldehyde, brains were embedded in 30% sucrose solution 

until decanted and later stored in cryoprotection solution (30% glycerol, 30% ethylene 

glycol, 10% 0.4M PB, 30% water) at -20°C until use. Brains were cut in coronal sections 

of 40 µm using a Leica VT 1200 S vibratome (Leica Microsystems). Slices were stored 
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in PBS 0.01% Azide for no more than one month or in cryoprotection solution for longer 

storage.   

Ai14-Rosa26-CAG-tdTomatofl/fl transgenic mice brains were washed in PBS 

1X and embedded in 30% sucrose solution in PBS 1X until decanted. Brains were cut in 

coronal sections of 50 µm of thickness using an Epredia™ HM 450 Sliding Microtome 

(Thermo Fisher Scientific). Slices were stored in PBS Azide or cryoprotection solution as 

described above.  

Olfactory bulb from Ai14-Rosa26-CAG-tdTomatofl/fl transgenic mice were 

extracted after perfusion and cryoprotected in 15% sucrose (Panreac) for 24-48 hours. 

Then, samples were embedded in 7% gelatin (Sigma-Aldrich), 15% sucrose and PB 

solution and stored at -80ºC until use. Embedded samples were frozen at -64ºC in 2-

Methylbutane (Honeywell Research Chemicals) for 2 minutes before cryostat cutting. 

Samples were cut at 12 µm using a cryostat CM1950 (Leica Mycrosystems). Slices were 

attached to superfrost slides (Thermo Fisher Scientific) and stored at -20ºC until use.   

 

2.2.5. Immunofluorescence protocol for in vivo experiments 

 

Standard immunofluorescence 

Standard immunofluorescence protocol for in vivo experiments was performed in 

floating slices. Tissues were rinsed in PBS 1X three times to wash out Azide or 

cryoprotective solution before starting the immunolabeling. Slices were incubated with 

blocking solution and permeabilized with PBS 1X, 0.1% Triton, 10% Normal Goat Serum 

(NGS) for one hour at room temperature. Primary antibodies were used at different 

working concentrations (Table 6) in blocking solution overnight at 4ºC. After three 

washes with PBS, 0.1%Triton, secondary antibodies (Table 7) and DAPI (5 mg/ml) were 

added for one hour at room temperature. Slices were washed three times with PBS 1X 

and mounted with Fluoromount-G (SouthernBiotech) in superfrost slides (Thermo Fisher 

Scientific). When necessary, antigen retrieval was performed as specified in the 

manufacturer specifications (Vector #H3300). 

 

Thrombospondin 4 immunofluorescence 

Thbs4 antibody immunofluorescence was performed as previously described 

with minimal changes. Slices were rinsed in PBS 1X to wash out Azide or cryoprotective 

solution before blocking the secondary antibodies unspecific binging  and permeabilized 

with PBS 1X 0.1% Triton 1% BSA 5% Donkey serum for one hour at room temperature 
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and in a rotating shaker (Duomax 1030 shaker, Heidolph Instruments, Germany). After 

that, slides were incubated with primary antibodies diluted in the same blocking solution 

overnight at 4°C. After three washes with PBS 0.1%Triton for 10 minutes each, donkey 

secondary antibody for goat α-Thbs4 antibody was diluted in blocking medium and 

incubated for one hour at room temperature. After three washes with PBS 1X 0.1% triton, 

goat secondary antibodies and DAPI reagent were diluted in the same blocking media 

and incubated for another hour at room temperature. Following three washes with PBS 

1X, slices were mounted in superfrost slides (Thermo Fisher Scientific) using 

Fluoromount-G (SouthernBiotech) mounting medium.  

 

Wholemount immunofluorescence 

For wholemount immunofluorescence protocol, tissue was incubated in blocking 

buffer (PBS 1X 0.5% Triton and 1%BSA) for 2 hour at room temperature. Primary 

antibodies diluted in blocking buffer was incubated 72 hours at 4ºC. After three washes 

with PBS 0.1% Triton, tissue was incubated with donkey secondary antibody diluted in 

blocking buffer for one hour at room temperature. After three washes with PBS 1X 0.1% 

triton, goat secondary antibodies and DAPI were incubated another hour at room 

temperature. Lateral SVZ wholemount was mounted in Fluoromount-G 

(SouthernBiotech) and dried in the dark for at least 48 hours at room temperature.  

 

BrdU immunofluorescence 

For BrdU immunofluorescence unspecific cytoplasmic BrdU was eliminated and 

specific incorporation into DNA was enhanced by DNA hydrolysis with 2N hydrogen 

chloride (HCl). Before primary antibody binding, slices were incubated in pre-heated 2N 

HCl for 20 minutes at 37ºC. After HCl treatments the pH solution was neutralized by 10 

minutes washing with 1 mM sodium tetraborate at room temperature. After one further 

wash with PBS 1X the immunofluorescence was performed as for standard protocol.  

 

Hyaluronic acid binding protein staining 

For hyaluronic acid labelling, endogenous biotins were pre-blocked using 

Strep/Biotin blocking solution (Palex, #416539) following manufacturer´s instructions. 

Slices were first incubated in streptavidin blocking solution for 20 minutes at room 

temperature. After three washes with PBS 1X, slices were incubated in biotin blocking 

solution for another 20 minutes at room temperature. Biotin blocking solution was 

removed washing the slices with PBS 1X before incubation with blocking buffer (PBS 1X  
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Table 6. Primary antibodies used for in vivo immunofluorescence protocol. 

Antibody Host Isotope Dilution Reference Company 

Thbs4 Mouse Monoclonal IgM 
kappa light chain 

1/400 Sc-390734 Santa Cruz 
Biotechnology, 
USA. 

Thbs4 Goat Polyclonal IgG 1/200 AF2390 R&B systems, USA 

S100β Rabbit Polyclonal 1/400 Z0311 Dako, Agilent 
Techonologies, Inc. 

S100β Mouse Monoclonal 
IgG2a 

1/1000 MA5-12969 Invitrogen, Spain 

GFAP Mouse Monoclonal IgG1 1/1000 MAB3402 Sigma, Spain 

GFAP Rabbit Polyclonal 1/4000 Z0334 Dako, Agilent 
Techonologies, Inc.  

βIII tubulin Rabbit Polyclonal 1/400 ab18207 Abcam, UK 

NeuN Mouse Monoclonal IgG1 1/1000 MAB377 Milipore, Germany 

DCX Rabbit Polyclonal IgG 1/500 ab18723 Abcam, UK 

Nestin Chicken Polyclonal IgY 1/1000 NES Aves Lab, EEUU 

Prominin 1 Rat Monoclonal IgG1 
kappa 

1/300 14-1331-82 Invitrogen, Spain 

EGFR Mouse Monoclonal 1/400 SAB4200809 Abcam, UK 

BrdU Rat Monoclonal 1/400 MCA2060 Biorad, USA. 

BrdU Mouse Monoclonal IgG1, 
kappa 

1/500 03-3900 Invitrogen, Spain 

IdU Mouse Monoclonal 
IgG2b 

1/100 MA5-24879 Invitrogen, Spain 

Ki67 Rabbit Polyclonal IgG 1/400 Ab15580 Abcam, UK 

Cleaved-Caspase 3 Rabbit Monoclonal IgG 1/300 #9664 Cell Signaling, 
Germany 

Biotinylated 
Hyaluronan Binding 
protein (HABP) 

- - 1/100 385911 Milipore, Germany 

CD44 Rat Monoclonal 
IgG2b 

1/500 MA517875 Invitrogen, Spain 

FLAG Mouse Monoclonal IgG1 1/500 F1804 Sigma, Spain 

Olig2 Mouse Monoclonal 
IgG2aκ 

1/1000 MABN50 Milipore, Germany 

MCT1 Chicken Polyclonal IgY 1/1000 AB1286-1 Milipore, Germany 

CD31 Rabbit Polyclonal IgG 1/100 Ab28364 Abcam, UK 

 

Table 7. Secondary antibodies used for in vivo immunofluorescence protocol. 

Antibody Host Dilution Reference Company 

Alexa Fluor 488 Donkey α-goat 1/1000 A10055 Invitrogen, Spain 

Alexa Fluor 555 Donkey α-rabbit 1/1000 A31572 Invitrogen, Spain 

Alexa Fluor 594 Donkey α-goat 1/1000 A11058 Invitrogen, Spain 

Alexa Fluor 680 Donkey α-mouse 1/1000 A10038 Invitrogen, Spain 

Alexa Fluor 488 Goat α-mouse IgG2a 1/1000 A21131 Invitrogen, Spain 

Alexa Fluor 488 Goat α-rabbit 1/1000 A11008 Invitrogen, Spain 

Alexa Fluor 546 Goat α-chicken 1/1000 A11040 Invitrogen, Spain 

Alexa Fluor 555 Goat α-rat 1/1000 A21434 Invitrogen, Spain 

Alexa Fluor 555 Goat α-chicken 1/1000 A21437 Invitrogen, Spain 

Alexa Fluor 568 Goat α-rat 1/1000 A11077 Invitrogen, Spain 

Alexa Fluor 594 Goat α-rabbit 1/1000 A11012 Invitrogen, Spain 

Alexa Fluor 594 Goat α-guinea pig 1/1000 A11076 Invitrogen, Spain 

Alexa Fluor 594 Goat α-mouse IgG1 1/1000 A21125 Invitrogen, Spain 

Alexa Fluor 594 Goat α-mouse IgG2b 1/1000 A21145 Invitrogen, Spain 

Alexa Fluor 633 Goat α-rabbit 1/1000 A21070 Invitrogen, Spain 

Alexa Fluor 647 Goat α-chicken 1/1000 A21449 Invitrogen, Spain 

Alexa Fluor 647 Goat α-rat 1/1000 A21248 Invitrogen, Spain 

Streptavidin ATTO-
647N conjugated 

 1/1000 S000-56 Rockland 
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0.1% Saponine 1% BSA) for one hour at room temperature. Primary antibodies and 

biotinylated Hyaluronic Acid Binding Protein (HABP, #385911 Millipore) were incubated 

for 72 hours at 4°C or 24 hours at room temperature. After three washes with PBS 1X 

0.1% Saponine, donkey secondary antibody diluted in the same blocking buffer was 

incubated for one hour at room temperature. After three washes with PBS 1X 0.1% 

Saponine, goat secondary antibodies and DAPI diluted in blocking media were incubated 

for another hour at room temperature. Three final washes with PBS 1X 0.1% Saponine 

were done and slices were mounted with Mowiol (Millipore 4-88 reagent #475904) in 

superfrost slides (Thermo Fisher Scientific) and #1.5 coverslips. 

 

3. Image acquisition and processing 

Images were acquired using a Zeiss AxioVision fluorescence microscope, a Leica 

TCS STED SP8 laser scanning confocal microscope and a 3DHISTECH panoramic MIDI 

II digital slide scanner (all from Achucarro Basque Center for Neuroscience). Settings 

were adjusted for each individual experiment and kept for all conditions. Image 

processing was performed using CellProfiler, ImageJ, CaseViewer and Hyugens 

softwares. Data processing was performed using Microsoft Excel (Microsoft), Prism 8.0 

(GraphPad) and Orange 3 v3.29.3 (Miniconda platform, Python v3.9.1). Statistical 

analysis was done using Prism 8.0 (GraphPad).  

 

3.1. In vitro images acquisition and processing 

In vitro pictures were taken using a Zeiss microscope except for hyaluronan 

assay, which were taken in a Leica TCS STED SP8 laser scanning confocal microscope. 

Value comprised the average of five random fields per condition from scattered and 

dense populated areas. Each experiment was replicated at least three times to obtain 

representative values. 

 

In vitro image analysis 

In vitro images were acquired with a Zeiss microscope using 63X oil-immersion 

objective (1.4 NA). Microscope settings included fixed wavelength filterer for GFP, DAPI, 

Texas Red and Cy5 wavelength. Emission time was adjusted for each independent 

experiment and maintained for all conditions.  

Image quantification was done using CellProfiler software for Thbs4 fluorescence 

intensity. The pipeline implicated several mask to identify the nuclei and the Thbs4+ cell 

among all GFAP+ ones per picture. Inside Thbs4 mask, fluorescence intensity was 
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measured only in the positive cells. Default algorithm was used to threshold the Thbs4 

positive population. Fluorescence intensity for each picture was averaged per condition 

and compare between them. 

Image quantification for colocalization of markers was done with ImageJ, 

manually adjusted using a default threshold and 30% area covered was considered them 

as positive co-expressing. GFAP+ cell mask was used to quantify all progenitor cells. 

Prominin 1 and nestin markers were used to quantify quiescent NSC (Prom1/GFAP+ 

cells) and active NSC (Nestin/GFAP+ cells). Prominin 1 and nestin markers channels 

were thresholded using the default algorithm and area was measure inside GFAP+ 

progenitor cell mask (Area fraction). 

For quantification of individual markers, a minimum of 80% area covered 

surrounding the nuclei was established for positive cells. For βIII-tubulin and Thbs4 

markers in the neurosphere-dissociated cells, a band of 1 µm surrounding the nucleus 

was used to measure the area of both markers. Those cells with 80% or more βIII-tubulin 

or Thbs4 expression in the 1 µm-surrounded band were included for Thbs4 or neuron 

population. Ki67 marker was measured by hand in all images and conditions.   

 

 In vitro HABP image analysis 

To analyse HABP (Hyaluronan) spots in the Thbs4-positive population, we used 

Leica TCS STED SP8 laser scanning confocal microscope to achieve maximal 

diffraction-limited resolution. Z-stack images were acquired using 63X oil-immersion 

objective (1.4 NA). Each image contained a total of 13 planes with 0.5 µm interspace. A 

pulsed white-light laser with tunable acousto-optic filters (AOTFs) was used for 

excitation. To collect emitted light, highly-sensitive hybrid filters or photomultipliers 

(PMTs) were manually adjusted (bandwidth) to record DAPI, Alexa Fluor 488, Alexa 

Fluor 594, ATTO 647N. 

HABP quantification was done using ImageJ software. We developed an IJ1 

JAVA script to measure intracellular, extracellular and membrane-bound HABP spots. 

Macro is available in the Github repository 

(https://github.com/MariArdaya/Hyaluronan_v2). Cell region of interest (ROI) was 

extracted from binary Thbs4 channel image and membrane ROI was done by creating a 

band selection 1 µm inside and outside the cell ROI limit. Extracellular ROI was created 

from the external line of membrane ROI. Defined threshold for HABP channel made a 

binary image that was median filtered with 1 pixel to filter out electronic noise. HABP 

binary images were sorted in each ROI compartment and the number of spots was 

https://github.com/MariArdaya/Hyaluronan_v2
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quantified. Data is shown as HABP spots per ROI divided by total HABP spots to obtain 

the proportion in each space.  

 

3.2. In vivo images acquisition and processing 

In vivo images were acquired using a Leica TCS STED SP8 laser scanning 

confocal microscope (Achucarro Basque Center for Neuroscience) and 3DHISTECH 

panoramic MIDI II digital slide scanner (Achucarro Basque Center for Neuroscience). 

Five-six animals were used in almost all experimental conditions although 3 animals 

were used as minimal samples in some experiments in addition to the protocol controls. 

Although certain experiments with minimal image processing were analysed manually, 

the majority of image analysis was performed semi-automatically with the aid of custom 

tailored scripts. In all cases, GFAP/Thbs4 positive colocalization was analysed to 

exclude peripheral Thbs4+ cells as monocytes (Rahman et al., 2020). Only the Thbs4+ 

cells that also expressed GFAP were included as Thbs4 positive population.  

 

SVZ images acquisition and processing 

SVZ images were acquired with the Leica TCS STED SP8 laser scanning 

confocal microscope using a 20X objective (0.8 NA). SVZ images were reconstructed 

using the tile-scan tool (LasX software, Leica). SVZ layer was delimited by hand and 

marker expression was measured in the SVZ ROI. Values were represented as 

percentage of area labelled with the marker divided by the total area of the SVZ ROI 

(area fraction, %). Several reconstructed SVZ per animal were averaged. 

 

Thrombospondin 4 images acquisition and processing 

Thbs4+ astrocytes were quantified using Leica TCS STED SP8 laser scanning 

confocal microscope images. Pictures were acquired using z-stack tool established for 

13 stacks with 0.7 µm of interspace between them. Microscope settings included also 

40X oil immersed objective (1.3 NA) and wavelength sequentially acquired to minimize 

channel bleeding. DAPI/Alexa Fluor 594 (GFAP marker) wavelength in the first sequence 

and Alexa Fluor 488 (Thbs4 marker) wavelength in the second sequence. Emission laser 

potency was adjusted for every channel and maintained throughout all experimental set 

with the same microscope settings. Five pictures per area were taken in every slice. At 

least 6 representative slices were quantified per animal. Analysed areas included SVZ, 

cortex, striatum and corpus callosum.  
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Thbs4/GFAP positive colocalization was measured using ImageJ software. 

Positive cell number was measured using an IJ1 JAVA code macro. A 1 µm band was 

done in every nuclei and GFAP expression was measured inside it. At least 80% area of 

1 µm nuclei-surrounded band was needed to consider the cells as GFAP positive ones. 

In addition, to consider them as Thbs4+ cells, binary image was done in the GFAP 

channel using a default algorithm threshold to delimitate the cell mask. Based on 

experimental data, a minimum of 30% cell mask area covered by Thbs4 marker was 

required for counting them as positive ones. GFAP and Thbs4/GFAP positive cells were 

quantified in each condition. 

 

Nestin glial scar images acquisition and processing 

Same microscope parameters were used except for adding a new manually 

established wavelength for Nestin marker (Alexa Fluor 647). Emission laser potency for 

Alexa Fluor 647 was adjusted and maintained through all experimental set with the same 

microscope settings. Lesion area images were reconstructed using Navigator plug-in 

(LasX, Leica) and analyzed using ImageJ software. Deconvolution process was 

performed using the Huygens software, to improve signal-to-noise ratio of Nestin 

labeling. Glial scar ROI was created manually based on nestin expression using ImageJ 

software. Thbs4, GFAP and Nestin markers were quantified in the glial scar ROI and 

expression area was normalized by the total glial scar region (Area fraction, %). 

 

Hyaluronan images acquisition and processing 

Analyzed samples for HABP quantification were mounted using Mowiol 

(refraction index 1.47) and #1.5 glass coverslips to reduce refraction artifacts and 

improve resolution. Images were acquired with Leica TCS STED SP8 laser scanning 

confocal microscope using 63X oil-immersion objective (1.4 NA) and 2048x2048 image 

size (0.09 µm/pixel). Line average of 2 were used to avoid electronic noise in all 

sequences. Sequences were the same as previously described only with the exception 

of the ATTO 647N instead Alexa Fluor 647. Excitation laser power was re-adjusted for 

each channel and maintained in all conditions. 

Image processing was carried out with a semi-automated approach using two 

different IJ1 JAVA code macro in the ImageJ software. The first code was used for HABP 

spots quantification in two cell compartment and the second one for HABP skeleton 

analysis. CD44 and HAS2 adeno-associated virus experiment were analysed manually 

using the ImageJ software.  
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HABP spots were quantified in the intracellular space and cell membrane of 

Thbs4/GFAP and GFAP positive cells. Membrane and cell ROI were done via automatic 

thresholding using the Intermodes algorithm. Positive Thbs4 population was measured 

as previously described using a 30% area occupied in the GFAP cell mask. Cell 

membrane ROI was created using GFAP marker for both population (Thbs4+ astrocytes 

and local astrocytes). 0.5 µm length was added outside and inside cell mask boundary. 

Thus, 1 µm band was created in the membrane of all GFAP positive cells. Threshold for 

HABP marker was performed and binary image was filtered with 1 pixel median value. 

“Analyze particles” tool was used to sort HABP spots in the cell membrane ROI and 

intracellular ROI (created by subtracting 0.5 µm to cell membrane ROI). HABP spot 

number per compartment and population was exported to excel and data was normalized 

dividing HABP spots per ROI by total HABP spots.  

Next, skeletonize analysis were done. Binary image was created in the HABP 

marker channel using a threshold. As before, 1 pixel median filter was used to reduce 

speckles from electronic noise. Skeletonize analysis was performed through IJ1 JAVA 

code developed previously by Federico N. Soria (beta version, unpublished). HABP 

skeleton number and skeleton size was recorded for every picture. All pictures comprised 

one condition was averaged to easily compare among groups. Cumulative Frequency 

distribution analysis was made to assess HA size. In addition, fractal dimension from 

HABP skeleton was measured for every picture. Both analysis were made in order to 

understand how extracellular matrix connectivity is disrupted after MCAO stroke model 

 

Slide reconstruction for fluorescence intensity profile 

Slice reconstruction of whole ipsilateral hemisphere was performed using the 

Navigator plug-in (LasX software, Leica). Images were acquired using 40X oil-immersion 

objective (1.3 NA), 1024x1024 image size (0.18 pixel/µm) and wavelength sequentially 

acquired. GFAP, Thbs4, Nestin, DCX and HABP fluorescence intensity were plotted in 

the slice reconstruction to analyse marker location across the lesion. All markers were 

imaged with the same resolution size. 

IJ1 JAVA code macro, developed previously by Federico N. Soria (beta-version, 

unpublished), was used to analyze the fluorescence spatial distribution of all markers in 

the core-penumbra area. In brief, two 250 pixel-thickness lines were traced from core of 

the lesion to the penumbra/healthy tissue. Fluorescence intensity from markers analyzed 

was collected in X (distance) and Y (fluorescence intensity) values. Several profiles were 

acquired per animal and averaged to easily compare animal conditions. Because lesion 



Materials and methods 

 
69 

size or region varies between individuals, values were normalized using a relative 

distance scale (for x values) and relative fluorescence (for y values). Fluorescence 

values were also normalized to background signal to evaluate the spatial distribution 

between markers regardless of dissimilar signal-to-noise ratios.  

  

Slide scanner 

Whole slide images were taken for representative images using a 3DHISTECH 

panoramic MIDI II digital slide scanner. No images from these were used for 

quantification. Images were processed for better visualization enhanced contrast and 

brightness parameters using CaseViewer software (3DHISTECH Company).  

 

3.3. Western blot images processing 

Western blot images were acquired using a Chemidoc MP (Biorad). Images were 

exported as tiff and processed with ImageJ software and ImageLab software. Western 

blot immunoblot were quantified using ImageJ software applying threshold default 

algorithm to delimitate the band and mean gray value (MGV) from each band was 

measure. Protein quantification with ImageLab were done using the adjusted volume of 

a band after background subtraction (Adj. Vol. (Int)). All quantifications were normalized 

with the housekeeping values.  

 

4. Statistical processing 

Statistical analysis were done using GraphPad Prism software (version 8.0; 

GraphPad software).  

In vitro data are presented as means ± SEM. Statistical analysis was performed 

using paired Student’s t-test comparing experimental conditions. P-value is considered 

significant where statistical differences shown p < 0.05. Representative images were 

selected to visual reproduce experimental data.  

In vivo data are presented as means ± SEM. Statistical analysis was performed 

using unpaired Student´s t-test for independent conditions and paired Student´s t-test for 

dependent conditions. In addition, one-way, two-way ANOVA or mixed model were also 

performed to compare more than 2 groups among them. Tukey and Dunnett post-hoc 

test were used. For HABP skeleton analysis, Kruskal-Wallis analysis was performed to 

compare cumulative frequency accumulation (%) in more than 2 groups. P-value is 
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considered significant where statistical differences shown p < 0.05. Representative 

images were selected to visual reproducing experimental data.  
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BRAIN ISCHEMIA ACTIVATES THE SVZ 

1. MCAO model characterization 

 

According to the protocol previously published (Gelderblom et al., 2009), the 

lesion size and location after Middle Cerebral Artery Occlusion (MCAO) model in mice, 

can manifest large heterogeneity and differences in neurological deficits. First of all, we 

set up the MCAO parameters to obtain representative and homogeneous damaged 

areas in all experimental mice. Sixty minutes of MCAO caused neuronal damage in the 

cortex and striatum as observed by cresyl violet staining (Fig. 24A) and NeuN 

immunofluorescence staining (Fig. 24B). Survival rate of this model calculated at 28 days 

post-lesion was around 50% of all infarcted mice (Fig. 24C). Moreover, motor deficits 

and animal weight of ischemic mice were followed every day after MCAO during 30 days 

(Fig. 24D-E respectively). Based on neurological scores and animal weight, we could 

estimate the lesion magnitude in each mice. Mice with deviated neurological punctuation 

were later histologically analysed to confirm the lesion.  

 

 

Figure 24. MCAO characterization. A. Representative ipsilateral hemisphere damage using cresyl violet 

staining. B. Neuronal damage in the ipsilateral hemisphere using NeuN immunofluorescence staining. Mice 

survival rate (C), neurological scores for motor deficits (D) and animal weight (E) recorded between 28-30 

days after MCAO. Scale bar = 1000 µm. **p<0.01, ****p<0.0001. 
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2. MCAO model induced proliferation in the SVZ 

 

Following MCAO characterization, we analysed and characterised the SVZ 

response to MCAO. To study the cell proliferation in the SVZ, we administrated 50mg/kg 

BrdU i.p. every two hours (3 doses in total) the day before the MCAO surgery (Fig. 25A). 

Total cell proliferation in the SVZ was quantified 24 hours after MCAO by 

immunofluorescence as means of BrdU+ cells (Fig. 25B). We observed an increase of 

total SVZ BrdU+ cells (Fig. 25B-C) but differential analysis of different SVZ regions 

(dorsal, lateral, ventral and medial) evidenced a more significative increase in dorsal and 

lateral SVZ regions (Fig. 25D). These data suggest that MCAO induced a fast and 

specific proliferative response in the SVZ. 

Results obtained after BrdU labelling were confirmed by Ki67 staining. BrdU and 

Ki67 are broadly used as proliferation markers and usually show similar expression 

patterns, however they stain different groups of proliferating cells. BrdU labels cells 

during the S phase, whereas Ki67 labels cells in the G1, S, G2, and M phases. Ki67 

immunofluorescence in the whole-mount preparation of lateral SVZ, showed a ten fold 

increase of Ki67+ cells 24 hours after MCAO (Fig. 25E-G) confirming that ischemic insult 

triggered the SVZ proliferation. 

Finally, to assess the cell loss in the SVZ following ischemia we analysed 

apoptotic death in the SVZ by immunofluorescence with cleaved-Caspase 3 (c-Casp3) 

24 hours after MCAO. SVZ showed a significant increase in the c-Casp3+ cells 24 hours 

post-lesion (Fig. 25H-I). After differential analysis in the SVZ regions, apoptotic cells (c-

Casp3+) increased in dorsal and medial SVZ after MCAO (Fig. 25J). These data showed 

that MCAO sustains SVZ NSC activation 24 hours after the insult via proliferative 

process.  
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Figure 25. SVZ cell proliferation after MCAO. Experimental design (A). BrdU staining showed a general 

increase in the SVZ after MCAO (B) in (C) a representative image of BrdU staining. Analysis of different SVZ 

regions showed that MCAO increased the BrdU+ cell number especially in dorsal and lateral SVZ (D). 

Immunofluorescence of Whole-mount preparation of lateral SVZ with Ki67 (E-F) showed an increase of cell 

proliferation after MCAO (G). Nestin staining, in red, was used to line the SVZ (H). c-Casp3+ cells 

quantification in the whole SVZ (I) or in its regions (J) after MCAO. Scale bar = 15 µm. LV = Lateral Ventricle. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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BRAIN ISCHEMIA ACTIVATES THE ASTROGLIOGENESIS IN THE SVZ 

3. MCAO model induced Thbs4+ astrogliogenesis from SVZ neural stem cells 

 

Thbs4 expression in the SVZ under physiological conditions. As described by 

other authors (Benner et al, 2013; Girard et al, 2014; Pous et al, 2020), Thbs4 is highly 

expressed in the SVZ and RMS (Fig. 26A). Together with SVZ and RMS, Thbs4 can be 

expressed also in the granular layer of the cerebellum and the ventral-tegmental area 

(Fig. 26A), being associated with non-classical neurogenic regions (Wojcinski et al, 

2017).  

Under physiological conditions, expression of Thbs4 in the SVZ was associated 

to cells with different morphologies (Fig. 26B). We observed Thbs4+ cells with small 

primary apical process touching the ventricle and the BV in the parenchymal region or 

rounded NSC-like cells in the dorso-lateral SVZ horn. Among all the SVZ cells, Thbs4+ 

cells represented 21,4 % (Fig. 26C), which mostly (more than 60%) have a type B-like 

morphology (Fig. 26D). To confirm our morphological observation, we labelled the SVZ 

with pThbs4-eGFP after postnatal (P1) electroporation. pThbs4-eGFP plasmid 

expressed the green fluorescent protein under the control of the Thbs4 promoter so 

green fluoresce positive cells would be Thbs4+ cells. Twenty four hours after 

electroporation, almost 20% of dorsal SVZ cells were positive for GFP (Fig. 26E-F), with 

a greater extent in the most rostral SVZ (Fig. 26G). These results suggested that in 

physiological conditions, Thbs4+ cells were mainly restricted to the neurogenic niche of 

the SVZ and evidenced a type B-like morphology. 

Thbs4 expression in the SVZ under ischemic conditions. To quantify the 

activation of astrogliogenesis in the SVZ following brain ischemia, we analysed the 

expression of Thbs4 in the SVZ in combination with Nestin, a NSC marker, and 

Doublecortin (DCX), a marker of neuroblasts. SVZ was analysed in sham and ischemic 

mice 7, 15 and 30 days post-lesion. The immunofluorescence analysis of the SVZ (Fig. 

27A-B) showed a transient decrease of Nestin and Doublecortin (DCX) positive cells but 

an increase of Thbs4+ astrocytes up to day 15 after MCAO (Fig. 27C-E). The increase 

of Thbs4+ astrocytes was demonstrated by immunofluorescence also using a whole-

mount preparation of the SVZ from sham and ischemic mice, 15 days after MCAO (Fig. 

27F-H). Also nestin and Thbs4 proteins were modulated by the MCAO. Western blot 

analysis of total SVZ proteins confirmed the down regulation of the Nestin (Fig. 27I-J) 

and the upregulation (Fig. 27J-K) of Thbs4 proteins respect to the sham animals. All 

these data suggested that brain ischemia activated the astrocyte production in the SVZ.  
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Figure 26. Thbs4+ cells characterization in the SVZ in physiological conditions. Thbs4 was mainly 

expressed in the SVZ, RMS and OB but also in the cerebellum and ventral tegmental area (arrows) (A). In 

the SVZ, Thbs4+ cells displayed type B and type C cells morphology as indicated respectively by arrows and 

arrow heads (B). After total count by immunofluorescence, 21% of total SVZ cells were positive for Thbs4 

(C). Among all Thbs4+ cells, more than 60% presented a type B NSC morphology (D). After pThbs4-eGFP 

electroporation in P1 mice (E), almost 20% of the dorsal SVZ were positive for GFP fluorescence 24 hours 

later (F). GFP+ cells were mainly present at rostral SVZ (G). LV = Lateral Ventricles. Scale bar = 10 µm in B 

and 50 µm in E. *p<0.05; **p<0.01. 
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Figure 27. Thbs4+ cells characterization in the SVZ after MCAO. Representative immunofluorescence of 

Nestin (red), DCX (pink) and Thbs4 (green) in Sham and ischemic SVZ 15dd post-MCAO (A & B). 

Quantification of Nestin+ NSC (C), DCX+ neuroblasts (D) and Thbs4+ astrocytes 7, 15 and 30 days after 

MCAO. Data are expressed as % of area fraction. Thbs4+ astrocytes analysis (F-G) and quantification (H) 

in the whole-mount SVZ preparation. Western blot analysis and quantification of Nestin (I-J) and Thbs4 

protein expression (J-K) 15 days after MCAO. LV = Lateral Ventricle. MGV = Mean Gray Value. Scale bar = 

100 µm in A. *p<0.05, **p<0.01. 
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CELL AND REGIONAL ORIGIN OF THE ASTROGLIOGENESIS IN THE SVZ AFTER 

BRAIN ISCHEMIA 

4. Cell origin in the SVZ 

 

To characterize the different cell populations of the SVZ, we labelled the whole 

pool of proliferating cells with 1% of BrdU in drinking water during 14 days before the 

MCAO (Codega et al., 2014). One month after MCAO, BrdU in the SVZ only stained slow 

proliferative cells like type B cells whereas BrdU in rapid transit-amplifying cells (type C) 

was washed away. Type C cells were labelled i.p. with 50mg/Kg of 5-Iodo-2′-

deoxyuridine (IdU) 24 hours before animals perfusion (Fig. 28A; see 2.1.3 section for 

protocol).  

To identify the cell origin of newborn astrocytes, we analysed SVZ 30 days after 

MCAO by immunofluorescence of co-labelling Thbs4 and GFAP together with BrdU or 

IdU. The total amount of BrdU+ cells was increased in the SVZ 30 days after MCAO (Fig. 

28B) whereas we did not observe any change in the number of IdU+ cells (Fig. 28C). 

After MCAO, Thbs4/GFAP colocalization with BrdU (slow proliferative NSC) increased 

linearly after MCAO (Fig. 28D), whereas Thbs4/GFAP colocalization with IdU (activated 

NSC) did not show any significative changes (Fig. 28E). These results suggested that 

Thbs4+ astrocytes derived from the slow proliferative cells. 

 

5. SVZ regional origin 

 

SVZ is a neurogenic niche with a complex structure where different NSC 

populations can populate specifically different regions. Depending on their location, 

NSCs are committed to different cell fate (Fiorelli et al, 2015). To identify the regional 

origin of Thbs4/GFAP/BrdU positive cells in the SVZ we analysed the dorsal, lateral, 

ventral and medial SVZ regions 30 days after MCAO (Fig. 29A-B). Topographic analysis 

of the SVZ showed a significant increase of co-labelled Thbs4/GFAP/BrdU+ cells only in 

the dorsal region (Fig. 29C-D); whereas we did not observe any significant modulation 

of Thbs4/GFAP/IdU+ cells at any SVZ region (Fig. 29E). Data suggested that ischemia-

induced Thbs4+ astrocytes arose from quiescent type B cells in the dorsal SVZ.   
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Figure 28. Cellular origin of astrocytes after MCAO in the SVZ. Experimental protocol (A). Number of 

total BrdU+ (B) and IdU+ (C) cells in the SVZ of sham and ischemic mice 30 days post-lesion. 

Thbs4/GFAP/BrdU+ cells (slow proliferative cells) increased in the SVZ 30 days after MCAO (D). 

Thbs4/GFAP/IdU+ cell number (high proliferative cells) in the SVZ did not change after MCAO (E). Cell 

labelling was performed 3 days (3d), 7 days (7d) 15 days (15d) and 30 days (30d) after MCAO in the SVZ. 

*p<0.05. 
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Figure 29. SVZ regional origin of Thbs4+ astrocytes. Experimental protocol (A) and SVZ regions analysed 

(B). Representative image of Thbs4 expression and BrdU incorporayion in the dorsal SVZ of sham animals 

and 30 days after MCAO (C). MCAO increased the number of Thbs4/GFAP/BrdU+ cells only in the dorsal 

SVZ 30 days after the insult (D) whereas we did not see any changes in the Thbs4/GFAP/IdU+ cells in the 

SVZ at the same time point (E). Cell labelling was performed 3 days (3d), 7 days (7d) 15 days (15d) and 30 

days (30d) after MCAO in the SVZ regions described in B. Scale bar = 10 µm. **p<0.01. 
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Thbs4+ ASTROCYTES RECRUITMENT TO THE ISCHEMIC REGION  

6. Kinetic of glial scar formation and migration of Thbs4+ astrocytes after brain 

ischemia  

 

Nestin, beside its role in the neurogenic niches, is also rapidly and locally 

expressed by reactive astrocytes and participates in the glial scar formation (Frisén et 

al., 1995). Thus, we used the Nestin immunofluorescence as a tool to identify the glial 

scar (Fig. 30A). Identification of the scar with Nestin was also compared with more 

classical methodologies like TTC staining (Fig. 30B-C). Unlike the TTC staining, that can 

only be performed hours after the lesion (the infiltration of peripheral immune cells avoids 

the exposure of the pale pink area), the visualization of the glial scar with Nestin 

immunofluorescence allowed us to analyse a wider time frame of the lesion. 

 

 

Figure 30. Characterization the glial scar using Nestin immunofluorescence and TTC staining. Nestin 

immunofluorescence and damage delimitation 30 days after MCAO (A). Infarcted area quantification after 

TTC staining (B). TTC staining of serial brain slices showed infarcted area as a pale pink (C). *p<0.05. 

 

Using the Nestin immunofluorescence we observed a rapid formation of the glial 

scar already 7 days after the MCAO (Fig. 31A-B). Analysing the expression of the two 

astrocytic markers, Thbs4 and GFAP, we observed a different kinetic and localization 

between them. GFAP expression was observed rapidly after 7 days and within the glial 

scar, whereas Thbs4 was observed later, 15 days post ischemia, at the border of the 

glial scar (Fig. 31B-D). This delay suggested that the glial scar is composed by two 

different astrocytic sub-populations expressing only GFAP or GFAP/Thbs4. To analyse 

the spatial location of GFAP and Thbs4 markers within the Nestin border, we measured 

the fluorescence intensity profile of damaged area 30 days after the MCAO. Thbs4 
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fluorescence intensity was mainly restricted to the Nestin glial scar (Fig. 31C-D), whereas 

GFAP fluorescent intensity was also found in the lesion core (Fig. 31D).  

 

 

Figure 31. Glial scar characterization after MCAO. Time course of Nestin expression and scar delimitation 

in the core-penumbra area 3, 7, 15 and 30 days post-lesion (A). Using Nestin as a glial scar marker, Thbs4 

and GFAP fluorescence was quantified inside the glial scar in sham animals and different days after MCAO 

(B). Fluorescence intensity profile of Thbs4, GFAP and Nestin in the glial scar (C). Thbs4 is mainly localized 

in the outer and inner glial scar defined by Nestin. Representative images of Thbs4 (green), GFAP (white) 

and Nestin (red) immunofluorescence in the infarcted cortex and infarcted striatum of 30 days after MCAO 

mice (D). Scale bar = 100 µm in A and 50 µm in D. **p<0.01. 

 

7. Detailed analysis of Thbs4+ astrocytes in the infarcted areas 

 

Analysis and kinetic of Thbs4+ astrocytes migration was further performed  in 

corpus callosum (CC), striatum (Str) and cortex (Ctx) (Fig. 32A). We observed a linear 

increase of Thbs4+ astrocytes from 7 to 60 days after MCAO, both in the Ctx and Str 

(Fig. 32B). Migration occurred mainly through the corpus callosum. Among the total 

GFAP+ astrocytes, 36.5% were also positive for Thbs4, suggesting that almost one third 

of the astrocytes in the glial scar derived from the SVZ (Fig. 32C). In fact, Thbs4+ 

astrocytes were visualized at the damaged area 30 days after the lesion and occupied 
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the glial scar territory (Fig. 32A). All in all, these data demonstrated that the Thbs4+ 

astrocytes found in the glial scar are a different population deriving from the SVZ, moving 

through the corpus callosum with their own kinetic and positioning at the border of the 

ischemic glial scar. 

 

 

Figure 32. Thbs4/GFAP immunofluorescence in the ischemic tissues. In sham animals, the 

Thbs4/GFAP+ astrocytes were restricted to the SVZ. In ischemic mice, Thbs4/GFAP+ astrocytes started to 

migrate to the ischemic lesion already after 7 days and finally invaded the glial scar 30 days after MCAO 

(A). Time course quantification of Thbs4/GFAP+ immunofluorescence in the corpus callosum (CC), cortex 

(Ctx) and striatum (Str) (B). 36.5% of total GFAP+ astrocytes also co-expressed Thbs4 (C). LV = Lateral 

Ventricle. Scale bar = 500 µm. *p<0.05, **p<0.01. 

 

8. MCAO re-direct olfactory bulb neurogenesis to the ischemic infarct 

 

To further confirm the cell recruitment from the SVZ to the ischemic infarct, we 

decided to analyse if ischemia could redirect the neurogenesis in the OB to the ischemic 
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lesion. We labelled the proliferative cells as shown in Fig. 33A and analysed the OBs of 

sham and ischemic mice 7, 15 and 30 days after MCAO. BrdU+ cells and neuroblasts 

(DCX+) were analysed by immunofluorescence in each OB layer (Fig. 33B-F). We 

observed a strong decrease in the number of BrdU+ cells only in the glomerular layer 30 

days after MCAO (Fig. 33D). Number of DCX+ cells dramatically decreased 15 days after 

the lesion in all OB layer with a slight recovery 30 days after the insult (Fig. 33E). 

Colocalization of BrdU with DCX markers showed a significant decreased of ischemia-

induced neuroblasts in the RMS 30 days post-lesion (Fig. 33F), suggesting that 

ischemia, induced a change in the neuroblasts ectopic migratory pathway, depriving the 

OB layers of SVZ new-born neurons.  

 

 

Figure 33. Reduced neurogenesis in the OB after brain ischemia. Experimental design (A) and scheme 

of OB layers (B). RMS, rostral migratory stream; GrL, granular layer; GL, glomerular layer. Representative 

images of DCX (red), BrdU (green) immunofluorescence and DAPI staining in sham and ischemic mice, 15 

and 30 days after MCAO (C). BrdU+, DCX+ and BrdU/DCX+ cell number quantification in sham and ischemic 

mice in the different OB layers (D-F). *p<0.05, ***p<0.001. 

 

To confirm that ischemic brain insult changed the ectopic migratory pathway of 

neuroblasts from SVZ to OB, we analysed in parallel the neurogenesis in ischemic areas. 

We confirmed a transient reduction of DCX+ neuroblasts in the SVZ, 7 and 15 days after 
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MCAO, as shown in Fig. 27D. Furthermore, we observed a slight increase of the DCX+ 

cells in the infarcted areas 30 days after MCAO (Fig. 34A-D) suggesting that the 

neurogenic program in the SVZ can be restored lately after the brain ischemia.  

 

 

Figure 34. Neurogenesis and DCX+ neuroblasts analysis in the damaged areas. Representative images 

of DCX staining in sham (A) and ischemic animals 7 (B) and 30 days after MCAO (C). DCX quantification 

after MCAO overtime (D). Representative image of Thbs4/Nestin/DCX staining 30 days after MCAO (E). 

Fluorescence intensity profile of Thbs4, Nestin and DCX markers in the lesion 30 days after MCAO (F). Area 

occupied by Thbs4, Nestin and DCX in the glial scar 30 days after the lesion (G). Area occupied by Thbs4, 

Nestin and DCX in the core of the lesion 30 days after the lesion (H). Colocalization between Nestin with 

Thbs4 (green), DCX (pink) markers or with undefined cells (gray) 30 days after the MCAO (I). LV = Lateral 

Ventricle; cc = corpus callosum; Ctx = Cortez; Str = Striatum. Scale bar = 500 µm in A, B, C and 200 µm in 

E. *p<0.05. 
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To better characterize the cell populations activated after brain ischemia we 

performed a triple immunofluorescence for Nestin, Thbs4 and DCX (Fig. 34E). Ischemic 

areas were analysed 30 days after MCAO and compared with the sham group. Using an 

immunofluorescence profile, we observed that Thbs4 fluorescence intensity was limited 

to the glial scar compartment (Fig. 34F) whereas DCX fluorescence intensity was 

restricted to the outer space of the lesion (Fig. 34E-F).  

Next, we created a glial scar ROI using the Nestin marker and we measured the 

Thbs4 and DCX expression inside the glial scar. We observed around 2% of the glial 

scar was covered by the DCX labelling whereas 20% was covered by Thbs4 (Fig. 34G). 

We did not see any DCX+ cells inside the lesion (Fig. 34H) suggesting that DCX+ 

neuroblasts did not cross the glial scar tissue. However, part of the Thbs4 labelling (37%) 

was found inside the damaged area (Fig. 34H). Finally, we analysed the colocalization 

between Nestin marker and Thbs4/DCX markers. More than 60% of Nestin+ cells also 

expressed Thbs4 marker whereas only 16% expressed DCX marker 30 days after the 

lesion (Fig. 34I). 

These data suggest SVZ stops producing neuroblasts and generates Thbs4+ 

astrocytes in response to the brain ischemia. However, SVZ starts producing neuroblasts 

which migrate to infarcted regions at chronic stages of the disease. 

 

9. Ischemia-induced Thbs4+ astrocytes reached the damaged areas from the SVZ 

niche 

 

To confirm that Thbs4+ astrocytes derived from type B cells of dorsal SVZ, we 

labelled NSCs of dorsal SVZ by electroporating the pCAGGSx-CRE plasmid in P1 Ai14 

Rosa26-CAG-tdTomato transgenic mice (see Fig. 35A and 2.1.5. section for protocol). 

Plasmid electroporation induced the tdTOM expression by Cre recombination so we 

could trace the cell fate of NCS from the dorsal SVZ. After 3-4 months from the 

electroporation, we performed the MCAO and tdTOM fluorescence was analysed 7, 30 

and 60 days after MCAO. To confirm that electroporation protocol worked properly and 

labelled NSCs, we followed the tdTOM fluorescence in the OB (Fig. 35B). Only those 

animals with a proper number of tdTOM+ cells in the OB were took into account for later 

analysis. tdTOM+ cells could be observed in the OB  starting 3 weeks after 

electroporation (Platel et al. 2019). After quantification of tdTOM+ NSCs 7, 30 and 60 

days after MCAO, we observed a significant decrease of tdTOM+ cells in the SVZ of 
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ischemic animals respect to sham animals (Fig. 35C-D). In addition, the decrease of 

tdTOM+ NSCs was observed in all SVZ axis analysed, as shown in Fig. 35E.  

 

 

Figure 35. Characterization of pCAGGSx-CRE electroporation for SVZ NSC tracing. Experimental 

design (A). P1 Ai14-ROSA26-tdTomatofl/fl mice were electroporated (ELPO) with a PCAGG-CRE plasmid. 

After 3-4 months (mo), MCAO was performed and animals were analysed 7, 30 and 60 days after the lesion. 

tdTOM fluorescence in the OB was used as a positive control for ELPO  (B). The number of electroporated 

cells decreased in the SVZ after MCAO respect to sham mice (C-D) in all SVZ regions (E). RMS = Rostral 

Migratory Stream; GL = Glomerular Layer; GrL = Granular Layer; LV = Lateral Ventricle. Scale bar = 100 

µm in B and 50 µm in D. *p<0.05, ***p<0.001. 

 

After MCAO, together with the reduction of electroporated cells in the SVZ we 

observed a general increase of labelled cells outside the SVZ, especially in the 

Intermediate and Caudal axis of the whole brain respect to sham animals (Fig. 36A-B). 

This would suggest that brain ischemia induced a migration of dorsal SVZ cells. The 
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preferential way of migration is the corpus callosum through its intermediate/Caudal 

pathway (Fig. 36C). At deeper analysis we confirmed that labelled cells after MCAO 

migrated to the cortical and striatal ischemic area (Fig. 36D) with a greater significative 

increase in their Intermediate and Caudal axis (Fig. 36E). This experiment confirmed that 

brain ischemia activated the astrogliogenesis in the dorsal SVZ and their migration to the 

infarcted areas. 

 

 

Figure 36. Effect of MCAO on electroporated cells. Quantification of tdTOM+ cells in the whole brain after 

MCAO (A) and in the Rostral, Intermediate and Caudal axis (B). Visualization of tdTOM+ cells in the 

rostral/caudate axis in sham animals and 60 days after MCAO (C). Quantification of the tdTOM+ cells in the 

cortex (Ctx), striatum (Str), corpus callosum (CC) and SVZ, 7, 30 and 60 days after MCAO and in sham 

animals (D) and divided into Rostral, Intermediate and Caudal axis (E). Scale bar = 1000 µm. *p<0.05, 

**p<0.01, ***p<0.001. 
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Figure 37. Thbs4 localization in electroporated cells after MCAO in the dorsal SVZ. TdTOM+ cells co-

expressing Thbs4 in the dorsal SVZ increased overtime after MCAO (A). Fraction and quantification of 

tdTOM+ cells co-expressing Thbs4 (green) in sham and 60 days after MCAO animals (B). Thbs4/tdTOM+ 

cells increased progressively in the rostral and intermediate SVZ after MCAO (C). Representative image of 

tdTOM+ cells co-expressed Thbs4 in the SVZ (D). Scale bar = 10 µm. **p<0.01, ***p<0.001. 

 

To identify the portion of NSCs that differentiated to Thbs4+ astrocytes following 

ischemia we analysed the co-expression of Thbs4 with tdTOM after MCAO (Fig. 37A-D). 

Regardless the general decrease of tdTOM+ cells in the SVZ, the Thbs4/tdTOM positive 

cells increased already 30 days after the brain ischemia respect to sham animals (Fig. 

37A). In sham animals, we observed that 36% of tdTOM+ cells expressed Thbs4, 

increasing to 69% sixty days after MCAO (Fig. 37B). The number of Thbs4/tdTOM+ 

astrocytes in the SVZ increased especially in its rostral and intermediate axis (Fig. 37C), 
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suggesting that brain ischemia activated the generation of Thbs4 astrocytes especially 

in the dorso-rostral and dorso-intermediate SVZ.  

Finally, after characterizing the ischemic response of Thbs4 astrocytes in the 

SVZ, we analysed the Thbs4+ astrocytes recruitment to the ischemic regions. More than 

a half of total tdTOM+ cells in the infarcted area expressed the Thbs4 marker 60 days 

after MCAO (Fig. 38A). However, not all Thbs4+ astrocytes overlapped with tdTOM 

fluorescence (Fig. 38B-B´): we suppose because electroporation protocol only labelled 

part of the NSC in the SVZ.  Even though, the analysis of Thbs4/tdTOM colocalization in 

the infarcted areas supported our hypothesis that ischemia activated the 

astrogliogenesis in the SVZ, from the type B cells and that Thbs4+ astrocytes migrate to 

the ischemic areas. 

 

 

Figure 38. Electroporated NSCs also expressing Thbs4 were found in the damaged areas 60 days 

after MCAO. About a half of tdTOM+ cells found in the infarcted areas 60 days after the lesion also expressed 

Thbs4 (A). Representative image of tdTOM and Thbs4 immunofluorescence and DAPI staining 60 days after 

MCAO (B). Magnification of previous image in the area between SVZ and the lesion (B´). Arrows point to 

double labelled cells. Scale bar = 100 µm. 
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ROLE OF Thbs4+ ASTROCYTES IN THE ISCHEMIC LESION 

10. Ischemia-induced extracellular space disruption. Thbs4+ astrocytes modulate 

the hyaluronic acid production in the glial scar 

 

To study the role of Thbs4 astrocytes in the glial scar, we analysed the 

hyaluronan (HA), the main compound of the ECM, and we used the hyaluronic binding 

protein (HABP) as a marker. It is described that when local astrocytes react to the 

ischemic damage, they do not only change their morphology to a fibrotic stage, but they 

also produce HA to form the glial scar and isolate the healthy from the damaged tissues 

(Preston & Sherman, 2011). Our hypothesis is that ischemia-induced Thbs4+ astrocytes 

derived from SVZ may play a role in modulating the HA formation in the glial scar. 

First of all, we analysed how brain ischemia modulated the HA deposition in the 

corpus callosum and the infarcted areas. HA was visualized by immunofluorescence with 

HABP in sham animals and 7, 15 and 30 days after the MCAO (Fig. 39A). In order to 

analyse HA size, we performed the skeletonize analysis to measure the HABP spots size 

and structure (Fig. 39A1-2; see 3.2 section for method). Fractal dimension, that measure 

the skeletonize analysis of HA structure, was disrupted in the infarcted areas overtime 

(Fig. 39B). Moreover, we did not observed any change in the proportions of HABP spots 

size in the corpus callosum at any time after MCAO model (Fig. 39C). Nevertheless, 

HABP spots were larger as more days pass after the MCAO in the damaged areas (Fig. 

39D) suggesting the formation of anti-inflammatory HMW HA structures like glial scar 

tissue after the insult (Moshayedi & Carmichael, 2013). This data confirmed that MCAO 

induced an alteration in the HA of ECM.  

Thirty days after the MCAO, we observed Thbs4+ astrocytes in the ischemic scar, 

in the proximity of the HABP (Fig. 40A-B). To further understand the role of Thbs4+ 

astrocyte in the glial scar formation and whether they produce or degrade the ECM, we 

developed an ImageJ script for HABP quantification in the cell membrane of Thbs4+ 

astrocytes (Fig. 40C-D). In fact, HA is produced only in the cell membrane of neurons 

during the embryonic development or astrocytes during the adulthood (Zimmermann & 

Dours-Zimmermann, 2008; Peters & Sherman, 2020). Although HABP area increased in 

the Thbs4+ astrocyte membrane in all analysed areas (corpus callosum, infarcted cortex 

and striatum) and all time points (7, 15, 30 and 60 days) after MCAO (Fig. 40E), HABP 

spots only increased significantly 60 days after MCAO (Fig. 40F). This result suggested 

Thbs4+ astrocytes were surrounded by HMW HA after MCAO until late stages of the 

disease where it was already fragmented.  
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Figure 39. Glial scar characterization by hyaluronan analysis after MCAO. Visualization of Hyaluronic 

Acid Binding Protein (HABP) staining 30 days after MCAO (A). Representative skeletonized images used 

for HABP spots size analysis in the healthy tissue (1) and damaged area (2). Fractal dimension, a hyaluronan 

structure parameter, was disrupted after MCAO model overtime in all analysed areas (B). Cumulative 

frequency distribution of HABP spots size in the sham, 7, 15 and 30 days after MCAO mice in the corpus 

callosum (C) and damaged areas (D). *p<0.05; All time points in graph D were ****p<0.0001. No differences 

were observed in the corpus callosum. 
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Figure 40. HABP and Thbs4 immunofluorescence in the ischemic area. Representative images of 

cortex and striatum from sham and ischemic mice (30dd after MCAO) labelled with Thbs4, GFAP, and HABP 

and counterstained with DAPI (A). Fluorescence lesion profile of HABP, GFAP and Thbs4 markers 30 days 

after MCAO (B). HABP profile mainly spans with Thbs4. Orthogonal representative images of Thbs4+ cells 

and HABP co-localization in the sham mice and 30 days after MCAO (C). Binary mask of (C) images showing 

membrane ROI in black and hyaluronan in red in sham animals and 30 days after MCAO (D). HABP area 

fraction inside Thbs4+ cell membrane increased dramatically in the corpus callosum and infarcted areas after 

MCAO (E). The number of HABP spots inside Thbs4+ cell membrane increased progressively in all analysed 

areas after MCAO (F). Scale bar = 10 µm for all picttures. *p<0.05, **p<0.01, ***p<0.001. 
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11. Thbs4+ astrocytes internalize hyaluronic acid in the ischemic glial scar 

 

To study if astrocytes can degrade HA, we analysed the intracellular HABP spots 

in Thbs4+ astrocytes. Although ECM remodeling is an extracellular process, HA can be 

internalized for later degradation, ECM recycling and remodeling (Zimmermann & Dours-

Zimmermann, 2008; Peters & Sherman, 2020). Intracellular HABP spots were analysed 

in the Thbs4+ astrocytes and local astrocytes labelled only with GFAP marker (Fig. 41A). 

Thirty days after MCAO, Thbs4+ astrocytes showed more area filled by intracellular 

HABP compared with local astrocytes in the infarcted cortex (Fig. 41B). However, HABP 

spots number was higher in the local astrocytes of infarcted cortex (Fig. 41C) suggesting 

Thbs4+ astrocytes were able to internalize HMW HA. HABP area did not present any 

change between both populations in the infarcted striatum 30 days after MCAO (Fig. 

41D), although HABP spots were higher in the local astrocytes compared with the Thbs4+ 

astrocytes (Fig. 41E), suggesting Thbs4+ astrocytes internalized larger hyaluronan 

fragments in the infarcted areas.  

 

 

Figure 41. HABP quantification inside Thbs4+ astrocytes and GFAP+ local astrocytes after MCAO. 

Representative images of HABP spots inside Thbs4+ cells and GFAP+ local astrocytes (A). Quantification of 

HABP area (B) and HABP spots (C) inside Thbs4+ astrocytes and GFAP+ local astrocytes in the infarcted 
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cortex 30 days after the lesion. Quantification of HABP area (D) and HABP spots (E) inside Thbs4+ 

astrocytes and GFAP+ local astrocytes in the infarcted striatum 30 days after the lesion. Scale bar = 50 µm. 

*p<0.05 vs GFAP paired Student´s t-test.  

 

To assess that astrocytes were degrading HA we performed an 

immunofluorescence analysis of CD44 (Fig. 42A). CD44 is a transmembrane 

glycoprotein receptor whose main function is the HA degradation and ECM remodeling 

(Dzwonek & Wilczynsk, 2015). We showed that Thbs4+ astrocytes highly expressed 

CD44 receptor and their colocalization was around 80% of the total Thbs4+ astrocytes in 

the corpus callosum 30 days after MCAO model (Fig. 42B). Despite CD44 spots inside 

the Thbs4+ astrocytes differed depending on analysed area (corpus callosum, infarcted 

cortex and infarcted striatum, Fig. 42C), global CD44 spots were around 40% in the 

infarcted areas 30 days after the lesion (Fig. 42D). These results suggest Thbs4+ 

astrocytes express the potential machinery to both produce and degrade the HMW HA.  

 

 

Figure 42. Thbs4+ astrocytes expressed the hyaluronan receptor CD44. Representative image of HABP, 

Thbs4 and CD44 immunofluorescence in ischemic brain, 30 days after MCAO (A). Quantification of 

CD44/Thbs4 colocalization in the corpus callosum (CC, pink), infarcted cortex (Ctx, blue) and striatum (Str, 

green) 30 days after MCAO (B). Quantification of CD44 spots inside Thbs4+ astrocytes in the ischemic areas 

30 days after MCAO (C). Fraction of CD44 spots inside Thbs4+ astrocytes in injury (D). Scale bar = 10 µm. 

*p<0.05. 

 



Results 

 
97 

12. In vitro Thbs4+ astrocytes internalized more hyaluronan spots after OGD 

protocol 

 

In order to validate the results obtained in vivo after MCAO, we performed an in 

vitro assay for HABP uptake into Thbs4+ astrocytes. NSC from neurosphere cultures 

were seeded in 100% HA (1mg/ml) or 50% HA in Poly-L-Ornithine pretreated plates; 

100% Poly-L-Ornithine were used as a control. After 7 days in vitro, Thbs4+ astrocytes 

cultured in 100% HA showed the most evident HABP spot modulation after HABP 

immunofluorescence (Fig. 43A-B).  

 

 

Figure 43. In vitro validation of HA internalization after OGD. Experimental design (A). Representative 

immunofluorescence of HABP spots (red) co-localizing with Thbs4 (green) (B). Cell mask in yellow used to 

analyse the intracellular and extracellular HABP spots (C). Quantification of HABP spots inside and outside 

the Thbs4+ astrocytes, before (CTRL) and after OGD (D). Quantification after Hyaluronidases exposure (E). 

Intracellular HABP spots in co-culture experiments were quantified in Thbs4+ astrocytes and microglia (Iba1) 

as a control condition (F). MMPases activity (RFU/DAPI intensity) in Thbs4+ astrocytes increase after OGD 

(G). Scale bar = 50 µm and 10 µm (B and zoom respectively). RFU = Relative Fluorescence Units. *p<0.05, 

**p<0.01, ***p<0.001. 
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HABP spots were analysed by ImageJ scripts inside and outside Thbs4+ cells, 

before and after OGD (Fig. 43C). OGD induced a greater internalization of HA into the 

Thbs4+ astrocytes compared with the control condition (Fig. 43D). As a control, we 

performed another experiment where we used hyaluronidases to digest the extracellular 

HA. Thbs4+ astrocytes exposed to OGD condition were able to revert the HABP 

internalization (Fig. 43E), suggesting a Thbs4+ astrocytes-hyaluronan interplay based on 

external stimulus.  

To rate the HA internalization in Thbs4+ astrocytes, we compared the HABP spots 

in astrocytes with the spots in microglia in a co-culture system. Surprisingly, we observed 

a major efficacy of astrocytic internalization respect to the microglial phagocytosis (Fig. 

43F). Finally, to confirm the ability of Thbs4+ astrocytes in digesting HA, we assayed the 

Metalloproteinases (MMPases) activity after OGD (Fig. 43G). All these data suggest 

Thbs4+ astrocytes can internalize and degrade HA in response to OGD. 

 

13. Matrisome analysis in the SVZ after MCAO model 

 

The matrisome is defined as the set of transcripts that contribute to form the ECM. 

To analyse the transcripts that contribute the most to the generation of ECM we analysed 

the matrisome induction after MCAO. We studied the mRNA transcripts from fresh SVZ 

tissue of sham and 15 and 30 days after MCAO (Fig. 44A). MCAO modulated especially 

the hyaluronidase (Hyal1-3) and hyaluronan synthase Has1-2 transcripts (Fig. 44B). As 

a control of the ischemic insult we confirmed an increment of Thbs4 and hypoxia 

inducible factor 1a (Hif1a) transcript. Interestingly, the Hyal1-3, that are involved in the 

matrix degradation, were more upregulated 15 days after the MCAO whereas the Has 

1-2 were more upregulated 30 days after the insult (Fig. 44B), suggesting that SVZ 

activation may modulate the extracellular stiffness. Further analysis of gene modulation 

by hierarchical distance matrix (Fig. 44C) also suggested that Thbs4 transcription is 

closer to the hyaluronidases than to the synthases. These data confirm that HA 

degradation is a favorable event for SVZ activation following brain ischemia. 
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Figure 44. Matrisome analysis of the SVZ after MCAO by qRT-PCR. Fresh SVZ tissue was extracted 

from sham mice and 15 and 30 days after MCAO as depicted in (A). Hyaluronidase 1-3 (Hyal1, Hyal 2 and 

Hyal3) and Hyaluronan synthase 1-2 (Has1 and Has2) transcripts were the most modulated after MCAO. 

Thbs4 and hypoxia inducible factor 1a (Hif1a) were used as controls for the brain ischemia (B). Hierarchical 

matrix distance analysis and genes distances (C). All genes showed significative differences (*p<0.05) after 

MCAO.  

 

14. Hyaluronan accumulation was sufficient but not exclusive for Thbs4+ astrocytes 

recruitment in damaged areas 

 

Finally, to confirm that the HA of ischemic scar may represent a signal for the 

Thbs4+ astrocyte migration, we simulated the ischemic scar by overexpressing the HAS2 

after AAV2/9-CAG-HAS2-Flag infection in the striatum. HAS2 is poorly expressed in the 

brain in physiological conditions because its main function is the production of HMW HA 

(Kwok et al. 2011). First at all, we optimized the AVV protocol in order to know the proper 

concentration to induce HAS2 overexpression. Two microliters of AAV2/9-CAG-HAS2-

Flag injected in the striatum (AP: +1.8; ML: -1.0; DV: -3.2) avoided the local 

neuroinflammation and it was sufficient to induce HAS2 overexpression (Fig. 45A) and 

HA accumulation in the injected site. Most of the infected cells were neurons that 

produced HA perineuronal nets whereas only few Thbs4+ astrocytes were infected by 

AAV2/9-CAG-HAS2-Flag. (Fig. 45B-C).  

HAS2 overexpression and subsequently HMW HA production is an experimental 

reproduction of the scar formed after brain ischemia (Fig. 46A-G). This experimental 

approach was sufficient to recruit the Thbs4+ astrocytes from the ipsilateral SVZ 45 days 
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after the injection of 1 µl of AAV2/9-CAG-HAS2-Flag (Fig. 46A, C, F), with a time frame 

similar to the ischemic model. Nevertheless, when we produced the ischemic lesion by 

MCAO together with the viral overexpression of HA in the contralateral hemisphere, we 

observed that Thbs4+ astrocytes preferentially migrated from the SVZ to the glial scar 

generated by the MCAO (Fig. 46D-G). 

These results suggested that accumulation of HMW HA per se is sufficient to 

activate and recruit the Thbs4+ astrocytes from the SVZ to the damaged areas. However, 

we hypothesize that there are more biochemical signals that contribute to the activation 

of the SVZ gliogenesis and the recruitment of the newborn astrocytes to the damaged 

areas.  

 

Figure 45. Simulation of a glial scar by AAV2/9-CAG-HAS2-Flag infection: proof of concept. The 

infection with AAV2/9-CAG-HAS2-Flag generated a scar with hyaluronan deposition similar to that observed 

after MCAO. Representative image of HAS2-AVV injection in the striatum (AP: +1.8; ML: -1.0; DV: -3.2) and 

HABP expression after 45 days (A). Thbs4+ astrocytes reacted to the HA accumulation due to HA synthase 

(HAS2) overexpression (B). Infected cells were mainly neurons which produced HA to create perineuronal 

nets (C). HABP in red to visualize hyaluronic acid; Thbs4 in blue and FLAG in green as HAS2-AVV tag. 

Scale bar = 500 µm in A and 100 µm in B, C. 
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Figure 46. HA accumulation is necessary but not sufficient fot Thbs4+ astrocytes activation. 

Experimental design: AAV2/9-CAG-HAS2-Flag was injected in 3-4-month old mice, MCAO performed after 

15 days and mice sacrificed 30 days after the surgery (A). Three groups of mice were used: mice infected 

with mocked virus (GFP), AAV2/9-CAG-HAS2-Flag (HAS2 control virus) and AAV2/9-CAG-HAS2-Flag + 

MCAO (HAS2 + MCAO). Representative images from GFP (B), HAS2 control virus (C) and HAS2 + MCAO 

(D) groups. FLAG was measured in the HAS2 groups in order to rule out external issues (E). Thbs4 

expression increased only in response to the HAS2 overexpression (F). However, Thbs4 was even higher 

in the case of HAS2 + MCAO than HAS2 control virus (F). HABP area was increased in both HAS2 groups 

(HAS2 control virus and HAS2+MCAO) but not in the GFP (G). *p<0.05, **p<0.01, ***p<0.001.  
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1. NSC proliferate and differentiate mainly into astrocytes following the ischemic stroke 

Our results showed that the adult neurogenic niche at the SVZ responded 

early after the ischemic stroke by proliferating and differentiating into astrocytes. 

SVZ stem cells proliferate fast as a response to the ischemic stroke as revealed by 

immunofluorescence to BrdU, Ki67 and cleaved-Caspase 3 markers only 24 hours after 

the injury. Unlike previous results from other groups, showing that NSC responded and 

contributed to the brain protective responses lately after the insult (Zhang et al., 2001; 

Arvidsson et al., 2002; Parent et al., 2002), our results evidenced the faster response 

of the SVZ NSC to the brain ischemia, supporting the data from others (Jin et al., 2003; 

Zhang et al., 2004; Saha et al., 2013). The early proliferative response of the SVZ to the 

brain ischemia allowed a faster glial recruitment also in the infarcted areas. 

Using in vitro and in vivo approaches and by immunofluorescence, western blot 

and FACS techniques we observed that brain ischemia mainly activated 

astrogliogenesis from the SVZ. Analysis by immunofluorescence revealed an evident 

decrease of progenitor cells (Nestin) and neuroblasts (DCX) but increase of astrocytes 

(Thbs4/GFAP) between 7 and 15 days after the lesion. Our data showed that NSC in the 

SVZ started to produce astrocytes in detriment to immature neurons after brain ischemia. 

We demonstrated that after 15 days, brain ischemia re-routed the cell migration from the 

physiological SVZ-RMS-OB path to the pathological cortex and striatum affected. In 

contrast with our results, the majority of researchers who study this event have shown 

that NSC produced DCX+ neuroblasts after the ischemic injury (Jin et al., 2001; Zhang 

et al., 2001; Arvidsson et al., 2002; Yamashita et al., 2006; Thored et al., 2007; Saha et 

al., 2013; Palma-Tortosa et al., 2017; Liang et al., 2019; Santopolo et al., 2020). 

However, most of these papers analysed NSC differentiation at later time points after the 

ischemic insult. Our findings regarding ischemic-induced new generated astrocytes from 

NSC in the SVZ were analysed at shorter time points after the insult so that they can be 

complemented with the previous observations at later stages. Moreover, even some 

papers showed that NSC differentiate also into astrocytes, the main focus of these 

papers is on the new neuroblasts production following the ischemic stroke (Yamashita 

et al., 2006; Carlen et al., 2009). Of course, the principal interest of cell restoring after 

brain ischemia is focused in the neurogenesis and its ability to repopulate the penumbra 

tissue. Likewise, those publications which focused in the neuronal production have 

shown that these immature neurons integrate in the pre-established neuronal network 

and develop functional activity. However, few of these neuroblasts survive at longer 
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stages of the disease and functional recovery induced by the SVZ neurogenesis is limited 

(Arvidsson et al., 2002; Yamashita et al., 2006).  

Astrogliogenesis after brain ischemia is also demonstrated by other groups  (Li 

et al., 2010; Young et al., 2012; Benner et al., 2013; Faiz et al., 2015; Laug et al., 2019). 

Nevertheless, among publications discrepancy exit about how astrogliogenesis is 

characterized and quantified. Some authors only used GFAP or Nestin markers to 

identify new generated astrocytes in SVZ but NSC can also express these markers 

(Young et al., 2012; Laung et al., 2019). The gold techniques to assess if NSC from SVZ 

produce astrocytes instead of new-born neurons are cell tracing techniques that take 

advantages of transgenic mice or viral infection of the NSC to exclude parenchymal 

astrocytes contribution (Yamashita et al., 2006; Li et al., 2010; Faiz et al., 2015). Some 

papers also used Thbs4 marker to label new generated astrocytes from the SVZ (Benner 

et al., 2013; Laug et al., 2019; Pous et al., 2020). In our work we combined two of the 

methodologies used to characterize the astrogliogenesis from the SVZ: the Thbs4 

labelling and cell tracer by in vivo electroporation. 

Our results showed that Thbs4 is an accurate marker for the identification of new 

astrocytes generated from the SVZ. Under physiological conditions, Thbs4 is expressed 

by a specific NSC population in the SVZ as demonstrated by other authors using 

immunofluorescence and RNA-seq techniques (Codega et al., 2014; Llorens-Bobadilla 

et al., 2015; Zywitza et al., 2018; Basak et al., 2018; Mizrak et al., 2019; Zamboni et al., 

2020; Cebrían-Silla et al., 2021). Codega et al. (2014) and Llorens-Bobadilla et al. (2015) 

both demonstrated that Thbs4 is mainly expressed by cells derived from NSC and at 

very lower extent, by other parenchymal cell populations. Expression of Thbs4 in the 

neurogenic niche was also documented in NSC pre-programmed for responsing to injury 

(Basak et al., 2018; Mizrak et al.,2019) and quiescent NSC located in dorsal and caudal 

SVZ regions (Cebrían-Silla et al., 2021). These data in accordance with our results 

suggest SVZ harbour a specific NSC population expressing the Thbs4 marker.  

The use of Thbs4 marker has become useful for measuring the SVZ 

astrogliogenesis after pathological conditions such as ischemic stroke or TBI (Benner et 

al., 2013; Laug et al., 2019; Zhao et al., 2020; Pous et al., 2020). Benner et al. (2013) 

showed that Thbs4 expression is restricted to the new pool of astrocytes generated from 

NSC in the SVZ following brain ischemia and increase of Thbs4 marker in the SVZ is 

mediated by Notch signalling like reported by Laung et al. (2019). Notch signalling is 

known for its role in the maintenance of the quiescence state of NSC and its suppression 
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drive the differentiation of the NSC into neurons (Gaiano & Fishell, 2002). Data suggest 

an involvement of Notch signalling in our ischemic model. 

Finally, in contrast with previous studies where authors have shown that Thbs4 

expression is restricted to the SVZ extracellular space (Beckervordersandforth et al., 

2010; Kjell et al., 2020) or to RMS (Girard et al., 2014), our results suggest Thbs4 

glycoprotein is expressed by specific NSC pool and in the extracellular space or in the 

RMS as described previously (Codega et al., 2014; Llorens-Bobadilla et al., 2015; 

Zywitza et al., 2018; Basak et al., 2018; Mizrak et al., 2019; Zamboni et al., 2020; 

Cebrían-Silla et al., 2021).  

 

 

Figure 47. HA digestion is needed for NSC activation following brain injury. NSC response is 

modulated by external and internal factors from SVZ until damage area. Modified from Preston & Sherman 

(2011). 

 

Specific Thbs4 positive NSC population covers a relevant role in the extracellular 

space of the SVZ. SVZ harbour a special ECM niche because the hyaluronan is absent 

inside the NSC layer but it is overexpressed in the lining and limiting the SVZ from the 
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striatum. As described in detail in the Introduction section, the particular SVZ 

environment conserves NSC population and avoids the exhaustion of the niche (Peters 

& Sherman, 2011; Khaing & Seidlits, 2015; Kjell et al., 2020). Our results using 

immunofluorescence staining for hyaluronan and Thbs4 glycoprotein showed a close 

interplay between both elements. HABP is reduced in the dorsal SVZ following the 

ischemic stroke. Skeletonize analysis showed hyaluronan degradation 7 days after the 

ischemic stroke in the dorsal SVZ but not in other SVZ domains. In addition, matrisome 

gene analysis revealed an increase of hyaluronidases in the SVZ after the ischemic 

stroke. The degradation of hyaluronan in the dorsal SVZ coincides with the activation 

and production of Thbs4 positive astrocytes between 7 and 15 days following the 

ischemic stroke. Taking all these data together, our results suggest that hyaluronan 

degradation is needed to allow dorsal NSC activation in the SVZ and the production of 

Thbs4+ astrocytes after the stroke model as proposed previously (Fig. 47; Peters & 

Sherman, 2011; Kjell et al., 2020).  

Altogether, Thbs4 is postulated as a potential and accurate marker for identifying 

new generated astrocytes from SVZ. All these findings suggest Thbs4 is expressed by 

a specific quiescent NSC population that is programmed for responding to injury.  

 

2. Ischemia-induced Thbs4+ astrocytes derive from specific NSC population of the SVZ 

Once we had demonstrated that brain ischemia activated NSC in the SVZ to 

generate new astrocytes, we studied in detail the cell and regional origin of the Thbs4+ 

astrocytes. We demonstrated that Thbs4+ astrocytes derived from specific progenitor 

cells along rostro-caudal and dorso-ventral axis that migrated in response to brain 

ischemia. By using BrdU chronic treatment to identify quiescent NSC (Codega et al., 

2014) we observed that almost 40% of the BrdU+ quiescent NSC express the Thbs4 

glycoprotein 30 days after ischemia. Moreover, in accordance with Cebrián-Silla et al. 

(2021), our result showed that Thbs4/BrdU double positive cells were more present in 

the dorsal SVZ and predominantly enriched in quiescent NSC pool. Activation of the 

Thbs4 quiescent NSC pool was also corroborated by immunofluorescence for EGFR, a 

marker for active NSC (Doetsch et al., 2002). Indeed, Thbs4 expression was induced in 

a NSC population that did not express EGFR marker between 7 and 15 days after the 

ischemia. Whether Thbs4 are generated de novo from quiescent NSC (Codega et al., 

2014; Llorens-Bobadilla et al., 2015; Zywitza et al., 2018; Zamboni et al., 2020; Cebrían-

Silla et al., 2021) or come from a primed NSC population (Basak et a., 2018; Mizrak et 

al., 2019) is still unknown but what seem to be clear is that Thbs4+ astrocytes represent 
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a direct progeny of the quiescent NSC. Other indirect evidence of our findings are that 

brain ischemia induced a deprivation of neuroblasts in the periglomerular layer of OB 

that is normally furnished by the NSC population coming from the dorsal SVZ (Young et 

al., 2007; López-Juárez et al., 2013; Fiorelli et al., 2015; Chaker, Codega & Doetsch, 

2016). Taking all together, these data support the evidence that ischemic-induced 

Thbs4+ astrocytes are produced by dorsal quiescent NSC populations being a potential 

target for preclinical therapeutic strategies.  

Even if in slight contradiction with other studies that did not show the presence of 

NSC in dorso-caudal regions of the SVZ (Doetsch, García-Verdugo & Álvarez-Buylla, 

1997; Mirzadeh et al., 2008; Fiorelli et al., 2015), we coincide with others (Bordiuk et al., 

2014, Cebrían-Silla et al., 2021) showing striking evidence of Thbs4+ NSC in this region. 

One explanation may derive from the natural migration of these populations from the 

dentate gyrus of the hippocampus, lining the lateral ventricles (Bordiuk et al., 2014). 

The presence of a NSC population expressing the astroglial marker Thbs4, lead 

us to investigate if this population may be activated by brain ischemia to differentiate into 

astrocytes. Labelling and tracing the dorsal SVZ NSC by postnatal electroporation, we 

were able to demonstrate that brain ischemia induced differentiation of this dorsal SVZ 

population into astrocytes that later migrated to the ischemic damage. Using this strategy 

we could unmask an underrepresented mechanism of the gliogenesis from the SVZ 

showing not only oligodendrocytes but also astrocyte differentiation (Menn et al., 2006; 

Ge et al.; 2012; Sohn et al., 2015). Our results suggested that more than a cell population 

can be represented in the SVZ and activated following brain ischemia. Presence and 

characterization of a reactive cell population responding to the ischemia will be of great 

interest to direct pharmacological treatment to a specific SVZ cell population.   

 

3. New-generated Thbs4+ astrocytes migrate from SVZ to the infarcted areas 

After characterizing the cell and regional origin of SVZ astrocytes we investigated 

if ischemic tissues can recruit newly differentiated astrocytes. We developed two 

experimental paradigms to study migration of these astrocytes toward the injured area. 

As a first attempt we labelled the SVZ NSC by chronic treatment with BrdU (see 2.1.3. 

section for protocol) and analysed the brain tissues after 30 days washing. We also co-

labelled the proliferating cells with IdU allowing the labelling of type C cells. Using this 

protocol we observed an increase in the number of BrdU positive cells in the infarcted 

areas suggesting the migration of NSC-derived cells from SVZ toward the injury. Almost 

40% of these BrdU+ cells also expressed Thbs4 glycoprotein in the lesion suggesting 
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that quiescent NSC gave rise to Thbs4+ astrocytes that migrated to the infarcted area. In 

addition, the deprivation of BrdU+ cells in the periglomerular OB layer after ischemia 

suggested that mainly dorsal SVZ cell populations responded to the injury re-routing their 

physiological pathway from the OB to the injury.  

Actually the BrdU/IdU protocol still not shed light on the real origin and destination 

of the Thbs4+ astrocytes after brain ischemia. Thus, we decided to confirm our first 

observations labelling and tracing the dorsal SVZ NSC by electroporation with pCMV-

Cre plasmid in R26-CAG-tdTomato transgenic mice. After brain ischemia, regardless of 

few labelled cells that remained in the site of electroporation, most of labelled cells 

migrated to the injured areas. Indeed, the kinetic of the dorsal SVZ activation evidenced 

first an increase of tdTOM cells in the dorsal SVZ, later, 15 days after the ischemic insult, 

SVZ was depleted of tdTOM cells with a progressive increase of tdTOM cells at the 

injured areas. This experiment demonstrated that NSC proliferated and migrated outside 

the SVZ niche recruited by the ischemic environment.  

When we characterized the tdTomato in the SVZ, we observed an elevated 

number of tdTOM cells co-expressing the Thbs4 glycoprotein following the brain 

ischemia suggesting that NSC in the dorsal SVZ could differentiate into Thbs4+ 

astrocytes. Electroporation protocol was instrumental to demonstrate that dorsal NSC-

derived astrocytes were able to move toward injury. We can not exclude that Thbs4+ 

astrocytes could differentiate also in the injured tissues, after NSC migration. Using viral 

and transgenic approaches, Faiz et al (2015) observed the migratory pathway of NSC 

from SVZ to the injury and, once there, the differentiation into astrocytes primed by 

extracellular environment (Laung et al., 2019; Pous et al., 2020). However, according 

with Benner and other laboratories (Yamashita et al., 2006; Li et al., 2010; Benner et al., 

2013; Zhang et al., 2014; Faiz et al., 2015; Santopolo et al., 2020; Pous et al., 2020) we 

sustain the hypothesis that Thbs4+ astrocytes, once differentiated in the SVZ, migrated 

to the ischemic lesion as demonstrated by the kinetic of electroporated SVZ cells (Fig. 

37). Migration of specific Thbs4+ cells to the infarcted area was well documented by other 

authors. Benner et al., (2013) observed that NSC differentiate into astrocytes and 

migrate to the infarcted area also using Thbs4 marker to identify new generated 

astrocytes from SVZ. 

Our data showed that Thbs4+ astrocytes started to migrate 7 days after ischemic 

protocol and use the radial migratory stream under the corpus callosum until arriving to 

the lesion. The major peak in the Thbs4+ astrocytes migration was observed around 30 

days after lesion even though incorporation of this particular astrocytes population 
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continue increasing in the infarcted areas 30 and 60 days post-lesion. Reduction in the 

amount of Thbs4+ astrocytes in the corpus callosum 60 days after the MCAO model 

suggested that NSC stop to produce this population of astrocytes to produce neuroblasts 

(Sierra et al., 2014). When we characterized the cell type originated by the tdTomato 

cells we also observed an increase of oligodendrocytes. However, the increase of double 

positive Olig2/tdTomato cells were significant only in white matter areas (corpus 

callosum and striatum) (see Annex 2. A2.4).   

As suggested by other authors (Faiz et al., 2015; Sultan et al., 2015) the possible 

function and the kinetic of the new Thbs4+ astrocytes after the brain ischemia could be 

the buffering of the unfavourable environment to promote the neuronal repopulation and 

survival. Overall, our results demonstrated that Thbs4+ astrocytes are generated from 

quiescent NSC in the dorsal SVZ and migrated to the lesion (Fig. 48). 

 

 

Figure 48. Our proposed model. Thbs4+ astrocytes differentiate from dorsal SVZ NSC and migrate to the 

injured areas occupying the borders of the glial scar together with local reactive astrocytes.  

 

4. SVZ-derived Thbs4+ astrocytes take part in the glial scar formation  

The last objective of our study was to investigate the role of Thbs4+ astrocytes 

during an ischemic event. We showed by immunofluorescence profile assay that Thbs4+ 

astrocytes migrated and occupied the borders of the glial scar territory. We also 

demonstrated that glial scar begin to be formed two weeks after the lesion coinciding 

with the arrival of Thbs4+ astrocytes. Robust expression of Nestin in the glial scar makes 

this marker extremely useful to identify the injured areas and it should be taken into 

account for this kind of analysis. Moreover, using Nestin as a marker for the ischemic 



Discussion 

 
112 

scar, we can identify more accurately the damage tissue compared with TTC or Cresyl 

violet staining. HABP is another marker we used to define the ischemic scar regardless 

of its faint staining.  

Local reactive astrocytes are known for their faster response to the ischemic 

stroke and their function is thought to be beneficial for the resolution of the disease 

(Zamanian et al., 2012; Liddelow et al., 2017). However other publications pointed to 

another effect of the glial reactivity suggesting that prolonged activation of astrocytes 

inhibits the repopulation of new neurons, axonal sprouting and regrowth in the damaged 

area (Schwab, Kapfhammer & Bandtlow, 1993; Frisén, 1997). We showed that Thbs4+ 

astrocytes represented around 36% of total astrocytes in the perilesional area what 

suggesting a beneficial role of these SVZ-derived astrocytes. Indeed, genetic removal of 

Thbs4+ astrocytes can increase the ischemic oedema volume and trigger a worse 

progression of the disease (Benner et al., 2013). In our model, Thbs4+ astrocytes 

occupied the closest part of the glial scar to the lesion that may represent a suitable 

control of excitotoxicity avoiding the expansion of injury, as already demonstrated also 

in the spinal cord injury (Frisén, 2016).  

 The SVZ-derived astrocyte population may represent a valid tool to allow the 

neuronal repopulation. In fact, DCX+ neuroblasts migrate to injury lately, 30 days after 

the ischemic lesion and occupied perilesional areas. Understanding the differences 

between both local reactive astrocytes and Thbs4+ astrocytes is instrumental to know 

the potential role of the SVZ-derived astrocytes population. Different hypothesis suggest 

that new generated astrocytes are needed to further allow the repopulation by new-born 

neuroblasts from the SVZ or themselves re-differentiated into neuroblasts to later 

repopulate the infarcted area (Faiz et al., 2015).  

 

5. Ischemia-induced Thbs4+ astrocytes participate in the glial scar remodelling 

Massive presence of Thbs4+ astrocytes in the ischemic scar and the close 

relation between HA and Thbs4, led us to investigate if these astrocytes could participate 

in the modulation of the glial scar after ischemia. Using in vivo and in vitro paradigms, 

we found that Thbs4+ astrocytes were able to both synthesize and degrade HA 

(especially HMW HA). Renewal of HA is an important step to allow axonal regrowth and 

neuron repopulation at later stages of the disease. Moreover, CD44 expression is a 

marker that indicates HMW HA degradation and is highly expressed in the NSC (Khaing 

& Seidlits, 2015; Su et al., 2017). A huge percentage of CD44 spots were observed also 

in the Thbs4+ astrocytes suggesting that this particular population can degrade HMW 
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HA. Moreover, our in vitro studies showed that Thbs4+ astrocytes derived from the SVZ 

stem cells degraded HA and up-regulated MMPs after the OGD.  

HMW HA is well-known to inhibit neural plasticity in healthy and pathological brain 

(Peters & Sherman, 2020). In the ischemic stroke, HA is accumulated after ischemia to 

create a physical barrier between the lesion core and healthy tissues (Lindwall et al., 

2013; Greda & Nowicka, 2020). HMW HA covers two distinct roles at early and later 

stages after the scar formation. Early after the scar formation the HMW HA participates 

to build a physical barrier between damaged environment and healthy tissues. It 

represents an anti-inflammatory strategy avoiding the infiltration of peripheral immune 

cells and stopping the increase of the edema volume. Nonetheless, at later time glial 

scar impedes tissue regeneration and establishment of new neuronal networks from the 

SVZ. Hyaluronidases (HAase), a digestive enzymes of the HA, cover a central role in the 

degradation of the glial scar. It can be synthesised by the reactive astrocytes but its 

synthesis is slower, later after the scar formation (Greda & Nowicka, 2020). Thbs4+ 

astrocytes can intervene at this time point, in fact whereas the HAase synthesis and 

CD44 activity in local reactive astrocytes are decreased, Thbs4+ astrocytes that reach 

the glial scar could maintain a high production of HAase and CD44 (Lindwall et al., 2013). 

Participation of Thbs4+ astrocytes can be relevant in this temporal window when 

upregulation of MMPs or HAase promote renewal of the HA that conform the glial scar.  

Among HA synthetic enzymes (HAS), HAS2 is principally overexpressed in the 

injured areas and is mainly expressed by astrocytes at acute phases of the ischemic 

response (Greda & Nowicka, 2020). Indeed, HAS2 enzyme is well-known to produce 

HMW HA (Itano et al., 1999; Tian et al., 2013) and contribute to the scar tissue formation. 

Overexpressing HAS2 by AAV infection, we simulated the glial scar formation in non-

ischemic animals. We found that Thbs4+ astrocytes are not only attracted to the infarcted 

area because of HA accumulation. The mere overexpression of HAS2 in cortex and 

striatum induced the activation of Thbs4+ astrocytes and their migration to the HMW 

hyaluronan area (the ischemic scar mode). However, when mice were exposed to both 

conditions (HAS2 overexpression and MCAO ischemia), Thbs4+ astrocytes preferentially 

migrated to the ischemic hemisphere, suggesting that more elements are involved in the 

recruitment of Thbs4+ astrocytes. Indeed, when the hyaluronan-based hydrogel is used 

to coat the lesion cavity after brain ischemia, different groups (Fujioka et al., 2017; Pous 

et al., 2020; Zhao et al., 2020) demonstrated a further activation of the SVZ NSC, 

suggesting that other ECM-related elements could be involved in the SVZ response and 

recruitment of NSC to injured areas.  
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Altogether our results suggest a close relationship between Thbs4+ astrocytes 

and HA in the infarcted tissue. Thbs4+ astrocytes modulate HMW HA to remodel the glial 

scar late after the ischemia (Fig. 49). Further experiments must be done to elucidate the 

interplay between the HA and the SVZ NSC in every phase of the vascular disease.   

 

 

Figure 49. Thbs4+ astrocytes role in the glial scar remodeling. SVZ-derived Thbs4+ astrocytes arrived 

to the lesion and occupied the glial scar territory at chronic stages of the disease. In this temporal window, 

hyaluronan synthesis and degradation is mediated by Thbs4+ astrocytes in the glial scar.  

 

6. Future studies. Thbs4+ astrocytes as a possible therapeutic tool against ischemic 

stroke: translation into the clinics 

In summary, our results suggest that Thbs4+ astrocytes are essential for the 

proper brain reactivation after ischemia. Their main role is to help to remodel the glial 

scar to facilitate the neuronal repopulation and axonal sprouting in the damage tissue. 

Even if the brain responses involve the production of new Thbs4+ astrocytes from the 

SVZ, this astrocytes population seems to have a limited capacity to improve the outcome 

of the disease. However, the activity of Thbs4+ astrocytes is essential for reducing the 

edema and protect the brain tissues after ischemia (Benner et al., 2013) suggesting that 

Thbs4+ astrocytes play a crucial role in ameliorating the brain injury after an ischemic 

insult. Unrevealing the potential role of Thbs4+ astrocytes in the lesion may help us to 

develop new therapeutic tools using this particular population against ischemic stroke.  
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Future studies include the overexpression of Thbs4 glycoprotein in the SVZ to 

understand if Thbs4+ overproduction can improve the response to the ischemic stroke.  

Overexpression of Thbs4 can be performed using viral vectors or transgenic approaches. 

These tools could help to explain in detail how relevant the role of Thbs4+ astrocytes are 

or how can improve motor and cognitive deficits after ischemia. Future preclinical 

approaches must focus in the development of different techniques to modulate the 

activation of Thbs4+ astrocytes after ischemic stroke. Characterising all potential factors 

that could modulate Thbs4+ astrocytes role is instrumental to develop suitable 

therapeutic strategies.  

Because the SVZ and Thbs4+ astrocytes are activated at mid and chronic stages 

after the ischemia (Fig. 50), a wide range of preclinical therapeutic tools can be 

developed to harness these particular NSC and astrocytes population. Furthermore, the 

development of therapeutic tools using these particular astrocytes as a preclinical target 

would increase the therapeutic temporal window because Thbs4+ astrocytes role extend 

to several phases of the disease. In this way, we would be able to overcome the major 

issue in the ischemia treatment: the temporal window for therapy. For this reason, 

measuring if Thbs4 alterations may improve ischemic outcome is an opportunity to 

develop flexible therapeutic tools. 

  

 

Figure 50. Acute, sub-acute and chronic stages of the ischemic stroke and their respective NSC 

responses. Proliferation is the main feature of SVZ response after ischemic stroke in the acute phase. 

Astrogliogenesis and neurogenesis are upregulated and downregulated respectively in the SVZ at sub-acute 

phases of the ischemic stroke. Migration of SVZ-derived astrocytes is observed at this time point. At chronic 

stages, SVZ responses include the role of SVZ-derived astrocytes in the injured area.   
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The conclusions of this work are as follow: 

 

1. Ischemic stroke activates the SVZ and induces the proliferation of NSC 

early, 24 hours after the insult. 

 

2. As a response to the ischemic stroke, SVZ stem cells differentiate into 

astrocytes to the detriment of neurogenesis. Thbs4 is an accurate marker 

to identify astrocytes derived from the SVZ and to distinguish this 

population from parenchymal astrocytes. 

 

3. Ischemia-induced Thbs4+ astrocytes derive from quiescent NSC mainly 

located at the dorso-caudal axis of the SVZ. 

 

4. Thbs4+ astrocytes transiently migrate from the SVZ to the infarcted areas 

through the corpus callosum. Their destination is the glial scar.  

 

5. Thbs4+ astrocytes participate in the glial scar formation. Newly generated 

Thbs4+ astrocytes replace local reactive astrocytes in the glial scar.  

 

6. Thbs4+ astrocytes participate in the glial scar remodelling. Ischemia-

induced Thbs4+ astrocytes produce and degrade HMW hyaluronan.
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ANNEX 1: Summary of publications about SVZ response to brain ischemia 

Table 1. Summary of relevant works which study SVZ response after ischemic stroke. 

Authors Year NSC fate Ischemic model Lesion place NSC response phase 

Zhang et al. 2001 NG MCAO Cortex & 

Striatum 

Activation  

Arvidsson et al. 2002 NG MCAO Cortex & 

Striatum 

Migration 

Parent et al. 2002 NG MCAO Cortex & 

Striatum 

Activation  

& migration 

Zhang et al. 2004 NG MCAO Cortex & 

Striatum 

Integration 

Yamashita et a. 2006 NG MCAO Striatum Migration & Integration 

Zhang et al. 2007 NG MCAO Cortex & 

Striatum 

Migration 

Liu et al. 2007 NSC MCAO Cortex & 

Striatum 

Migration & integration 

Thored et al. 2007 NG MCAO Striatum  Migration 

Kolb et al. 2007 NSC Permanent 

devascularisation 

Cortex Migration & Integration 

Wang et al. 2007 NG MCAO Cortex & 

Striatum 

Migration 

Carlen et al. 2009 NG MCAO Cortex & 

Striatum 

Activation 

Kojima et al. 2010 NSC MCAO Cortex & 

Striatum 

Migration  

Li et al. 2010 AG MCAO Cortex & 

Striatum 

Activation & Migration 

Shen et al. 2010 NSC MCAO Cortex & 

Striatum 

Activation & Migration 

Zhang et al. 2011 NG MCAO Cortex & 

Striatum 

Activation 

Young et al. 2012 AG MCAO Cortex & 

Striatum 

Activation 

Saha et al. 2013 NG Cortex aspirated Cortex Activation & migration 

Benner et al. 2013 AG Photothrombotic 

ischemia 

Cortex Activation, migration & 

integration 

Zhang et al. 2014 NG MCAO Cortex & 

Striatum 

Activation 

Magnusson et 

al. 

2014 AG MCAO Cortex & 

Striatum 

Activation, migration & 

integration 

Faiz et al. 2015 NSC 

AG 

ET-1 and PVD 

Stroke 

Cortex Activation, migration & 

integration 

Laterza et al. 2017 NG MCAO Cortex & 

Striatum 

Activation 

Palma-Tortosa 

et al. 

2017 NG MCAO Cortex & 

Striatum 

Activation & migration 

Zhang et al. 2018 NG MCAO Cortex & 

Striatum 

Activation & migration 

Laug et al. 2019 AG Photothrombotic 

ischemia 

Cortex Activation & migration 

Pous et al. 2020 NSC 

AG 

Photothrombotic 

ischemia 

Cortex Activation & integration 

Santopolo et al. 2020 NG MCAO Striatum Activation & migration 

Tan et al.  2021 NG MCAO Cortex & 

Striatum 

Activation 

AG: Astrogliogenesis; NG: Neurogenesis; NSC: Neural Stem Cells 



Annexes 

 
124 

ANNEX 2: Methods characterization 

 

A 2. 1. Oxygen and glucose deprivation and astrogliogenesis in in vitro 

NSC neurosphere cultures 

To validate our ischemic model in vitro, we cultured NSC from rat SVZ and 

performed the OGD paradigm (Fig. A2.1A). 60 minutes of OGD with 3% O2 did not induce 

cell death but activated the hypoxia inducible factor (HIF) and oxidative stress, as 

demonstrated by DAPI, ImageIT and MitoSox staining (Fig. A2.1A).  

 

 

Figure A2.1: In vitro astrogliogenesis after OGD. OGD protocol and its validation (A). NSC after 60 

minutes of OGD (3% of oxygen) showed markers of activated hypoxia inducible factor (HIF), oxidative stress 

(MitoSOX) but did not show significative cell death as evidenced by DAPI. NSC differentiated into Thbs4+ 

astrocytes after OGD evidenced by immunofluorescence (B), Western blot (C) and citofluorimetry assay (D). 

Astrogliogenesis, neuronal differentiation and cell proliferation was analysed by immunofluorescence with 

Thbs4, βIII tubulin and Ki67 antibodies in NSC cultures (E-F). Astrogliogenesis and neurogenesis in the 

NSC/microglia co-cultures (G). After immunofluorescence with Thbs4 and βIII tubulin, we did not observed 
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significant differences respect to the pure NSC cultures. The microglia marker Iba1 was not modulated by 

OGD (H). Scale Bar = 50 µm. *p<0.05, **p<0.01, ***p<0.001. 

 

NSC from primary neurosphere cultures were differentiated to astrocytes for 

seven days after OGD. Analysis by immunofluorescence (Fig. A2.1B), Western blot (Fig. 

A2.1C) and cytofluorimetry analysis (Fig. A2.1D) evidenced almost six fold increase of 

Thbs4 staining respect to the normoxic control. Of note, after immunofluorescence we 

observed five fold decrease of βIII-tubulin+ neurons whereas we could not detect any 

significant change in Ki67+ cells (Fig. A2.1E-F). To study if astrogliogenesis induced by 

OGD could be conditioned by activated microglia, we induced OGD in a co-culture of 

NSC with microglia but we could not observe any significant variation respect to the pure 

NSC cultures (Fig. A2.1G-H). These results suggested that OGD activated the astrocyte 

differentiation from the SVZ that is not modulated by activated microglia. 

 

A 2. 2. In vivo chronic BrdU treatment standardization  

BrdU staining (quiescent NSC) was analysed 3, 7, 15 and 30 days after MCAO 

(Fig. A2.2A). Brain ischemia did not alter significantly the number of total BrdU or 

quiescent NSC (CD133+ and BrdU+) as visualised by immunofluorescence 3, 7 and 14 

days after MCAO whereas active NSC (Nestin+ and IdU+) and total proliferating cells 

(Ki67) were upregulated (Fig. A2.2B). These results suggested MCAO did not alter the 

chronic BrdU treatment. 

 

Figure A2.2. MCAO modulation of quiescent and activated NSC. A. Experimental design. B. 

Quantifications of progenitor cell and proliferation markers in the sham (white) and MCAO (blue). 

Combination of markers corresponded to different NSC population (CD133+/Nestin-/BrdU-: quiescent NSC; 

CD133+/Nestin+/BrdU+: active NSC). 
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A 2. 3. In vitro SVZ organotypic cultures 

We prepared organotypic slices from different SVZ sub-regions. SVZ from P5 rat 

pups were dissected in 300-µm slices from rostral to caudal lateral ventricle axis and 

cultured individually using a liquid/interphase membrane (Fig. A2.3A; see 1.1.6 section 

for protocol). SVZ slices were classified in “Rostral”, “Intermediate” and “Caudal” axis 

including respectively the lateral ventricle, third ventricle and hippocampus (Fig. A2.3A). 

OGD in organotypic slices induced an increase of Thbs4/GFAP+ astrocytes in the Rostral 

and the Intermediate slices two weeks after the insult (Fig. A2.3B). Each axis was 

analysed in dorsal, lateral and ventral regions (Fig. A2.3A). Topographic analysis of the 

SVZ displayed an increase of Thbs4/GFAP+ astrocytes in the Rostro-ventral, 

Intermediate-ventral, Intermediate-dorsal and Caudal-medial SVZ (Fig. A2.3C). These 

data suggested that different NSC pools respond specifically to in vitro ischemic stimuli 

in the SVZ.   

 

Figure A2.3. Topographic analysis of Thbs4 activation in SVZ organotypic cultures after OGD. SVZ 

was analysed along rostro-caudal axis and in the dorsal, lateral, ventral and medial regions of the SVZ slices 

(A). In general, Thbs4/GFAP+ astrocytes increased in the Rostral and Intermediate SVZ after OGD (B). 

Further analysis showed an increase of Thbs4/GFAP+ cells in the Rostro-ventral, Intermediate-ventral, 

Intermediate-dorsal and Caudal-medial SVZ after OGD (C). cc = corpus callosum. *p<0.05. 
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A 2. 4. In vivo electroporation protocol characterization and tdTOM+ cell 

type identification 

 

Before analyzing Thbs4 and tdTOM co-localization, we decided to standardize 

the number of tdTOM+ cells which differentiated into astrocytes or oligodendrocytes in 

sham and MCAO mice. GFAP and Olig2 immunofluorescence staining was performed 

to identify astrocytes and oligodendrocytes respectively. Analyzed areas were the corpus 

callosum, cortex and striatum. We could not see any change in the number of tdTOM+ 

cells that also expressed GFAP in any area after MCAO (Fig. A2.4A-B). However, MCAO 

induced a progressive increase of tdTOM/Olig2+ cells only in striatum and corpus 

callosum (Fig. A2.4A-B) suggesting that the increasing number of tdTOM+ cells 

corresponded to oligodendrogenesis.  

 

 

Figure A2.4. Electroporated cells fate after MCAO. GFAP and Olig2 immunofluorescence staining was 

performed to identify the tdTOM+ cell phenotype in the corpus callosum and infarcted areas after MCAO (A). 

White arrows label tdTOM+ astrocytes whereas green arrows label Olig2+ oligodendrocytes. MCAO induced 

an increase of tdTOM/Olig2 colocalization in the infarcted striatum and the corpus callosum in time (B). 

However, tdTOM/GFAP+ cells did not change in any time or any area after MCAO (B). Scale Bar = 50 µm. 

*p<0.05, **p<0.01, ***p<0.001. 
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ANNEX 3: Supplementary information 

 

A 3. 1. In vivo chronic BrdU-treated mice analysis in the lesion 

After characterizing the cellular origin of Thbs4+ astrocytes in the SVZ, we 

analysed new-born astrocytes at corpus callosum and damaged areas (cortex and 

striatum) (Fig. A3.1A-B).Thirty days after MCAO, we observed an increase of total BrdU+ 

cells in the lesion compared with sham animals where BrdU+ cells in the cortex and 

striatum are rarely present (Fig. A3.1C). However, total IdU+ cells did not increase after 

MCAO (Fig. A3.1D). Thbs4/GFAP/BrdU colocalization increased in corpus callosum and 

infarcted areas 30 days after MCAO (Fig. A3.1E) whereas Thbs4/GFAP/IdU+ cells only 

increased in infarcted striatum (Fig. A3.1F). These results did not explained clearly if 

Thbs4+ astrocytes in the lesion arose from SVZ even though suggest Thbs4+ astrocytes 

gave rise from slow proliferative cells (BrdU+) more than activated NSC (IdU+).  

 

 

Figure A3.1. Chronic BrdU treatment in the infarcted areas after MCAO. Experimental scheme (A). B. 

Representative image of BrdU (red), IdU (blue), Thbs4 (green) and GFAP (white) from sham and 30 days 

MCAO. Total BrdU+ cell number increased after MCAO (C). IdU+ cells did not increase after MCAO (D). 

Triple colocalization of Thbs4/GFAP/BrdU increased 30 days after MCAO (E) and in all analysed areas (F). 

Scale Bar = 10 µm. *p<0.05, ***p<0.001. 
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A 3. 2. Cell origin in the SVZ 

Type B NSC are classically divided in two groups depending on their proliferate 

state: quiescent (qNSC) and active NSC (aNSC), each population express specific 

markers: the receptor for epidermal growth factor (EGFR) (Doetsch et al., 2002) for 

aNSC and prominin 1 (CD133) for qNSC (Fig. A3.2A). We decided to analyse by 

immunofluorescence the expression of Thbs4 together with these two markers to further 

characterize the cellular origin of Thbs4 astrocytes. Total EGFR expression in dorsal 

SVZ increased linearly 30 days post-lesion (Fig. A3.2B). Early after MCAO (15 days) 

Thbs4 was mainly co-expressed with CD133 (activated NSC) and less with EGFR but 

later and until 30 days after MCAO Thbs4+ cells became activated increasing the number 

of Thbs4/EGFR+ cells (Fig. A3.2C-D). These results suggested that Thbs4 astrocytes 

derive from ischemia-activated qNSC in the dorsal domain of SVZ and confirmed the 

results presented in Fig. 29. 

 

 

Figure A3.2. EGFR immunofluorescence in dorsal SVZ after MCAO. Expressed markers for quiescent 

or active NSC (A). EGFR expression increased concurrently in SVZ after MCAO (B). Thbs4 expression 

increased in aNSC (EGFR+) after MCAO (C). Thbs4+ astrocytes in aNSC (blue) or  qNSC (cyan) pool was 

identified using Thbs4+/EGFR+/GFAP- or Thbs4+/EGFR-/GFAP+ colocalization. Representative image of 

Thbs4/EGFR+ cells in the SVZ of infarcted mice (D). Thbs4 in green; EGFR in red and DAPI in blue. Scale 

bar = 10 µm. *p<0.05. 

 

A 3. 3. Thbs4 expression in the damaged area 

Brain tissue close to the injury was freshly removed from sham and MCAO 

animals for protein analysis. We observed that Thbs4 expression increased 15 days after 

the MCAO by Western blot (Fig. A3.3A). This result corroborated immunofluorescence 
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quantification where we observed an increased in Thbs4 expression in the infarcted 

areas 15 days after MCAO (Fig. 32). 

 

Figure A3.3. Thbs4 expression in the infarcted areas. Western blot analysis showed Thbs4 increased 15 

days after MCAO (A). **p<0.01. 

 

A 3. 4. Hyaluronan disruption in the SVZ after brain ischemia 

HABP expression and HA structure was quantify in the SVZ after several days 

after MCAO (7, 15 and 30 days after the insult) in order to analyse, by skeletonize 

analysis, how ischemia can modulate HA structure (Fig. A3.4A). We analysed fractal 

dimension of HABP in dorsal, lateral, ventral and medial SVZ 7, 15 and 30 days after 

MCAO. We did not observed any significant changes except in dorsal SVZ where fractal 

dimension was reduced 7 days after the MCAO (Fig. A3.4B). Moreover, cumulative 

frequency distribution showed an alteration of HA structure 7 after MCAO (Fig. A3.4C) 

suggesting that MCAO induced fragmentation of HA in the SVZ.  
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Figure A3.4. HABP skeletonize analysis in SVZ 7, 15 and 30 days after MCAO. Representative images 

of HABP skeletonize processes in sham, 7 and 30 days after MCAO (A). Fractal dimension analysis was 

down-regulated 7 days after lesion in dorsal SVZ whereas we did not see significant changes in lateral, 

ventral and medial SVZ in any time point after MCAO (B). Cumulative frequency distribution (%) of HABP 

skeletonizes in sham SVZ (black) and 7 days after MCAO (green) (C). HABP skeletonize were smaller at 7 

days after MCAO in the SVZ, suggesting fragmentation of hyaluronan after the insult. Scale Bar = 10 µm. 

*p<0.05. 

 

A 3. 5. Hyaluronan and Thbs4 interplay in the SVZ after brain ischemia 

 

Thbs4 and HABP expression was measured by immunofluorescence in the SVZ 

after MCAO (Fig. A3.5A-B). Analysis of whole SVZ did not evidenced any significant 

change of HABP expression after MCAO whereas Thbs4 expression increased 15 and 

30 days (Fig. A3.5C) as already demonstrated (see Fig. 27). When we analysed in detail 

the different SVZ regions, we observed a drastic decrease of HABP expression in dorsal 

SVZ 7 and 15 days after MCAO. Interestingly, HABP expression was restored to normal 

levels 30 days after MCAO (Fig. A3.5D). Altogether, structural analysis of HABP and 

Thbs4 in the SVZ suggested that ECM degradation after brain ischemia is needed for 

NSC activation before Thbs4 differentiation. 
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Figure A3.5. Thbs4 and HABP expression in the SVZ after MCAO. Representative image of Thbs4 and 

HABP expression in SVZ 30 days after MCAO (A). HABP and Thbs4 modulation after MCAO in the dorsal 

SVZ (B). Quantification of HABP and Thbs4 expression 7, 15 and 30 days after MCAO in whole (C) and 

dorsal (D) SVZ. Scale Bar = 10 µm. *p<0.05, **p<0.01. 

 

A 3. 6. Thbs4+ astrocytes metabolism in the infarcted tissue 

Monocarboxylate transporters 1 (MCT1) is a lactate transporter mainly found in 

endothelial and ependymal cells in mouse brain (Pierre & Pellerin, 2005). Metabolism 

path adopted from NSC at resting stages is mainly glycolytic of which final result is the 

energy consumed from lactate, a limited energy production process (Zheng et al., 2016). 

Glycolytic metabolism could be observed by immunofluorescence using lactate 

transporter markers. In this experiment, we analysed the monocarboxylate transporter 1 

(MCT1) lactate transporter that is highly expressed in the SVZ cells (Fig. A3.6A; Pierre 

& Pellerin, 2005). 

We analysed MCT1 expression in injury, we observed an increased in MCT1 

expression overtime after MCAO (Fig. A3.6A-B). MCT1 and Thbs4 immunofluorescence 

was done to analyse the expression of the transporter in Thbs4+ astrocytes. We 

observed that Thbs4+ astrocytes, which arrived to the lesion 30 days after the insult, 

increased MCT1 expression (Fig. A3.6C) suggesting Thbs4+ astrocytes adopt a 

glycolytic metabolism like the SVZ stem cells. 
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Figure A2.8. MCT1 expression in Thbs4+ astrocytes in infarcted areas. Thbs4/MCT1+ astrocytes 30 

days after MCAO (A, A´, A´´). Arrows showed Thbs4/MCT1+ astrocytes. MCT1 expression increased in all 

analysed areas 30 days after the lesion (B). Moreover, colocalization of Thbs4 and MCT1 increased in 

corpus callosum and infarcted areas (cortex and striatum) 30 days after MCAO (C). Moreover, Scale Bar = 

50 µm. *p<0.05, **p<0.01. 
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