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Résumé en français 

Contexte général  

L’accident vasculaire cérébral (AVC) touche environ 6 millions de personnes dans l’Union 

Européenne, avec 1.1 million de nouveaux cas chaque année. Le coût total de l’AVC a été 

estimé à environ 64,1 milliards d’€ en 2010 en raison du coût élevé des soins à long terme 

(Gustavsson et al. 2011). 

A l’heure actuelle, la seule thérapie disponible pour l’AVC d’origine ischémique est la 

reperfusion par thrombolyse (Alteplase) et par thrombectomie. Cette thérapie est cependant 

limitée à une fenêtre thérapeutique étroite (6 heures). La thérapie de reperfusion à phase aigüe 

est conditionnée à une détection et prise en charge très précoce, pour cette raison, moins de 

10% des patients en bénéficient. 

 Au-delà des premières heures d’occlusion, aucun traitement efficace en dehors de la 

rééducation n’est disponible, soulignant l’importance de la recherche des traitements 

favorisant la récupération.   

L’application des nouvelles techniques d’imagerie cérébrale comme l’imagerie par résonance 

magnétique (IRM) peut être de grande utilité dans la compréhension des mécanismes de 

l’AVC et dans l’identification des candidats potentiels à la reperfusion ainsi que pour évaluer 

de manière non invasive les effets des nouvelles thérapies.  

Au delà de la phase aigüe, le réel besoin de disposer des thérapies avec une fenêtre 

thérapeutique plus étendue s’impose. La thérapie cellulaire semble prometteuse dans le 

traitement de l’AVC. De nombreuses études précliniques suggèrent que l’injection de cellules 

souches permet  une réduction du handicap post-AVC grâce à des mécanismes de 

neuroprotection et de stimulation de la réorganisation cérébrale (Gutiérrez-Fernández et al., 

2013; Sinden and Muir, 2012). Malgré ces résultats positifs, des aspects comme la faible 

migration des cellules vers le site de la lésion quand les cellules sont administrées de manière 



 

 

systémique et l’importante mort cellulaire quand les cellules sont administrées dans la cavité 

de l’infarctus restent encore à améliorer (Detante et al., 2009; Lappalainen et al., 2008). 

Des nouvelles stratégies thérapeutiques basées sur l’utilisation de biomatériaux (hydrogel) 

dans le système nerveux central sont actuellement en développement afin d’améliorer les 

effets de la greffe cellulaire.  Les hydrogels peuvent être produits avec des composants de la 

matrice extracellulaire comme le collagène et l’acide hyaluronique pour fournir un 

microenvironnement favorisant la survie cellulaire  (Aguado et al., 2012).  

L’objectif général de la présente thèse a été de tester un biomatériau hydrogel (à base d’acide 

hyaluronique) avec pour but d’améliorer les effets de la thérapie cellulaire dans un modèle 

d’AVC ischémique par occlusion de l’artère cérébrale moyenne (oACM). Pour cela nous 

avons d’abord testé la biocompatibilité du biomatériau hydrogel (HyStemTM-HP, Sigma-

Aldrich) et son potentiel à fournir une protection cellulaire à long terme dans le tissu cérébral 

sain.  En outre, nous avons évalué le potentiel d’une technique d’IRM développée au sein de 

notre équipe qui mesure la saturation locale en oxygène (StO2) (Christen et al., 2011)  dans la  

détection du cœur ischémique et pour la prédiction de la nécrose finale.  

 

Résultats de la première étude 

La première étude réalisée concerne l’évaluation à la phase aigüe de l’ischémie cérébrale par 

IRM multiparamétrique. Des paramètres hémodynamiques, vasculaires, StO2 et les altérations 

en diffusion ont été évalués au cours des deux premières heures de MCAo. Le potentiel de la 

cartographie du StO2 à prédire la nécrose finale a lui aussi été évalué en comparaison à 

l’imagerie par diffusion.  

Notre étude multiparamétrique par IRM a mis en évidence (en utilisant un seuil de 40% de 

StO2)  une importante hétérogénéité à la phase aigüe de l’ischémie dans la zone d’altération 

en diffusion. Cette zone est considérée comme celle correspondant au cœur ischémique (non 



 

 

récupérable).  Cette hétérogénéité détectée est liée à la présence de zones avec différents 

degrés de sévérité  au sein de la zone de diffusion diminuée. Nos résultats ont mis en évidence 

le potentiel de la cartographie StO2 à détecter de façon précise le cœur ischémique sans 

l’inclusion des régions potentiellement récupérables à la phase aigüe. La cartographie StO2 

par IRM est une méthode qui prend en compte les valeurs de StO2 dans chaque voxel et qui 

peut ainsi détecter de façon plus précise la gravité de l’ischémie.  

 Notre étude multiparamétrique a mis en évidence que la zone détectée par StO2 comme non 

récupérable correspond aussi à la zone avec les valeurs les plus faibles dans la cartographie 

des paramètres hémodynamiques et microvasculaires. Ces différences n’ont pas été 

détectables par la cartographie de diffusion.  Lors de notre suivi, nos résultats ont démontré 

que l’imagerie par diffusion surestime la nécrose finale, contrairement  à la cartographie 

d’oxygénation (StO2).  

 

Résultats de la deuxième étude 

Lors de notre deuxième étude, nous avons évalué la biocompatibilité d’un hydrogel à base 

d’acide hyaluronique (HyStemTM-HP, Sigma-Aldrich)  chez le rat, dans le cerveau sain. En 

plus, nous avons évalué le potentiel de l’IRM à observer in vivo le devenir du gel 

(biodégradation) après l’administration intracérébrale de 10µL d’hydrogel HyStemTM-HP. 

Cette évaluation a été réalisée à l’aide d’un suivi IRM pendant 4 semaines en utilisant 2 

séquences IRM pour détecter l’hydrogel : une séquence anatomique pondérée en T2 et une 

séquence en diffusion. Les rats ont été sacrifiés à des différents temps pour réaliser des 

analyses histologiques (détection du gel) et par immunofluorescence (détection de la réponse 

locale à l’administration de l’hydrogel (microglie et astrocytes)).  

Les résultats préliminaires de cette étude pilote ont montré que l’hydrogel HyStemTM-HP 

peut être détecté par IRM de diffusion de manière fiable grâce à sa composition riche en eau. 



 

 

Les résultats du suivi IRM sont encourageants concernant la longue durée de présence de 

l'hydrogel dans le tissu cérébral du rat jusqu'à 28 jours après l’administration intracérébrale. 

L’analyse immunohistologique a détecté une activation des cellules microgliales (Iba1+) et 

des astrocytes (GFAP+) en bordure du gel. Une analyse supplémentaire avec un nombre élevé 

de rats serait nécessaire pour quantifier le taux de dégradation de l’hydrogel HyStemTM-HP. 

Cependant, certains signaux de dégradation (rétraction) ont été détectés à partir du 14ème 

jour.  

 

Résultats de la troisième étude 

Au cours de la troisième étude, nous avons étudié les effets de la combinaison de l’hydrogel 

HyStemTM-HP avec des cellules souches mésenchymateuses humaines (CSMh). Nous avons 

évalué les effets de la greffe intracérébrale  sur la survie cellulaire, et le remodelage cérébral 

après l’oACM. Nous avons également évalué à l’aide d’un suivi comportemental (sensori-

moteur) la récupération fonctionnelle. En outre, nous nous sommes aussi intéressés à suivre in 

vivo la lésion ischémique et sa récupération à l’aide d’un suivi par IRM. 

Nous n’avons pas mis en évidence de différence quant à la taille de la lésion (évaluée par 

IRM) en réponse aux différentes thérapies.  

L’hydrogel HyStemTM-HP est bien toléré, et la survie des CSMh a été augmentée dans le 

groupe ayant reçu la combinaison hydrogel+CSMh.  

La combinaison hydrogel+CSMh a aussi induit une augmentation des marqueurs vasculaires 

(RECA1) et (COL-IV) 21 jours après l’administration. L’angiogenèse est un des principaux 

éléments du remodelage post-AVC, car la formation des nouveaux vaisseaux est nécessaire à 

la migration des facteurs de croissance et des cellules progénitrices dans la zone peri-

lésionnelle.  Nous n’avons pas détecté de différences concernant l’activation microgliale, 



 

 

astrocytaire ou la survie neuronale. En revanche, le groupe hydrogel+CSMh  n’a pas présenté 

d’augmentation  de l’astrogliose ni de l’activation microgliale après l’ischémie.  

Malgré ces effets positifs concernant la survie des CSMh et l’augmentation des marqueurs 

vasculaires, ni la combinaison hydrogel+CSMh, ni le traitement avec des CSMh seules n’ont 

induit une récupération fonctionnelle dans notre étude.  

Des nouvelles stratégies pour améliorer la thérapie cellulaire doivent être étudiées. Des études 

précliniques sont encore nécessaires pour tester des approches thérapeutiques innovantes et 

optimiser les approches actuellement en cours dans les essais cliniques. 
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1 INTRODUCTION 

1.1 STROKE  

1.1.1 Definition 

Brain stroke is classically characterized as neurological deficit attributed to an acute focal injury by a 

vascular cause (Sacco et al., 2013). The term stroke should be used to include central nervous system 

(CNS) infarction (brain, spinal cord or retinal cells) (Sacco et al., 2013), but here I will discuss 

exclusively brain stroke. A recent consensus of American Heart Association and American stroke 

association was published consisting in an actual definition for stroke to include the recent advances in 

sciences and technology including brain imaging (Sacco et al., 2013). 

Stroke diagnosis should be based on pathological, imaging or other evidence objective of cerebral 

focal ischemic injury in a defined vascular distribution (Sacco et al., 2013) or clinical evidence of 

cerebral injury based on symptoms persisting ≥24h or until death and others etiology excluded (Sacco 

et al., 2013). Cerebrovascular disorders include four conditions: ischemic stroke, intracerebral 

hemorrhage, subarachnoid hemorrhage and cerebral venous thrombosis. 

1.1.1.1 Ischemic stroke  

Ischemic stroke could be transient (Transient ischemic attack) (Albers et al., 2002) or a brain 

infarction. This second one is characterized by an episode of neurological dysfunction caused by 

cellular death due to an interruption of the blood supply to a brain artery or territory. Brain ischemia is 

the most frequent type of stroke 80% and is the subject of my thesis.  

 

1.1.1.2 Intracerebral Hemorrhage 

Intracerebral hemorrhage (ICH) is a bursting of an artery in brain parenchyma representing 15% of all 

cases of stroke (Qureshi et al., 2009). It consists of a focal collection of blood within the brain 

parenchyma or ventricular system that is not caused by trauma, resulting in rapidly developing of 

clinical signs (Sacco et al., 2013).  
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1.1.1.3 Subarachnoid hemorrhage 

Correspond to a bleeding into the subarachnoid space resulting in a rapidly developing of clinical 

signs or headache (Sacco et al., 2013). Frequently associated with an aneurism rupture, representing 

less than 5% of stroke cases (Bederson et al., 2009).  

 

1.1.1.4 Cerebral venous thrombosis  

Cerebral venous thrombosis (CVT) consists in an occlusion of a cerebral venous structure which could 

lead to venous infarction and/or hemorrhage (Sacco et al., 2013).  Usually in veins or sinus (Ferro and 

Canhão, 2014).  CVT is a rare form of stroke, constituting 0.5%-1.0% of all cerebral strokes (Pizzi et 

al.) 

 

1.1.2 Epidemiology 

The present work concerns arterial ischemic stroke. However available epidemiological data presents 

general rates of stroke including different subtypes.   

In a relevant study, Valery Feigin and colleagues (Feigin et al., 2014) report a global estimation of 

stroke incidence, prevalence, mortality disability-adjusted  life-years  (DALYs) (Feigin et al., 2014). 

In 2010, the reported number of people with first stroke worldwide was 16.9 million, stroke survivors 

33 million, stroke-related deaths 5.9 million, and DALYs lost 102 million. An increase of 68%, 84%, 

26%, and12%, respectively, in comparison with 1990,   and probably will continue to rise in the 

coming years (Feigin et al., 2014; Giroud et al., 2014). In the European Union (EU) stroke affects 

approximately 6 million people, with 1.1 million new cases every year. The total cost of disorders of 

the brain was estimated at 798 billion € in 2010, of that 64.1 billion € is due to stroke mainly because 

of long-term special care and rehabilitation (Gustavsson et al., 2011). Stroke burden is expected to 

increase due to the aging of the population and diabetes, which is reaching an epidemic level.  
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1.1.3 Pathophysiology 

Such as defined above, ischemic stroke is a cerebrovascular disease due to an abrupt interruption of 

blood flow leading to a dysfunction and ultimate the death of the highly organized complex cells that 

forms the cerebral tissue. 

 Before presenting the pathophysiological events that lead to cerebral ischemia, some important 

concepts will be introduced including the anatomical organization of blood vessels that irrigate the 

brain, the cells which form the neurovascular unit and the brain perfusion regulation. 

 

1.1.4 Anatomy of arterial cerebral circulation  

Brain vasculature can be divided into two networks, the anterior of which originates from the two 

internal carotid arteries that supply anterior and middle cerebral arteries while the posterior (vertebro-

basilar) system originates from the two vertebral arteries that merge to form the basilar artery 

supplying the brainstem, cerebellar and posterior cerebral arteries (Figure 1). Several small perforating 

arteries feed deep brain territories. The circle of Willis allows anastomosis between anterior and 

posterior systems via posterior communicating arteries and between both hemispheres via the anterior 

communicating artery. In addition to other anastomotic networks, such as leptomeningeal arteries or 

internal/external carotid anastomosis, the circle of Willis can provide physiological protection by 

preventing ischemia in case of one artery occlusion (Jung et al., 2013) Unfortunately, this auxiliary 

feature is often insufficient due to considerable variation among individuals, their age and associated 

vascular risk factors including altered white matter from chronic small-vessel disease, vasoreactivity 

and post-stroke recovery (Miyamoto et al., 2013).  
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Figure 1 : Anatomy of arterial vascularization in human brain. From de Border et al. 2006 

 

Rats present a brain vasculature analogous to humans, the anatomic distribution of the anterior carotid 

artery (ACA) (Figure 2), posterior cerebral artery (PCA) and middle cerebral artery (MCA) in rats is 

similar to that in humans (Longa et al., 1989). Some notable differences such as the absence of 

anterior communicant artery and the direct connection between PCA and intracranial portion of 

internal carotid artery (ICA) are present. However, the blood supply of rat thalamus and basal ganglia 

is similar to humans (Longa et al., 1989). Rat brain present similar anatomy and physiology to the 

human brain, for this reason (and for ethical and economics reasons), rat is the most common animal 

model used in stroke studies (Durukan and Tatlisumak, 2007).  
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Figure 2 : Arterial vascularization in rat brain from Longa et al. 1989 (Longa et al., 1989) 

 

1.1.5 Neurovascular Unit 

The complexity of cerebral ischemia pathophysiology is not only due to the loss of highly specialized 

cells but also because it involves the dysfunction of cerebral vasculature and parenchymal cells which 

are organized in “neurovascular units”.  

The concept of the neurovascular unit (NVU) arose from long-known and studied phenomenon of 

coupling between neuronal activity (energy demand) and local blood flow (energy supply) 

(Stanimirovic and Friedman, 2012).  

The NVU is a functional and structurally interdependent multi-cellular complex comprised of 

endothelial cells, the basal lamina, pericytes, astrocytes, and neurons (Stanimirovic and Friedman, 

2012; del Zoppo, 2010) (Figure 3). As a conceptual construct, the NVU emphasizes the importance of 

cell–cell signaling between all cells in neural, glial, and vascular compartments (Lok et al., 2007, 

2015).  
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Endothelial cells (ECs) play a very important role in brain function including the control of vascular 

tone, release of trophic factors and by integrating a highly selective barrier. These cells produce 

vasoactive factors such as nitric oxide (vasodilatation) or thromboxane (vasoconstriction) (Duchemin 

et al., 2012; Kis et al., 1999). Tight junction proteins such as claudin and occludin, existing in 

endothelial cells are the most important proteins modulating the integrity of blood-brain barrier (BBB) 

(Strazielle and Ghersi-Egea, 2013).  

Astrocytes contribute for numerous functions on CNS in healthy conditions including release of 

growth factors, uptake of neurotransmitters, regulation of blood flow, participating in synapse function 

and integrating the BBB (Sofroniew and Vinters, 2009).  Astrocytic cells are strategically localized to 

act as relay cells in neurovascular communication. They communicate with synapses and thus can be 

stimulated by neuronal activity, whereas end foot processes are ideally situated around the blood 

vessels and can control vessel diameter (Attwell et al., 2010). 

 

 

Figure 3 : Cellular components of Neurovascular unit from Hamilton (Hamilton et al., 2010) 

Pericytes are small cells located on the external side of the vessel. They are separated from the 

parenchyma by the basal lamina, a thin layer of which also interposes between the pericyte and 

endothelial cells (Hamilton et al., 2010). Pericytes play a crucial role in a range of functions including 
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angiogenesis, endothelial cell regulation, vessel stabilization and maintenance of the BBB (Hamilton 

et al., 2010; Lai and Kuo, 2005).  

Microglial cells integrate indirectly the NVU, these cells are implicated in inflammatory response and 

their role is discussed deeper bellow (brain inflammation topic).   

Neurons are highly dependent on glucose and oxygen and can detect a very small variation in these 

molecules. Neuronal cells are strategically localized near microvessels. Additionally, they have an 

intimate anatomical and chemical relationship with NVU cells. When necessary, a neuron 

communicates with the vessels through the astrocytes influencing the blood supply to the area 

surrounding it (Muoio et al., 2014). 

NVU is a vital structure in the brain homeostasis by regulating the cerebral blood flow (CBF), BBB 

permeability, neurotransmitter inactivation and angiogenic/ neurogenic coupling (Zlokovic, 2008).  

 

1.1.6 Regulation of brain perfusion 

The Cerebral perfusion pressure (CPP) depends on mean arterial blood pressure (MAP), mean venous 

pressure (VP) and intracranial pressure (ICP): CPP=MAP-(VP+ICP) in which VP is usually 

negligible. For CPPs between 60 and 150-170 mmHg, the CBF is autoregulated at 50 mL/100g/min 

(i.e. 750 mL/min, 20% of cardiac output) by arteriole and capillary vasodilatation corresponding to the 

hemodynamic or vascular reserve. CPP range of CBF autoregulation can be shifted towards higher 

values in the case of chronic arterial hypertension. Additionally, CBF depends on the arterial pressure 

of CO2 and O2, increasing during hypercapnia or hypoxia by microvessel vasodilatation, on blood 

viscosity, hematocrit, and on neuronal activity. CBF is around 80 mL/100g/min in gray matter and 20 

mL/100g/min in white matter. The neurovascular coupling allows an increase of tissue oxygenation by 

CBF regional increase, so called “functional hyperemia”, in response to local neuronal activity. This 

would especially be triggered by transient local changes of temperature and glial cell pH. Moreover, 

brain activity induces expression of vasoactive mediators, such as K+, acetylcholine, γ-aminobutyric 

acid (GABA), catecholamines, neuropeptides, and neurotransmitters such as glutamate that stimulate 

the production of vasodilator agents such as nitric oxide (NO) and cyclooxygenase-2 (COX2) 



21 

 

(Iadecola, 2004). Neurovascular coupling involves the entire neurovascular unit, which includes 

neurons, astrocytes, endothelial cells, pericytes, basal membrane and extracellular matrix (ECM). For 

example, astrocyte edema plays a key role in CBF regulation during neuronal activation via 

transmembrane aquaporin-4 permeability (Igarashi et al., 2013). 

 

1.1.7 Hemodynamic alterations in acute cerebral ischemia 

Cerebral ischemia is the consequence of interrupted blood flow through a cerebral artery mainly due to 

proximal artery or cardiac emboli (Figure 4). It can be defined as a focal CPP decrease below the 

cerebral blood flow (CBF) autoregulation threshold that leads to a lack of oxygen and nutrient supply, 

neuronal anoxic depolarization, and necrosis. Acute ischemia is a rapid and dynamic process in time 

and space from “electrophysiological silence” of still viable neurons responsible for neurological 

deficit (penumbra area under moderate ischemia) to irreversible necrosis (infarct core). These separate 

classes of severity can be distinguished from each other using Magnetic Resonance Imaging (MRI) or 

computerized tomography (CT)-scan during the initial imaging following stroke onset. The cell death 

is driven by several mechanisms such as Ca2+, Na+/K+ ion homeostasis, excitotoxicity, depolarization, 

oxidative stress, and inflammation (Hossmann 2009; Deb, Sharma et al. 2010).  

 

 

Figure 4: Detection of cerebral ischemia by MRI. Cerebral infarction in the middle cerebral 

artery (MCA) territory detected by an axial T2 FLAIR (image left), axial diffusion imaging 
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(middle) and angiography “time of flight” demonstrates occlusion of the distal MCA trunk 

(red circle). (Velayudhan et al., 2016). 

 

These are not limited to neurons but involve all brain cells including astrocytes, endothelial cells, 

oligodendrocytes, microglia and extracellular matrix (ECM), i.e. all components that define the “glio-

neurovascular unit” (Moskowitz, Lo et al. 2010; Dirnagl 2012; Xing, Arai et al. 2012; Zhang, Badaut 

et al. 2012). 

 

 

Figure 5: Evolution of brain ischemia at acute phase. The ischemic “core” (infarct in red) progress 

including the penumbra (in green) in the infarcted zone. This evolution is variable (from some 

minutes to hours) depending on individual differences such as collateral circulation.  In 

clinical practices the values of regional cerebral blood flow rCBF give an estimation of infarct 

(very low CBF <12mL/100g/min) or penumbra (low CBF 12-20mL/100g/min) (Adapted from 

Detante et al. 2014).  
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1.1.7.1 From penumbra to infarction 

Cerebral ischemia is defined as CPP decrease under the CBF autoregulation threshold. Subsequent 

CBF decrease below 20 mL/100g/min (for CPP < 30 mmHg) leads to insufficient O2 and energy 

(adenosine triphosphate, ATP) supply. Ischemia is a dynamic process evolving in time and space and 

rapidly conducting to irreversible brain infarct (Figure 5). CBF decrease (50 to 20 mL/100g/min) 

initially induces an oligemia area with O2 consumption maintenance at a cerebral metabolic rate of O2 

(CMRO2) of 3 mL/100g/min as a result of an O2 extraction fraction (O2 EF) increase from 40% to 

90%, which corresponds to the O2 extraction reserve ( 

Figure 6). Subsequently, compensatory mechanisms become insufficient, and a decrease in CBF 

below 20 mL/100g/min leads to ischemia with two characteristic spatial regions (Figure 5, 6).  

 

 

Figure 6 : Hemodynamic alterations in the different brain regions in acute ischemic stroke. 

Indicative values in each zone of cerebral blood flow (CBF), cerebral blood volume (CBV), 
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mean transit time (MTT), cerebral metabolic rate (CMRO2), oxygen extraction fraction (O2 

EF), apparent diffusion coefficient (ADC) and cerebral perfusion pressure (CPP). Some 

values vary in gray matter (GM) and white matter (WM). (Adapted from Detante et al. 2014) 

 

The first region is the ischemic penumbra in which sufficient oxygenation (CMRO2 < 3 mL/100g/min) 

maintains cell viability but not neuronal activity, an electrophysiological “silence” that induces 

neurological deficit (Heiss, 2012; del Zoppo, 2010). The second region is the ischemic core (i.e. 

infarct) in which severe decreases in CBF (< 8 mL/100g/min), cerebral blood volume (CBV < 2-2,5 

ml/100g) and oxygenation (CMRO2 < 0,9 mL/100g/min; local O2 saturation < 40% (Kurth et al., 

2002) result in an irreversible brain lesion (Figure 6). 

 

1.1.7.2 Imaging of acute cerebral ischemia 

Hemodynamic and oxygenation standards to identify these different ischemic domains have been 

defined for nuclear imaging: single-photon emission computed tomography, positron emission 

tomography (15O2 or 18F-fluoromisonidazole PET) (Baron, 1999), and inhaled-Xenon CT-scan. 

Neuronal damage corresponding to the infarct area has been well described by PET using a 

radioligand of benzodiazepine receptors (11C-Flumazenil). The two ischemic domains can now be 

distinguished using easily available imaging techniques such as diffusion/perfusion MRI and perfusion 

CT-scan  (Jensen-Kondering and Baron, 2012) (Kidwell et al., 2013). Diffusion MRI permits good 

visualization of severe cell edema in the infarct area which appears as a dramatic decrease in apparent 

diffusion coefficient. However, the early diffusion hyposignal that is observed at a CBF value of 41 

mL/100g/min after 30min of ischemia might overestimate the infarct area size and include a part of the 

penumbra (Rosso et al., 2009). Usually, penumbra assessment is carried out using perfusion imaging 

for comparison with diffusion MRI in order to identify any discrepancy in the assessment of the infarct 

core boundary with the larger surrounding hemodynamic abnormalities (Albers et al., 2006) or 

cerebral blood volume (CBV)/ mean transit time (MTT) CT-scan mismatch (Wintermark, Flanders et 

al. 2006). Penumbra can also be estimated using the “radio-clinical” mismatch between a small acute 
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infarct seen by diffusion MRI and severe clinical deficit due to the electric silence of neurons in the 

penumbra area. MRI is currently being explored for its potential to allow direct oxygen brain mapping 

by measuring CMRO2 and local oxygen saturation (Christen et al., 2011; Jensen-Kondering and 

Baron, 2012). All of these imaging techniques can be adapted for arterial imaging such as angio-CT 

scan or angio-MRI to discriminate the restored vessels from the persistently occluded. Thus, the 

combined assessment of viable penumbra tissue with mapping of arterial status enables prediction of 

acute ischemia duration, guiding decisions made during initial care, such as the extension of the time 

window for reperfusion therapies (Campbell et al., 2014). 

 

1.1.8 Mechanisms of brain cell death  

Brain is particularly vulnerable to a deficit in O2 or glucose supply because of its high energy 

consumption, nearly exclusive aerobic glucose metabolism and the absence of any in situ reserve. 

Neurons are more vulnerable to ischemia than glial or endothelial cells, and the salvageable penumbra 

may be affected by a selective neuronal loss, as opposed to pan necrosis (Baron et al., 2014). 

 Mechanisms leading to cell death by necrosis or apoptosis are numerous  (Xing et al., 2012) (Figure 

7).  
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Figure 7: Mechanisms leading to cellular death in ischemia. AMPA : α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid ; ATP : adenosine tri-phosphate ; COX2 : cyclooxygenase 

2; CBF : cerebral blood flow; IL : interleukin ; IP3 : inositol triphosphate ; NMDA : N-

methyl-D-aspartate receptor ; NOS : Nitric Oxyde synthases (nNOS : neuronal NOS type I ; 

iNOS : inducible NOS type II ; eNOS : endothelial NOS type III) ; TGFβ : transforming 

growth factor β ; TNFα : tumoral necrosis factor,  ICAM-1: intercellular adhesion molecule; 

VCAM-1: vascular cell adhesion molecule ; E-selectin. (Adapted from Detante et al. 2014) 

 

Not all deleterious phenomena occur simultaneously. According to cerebral ischemia severity 

and duration, there is a sequence of disorders corresponding to the “metabolic” penumbra area 

(salvageable tissue) and infarct area (irreversible necrosis) (Hossmann, 2008). 

 

 

1.1.8.1 Toxicity of intracytoplasmic calcium increase 

Physiologically, Ca2+ enters a neuron via voltage-dependent channels, kainate and glutamate receptors 

channels: N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazole propionate 
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(AMPA). Maintaining the Ca2+ intra/extra-cellular gradient (1/10,000) requires energy-consuming 

processes: 1. Storage into cytoplasmic proteins, endoplasmic reticulum (ER) and mitochondria; 2. 

Release into extracellular space via Na+/Ca2+ transporter and Ca2+-ATPase pump. During cerebral 

ischemia, the disruption of supplied energy induces a dramatic increase of intracytoplasmic Ca2+  

(Cross et al., 2010). This is aggravated by the increase in extracellular glutamate which acts on 

ionotropic receptors, accelerating Ca2+ release from ER. 

Intracytoplasmic Ca2+ provokes a series of deleterious consequences such as mitochondria dysfunction 

(energy deficit, free radical synthesis), neuronal NO synthase (nNOS type I) activation (cytotoxic NO 

generation), enzyme activation (endonucleases, phospholipases, kinases, proteases), and ER 

dysfunction (protein synthesis inhibition). 

 

1.1.8.2 Glutamate and excitotoxicity 

Cerebral ischemia quickly leads to the release of inhibitory (GABA) and excitatory (glutamate) 

neurotransmitters from neurons and astrocytes, as well as reuptake dysfunction (Malarkey and 

Parpura, 2008).  

Glutamate synaptic exocytose is notably due to the overexpression of synaptic neuronal protein 

SNAP25 (synaptosomal-associated protein 25) and to the dysfunction of astrocyte Ca2+-dependent 

release by the SNAR complex (Soluble N-éthylmaleimide-sensitive-factor Attachment protein 

Receptor) which includes synaptobrevin-2, syntaxin-1, SNAP23 and synaptotagmin-4. In addition, 

glutamate storage failure occurs in astrocytes via H+ATPase vacuolar protein (V-ATPase) and 

vesicular glutamate transporters (VGLUT) dysfunction (Deb et al., 2010). Glutamate acts on NMDA, 

AMPA and kainate receptors and induces deleterious Na+ and Ca2+ intracellular inflow. Additionally, 

glutamate metabotropic receptor activation leads to RE stress via the G protein – phospholipase C – 

inositol triphosphate transduction pathway. Glutamate and extracellular K+ increases also contribute to 

the spread of peri-infarct depolarization. 

GABA role is less understood during ischemia. However, alteration of the inhibitory GABA 

neurotransmission would play an important role in peri-infarct hypoexcitability, Cl- gradient, 
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intracellular Ca2+ increase, or reactive oxygen species generation, and thus could be an interesting 

therapeutic target (Schwartz-Bloom and Sah, 2001). 

 

1.1.8.3 Peri-infarct depolarization and spreading depression 

Within the infarct core, there is an irreversible anoxic depolarization. In the peri-infarct area, 

extracellular K+ increases via Na+/K+-ATPase pump dysfunction. This K+ increase, coupled to 

glutamate, leads to an intense peri-infarct depolarization of neuronal and glial membranes. 

Depolarization slowly spreads into adjacent cortex (2 to 9 mm/min), is called “spreading depression” 

and is characterized by neuronal swelling and distortion of dendritic spines (Dreier, 2011). 

Depolarization can alter the basal membrane integrity of the BBB via matrix MMP9 activation  

(Gursoy-Ozdemir et al., 2004). Depolarization moreover causes a spreading ischemia that propagates 

in the penumbra area (Strong et al., 2007) notably due to endothelial NOS (eNOS type III) blocking 

with extracellular NO decrease. Spreading depolarizations were observed in human stroke and can be 

associated with both unfavorable and protective hemodynamic responses (Woitzik et al., 2013). 

1.1.8.4 Cell edema (cytotoxic edema) 

During cerebral ischemia, the loss of ionic gradient (Na+/Cl- inflow via Na+/K+-ATPase pump and 

AMPA receptors) and lactate intracellular accumulation followed by passive water influx due to an 

increase in intracellular osmolarity lead to early cell edema. This affects all the neural cells and 

quickly leads to their necrosis. The swelling of astrocytes and endothelial cells aggravates local 

hypoperfusion by microvessel compression. 

Cell edema occurs within the first minutes of ischemia and mainly corresponds to the infarct area with 

some limited extension into the penumbra. Diffusion MRI permits visualization of cell edema size by 

the dramatic decrease in the apparent diffusion coefficient caused by the extracellular space restriction, 

correlating with the final lesion and functional prognosis (Baird et al., 2001; Rosso et al., 2009). 
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1.1.8.5 Blood-brain barrier permeability and vasogenic edema  

BBB is composed of endothelial cells, basal membrane, astrocyte end-feet, and contractile pericytes. 

After cerebral ischemia, BBB permeability increases from the first hour (Huang et al., 2013a)  and 

continuing for several weeks  (Strbian et al., 2008). BBB breakdown is caused by microvascular 

endothelial cell dysfunction  (Huang et al., 2013b) such as endothelin receptor alteration, activation of 

Na+/K+-ATPase endothelial pumps due to increased extracellular K+, vasodilator NO synthesis, and by 

basal membrane destruction notably by matrix metalloprotease MMP2 and MMP9 overexpressed 1 

and 3 hours after ischemia. Tissue edema occurs within few hours as a result of osmotic gradient and 

is worsened by protein (albumin) extravasation between 12h to 2 days post-ischemia, leading to a 

delayed brain vasogenic edema as well as ICP increase. Intracranial hypertension can subsequently 

aggravate hypoperfusion and cause distant damage by compression and brain herniation. 

BBB leakage also plays a key role in post-stroke inflammation by enhancing leukocyte infiltration to 

brain parenchyma. This infiltration also increases BBB permeability via neutrophil MMP9 expression 

notably during hemorrhagic transformation after cerebral ischemia (Rosell et al., 2008). 

 

1.1.8.6 Oxidative stress: nitric oxide (NO) and free radicals 

Cerebral ischemia, particularly if followed by reperfusion, quickly results in activation of several 

neuronal and vascular enzymes responsible for generating free radicals such as superoxide dismutase, 

catalase, and glutathione peroxidase. Protective anti-oxidant systems, such as α-tocopherols (vitamin 

E) and vitamin C, are usually too slow to prevent oxidative damage (Dalkara and Moskowitz, 1994; 

Moskowitz et al., 2010). Intracytoplasmic Ca2+ increase enhances superoxide ion production through 

cyclooxygenase COX2 expression, NADPH oxidase (NOX) activation (Nayernia et al., 2014) by 

protein kinase C, and NO produced by neuronal NOS (nNOS type I) (Brennan et al., 2009). NO, 

which is also produced by inducible (i.e. immunologic) NOS (iNOS type II), interacts with superoxide 

anion, also generated by depolarized mitochondria, to form peroxynitrite.   

Free radicals interact with all cell components leading to a high cytotoxicity. Additionally, they induce 

free fatty acid (such as arachidonic acid) release (Adibhatla and Hatcher, 2009) and mitochondrial 
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malfunction. Free radicals also cause ER stress, poly-ADP ribose polymerase (PARP) activation, 

DNA fragmentation, and pericyte constriction (Yemisci et al., 2009). 

In parallel, NO produced by endothelial NOS (eNOS type III) has beneficial effects during ischemia 

such as vasodilation, anti aggregation, fibrinolysis, and modulation of peri-infarct depolarizations 

(Petzold et al., 2008). 

 

1.1.8.7 Acidosis and glycolysis 

Glucose is the near-exclusive energy source of the brain and plays a role in many brain disorders 

(Mergenthaler et al., 2013). Spontaneous hyperglycemia is frequent during the acute phase of cerebral 

ischemia (30-40% of cases) and is correlated to poor prognosis via aggravation of ischemia and 

reperfusion injuries (Kruyt et al., 2010) particularly during intravenous (IV) thrombolysis with an 

enhancement of superoxide ion production (Won et al., 2011).  

During ischemia, glucose consumption at first increases and is characterized by a high glucose / O2 

consumption (CMRO2) ratio. This metabolic “decoupling” is identifiable by PET and marks the 

initiation of anaerobic glycolysis. Afterward, the glucose consumption decreases (for a CBF < 25 

mL/100g/min) and acidosis occurs due to lactic acid accumulation. This acidosis activates acid-

sensing Ca2+ channels and contributes to intracellular Ca2+ overload. It also induces ER stress with a 

protein synthesis loss and caspase 12 activation that leads to apoptosis of astrocytes in the peri-infarct 

area  (Aoyama et al., 2005). 

However, acidosis also acts as a neuroprotective during ischemia by blocking NMDA receptors (anti-

excitotoxic effect) and by anti-apoptotic effect (Fan et al., 2014). 

 

1.1.8.8 Necrosis and apoptosis 

Cell death by necrosis quickly occurs in the infarct core. It immediately follows cell edema and 

membrane injuries that lead to cell disintegration. Necrotic fragments are cytotoxic and 

proinflammatory, and so aggravate the ischemic lesion. Interestingly, cell death is not limited to 
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infarct core. Distant from this one characterized by pannecrosis, a selective neuronal loss can occur in 

salvaged penumbra area which hampers recovery  (Baron et al., 2014). Programmed cell death by 

apoptosis begins a few hours after cerebral ischemia as inflammation progresses. Apoptosis is a 

consequence of complex mechanisms requiring energy supply (Hengartner, 2000) and thus occurs 

mainly in the penumbra. It is characterized by cell condensation and fragmentation that forms 

phagocytable apoptotic bodies. Cerebral ischemia induces direct damages of mitochondria membrane, 

and expression of proapoptotic genes such as Trp53 (p53), Bax, Bid, Bad, Bag, JNK, c-jun, cdk5, p38, 

but also anti-apoptotic genes such as Bcl2, Bcl-XL, Iap. Bad and Bax, which are modulated by Bcl2 

and Bcl-XL. These factors enhance, via an intrinsic pathway, cytochrome C and apoptotic induction 

factor (AIF) release from mitochondria (Joza, Susin et al. 2001). Cytochrome C can also be released 

from mitochondria via an extrinsic pathway, by Fas receptor stimulation (CD95) on neuron and glial 

cell surfaces, stimulated by the Fas ligand (FasL) on neurons, microglia, cytotoxic T lymphocytes and 

natural killers cells (NK). Fas-FasL interaction induces formation of the death-inducing signal 

complex (DISC) and activation of caspase 8 and pro-apoptotic factor Bid. Additionally, cerebral 

ischemia leads to TNF-related apoptosis ligand (TRAIL) expression from astrocytes and microglia. 

Cytochrome C with apoptotic peptidase activating factor 1 (APAF 1) and procaspase 9 constitute the 

apoptosome that activates caspase 9 and other proapoptotic caspases such as 1 and 3 in few hours. 

 

 

1.1.8.9 Brain inflammation and stroke-induced systemic immunodepression 

After cerebral ischemia, many inflammatory processes are ambivalent, with both deleterious 

consequences and/or beneficial effects such as neuroprotection and remodeling. Inflammation 

concerns not only the brain tissue but also innate and adaptive systemic immunity  (Iadecola and 

Anrather, 2011) with reciprocal crosstalk taking place between them (Dirnagl and Schwab, 2009; 

Kamel and Iadecola, 2012). Inflammatory processes begin after few minutes of ischemia and persist 

for years contributing to post-stroke atrophy and dementia. 
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In brain tissue, microglia cells represent 5-20% of glial cells and are analogous to resident phagocytes 

involved in survey and plasticity (Hanisch and Kettenmann, 2007; Ziv et al., 2006). From the first few 

minutes of ischemia, microglial cells are activated by extracellular ATP increases and a loss of 

neuronal contact, and proliferate over the course of weeks, particularly in the penumbra. Two types of 

activated microglia can be distinguished: 1) “inflammatory” microglia (M1) releasing inflammation 

mediators such as interleukin IL1β, tumor necrosis factor (TNFα), but also NO, free radicals, 

prostanoids, and enzymes such as cathepsin, MMP9; and 2) “anti-inflammatory” microglia (M2) 

releasing anti-inflammatory cytokines such as transforming growth factor (TGFβ) and neurotrophic 

factors such as glia- or brain-derived neurotrophic factors (GDNF, BDNF), fibroblast growth factor 

(FGFβ), insulin-like growth factor (IGF1), and vascular endothelial growth factor (VEGF) (Xing et al., 

2012). Microglia scavenges the infarct by phagocytosis of dead cell fragments and apoptotic bodies.  

Astrocytes are also involved in post-stroke inflammation producing proinflammatory cytokines and 

MMP9 but also neuroprotective factors such as VEGF, TGFβ1 and erythropoietin. In neurons, post-

ischemia disorders lead to complement activation, transcription factor synthesis such as nuclear factor 

(NFκB), hypoxia inducible factor (HIF1), STAT3, and proinflammatory gene activation such as 

platelet activation factor, TNFα, IL1, IL6, IL8, IL10, monocyte chemoattractant protein 1 (MCP1). On 

the endothelial cell surface, intercellular and vascular adhesion molecules (ICAM1, VCAM1), P- and 

E-selectin expression contribute to post-ischemia neutrophil migration and infiltration (maximum at 2-

3 days post-ischemia). Neutrophils aggravate microvessel occlusion and release proteases such as 

MMP9 (Allen et al., 2012), proinflammatory molecules, and cytotoxic NO from iNOS II activation. 

Neutrophils are accompanied by mastocytes, monocytes/macrophages and dendritic cell infiltration, 

which strengthen cytokine production and phagocytosis. Interestingly, perivascular macrophages can 

exhibit similar phenotypes M1/M2 as microglia. 

The effect of lymphocytes and delayed adaptive immunity against cerebral antigens remains 

controversial (Iadecola and Anrather, 2011) as leukocyte infiltration chronology after ischemia 

(Gelderblom et al., 2009; Möller et al., 2014). Although T4 and T8 lymphocytes seem to play a 

deleterious pro-inflammatory role by infiltrating ischemic tissue, other lymphocyte subtypes such as 
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T-helpers (Th) and T-regulators (Treg) could provide immunomodulatory and neurotrophic effects via 

IL10 and TGFβ1 release.  

Beyond the brain tissue, cerebral ischemia induces a severe systemic immunodepression with 

lymphopenia and high levels of IL6, IL10 and cortisol (Klehmet et al., 2009) notably due to spleen and 

liver disturbances via their noradrenergic innervations (Wong et al., 2011). This stroke-induced 

immunodepression syndrome could be protective for brain lesion but leads to frequent severe systemic 

infections mainly urinary tract infection and pneumonia that worsen mortality and prognosis.  

 

1.2  ENDOGENOUS MECHANISMS OF NEUROPROTECTION AND BRAIN 

REMODELING  

It is reported in clinical and experimental settings that brain functions usually undergo some degree of 

spontaneous improvement post-acute phase (Kwakkel and Kollen, 2013; Seevinck et al., 2010). This 

phenomenon is probably due to endogenous mechanism of protection and healing. Some of the major 

mechanisms of brain protection and remodeling are discussed bellow.  

 

1.2.1 Endogenous neuroprotection 

Beyond initial tissue reperfusion by artery recanalization or anastomosis, different endogenous 

protections occur in parallel of the deleterious processes (Dirnagl et al., 2003). 

Alterations concerning brain perfusion are detected in the acute phase of stroke. A vasodilation of 

adjacent areas of ischemia is reported such as compensatory mechanisms to brain ischemia. 

Some minutes after stroke onset, many mechanisms of protection such as impairment of inhibitory 

neurotransmission (Redecker et al., 2002) or anti-inflammatory cytokines (Klehmet et al., 2009) are 

activated. Post-stroke up regulation or down regulation of hundreds of genes associated with either 

survival or cell death is reported (Prasad et al., 2012).  
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Although endogenous neuroprotection often remains insufficient (or too slow) to avoid all cerebral 

ischemia damages, it gives perspectives to develop treatments enhancing its benefit.  

 

1.2.2 Endogenous brain remodeling 

Ischemic stroke presents a highly complex cascade of mechanisms implicated in its physiopathology. 

Furthermore, the endogenous restorative process following initial ischemic damage involves a brain 

remapping to compensate damaged networks (Winship and Murphy, 2009) that include angiogenesis, 

reorganization of contralateral brain hemisphere and axonal sprouting (Murphy and Corbett, 2009).  

 

1.2.2.1 Angiogenesis  

Angiogenesis is a defined as a biological process involving the formation of new blood vessels from 

pre-existing vessels. It is a multi-step biological process including proliferation and sprouting of 

endothelial cells, formation of tube-like vascular structures branching and anastomosis (Risau, 1997).  

In physiological conditions, angiogenesis is restricted in adult brains, most vasculature is quiescent, 

with only 0.01% of endothelial cells undergoing division (Carmeliet and Jain, 2000). Studies from 

human and experimental stroke indicate that neovascularization is present in the adult brains in 

response to cerebral ischemia (Hayashi et al., 2003; Krupinski et al., 1994; Yin et al., 2015).  

Inflammation and hypoxia are one the major pathological trigger for angiogenesis in non-neoplasic 

diseases (Carmeliet and Jain, 2000). Hypoxia activates hypoxia-inducible transcription  factors  

(HIFs), which  function  as  master switches to induce expression of several angiogenic factors 

(Semenza, 1998).  

 

-Vascular endothelial growth factor (VEGF), is the most important mitogen in the process of 

angiogenesis (Beck and Plate, 2009). The binding of VEGF to its receptors on the surface of 

endothelial cells activates intracellular tyrosine kinases, triggering multiple downstream signals that 

promote angiogenesis (Beck and Plate, 2009). The angiogenic effects of VEGF are primarily mediated 
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by binding to specific VEGF receptors: VEGFR-1 and VEGFR-2. VEGFR-1 is a key receptor in 

developmental angiogenesis is selectively expressed in distinct vascular beds (Hicklin and Ellis, 

2005).  

 VEGFR-2 is expressed on almost all endothelial cells mediates the majority of the downstream 

angiogenic effects of VEGF, including microvascular permeability, endothelial cell proliferation, 

invasion, migration and survival (Hicklin and Ellis, 2005). 

Analysis of VEGFR following brain ischemia revealed an induction of both receptors in vessels of the 

infarct brain (Moisan et al., 2014). Induction of VEGFR-1 and 2 expressions started 48 h after the 

insult in vessels at the border of the infarction and strong expression levels persisted up to 7 days 

(Kovács et al., 1996; Marti et al., 2000). 

This initial process of angiogenesis contributes to BBB leakage (Durukan et al., 2009). However, this 

process seems essential for endogenous mechanism of recovery. A recent experimental study 

demonstrated that the administration of  Pifithrin-α a specific p53 inhibitor (p53 is transcription factor 

described as an important regulator of apoptosis and VEGF) 24 hours after stroke induce VEGF 

expression and improves the recovery (Zhang et al., 2016). 

 -Platelet-derived growth factor (PDGF) is another growth factor implicated in angiogenesis. 

PDGF-B and its receptor PDGFR are essentials during embryonic development for the recruitment of 

pericytes to brain capillaries (Lindahl et al., 1997). Post-stroke analysis in human brain samples 

showed an expression of PDGF-B and its receptor on microvessel endothelial cells (Krupinski et al., 

1997) 

-Fibroblast growth factors (FGFs) family are known to play a crucial role in the regulation of a 

plethora of developmental processes, in both the embryonic and adult stages of life (Hallinan et al., 

2016).  Both acidic FGF (FGF-1) and basic FGF (FGF-2) are expressed after brain ischemia. The 

expression of FGF-1 by neurons and macrophages is detected 24 hours after the insult, is increased 

until about 14 days after ischemia , but decreased gradually and was undetectable after more than 30 

days (Hara et al., 1994). Following cerebral ischemia, enhanced levels of FGF-2 were observed in 

neurons in the penumbra after 1 day. Besides FGF-2 is also expressed by macrophages, endothelial 
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cells and reactive astrocytes in the first 2 weeks following vessel occlusion (Beck and Plate, 2009; 

Chen et al., 1994). FGF-2 is necessary for endothelial cells proliferation (Slevin et al., 2006), but 

inhibits differentiation by maintaining PDGFR (PDGF receptor)-α on the cell surface (McKinnon et 

al., 1990). 

-TGF-β signaling has a context-dependent inducing pro or anti-angiogenic effects. TGF-β play a role 

in vessel maturation evidenced by studies demonstrating that the loss of TGF-β receptors ALK-1 and 

TGFR-1 results in arteriovenous malformation known as hereditary hemorrhagic telangiectasia.  

-Angiopoietin family in humans is composed of three ligands, ANG-1, ANG-2 and ANG-4 and two 

receptors TIE-1 and TIE-2. Healthy vessels are equipped with mechanism of stability while remaining 

able to respond to angiogenic stimuli (Carmeliet and Jain, 2000). Ang-1 maintain endothelial cells 

quiescence through TIE-2 activation (Saharinen et al., 2008). Ang-2 is a antagonist of Ang-1+TIE2 

signaling, stimulating mural cells detachment, increase of vascular permeability and endothelial cells 

sprouting (Augustin et al., 2009).  Ang-4 and TIE-1 actions are not well elucidated.  

-The ECM forms a physical link between vascular cells and their surround tissues. Endothelial cells 

possess mechanism to interact with ECM and alter the matrix, for example through proteases 

activation. Distinct proteases such as MMPs modulate angiogenesis by different mechanisms, 

including proteolytic remodeling of basement membrane and release of VEGF and FGF (Carmeliet 

and Jain, 2011)*. The alteration of ECM proteins composition facilitates EC migration and tube 

formation. 

*Most of the actual knowledge about adult angiogenesis come from 

the research for therapeutic anti-antiangiogenic approaches for cancer 

diseases. Dr Carmeliet revised this mechanism in an elegant review of 

literature (Carmeliet and Jain, 2011). The cited study was of great 

help for my understanding of angiogenic process.   
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Figure 8. Schematic illustration of angiogenic process induced by ischemia, from Chung et al. 

2010 (Chung et al., 2010) Vascular endothelium growth factor, VEGF; Fibroblast growth 

factor, FGF; Matrix metalloproteinases, MMPs; Angiopoietin, Ang and transforming growth 

factor beta 1, TGF-β1.  

 

- Steps of angiogenesis. Blood vessels are equipped with O2 alteration sensors which allow vessels re-

adjust their shape through vasodilatation or vasoconstriction optimizing blood flow. Angiogenesis 

initiates with vasodilatation mediated by Nitric oxide (NO), a mediator of relaxation of blood vessels. 

In response to angiogenic signals mediated by Ang-2, pericytes liberate themselves from basement 

membrane by proteolytic degradation mediated by MMPs. Vascular permeability increases in response 

to VEGF facilitating endothelial cells migration.  

Endothelial cells migrate onto ECM surface and proteases cells liberate angiogenic molecules stored in 

ECM such as VEGF and FGF and remodel ECM into an angio-competent milieu (Carmeliet and Jain, 

2011). With the aim to avoid massive endothelial cell moving towards the angiogenic signals, one of 

endothelial cells called tip cell becomes selected to lead the vessel tip (Verdegem et al., 2014). 

Endothelial cells proliferate in response to VEGF, migrate following tip cells signals to form a tube 

and became responsive to others factors such as Ang-1 and TGF-β. 

For a properly function of blood vessels, they must be mature and covered by mural cells, PDGF 

family, angiopoeitins and TGF-β contributes to this process (Jain, 2003) ( Figure 8). 
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Angiogenesis naturally occurs following cerebral ischemia, this process is principally detected in 

lesion boundary and seems to be crucial for regenerative process such as neurogenesis and 

synaptogenesis. Angiogenic process can be amplified by various experimental treatment strategies as 

discussed bellow.  

 

1.2.2.2 Neurogenesis 

Another important mechanism related to brain endogenous remodeling is neurogenesis. 

Neurogenesis is a process by which neurons are generated from progenitor cells such as neural stem 

cells. This process occurs during embryogenesis and also continuously in adult mammalian brain 

(Reynolds and Weiss, 1992; Taupin and Gage, 2002).  

Important advances in neurogenesis research are achieved owing the introduction of 

bromodeoxyuridine (BrdU) (Kuhn et al., 1996). With this discovery, it was possible to demonstrate the 

long-life continuous neurogenesis in almost all mammals, including humans (Eriksson et al., 1998).  

The production of new neurons in adult brain take place in specific areas called neurogenic niches 

(Eriksson et al., 1998). Under normal conditions adult neurogenesis is restricted to hippocampus in 

subgranular zone (SGZ) of dentate gyrus where new dentate granule cells are generated (Figure 9), 

and in the subventricular zone (SVZ) (Figure 10) of lateral ventricles where new neurons are generated 

and migrate through the rostral migratory stream (RMS) to the olfactory bulb to become interneurons 

(Gage, 2000). Neurogenesis in other adult CNS regions is very limited under physiological conditions 

but could be induced in pathological conditions such as stroke (Ming and Song, 2011).   

Adult neurogenesis is regulated by many physiological stimuli such as physical exercise (van Praag et 

al., 1999) and enriched environment (Kempermann et al., 1997) improving proliferation and new 

neuron survival. In contrast, aging leads to a significant reduction in cell proliferation (Rossi et al., 

2008)  
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Figure 9. Neurogenic niche Subgranular zone (SGZ) from (Riquelme et al., 2008). Illustrative 

image of frontal section of rat brain underlying the adult neurogenic niche on SGZ of 

hippocampus. Astrocytes (B, blue) generate intermediate precursors (D, yellow), which are 

progressively differentiated (type D1→type D2→type D3), until becoming  mature granule 

neurons (G, red).  

 

 

 

Figure 10.  Neurogenic niche Subventricular zone (SVZ) from (Riquelme et al., 2008). 

Illustrative image of frontal section of rat brain underlying the adult neurogenic niche SVZ 

(orange) adjacent to lateral ventricle (LV) on striatum. Astrocytes (B, blue) generate 

migrating neuroblasts (A,red), designates to olfactory bulb via transit amplifying cell (c, 

green), multi-ciliated ependymal cells (E, gray)  basal lamina (BL, black), blood vessels (BV).  
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- Post stroke-induced neurogenesis  

Ischemia-induced neurogenesis occurs in the neurogenic niches SGZ and SVZ but also in non-

neurogenic areas in the intact brain (Lindvall and Kokaia, 2015). 

Evidence suggests that stroke induces neurogenesis in cerebral areas where neurons are not normally 

formed such as striatum (Figure 11). Cells expressing BrdU, given intraperitonally after stroke and 

markers of immature neurons (DCX) and mature neurons (NeuN and DARPP-32) were detected in 

damaged striatum (Parent et al., 2002). The occurrence of neurogenesis in the cerebral cortex is less 

well established (Lindvall and Kokaia, 2015). However, new cells expressing markers of neuroblasts 

or mature neurons were detected in ischemia-damaged cerebral cortex (Zhang et al., 2006a).  

These immature neurons can also be originating from SVZ. Kreuzberg and colleagues (Kreuzberg et 

al., 2010) in a study using transgenic mice, in which neuroblasts originating in SVZ expressed green 

fluorescent protein (GFP), reported that neural progenitors migrated toward the cortical infarct after 

middle cerebral artery occlusion (MCAo).  In a similar study, neuroblasts DCX+/BrdU+ migrating 

along the corpus callosum to peri-infarct cortex were detected 2 weeks after an ischemic lesion in mice 

(Osman et al., 2011) 
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Figure 11 : Schematic representation of stroke-induced neurogenesis on striatum and cortex, 

from Lindvall et al 2015. Corpus Callosum (CC)  (Lindvall and Kokaia, 2015).  

- Steps of neurogenesis 

The SVZ has been reported as the main source of neuroblasts generated after stroke which migrate 

towards the damaged area in rodents (Lindvall and Kokaia, 2015). For this reason, we decide to focus 

on the steps of neurogenesis in SVZ that are different from which detected in SGZ.  

Proliferation The first step of neurogenic process is proliferation. Ischemia triggers a transient 

alteration in SVZ cell division, from asymmetric to symmetric, expanding the pool of progenitor cells. 

Apparently, stroke promotes an increase in the proportion of dividing cells in the SVZ and reduces 

their cell-cycle length (Zhang et al., 2006b). Other cellular types such as ependymal cells proliferation 

are induced by ischemia. In a rat stroke study, Zhang et al (Zhang et al., 2007) reported that 

ependymal cells lining the lateral ventricle wall were transformed into radial glia cells and were 

surrounded by type-C (progenitors) and type-A (neuroblasts) cells in SVZ. Several molecules and 

mechanisms are implicated in neural stem progenitor cells (NPCs) regulation. The Notch signaling 

pathway is implicated in this regulation (Carlén et al., 2009; Wang et al., 2009). 
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Survival: About 80% of new neurons die during the first two weeks after their formation (Arvidsson 

et al., 2002). Caspases are probably involved in this neuronal loss and administration of caspase 

inhibitors improve the survival of neuroblasts (Thored et al., 2006). Inflammation seems also having a 

role in stroke induced-neurogenesis. Microglial cells produce important factors which contribute to the 

maintenance of neurogenic response such as insulin-like growth factor-1 (IGF-1) (Thored et al., 2009). 

 

 

Figure 12: Steps of adult neurogenesis in adult Subventricular zone (SVZ), from Ming and 

Song 2011. Lateral ventricle (LV), olfactory bulb (OB), Rostral migratory system (RMS).  

 

Migration: In physiological conditions, neuroblasts form a chain, the rostral migratory system (RMS) 

and migrate towards the olfactory bulb through a tube formed by astrocytes (Lois et al., 1996). Once 

reaching the core of bulb olfactory, immature neurons migrate radially towards glomeruli where they 

differentiate into different subtypes of interneurons (Ming and Song, 2011) (Figure 12).  
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Post-stroke studies suggest that neuroblasts from SVZ are recruited to damaged area. The 

molecular mechanisms involved in guiding the new neurons to the damaged zone are only 

partly understood (Lindvall and Kokaia, 2015). 

Radial glia is distributed in both SVZ and striatum after stroke and probably guides migrating 

neuroblasts (Zhang et al., 2007). Blood vessels are also involved in this process, neuroblasts were 

located in large number in physical proximity to endothelial cells in the peri-infarct cortex in the 

presence of vascular remodeling (angiogenesis) (Thored et al., 2007). Vascular cells play a role in 

migration and survival of neuroblasts.  

The better-established mechanism of regulation of neuroblasts migration is the chemokine stromal 

derived factor-1 (SDF-1) and its receptor CXCR4. SDF-1/CXCR4 signaling regulates the direct 

migration of new striatal neurons towards lesion (Robin et al., 2006). Post-stroke SDF-1 is expressed 

by reactive astrocytes, activated microglia and endothelial cells. CRXCR4 is expressed on neural 

progenitors and neuroblasts (Robin et al., 2006).  

Differentiation and integration: Proliferating neuroblasts that migrate into damaged area following 

stroke are able to differentiate into a variety of functional mature neuronal cells.  The functional 

integration of newly generated neurons was evidenced by the presence of abundant pre-synaptic 

vesicles and by the presence of new synapses with neighboring cells (Yamashita et al., 2006). 

Similarly, neurons BrdU+/NeuN+ were detected in the ipsilateral striatum 12 weeks after MCAo (Sun 

et al., 2012). Additionally, precursor subtypes display significant plasticity in their lineage choice, 

neuroblasts DCX+ were converted to an oligodendrocyte fate upon demyelination of corpus callosum 

(Jablonska et al., 2010).  

 

1.2.2.3 Brain plasticity 

Some degree of functional improvement after stroke is experienced by humans and observed in 

experimental models of stroke (Kwakkel and Kollen, 2013; Seevinck et al., 2010). This is induced by 

an important aspect of brain recovery, the brain plasticity.  
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Brain connectivity studies of motor networks using resting state MRI in humans demonstrated that 

brain plasticity after stroke involves the connection of survival cells with neural network including 

brain regions adjacent to the lesion and/ or to contralateral hemisphere (Thiel and Vahdat, 2015).  

After stroke, cortical remapping is both activity-dependent and based on competition (Murphy and 

Corbett, 2009). For this reason, therapeutic approaches such as rehabilitation (in patients) 

(Koganemaru et al., 2015) or motor training (in rats) (Mestriner et al., 2011) improve brain plasticity 

and results in functional recovery.  

Brain plasticity refers to the ability of brain to adapt to the new condition and create new engrams. 

Naturally, the plasticity benefits from brain remodeling through new vessels formation, growth factors 

release and newborn cells induction. This process includes the formation of new synapses and 

sprouting of axons.   

Cortical modifications were detected in peri-infarct area including an increase in neurofilaments and 

axonal outgrowth (Ueno et al., 2012). These modifications were associated to Akt activation-

dependent. This result was confirmed in vitro when cortical neurons were submitted to oxygen glucose 

deprivation an increase in axonal outgrowth and in the levels of phosphorylated neurofilaments 

proteins was detected via Akt activation. When inhibited pharmacologically by an Akt antagonist the 

effects were suppressed. (Ueno et al., 2012). 

To have a substantial impact on the recovery after stroke, the mechanisms of self-repair including 

neurogenesis, angiogenesis, and cortical remapping need to be enhanced, for example, by increasing 

the survival and differentiation of the generated neuroblasts and by improving the functionality of the 

new vessels. Alternative therapies to improve endogenous brain recovery and to restore the lost 

function for patients have been developed.  

 

1.2.3 Stroke treatments  

Ischemic stroke presents a complex and dynamic cascade of mechanisms implicated in its 

physiopathology. These mechanisms are time-dependent and therapeutic strategies focusing on 

selective mechanism depends on of their respective therapeutic windows (Figure 13).  
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Additionally to reperfusion therapies, (currently the only treatment approved in clinical application), 

some clinical approaches are recommended by American heart association and American Stroke 

association (AHA/ASA) guidelines, which includes: aspirin within 48h, decompressive craniotomy for 

large strokes, and management in stroke care units for intensive care and rehabilitation (Jauch et al., 

2013). 

Many strategies of treatment were developed focusing on isolated mechanism and have failed in 

translating for clinical settings (Dirnagl and Endres 2014). Here we will discuss briefly some 

therapeutic strategies tested in ischemic stroke.  

 

1.2.3.1 Restoring Circulation 

Currently in clinical settings, the only approved pharmacological therapy at acute phase is the 

reperfusion by administration of recombinant tissue plasminogen activator (tPA). This treatment 

focuses on restoration of blood flow to penumbra tissue. Intravenous administration of tPA improves 

stroke outcome when the treatment is administrated in the first 4.5h after stroke onset (Hacke et al., 

2008) with a possible extension to 6h such as demonstrated in a recent clinical trial (Wang et al., 

2015). 

Endovascular interventions of mechanical or chemical clot removal are also currently employed in 

clinics and have shown benefit within the acute therapeutic window (Berkhemer et al., 2015) Given 

the variety of strokes and patients differences in brain vasculature, selecting the correct patients may 

be critical for the success of these therapies (Liebeskind et al., 2014).   

A rapid and efficient brain imaging to detect lesion extension and gravity is relevant for clinical 

decisions (Albers et al., 2006; Davis and Donnan, 2014). Unfortunately, a vast majority of stroke 

patients are not able to receive the acute treatments because of the short therapeutic window (George 

and Steinberg, 2015), for this reason, therapies targeting later time windows are also needed. 
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Figure 13 Time course of stroke and associated therapeutic time windows from Detante et al. (Detante et al., 

2014).  BCL:B-cell lymphoma protein; BDNF: brain-derived neurotrophic factor; BP: blood pressure; Depol.: 

peri-infarct depolarization; EP:endothelial progenitors (CD34+); EPO: erythropoietin; GCSF: granulocyte-

colony stimulating factor; GF: growth factors; GluR2: glutamate receptor (subunit 2); HSC: Hematopoietic stem 

cells (CD34+); HSP: heat-shock protein; IL: interleukin; IP3: inositol tri-phosphate; IV: intravenous; 

MNC:mononuclear cells; MSC:Mesenchymal stromal/stem cells; NOS: NO synthase;  

SRI: serotonin reuptake inhibitors; VEGF: vascular endothelial growth factor. 

 

1.2.3.2 Neuroprotection 

In the acute and sub-acute phase of stroke, many strategies of neuroprotection have been studied, these 

therapeutic approaches focus on the mechanism implicated in the ischemic lesion. 

- Mild brain hypothermia (33°c) is the gold standard for acute neuroprotection in rodent stroke models 

(Zhao et al., 2007), and provides good results in clinics by improving neurological outcomes in 

patients with global cerebral ischemia (secondary to cardiac arrest) (Bernard et al., 2002). 

Hypothermia induces a reduction in mitochondrial dysfunction (Gong et al., 2012) and attenuates 

oxidative stress and apoptosis. Therapeutic hypothermia has demonstrated beneficial effects by 
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limiting glutamate toxicity (Li et al., 2014), modulating neuroinflammatory response (Matsui et al., 

2012) and by its hemodynamic effect (reduction of blood flow pace) demonstrated in a model of 

traumatic brain injury reducing brain edema (Li et al., 2014). 

- Inflammatory mechanisms are also considered as an important target for stroke therapy. Numerous 

cellular and molecular mechanisms are activated after ischemic stroke participating in inflammatory 

response. Several pre-clinical and clinical studies have investigated the effects of immunomodulation 

on neuroprotection (Veltkamp and Gill, 2016).  Minocycline, an anti-inflammatory drug has protective 

effects in animal models of stroke through a variety of mechanisms, including anti-inflammatory 

effects, reduction of microglial activation and inhibition of apoptosis (Lampl et al., 2007). Many 

immunomodulatory drugs have been tested in stroke therapy, but their action is also limited to acute 

and sub-acute phase. 

-Another neuroprotective drug that demonstrated beneficial effects is fluoxetine. This drug is a known 

anti-depressive drug, acting as a selective serotonin reuptake inhibitor (SSRI). Fluoxetine has been 

found to stimulate the cAMP-responsive element binding protein (CREB), to increase the production 

of brain-derived neurotrophic factor (BNDF) and, neurotrophic peptide S100β, and to enhance 

glycogenolysis in astrocytes. These mechanisms suggest that fluoxetine may also have a potential for 

the treatment of a number of neurological disorders (Mostert et al., 2008). In a recent pre-clinical 

study, fluoxetine increased neurogenesis but does not improve functional outcome (Sun et al., 2015).  

 

1.2.3.3 Cell-based therapy  

Another promising alternative in stroke treatment is the cell-based therapy. Stem cells are multipotent 

or pluripotent cells with the capacity for self-renewal and differentiation. 

A distinct advantage of cell-based therapy is their unique ability to respond dynamically to complex 

and highly variable environments such as this found in post-stroke (Sullivan et al., 2015).  

Transplanted cells are an example of plastic biological products because they can adapt to different 

local conditions in the damaged brain while not being limited to a unique target (Detante et al., 2014) . 

The efficacy of cell-based therapies is no longer based on a tissue replacement paradigm. Stem cells 
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can act on a wide range of neuroprotective and brain repair process including immunomodulation, 

neuronal, glial and vascular remodeling (Detante et al., 2014).  

 

Endogenous stem cell induction 

Endogenous therapeutic strategies focus on increasing proliferation, migration, and survival of 

neuroblasts and of endothelial progenitor cells (EPCs) (Arvidsson et al., 2002; Griese et al., 2003; 

Yamashita et al., 2006).  

Such as discussed above, NPCs are produced along adult life in specific neurogenic niches and in 

other brain regions in the presence of ischemic stroke (Lindvall and Kokaia, 2015; Parent et al., 2002). 

Endothelial progenitor cells (EPCs) are also available in adult brain from peripheral circulation and 

participate in vascular remodeling in the presence of angiogenic stimuli such as ischemia (Griese et al., 

2003).  

These endogenous mechanisms are not enough to improve significantly the disabilities induced by 

stroke. Some strategies have been tested to improve post-stroke endogenous neurogenesis including 

the use of extrinsic growth factors and specific molecules such as statins (Chen et al., 2003; Cho et al., 

2015),  erythropoietin (Gonzalez et al., 2013)  and fluoxetine (Sun et al., 2015). 

These therapeutic strategies effectively improved neurogenesis and angiogenesis but not necessarily 

improved behavioral outcome (Sun et al., 2015).  

 

Exogenous stem cells administration 

Exogenous stem cells treatment refers to their delivery to the brain via blood stream or direct 

transplantation. Many types of stem cells have been evaluated for their therapeutic potentials in the 

treatment of ischemic stroke including embryonic (ESCs), neural (NSCs), induced pluripotent cells 

(iPS) and mesenchymal stem cells (MSCs) (Honmou et al., 2012; Lam et al., 2014; Tae-Hoon and 

Yoon-Seok, 2012). 

Stem Cells can be obtained from a variety of cell sources including embryonic or fetal, adult or in-

vitro cell culture.  
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Embryonic stem cells have unlimited self-renewal capacity and are pluripotent cells. These cells are 

derived from the inner mass of blastocyst-stage embryos (Thomson et al., 1998) and have the potential 

to differentiate in any cell type of the organism. Their potential to differentiate in neuronal cells was 

demonstrated in vitro using mouse ESCs (Bain et al., 1995). ESCs beneficial effects were detected in 

vivo after MCAo in rats with effective improvements in infarct size and behavioral recovery (Tae-

Hoon and Yoon-Seok, 2012). However, ethical controversy severely limits the clinical application of 

ESCs (Tang et al., 2015). 

The discovery of induced pluripotent stem cells (iPS) broke a paradigm in cell differentiation and won 

a Nobel price (Takahashi and Yamanaka, 2006). The ability to transform in vitro fibroblast into 

pluripotent stem cells using cell reprogramming by introducing four factors (Oct3/4, Sox2, c-Myc, and 

Klf4) passed many of the concerns of ESCs therapy like ethical questions (George and Steinberg, 

2015). iPS cells from adult human fibroblast can migrate to lesion site and improve brain lesion and 

sensory-motor function (Jiang et al., 2011). One concern with iPS is the cellular immunogenicity, 

teratoma formation is reported after iPS administration (Yamashita et al., 2011; Zhao et al., 2011). 

Exogenous NSCs can be obtained from ESCs, iPS cells, bone-marrow and adipose-derived MSC, fetal 

and adult nervous system (Garzón-Muvdi and Quiñones-Hinojosa, 2010).  These cells could 

proliferate in vitro when stimulated by various growth factors and differentiate into neurons, 

astrocytes, oligodendrocytes (Chu et al., 2004; Hao et al., 2014; Jablonska et al., 2010). Despite these 

encouraging results, cell replacement therapies using NSCs or NPSCs are also affected by cellular 

loss, or poor differentiation and require immunosuppressant treatments.  

Adult stem cells have been studied for their paracrine and trophic support in post-stroke research (Seo 

and Cho, 2012). Adult stem cells can be obtained from a variety of tissues such as bone marrow 

(Wexler et al., 2003), adipose tissue (Zuk, 2002), peripheral blood (Koerner et al., 2006), dental pulp 

(Pierdomenico et al., 2005) and others (Liu et al., 2016). Stromal/stem cells isolated from adipose 

tissue, bone marrow, umbilical cord are widely investigated in experimental studies and cell therapy 

trials (Detante et al., 2014). MSCs are the cellular type used in the present work and for this reason, 

the current state of MSC therapy in pre-clinical and clinical setting is discussed in a separate chapter. 
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The development of efficient therapies is crucial for improving stroke recovery. Strategies with an 

ample spectrum of brain protection and repair such as cell-based therapy could be a good candidate for 

this mission. 

 Many questions remain in stem cells therapy such as the best administration route, dose, therapeutic 

window, poor migration to lesion site and cell survival. In the present work, we test an alternative to 

optimize at last one of these issues (poor cell survival) with the aim to improve functional outcomes. 

 

1.3 MESENCHYMAL STEM CELLS THERAPY 

Mesenchymal Stem Cells (MSCs) are multipotent non-hematopoietic progenitor cells, with the 

capacity to differentiate into several distinct mesenchymal lineages (Caplan, 2009). MSCs have been 

demonstrated to differentiate into bone tissue, cartilage, adipocytes (Je et al., 1991; Qian et al., 2010; 

Solchaga et al., 2011). Additionally, controversial data suggest that MSCs may give rise to myogenic 

cells including cardiomyocytes, endothelial cells and even neural cells of non-mesodermal origin (Cao 

et al., 2005; Makino et al., 1999; Takeda and Xu, 2015). MSCs can be easily obtained from a variety 

of tissues including bone marrow where these cells were initially identified, muscle, adipose tissue, 

human amniotic fluid, placenta, umbilical cord blood, and veins as well as in several fetal tissues 

(Malgieri et al., 2010). 

The International Society for Cellular Therapy Committee proposes minimal criteria to define MSCs 

:1) MSCs must be plastic-adherent when maintained in standard culture conditions; 2) MSCs must 

express CD105, CD73 and CD90 and lack expression of CD45, CD34, CD14 or CD11b, CD79a or 

CD19 and HLA-DR surface molecules; 3) MSCs must differentiate to osteoblasts, adipocytes and 

chondroblasts in vitro.   

1.3.1 MSCs mechanisms 

MSCs have emerged as an excellent candidate in cell-based therapies for a variety of diseases because 

of their easy access, good bio-preservation, and, in  human trials, they have shown no adverse 
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reactions to allogenic versus autologous MSC transplants (Díez-Tejedor et al., 2014; Malgieri et al., 

2010; Taguchi et al., 2015). 

Despite their potential for differentiation, the controversial replacement theory does not explain the 

beneficial effects of MSC therapy. The mechanism related to MSCs induced-repair include 

paracrine/juxtacrine effects of growth factors and cytokines produced by the cells, extracellular matrix 

reorganization and immunosuppressive effects (Di Nicola, 2002) (Figure 14). 

Experimental clinical and pre-clinical studies started to elucidate the utility of MSCs based therapy to 

prevent or repair brain injuries such as stroke. I will discuss briefly the main therapeutic mechanisms 

associated to MSCs.   

 

1.3.2 Protective mechanism 

When administrated systemically (by intravenous or intra-arterial way) or locally (intracerebral),  

MSCs migrate to the lesion site, influenced by inflammatory local mediators (Merino et al., 2011). 

The interaction between stromal cell-derived factor-1α (SDF-1α) and its cognate receptor CXC 

chemokine receptor 4 (CXCR4) is crucial for homing and migration of multiple stem cell types 

(Merino et al., 2011).  

In an in vitro study, MSCs demonstrated immunomodulatory properties through inhibition of 

cytotoxic T-lymphocytes (Le Blanc, 2003). This effect was tested in the treatment of an experimental 

encephalomyelitis model (Zappia et al., 2005).  MSCs administrated 1 day after induction of a global 

ischemia improved neurologic function and prevented cell death on hippocampus through modulation 

of inflammatory and immune responses (Ohtaki et al., 2008).  

Similarly in a recent study MSCs therapy was able to reduce levels of caspase 3 (pro-apoptotic), 

increase B-cell lymphoma 2 (BCL-2) levels resulting in a reduction of apoptosis and increase of 

functional recovery (Feng et al., 2016). These neuroprotective and immunomodulatory effects were 

observed when MSCs were transplanted in the acute phase, around 24 hours after the injury.  

Another mechanism associated to MSCs therapy is protection against brain degeneration.  MSCs 

promoted increase in functional outcomes following brain ischemia via the inhibition of three 
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inhibitors of myelin regeneration:  Nogo-A, oligodendrocyte myelin glycoprotein (OMgp) and myelin-

associated glycoprotein (MAG) (Feng et al., 2016)  

 

1.3.3 Brain remodeling 

Transplanted MSCs improve host repair and tissue remodeling primarily through trophic factors 

support in response to injury cues, including angiogenic, synaptogenic and neurogenic factors 

(Castillo-Melendez et al., 2013; Seo and Cho, 2012). This response seems to be mediated by direct and 

indirect actions (Castillo-Melendez et al., 2013). MSCs secrete soluble (cytokines growth factors) and 

insoluble (extracellular matrix proteins) factors through paracrine signalization (Castillo-Melendez et 

al., 2013). 

A principal aspect of post-stroke regeneration is the angiogenesis and vascular remodeling. Moisan et 

al. demonstrated an increase in angiogenic factors Ang1 and TGFß1 at day 16 induced by MSCs 

enhancing the stabilization of newborn vessels and resulting in functional improvement (Moisan et al., 

2016). 

In another recent study, MSCs therapy was associated to rehabilitation (treadmill training) post 

permanent MCAo resulting in a reduction of lesion volume, synaptogenesis and functional 

improvement (Sasaki et al., 2016). 

Astrocytes play a variety of crucial functions in healthy brain (Sofroniew and Vinters, 2009). 

Astrocytic response to brain injury and cerebral remodeling are also important. MSCs mediated 

protection of astrocytes against oxygen-glucose deprivation in vitro reducing apoptosis, increasing 

metabolic activity and reducing glial fibrillary acid (GFAP) overexpression (Huang et al., 2015). 

These results were mediated by paracrine factors secreted by MSCs (reducing p38 MAPK and JNK 

signaling) (Huang et al., 2015). 
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Figure 14: Mesenchymal Stem Cells (MSC) therapeutics mechanism, from Castillo-Melendez 

et al., 2013 (Castillo-Melendez et al., 2013) 

 

In an in vivo study, MSCs induced stabilization of BBB through regulation of astrocytes filaments 

around the vessels reverting the elevation of VEGF and eNOS (Park et al., 2015). The reduction of this 

factors related with vessel permeability induced by MSCs treatment reduced neutrophil infiltration and 

enhanced survival of dopaminergic neurons (Park et al., 2015).  

 Other studies demonstrated the role of MSCs in the release of neurogenic growth factors including 

BDNF, VEGF, GDNF, nerve growth factor (NGF), IGF-1, SDF-1 and others factors  stimulating 

endogenous neurogenesis (Drago et al., 2013; Salgado et al., 2015). 

Nevertheless, an interesting role was recently described in a trauma brain injury model in rats, (Tajiri 

et al., 2013),  MSCs seem to play an integral role in recruiting cells from the neurogenic niches to 

injured area within the cortex (Duncan et al., 2015). This conduit for endogenous cells is a “biobridge” 

located between the cortex lesioned and the SVZ neurogenic niche and was visualized using 
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immunohistochemistry and laser capture assay. This guided migration is facilitated by the ability of 

MSCs to alter the expression of MMPs (Sullivan et al., 2015) (Figure 15) 

 

 

Figure 15: Illustration of the “Biobridge” from Duncan et al. 2015 (Duncan et al., 2015). 

Endogenous stem cells (SC) from the subventricular zone (SVZ) guiding exogenous SC 

migration to peri-infarct zone. 
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1.3.4 Current status of clinical research 

Until 2014, seventeen clinical trials have been published such as reviewed by Detante et al (Detante et 

al., 2014). Recently four additional studies were published reporting their clinical results (Banerjee et 

al., 2014; Díez-Tejedor et al., 2014; Steinberg et al., 2016; Taguchi et al., 2015).  

The cell source most commonly used in these studies was bone marrow from autologous or allergenic 

donor. Bone marrow mononuclear cells (BMMNCs) were the cellular type the most used, followed by 

MSCs (Detante et al., 2014). Phase I/II clinical studies provide results about feasibility and safety in 

humans with no teratoma formation (Bhasin et al., 2013), but with some adverse events related and 

modest functional outcomes, maybe by the difficulty to estimate the effects due to the number of 

patients studied.  

For example, Taguchi et al. demonstrated positive results concerning functional recovery evaluated by 

National Institute of Healthy Stroke Scale (NIHSS) in a phase 1/2 study (n=12 stroke patients), using 

IV injection of autologous (BMMNC) (Taguchi et al., 2015). However, one patient presented a 

recurrent stroke one day after transplantation (Taguchi et al., 2015).  

In another study, bone marrow derived MSCs genetically modified to express Notch-1 (SB623 cells) 

were intracerebrally administrated in chronic stroke patients (n=18) (Steinberg et al., 2016). In this 

study patients also experienced functional improvement evaluated by multiple functional scales 

(Steinberg et al., 2016).  Adverse events related to surgery were reported.  

Currently, over 40 studies with known status are recorded at clinicaltrials.gov website involving 

“stroke” and “Stem cell” therapy in adults.  Among these studies, twenty studies are with status active, 

most then recruiting patients, see Table 1: Active clinical trials. 

New strategies to optimize stem cell therapy such as modified cells or a biomaterial co-administrated 

with the stem cells have been evaluated in pre clinical studies (Kim et al., 2015; Liang et al., 2013). 

The ultimate goal in pre-clinical research is to produce knowledge and tools to progress in clinics. 

A Chinese study, opening in April 29, 2016 (ClinicalTrials.gov Identifier: NCT02767817) using an 

injectable collagen scaffold combined with MSCs is currently recruiting patients with traumatic brain 
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injury. The use of biomaterials in brain tissue is still recent and in developing field and more pre-

clinical studies are needed.  
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Table 1: Active clinical trials. 

Clinical trial ID Study type Cell type Nbr Timing of delivery Route Status Country/Principal Investigator/ Sponsor 

NCT01832428  Ph1/2-NR-OL BMACS 50 chronic IT recruting India/ Sachin Jamadar 
NCT02290483  Ph1-NR-OL BMMNC 76 1-7days IA  recruting Spain/Francisco Moniche 
NCT02117635  Ph2-R-OL CTX0E03 NSC 21 2-3 months IC recruting UK/ReNeuron Limited 
NCT01151124  Ph1-NR-OL  CTX0E03 NSC 12 6-60 months IC active, not recruting UK/ReNeuron Limited 
NCT00875654 Ph2-R-OL  MSC 30 <6 weeks IV active, concluded Grenoble/Olivier Detante 
NCT01297413  Ph1/2-NR-OL MSC 35 >6 months IV active, not recruting USA/ Lev Verkh (Stemedica Cell Technologies, Inc) 
NCT01678534  Ph1/2-R-DB  MSC 40 <14 days IV active, not recruting Spain/Exuperio Diez-Tejedor 
NCT01922908  Ph1/2-R-DB  MSC 48 3-10 days IV active, not yet recruting USA/Sean Savitz 
NCT01468064  Ph1/2-R-DB MSC and EPCS 20 >7 days IV recruting China/Zhenzhou Chen 
NCT01287936  Ph1/2-NR-OL  SB623 18 6-36 months IC active, Preliminary data USA/ Gary K Steinberg (Steinberg et al., 2016) 
NCT02397018 Ph1 UCBCs 10 <9 days IV active, not recruting USA/Joanne Kurtzberg 
NCT01461720 Ph2 MSC 50 2weeks-2 months IV recruting Malaysia/ Norlinah Mohamed Ibrahim 
NCT02564328 Ph1/R/SB BM MSC 40 6-60 months IV recruting China/Xiaodan Jiang 
NCT02605707 Ph1/2-R-SB  EPCs  30 6-60 months IV recruting China/ Zhen-Zhou Chen 
NCT02849613 Ph2/3  ADSC 400 1-4 days IV recruting European/ Detante, Diez-Tejedor,(Grenoble hospital) 
NCT01714167 Ph1/NR/OL BMMSC 30 3-60 months IC recruting China/ Qichuan Zhuge 
NCT02813512 Ph1/NR/OL ADSC 3 >6 months IC active, not yet recruting Taiwan/ China B Hospital 
NCT02378974 Ph1/2-R-DB  CDMSC 18 <7days IV recruting Republic of Korea/CHABiotech CO 
NCT02448641 Ph2/DB SB623  156 6-60 months IC recruting USA/ Gary Steinberg (SanBBio Inc) 

NCT02580019 Ph2/R/OL MSC 2 3months IV recruting China/ Duan Lian 
Clinical trials identifiant (ID); phase (Ph)1/2; non randomized (NR); randomized (R); Double Blind (DB); Single Blind (SB);open label (OL); bone marrow (BM), adipose cells 

(ADCs); mesenchymal stem cell (MSC), neurural SC (NSC) endhothelial progenitor cells (EPCs), umbilibal cord blood cells (UCBCs), Modified Stromal Cells (SB623).  



58 

 

2 PROBLEMS 

Stroke affects approximately 6 million people in the European Union, with 1.1 million new cases every 

year. The total cost of stroke was about €64.1 billion in 2010 because of long-term special care and 

rehabilitation (Gustavsson et al., 2011). 

Current treatment options are limited to intravenous (IV) thrombolysis by Alteplase within 4.5h-6h, 

thrombectomy, aspirin within 48h, decompressive craniectomy for large strokes, and management in 

stroke care units for intensive care and rehabilitation (Sarraj and Grotta, 2014). 

A rapid diagnostic is crucial to save brain tissue. The role of brain imaging techniques has expanded 

substantially to identify candidates for endovascular therapy.  Recent advances in brain imaging offer new 

tools to characterize the ischemic lesion. These new techniques may improve the detection of salvageable 

zones and increase the number of patients who could benefit from acute therapy.  

Beyond the first hours (acute phase) of stroke, effective therapies are urgently needed. Cell-based 

restorative therapies have emerged as an attractive candidate for the treatment of stroke (Gutiérrez-

Fernández et al., 2013; Sinden and Muir, 2012). The mechanisms induced by stem cells therapy involve 

activation of brain repair and enhancement of spontaneous functional recovery. Despite the promising 

results in post-stroke brain regeneration, in experimental studies (Feng et al., 2016; Gutiérrez-Fernández et 

al., 2013), some limitations remain challenging for translational research. A low rate of cell survival when 

these cells are administrated within lesion cavity (intracerebral administration) and poor migration to 

lesion site (systemic administration) are reported (Detante et al., 2009; Lappalainen et al., 2008).  

Therapeutic strategies, such as bioengineered scaffolds (Hydrogel) have been developed to improve the 

efficacy of stem cell therapy. Hydrogels can mimic physiological environment, protect stem cells and 

improve cell viability (Aguado et al., 2012). Pre-clinical studies using biomaterials associated to stem cells 

in a complete organism to investigate their fate and effects are still necessary.  
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3 OBJECTIVES 

Regarding the unsolved problems presented concerning cell-based therapy and  the necessity of consistent 

results in pre-clinic research to translate these to clinics, in the present study a therapeutic strategy to 

improve cell-based therapy post a model of ischemic stroke induced by middle cerebral artery occlusion 

(MCAo) in rats was investigated.  

The main objective of the present thesis was: to test a biomaterial Hyaluronic acid (HA) based 

hydrogel with the aim to improve outcomes of cell therapy in ischemic stroke. On this context, a 

commercial hydrogel HyStemTM-HP (Sigma) was used co-administrated with clinical grade human MSC 

from bone marrow.   

Clearly, the application of non-invasive techniques such as Magnetic Resonance Imaging (MRI) allows an 

in vivo monitoring of cell therapy effects. The use of in vivo evaluations would significantly improve the 

predictive value of preclinical models. In this context, we performed MRI evaluations in the different 

experiments:  

1. The first study of the present thesis consists in an acute phase evaluation of ischemic stroke using 

multiparametric MRI. The general aim was to assess the mapping of brain oxygenation with MRI in 

acute experimental stroke to detect the ischemic core and to assess its potential to predict the final 

necrosis.  Accessorily we used a multiparametric MRI study to evaluate the hemodynamics, vascular, and 

diffusion alterations during the first 2 hours of MCAo. 

2. In the second study, we assessed the in vivo biocompatibility of the HA hydrogel. The goal of this pilot 

study was: to evaluate the host immune response and the fate of HyStemTM-HP hydrogel in healthy 

brain. Accessorily we evaluated the hydrogel detection by MRI diffusion in vivo to evaluate degradation 

rate of hydrogel. Preliminary studies using similar HA-based hydrogel have evaluated the effects of 

hydrogel in cell culture and post stroke (Liang et al., 2013; Zhong et al., 2010), but the host brain response 

to HyStemTM-HP hydrogel and in vivo evaluation of hydrogel biodegradation in healthy brain as far as we 

know was not yet demonstrated.  
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3. In the third and last study, the effects of the combination HA-hydrogel+MSC were evaluated. The 

general aim of this study was to evaluate the effects of the combination hydrogel+hMSC on cell 

survival, brain remodeling and functional recovery after experimental stroke. 
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4  GENERAL METHODOLOGY 

The general methodology described here concerns the common techniques used in different experiments. 

Specifics aspects of each study will be described in the correspondent chapter.   

All experimental procedures used in this thesis are in accordance with French and European laws.  

 

All procedures and animal care were in accordance with French government guidelines and were 

performed under permit from the French Ministry of Agriculture. Each experimental protocol was 

approved by the “Grenoble – Institute of Neuroscience” local ethics committee for animal care and use 

(agreement number 004) and French Ministry of the Research.  

In the reported studies a total of 205 rats, Sprague-Dawley (Charles River, France and Janvier, France) 

young adult male (7 weeks) were used.  

 

4.1.1 General anesthesia and analgesia  

All experimental procedures with a potential risk of pain or discomfort for the animals (stroke model by 

MCAo, IC or IV injections), or requiring immobility (MRI acquisition) were performed under general 

anesthesia. Anesthesia was induced by inhalation of a gas mixture of 5% isoflurane (IsoFlo, Abbot 

Laboratories Ltd, Berkshire, UK) in medical air in an induction box and was maintained through a facial 

mask between 1.0-2.5% of isoflurane in a mix of 30% of oxygen and 70% of air along the surgical 

procedures and MRI acquisition.  

For surgical procedures, additionally to Isoflurane anesthesia, the rats received a local subcutaneous 

injection of 0.1 mL Lurocaine (Vétoquinol, Magny-Vernois, France) as local anesthesia. Additionally, in 

the first three days after MCAo, rats received 250 mg/kg of Paracetamol (Sanofi-Aventis®, France) by 

oral route.  
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4.1.2  Model of transient ischemic stroke  

Focal transient ischemic stroke was induced by occlusion of the middle cerebral artery (MCA) during 90 

minutes with an intraluminal suture (Longa et al., 1989).  The model of reversible regional cerebral 

ischemia in rats without craniotomy is commonly used in our team (Barbier et al., 2005; Detante et al., 

2009, 2012; Moisan et al., 2014). This model described by Longa et al (Longa et al., 1989), consists in 

advances an intraluminal suture from the internal carotid  artery  (ICA)  to  occlude  the  origin  of  the  

MCA (Longa et al., 1989) (Figure 16). 

 

 

Figure 16: Schema of filament-induced  MCAo from Lee et al., 2014  (Lee et al., 2014) Common 

carotid artery (CCA), external carotid artery (ECA), internal carotid artery (ICA), occipital artery 

(OA), pterygopalatine artery (PPA) and middle cerebral artery (MCA) occluded by the filament.  
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Under a surgical microscope, a middle line incision was performed in the ventral aspect of neck. A 

surgical retractor was positioned between sternohyoid and sternomastoid muscles, to expose the right 

carotid bifurcation.  Occipital artery (OA) branch of external carotid artery (ECA) was then isolated and 

coagulated. Next, the superior thyroid and ascending pharyngeal arteries were dissected and coagulated.  

The ECA was dissected further distally and coagulated.  The ICA was isolated and separated from the 

adjacent vagus nerve. A silk suture was tied loosely around the mobilized ECA stump. Microvascular 

clips were placed across the CCA and the ICA to avoid bleeding (Wang-Fischer et al., 2009). The 

monofilament (silicon rubber-coated monofilaments: 0.37mm or 0.39mm in diameter, Doccol, Sharon, 

MA, USA) was introduced in the ECA and advanced from the ECA to the ICA lumen until 9 mm after 

skull base. The silk suture around the ECA stump was tightened around the intraluminal monofilament 

suture to prevent bleeding, and the microvascular clips were removed. 

The incision was sutured and the filament was left in place for 90 minutes. After wake-up, rats were tested 

to certify neurological deficit. Afterward, rats were re-anesthetized and monofilament was retracted 

allowing a reperfusion  (Wang-Fischer et al., 2009). 

A silicon rubber-coated monofilament with a diameter of 0.37 mm (403723PK10-TL40) was used in rats 

weighing between 280-300g, and a 0.39 mm was used in the animals weighing 300-330g in accord with 

manufacturer recommendations. (Figure 17) 

 

                                

Figure 17: Monofilament in silicon rubber-coated. 
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Sham rats were submitted to the same procedures of anesthesia and surgery, without occlusion of MCA, 

presenting no deficits.  

During the surgical procedures, body temperature was monitored and maintained around 36.5°C ± 0.5 

with help of an animal temperature control system that consists of a heating pad, a rectal thermometer 

probe, and a control box.  

  

4.1.3 MRI Methods  

 
MRI is widely applied for stroke diagnosis in clinical and experimental settings. MRI is a non-invasive 

method that allows an in vivo follow-up. In the present study, MRI was an important tool used to evaluate 

rat brain (ischemic lesion or hydrogel) in all experiments.  All MRI data were acquired using a 4.7T 

magnet (Bruker Biospec®, Germany) (IRMaGe facility, Grenoble, France). 

Physiological parameters were monitored during MRI acquisition, including body temperature that was 

maintained at 37°C with help of a warming system. Breath rate was maintained constant (45-60 breath per 

minute) by modulating of inhaled anesthesia.  

For the experiences which have need of contrast agent administration, a catheter connected to an extension 

(200µL of volume) containing physiological serum was inserted in tail vein for contrast agent 

administration during MRI acquisition.  

After securing the animal in a cradle using tooth and ear bars to restrict head movement, a volume coil for 

excitation and a surface coil for detection were used. The slice orientation was identical for all MRI 

sequences.  The MRI scans used and the time point in which the rats were evaluated for the different 

studies is described in each chapter.  
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4.1.3.1 MRI protocol 

A variate number of MRI scans were used depending on of the study objective. A complete protocol 

experimental is presented below. 

- A Tri-pilot scan for positioning verification spin-echo weighted in T1. 

-  A T2-weighted (T2W) spin-echo scan repetition time (TR)/echo time (TE) =  7000/50 ms, 31 

slices with a voxel size =  234 × 234×800 µm.  

 This scan was used to obtain anatomic images of the lesion and to evaluate lesion size. 

- Apparent diffusion coefficient (ADC) map was obtained from a diffusion-weighted, spin-echo, 

single-shot echo-planar imaging (EPI) (TR/TE =  2250/33 ms, 8 averages, 9 slices, voxel 

size =  234 × 234×800 µm). This scan was applied 4 times, once without diffusion weighting and 3 

times with diffusion weighting (b =  800 s/mm2) in three orthogonal directions. 

Cerebral blood flow map was calculated using the follow sequences: 

- A pseudo-continuous arterial spin labelling (pCASL) gradient echo flow compensated (GEFC) 

(TR= 225ms, 1 spin echoes, TE=5ms, 2 averages,   labelling duration =  200 ms, post-labelling 

delay =  0 ms, one slice and voxel size=125 x 125 x 800 µm)  

- Pseudo-continuous arterial spin labeling (pCASL) with an EPI readout (spin-echo EPI, 

TR/TE = 3600/21 ms, labeling duration = 3 s, post-labelling delay =  400 ms, 50 label/control 

pairs, 5 slices with voxel size =  234 × 234 × 800 µm).   

- A T1 map was obtained using an inversion-recovery sequence (TR/TE = 8000/33 ms; 15 inversion 

times: 35–7000; five slices; voxel size = 234 × 234 × 800 µm).  

 

 

Brain tissue oxygen saturation (StO2) map was calculated using the follow scans: 

- A T2 map was obtained using a multi-spin-echo sequence (26 echoes; TR/TE = 2000/12–312 ms; 

5 slices; voxel size = 234 × 234 × 800 µm). 
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- A high-resolution T2* map was obtained from a 3D multiple gradient echo sequence (15 echoes; 

TR/TE = 100/4–67 ms; 26 slices; voxel size =  117 × 117 × 200 µm). 

- A multiple gradient echo sequence (16 gradient echoes; TR/TE = 4000/3–56 ms, and one spin-

echo TE =  60 ms; 5 slices, voxel size =  234 × 234 × 800 µm) was performed before, and 1 min, 

after an IV injection of ultrasmall superparamagnetic iron oxide nanoparticles (USPIO) contrast 

agent (P904, 200 µmoL of iron/kg, Guerbet S.A., Aulnay-Sous-Bois, France) flushed with 250 µL 

of saline. 

These sequences were used also to calculate the maps ΔR2* to obtain the blood volume 

fraction (BVf) and vessel size index (VSI) map (Figure 18) (Troprès et al., 2001, 2004). 

 

4.1.3.2 Contrast agent 

MRI paramagnetic contrast agents allow a complementary assessment of vascular flow, tissue perfusion 

and BBB integrity (Dijkhuizen and Nicolay, 2003). Longitudinal (T1) and transverse (T2) relaxation times 

are reduced in the presence of contrast agents on the tissue surrounding these labeled cells, thereby 

generating localized hyperintense or hypointense areas on T1- or T2 (*) weighted MRI images respectively 

(Deddens et al., 2012). The paramagnetic contrast agent used in two studies presented in this thesis was 

the P904 (Guerbet Laboratories, Paris, France). P904 is composed by Ultrasmall Superparamagnetic Iron 

Oxide (USPIO) particles. USPIO offers the advantages of not being immediately removed from the 

circulation by the reticule endothelial system (RES), due to their small size (< 20 nm) presenting a longer 

blood half-life and wider biodistribution. The blood half-life for 200µM of Iron/Kg is of 4.5h in rats 

allowing a long MRI acquisition. 

USPIOs generate a static magnetic field inhomogeneity around the vessels  affecting spin echo and 

gradient echo transverse relaxation rates (R2 and R2*, respectively) in a different way (Seevinck et al., 

2010).  Changes in the transverse relaxation rate R2 (i.e. ∆R2), as a result of the application of an 

intravascular susceptibility contrast agent, are predominantly sensitive to small vessels (<10 µm), while 
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changes in the transverse relaxation rate R2* (i.e. ∆R2*) are sensitive to vessels of all sizes (Seevinck et 

al., 2010). 

 

4.1.3.3 MRI data processing 

ADC map was generated with Paravision 5.1 software (Bruker, Germany) computed as the mean of the 

ADCs measured in the 3 principal directions of the gradient system.  

For all other maps, data were processed with software developed in our team using in Matlab 2013 

(MathWorks, Natick, MA, USA). This software was used to generate maps and to create the regions of 

interest (ROI).  

VSI and BVf maps were derived from the change of T2 and T2* induced by injection of iron oxide 

particles as previously described (Troprès et al., 2001).  

Vessel density (Density) was derived from the ratio of the changes in transverse relaxation rates, using 

the equations (13) to (15) described in Troprès et al (Troprès et al., 2015)  

A quantitative CBF map was computed with the equations described in Alsop et al. using both the pCASL 

sequence and the T1 map (Alsop et al., 2015). 

A StO2 map was computed using the T2 map, map and BVf map as previously described (Christen et al., 

2011).  

All MRI maps were generated with a spatial resolution of (234 × 234 × 800 µm). To avoid a long 

acquisition, all parametric maps had 5 slices which are placed in the center of the lesion. Except for ADC 

maps (9 slices).  

 



68 

 

 

Figure 18: Illustration of MRI scan acquired (in gray), intermediate maps (in clear blue) and final 

maps in blue.  

 

Anatomical and ADC maps were used in all studies of the present manuscript for ischemic lesion or 

hydrogel detection. 

Different regions of interest (ROI) were created to evaluate rat brain in vivo; the ROIs are described in the 

corresponding study chapter.  

Diffusion-weighted images use the diffusion of water molecules in the tissue to generate contrast in MR 

images (Shen et al., 2003). ADC map is a numerical measure of diffusion allows the quantification of 

diffusion of water molecules, detecting alteration such as cellular edema.  

CBF and BVf imaging allows analyzing the hemodynamic alterations in the blood flow present in 

ischemic stroke. 

Beyond measuring these two parameters, the capacity of MRI to characterize microvascular architecture, 

and thereby producing maps of microvessel density and microvessel caliber, using a contrast agent was 

demonstrated (Troprès et al., 2015) 
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A microvascular analysis was employed at acute phase of stroke to describe the alteration in using VSI 

and Vessel density (Density)  

Additionally, StO2 map, developed in our team was used in the study 1 to evaluate in a voxelwise basis, 

the brain tissue oxygen saturation. This multiparametric evaluation can be of great value in the evaluation 

of lesion gravity and post-stroke recovery. 

 

4.1.4  Human Mesenchymal Stem cells preparation  

Clinical grade hMSCs were provided by the clinical biology institute of Grenoble hospital (Institut de 

Biologie et Pathologie – CHU Grenoble, and Cell Therapy and Engineering Unit, EFS St -Ismier). 

Human MSCs were isolated from bone marrow aspirate from 4 healthy donors who gave consent, the 

same cells used in a clinical trial realized in our center (ISIS, NCT00875654).  Culture procedures were 

conducted according to previously described methods by Moriscot et al (Moriscot et al., 2005).  

hMSCs were selected from bone aspirate by plastic adhesion in accord with procedure adopted for the 

clinical study. Plastic-adherent cells were seeded within plastic flask at a density of 5 x 104 cells/cm2. 

Fresh complete medium Minimum essential medium alpha (MEMα), supplemented with 100 μg/mL  

penicillin, 100 μg/mL streptomycin (Invitrogen), 2 mmol/L L-glutamine (Invitrogen, France), and 10% 

fetal calf serum (Invitrogen, France), incubated at 37°C in a humidified atmosphere containing 5% CO2 

(Moriscot et al., 2005). 

The first phase of expansion (passage 0, P0) was pursued until obtained a colony forming efficiency 

superior to 80%, the medium was replaced twice a week.  Upon reaching near confluence, cells were 

detached with a solution of 0.25% trypsin and 1 mmoL/L EDTA (Invitrogen, France) for 2–3 minutes at 

37°C and plated at 1,000 cells/cm2 until obtaining a new confluence superior to 80%. The hMSCs used in 

our study were harvested after two or three passages.  

The cells were delivered by clinical biology institute of Grenoble hospital in a cell culture flask in the 

administration day. The cells were harvested from plastic using trypsin, were the centrifuged and counted. 
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For the groups treated with cells, 105 hMSC were diluted in phosphate buffer saline (PBS) to obtain a 

volume total of 10µL, or with the compounds of HyStemTM-HP hydrogel obtaining 10µL of an hMSC-

Hydrogel solution.  

 

4.1.5 Stereotaxic intracerebral administration  

The administration route of hMSC and hydrogel administration was the intracerebral (IC) route. 

The IC administration procedure was carried out such as described below: 

After being anesthetized, scalp skin was shaved and scrubbed with alcohol and chlorhexidine surgical 

scrub. The animal was fixed in rat stereotaxic instrument in the skull flat position. Starting slightly behind 

the eyes, a midline sagittal incision about 1.5 cm long was made. Using the bregma as reference a hole 

was drilled in the skull above the right striatum to allow the penetration of a 26-gauge Hamilton syringe. 

Vehicle solution (PBS), hMSC and hydrogel were administrated in striatum, the  follow stereotaxic 

coordinates were used: bregma 0; medial-lateral, ±3.5 mm; dorsal-ventral, −5.5mm (Paxinos and Watson, 

1982).  In specific cases, stereotaxic coordinates were adapted to lesion size and localization to 

specifically target cortical or striatal lesions observed by MRI. The IC administration was performed with 

help of infusion pump with a rate of 2µL/min and the needle was withdrawn 5 min after the end of 

administration.  

4.1.6 Samples extraction (brain) 

At the end of each experience, brain samples were collected for histological analysis. 

For this, the animals were euthanized with a lethal dose of anesthetic pentobarbital   (Doléthal – 

Vétoquinol, France). Brain samples were removed from skull, frozen at -40 °C and stored at -80°C. 

Frozen brains were cut with a cryostat (thickness, 20µmm) at -20°C. Coronal slices were generated per 

animal around the zone of lesion for ischemic rats, in the zone correspondent for Sham groups or around 

the injection site for hydrogel experiment.  
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Figure 19: Illustrative image of a brain sample in cryostat.  

 

4.1.7 Histological analysis 

4.1.7.1 Hematoxylin- Erythrosine staining 

Hematoxylin- Erythrosine staining is a classical histological technique which in brain studies allows the 

detection of different structures and to detect ischemic lesion.  

Hematoxylin has a deep blue-purple color and stains nucleic acids by a complex, incompletely understood 

reaction. Eosin is pink and stains proteins nonspecifically. After place the microscope slides in a glass 

support, staining were realized by slide immersion in different baths: fixation in acetone (2 min), 
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hematoxylin stain (4 min), HCl 1% (30 s), 0.2% ammonia water (45 s), rinse the slide in distilled water, 

erythrosine stain (1 min), rinse the slide in distilled water, dehydrate through 95% alcohol (3 passage), 

toluene (3 passage). Samples were mounted with based mounting medium (Pertex, Histolab®, 

Gothenburg) 

Microscope slices dried overnight and were digitized at a resolution of 2400 dot per inch using a photo 

scanner (Perfection 4870; Epson, Long Beach, CA). 

 

4.1.7.2 Cresyl Violet 

Another classic histological staining with cresyl violet acetate was used to detect hydrogel.   

After place the microscope slides in a glass support, staining was realized by slide immersion in different 

baths. Sections of brain containing hydrogel implants were fixed in methanol/acetone, rinse in distilled 

water, stained with 0.1% cresyl violet (5min), (Waldeck GmbH, Munster, Germany), rinse in distilled 

water, dehydrated through a 50%,70%, 95%, and 100% alcohol series (1 passage for each), post-fixed in 

Xylene and finally mounted with a mounting medium (Pertex, Histolab®,Gothenburg).  

 

4.1.7.3 Immunohistology  

Immunofluorescence technique was used in the experiments 3 and 4 to detect and evaluate the response of 

host brain cells to ischemia, hydrogel administration, and hMSC or hMSC-hydrogel treatment.  

For this, parallel series of sections from each animal were thawed at room temperature, fixed with 

ExcellPlus (American Mastertech, Lodi –USA), washed with PBS Tween 0.1% (Sigma-Aldrich, France), 

incubated in 3% of the bovine serum albumin and 0.2% PBS-Triton for 40 min prior to overnight 

incubation with primary antibodies (Table 2) at 4 °C. Sections were washed 3 times in PBS-Tween 0.1% 

(Sigma) followed by incubation with the appropriate secondary antibody (1:200, Alexa Fluor 

488/546/568, Invitrogen) for 2 hours at room temperature. Omission of the primary antibody provided a 



73 

 

negative control to account for unspecific binding of the secondary antibody. Sections were rinsed 3 times 

in PBS-Tween 0.1% before application of Vectashield with DAPI (Vector Labs) and coverslips. Images 

were obtained using epifluorescence microscopy (Nikon Eclipse E600, Tokyo, Japan) and a CCD camera 

(Olympus, Rungis, France). 

 

Table 2 : Primary antibodies 

Antibody Host Manufacturer Dilution Mark 

HuNu  Mouse Milipore -MAB1281 1:200 Human cells 

GFAP Rabbit Dako –Z0334 1:500 Astrocytes  

Iba1 Rabbit Abcam –ab108539 1:500 Microglia/macrophage 

NeuN Mouse Chemicon-MAB337 1:100 Mature neurons 

RECA Mouse BioRad- MCA970R 1:200 Endothelial cells 

COL-IV Goat Southerbiotec- 1340-01 1:1000 Blood vessels collagen type IV 

The primary antibodies used to bound: human nucleus (anti-HuNu), glial fibrillary acid protein (anti-

GFAP), anti-Ionized calcium binding adaptor molecule 1 (anti-Iba1), anti-Neuronal Nuclei (anti-

NeuN), anti endothelial cells RECA1 and anti-collagen type IV (anti-COL-IV). 
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4.1.7.4 Data analysis 

Images were obtained using a epifluorescence microscopy (Nikon Eclipse E600, Tokyo, Japan) and a 

CCD camera (Olympus XC30, Rungis, France).  

Brain images were acquired in the medial border zone of the lesion or the hydrogel injection site, or in the 

correspondent zone of striatum for sham groups.  

 

Figure 20 : Illustrative images of brain regions selected for immunofluorescence quantification 

 

The total area occupied by astrocytes (GFAP+), microglia/macrophages (Iba1+), blood vessels (RECA 

and COL-4+), neurons mature (NeuN+) were determined using Image J (National Institutes of Health, 

USA). Images containing the ROI (lesion boundary and the corresponding zone on striatum at sham rats) 

were turned into (8-bit) gray scale. A mask of each brain section image was then created using an auto-

threshold tool from Image J with the aim to correct background and unequal illumination (shading 

correction)  (Centenaro et al., 2011). The same threshold mask was applied for all animals for each 

cellular type evaluate. All lightning conditions and magnifications were held constant. The total 

percentage (%) area occupied by each cell (including soma and process) was measured.  
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5 PART I: MRI EVALUATION OF STROKE AT ACUTE PHASE 

 

The present work was developed in the team “Neuroimaging and Brain Perfusion” team (Grenoble 

Institute of Neurosciences). MRI methods are developed with the purpose of advancing the understanding 

of pathologies such as stroke, traumatic brain injury and brain tumors (Christen et al., 2011, 2014, Troprès 

et al., 2001, 2015) .   

At acute phase of stroke, the rapidly hemodynamic modifications result in a lesion in part reversible if 

treated within a therapeutic window (see Introduction). The real relevance of imaging on this phase is 

widely recognized and even the World Health Organization (WHO) changed recently their definition of 

stroke to include brain imaging in the text. 

A MRI technique to detect brain oxygenation using a multiparametric quantitative blood oxygenation 

level-dependent (mqBOLD) approach was developed in our team. The first study of the present thesis 

(chapter 1) consists in the application of this technique to detect ischemic areas at acute phase and for 

evaluating the potential of this technique to predict necrosis. 

*A master 1 student co-supervised by me realized a 

retrospective study evaluating MRI diffusion in the 

prediction of mortality (appendix 1) using rats that 

died within the first 24 hours in this experiment.  
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STUDY 1: MULTIPARAMETRIC MRI ANALYSES POST STROKE  

The present work was published in the Journal of cerebral blood flow and metabolism. 

Context of the study 

Ischemic stroke is an important health issue due to their high rate of disability and mortality.  

During the acute phase, the rapid hemodynamic modifications results in a lesion in part reversible if 

treated within a therapeutic window (under 4.5h-6h).  Brain imaging presents relevance in acute phase by 

allowing the identification of the lesion “type” (ischemic or hemorrhagic), localization and severity. 

Magnetic resonance imaging (MRI) is a non-invasive and highly versatile imaging modality widely 

applied both in experimental stroke models and in the clinics. Advanced neuroimaging techniques which 

allow mapping microvascular and metabolic alterations can be helpful to understanding of 

pathophysiological process of ischemia. The present study consists of an acute phase evaluation of 

ischemic stroke using multiparametric MRI, including microvascular, hemodynamic and diffusion 

imaging. The objective was to assess the mapping of brain tissue oxygen saturation (StO2) with MRI 

(developed in our team (Christen et al., 2011)) in acute experimental stroke to detect the ischemic core and 

to assess its potential to predict the final necrosis.  

 

Principal results 

Our study demonstrates the potential of StO2 MRI to more accurately detect the ischemic core without the 

inclusion of any reversible ischemic damage. The region detected by StO2 such non-salvageable (core) 

was also the zone presenting the lower values of microvascular and hemodynamic parameters.  

We compared the prediction of final necrosis by StO2 MRI method with the classic predictor of ischemic 

core by MRI, the diffusion imaging. Our follow-up study indicates that apparent diffusion coefficient 

imaging overestimated the final necrosis while StO2 imaging did not. 
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Abstract

Recent advances in MRI methodology, such as microvascular and brain oxygenation (StO2) imaging, may prove useful in

obtaining information about the severity of the acute stroke. We assessed the potential of StO2 to detect the ischaemic

core in the acute phase compared to apparent diffusion coefficient and to predict the final necrosis. Sprague-Dawley rats

(n¼ 38) were imaged during acute stroke (D0) and 21 days after (D21). A multiparametric MRI protocol was performed

at 4.7T to characterize brain damage within three region of interest: ‘LesionD0’ (diffusion), ‘Mismatch’ representing

penumbra (perfusion/diffusion) and ‘Hypoxia’ (voxels< 40% of StO2 within the region of interest LesionD0). Voxel-based

analysis of stroke revealed heterogeneity of the region of interest LesionD0, which included voxels with different degrees

of oxygenation decrease. This finding was supported by a dramatic decrease of vascular and perfusion parameters within

the region of interest hypoxia. This zone presented the lowest values of almost all parameters analysed, indicating a

higher severity. Our study demonstrates the potential of StO2 magnetic resonance imaging to more accurately detect the

ischaemic core without the inclusion of any reversible ischaemic damage. Our follow-up study indicates that apparent

diffusion coefficient imaging overestimated the final necrosis while StO2 imaging did not.
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Introduction

Stroke is a major public health issue due to the socio-
economic burden of stroke-induced disability.1

Ischaemic stroke is the most common subtype of
stroke (accounting for around 80% of all stroke
cases), resulting from an arterial occlusion that dramat-
ically decreases local brain perfusion. Cerebral ischae-
mia is a complex and dynamic process that spans from
hyperacute to acute, subacute and chronic phases.
When diagnosed quickly, ischaemic stroke can be trea-
ted by thrombolysis, using recombinant tissue plas-
minogen activator (rtPA).2 Mechanical thrombectomy
via an endovascular route can be performed either as an
alternative to thrombolysis to reduce the risk of brain
haemorrhage3 or in association with rtPA.4 Patients
can benefit from thrombolysis up to 6 h after ischaemic

stroke onset.5 However, evidence suggests that time
alone is not sufficient to optimally select patients for
thrombolysis. Neuroimaging can play an influential
role in refining treatment decisions by correctly
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distinguishing between salvageable tissue and the cen-
tral irreversible core.6

Indeed, two distinct regions can be detected during
the acute phase of stroke: an ischaemic core that is
severely and irreversibly damaged, and a zone of ‘pen-
umbra’ defined as an ischaemic tissue that is function-
ally impaired and at risk of infarction but has the
potential to be salvaged.7,8 Currently, the standard ima-
ging technique to identify the penumbra is positron
emission tomography (PET)15O2.

9 However, the use
of PET imaging in acute stroke remains limited in clin-
ical practice by its high cost, relative invasiveness and
limited availability. A more widely available alternative
is perfusion-weighted imaging (PWI)/diffusion-
weighted imaging (DWI) mismatch MRI. Using MRI,
the ischaemic core is detected as the zone of water dif-
fusion abnormality, while the penumbra area is indir-
ectly detected as the mismatch between the zone of
perfusion deficit and the zone of diffusion abnormality.
Recently, it has been observed that an area of diffusion
alteration that shows a modest apparent diffusion
decrease could be salvaged with timely reperfusion.10

Different degrees of severity within the apparent diffu-
sion coefficient (ADC) lesion were detected using PWI
(mean transit time).11 A pilot clinical study using
18FMISO PET also reported the presence of extensive
penumbra in each patient (n ¼ 3), which included the
zone of abnormality identified by DWI.9 This suggested
that ADC may not be the best biomarker for an ischae-
mic core or predictor of the final lesion.

Recent advances in brain imaging techniques offer new
tools to characterize the ischaemic lesion. Currently, it is
possible to map microvascular parameters such as vessel
size index (VSI),12 vessel density (VD)13,14 and brain tissue
oxygen saturation (StO2) in a voxelwise basis, using a
multiparametric quantitative blood oxygenation level-
dependent (mqBOLD) approach.15,16

Changes in infarct progression may be better
detected with voxel-based methods than with methods
using volumetric mismatches.17 In this way, these new
parameters might allow a more accurate identification
of salvageable areas and the core (irreversible damage)
within the ADC lesion. Based on previous studies,16,18 a
drop in StO2 below 40% of control levels predicts irre-
versible damage. However, it is not yet known how
ADC and StO2 compare in the context of acute
stroke. The specific goals of this study were (1) to inves-
tigate the sensitivity of StO2 to detect an acute stroke
lesion (compared to ADC); (2) to assess the distribution
of hypoxic zones within the ADC lesion, and their
impact on haemodynamic parameters; and (3) to
assess the potential of combined StO2 and ADC to pre-
dict the final necrosis (three weeks after stroke onset).

To address these goals, we used a multiparametric
MRI protocol, which combined standard diffusion/

perfusion maps with the acquisition of novel MRI par-
ameters (VSI, VD and StO2). We examined these MRI
parameters within four regions of interest (ROI): the
lesion detected on ADC (ROI LesionD0), the zone of
mismatch CBF (cerebral blood flow)/ADC (ROI
Mismatch), the zone with a StO2 below 40% within
the ADC lesion (ROI Hypoxia) and the contralateral
tissue (ROI Contra).

Materials and methods

All procedures and animal care were in accordance with
French government guidelines and were performed
under permit numbers 380820 and A3851610008 (for
experimental and animal care facilities) from the
French Ministry of Agriculture. The study design was
approved by the ‘Grenoble Institute of Neuroscience’
local ethics committee for animal care and use (agree-
ment number 004). This study is in compliance with the
ARRIVE guidelines (Animal Research: Reporting in
Vivo Experiments).19 Male Sprague Dawley rats
(n¼ 38; 294� 93 g; age¼ 7 weeks) were obtained
from Charles River (France), and housed in groups of
3–4 in Plexiglas cages under standard laboratory con-
ditions (12 h light/dark cycle with lights off at 7:00 p.m.
and at a controlled temperature of 22� 2 �C). Water
and standard laboratory chow were provided ad lib-
itum. Figure 1(a) shows the full experimental protocol.

Animal preparation

For all experimental procedures with a potential risk of
pain or discomfort for the animals, anaesthesia was
induced by inhalation of a gas mixture of 5% isoflurane
(IsoFlo, Abbot Laboratories Ltd, Berkshire, UK) in
medical air through a facial mask and maintained
between 1.0 and 2.5% of isoflurane during the surgical
procedures and MRI acquisition. Body temperature
was monitored by a rectal probe and maintained at
37� 0�5 �C via a heating blanket. The tail vein was
equipped with a catheter to deliver the contrast agent.

Middle cerebral artery occlusion surgery

Focal brain ischaemia was induced by middle cerebral
artery occlusion (MCAo) using the intraluminal fila-
ment technique.20 The incision site was shaved, cleaned
and injected subcutaneously with 2mg/kg 0.05%
Bupivacaine (Pfizer, France). Briefly, the right carotid
arterial tree was isolated. A monofilament (silicon
rubber-coated monofilaments: 0.37mm in diameter,
Doccol, Sharon, MA, USA) was advanced from the
lumen of the external carotid artery into the internal
carotid artery to occlude the right MCA at its origin.
The external carotid artery was ligated, the occipital
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artery branch of the external carotid artery and super-
ior thyroid artery were isolated and electro-cauterized.
After 20min of MCAo, the MRI session began. At the
end of the MRI session, the filament was retracted to
allow reperfusion. Therefore, ischaemia lasted around
100min (Figure 1(a)).

Magnetic resonance imaging protocol

MRI was performed at day 0 (multiparametric proto-
col, duration: 53min) and at day 21 (anatomical and
diffusion sequences, duration: 20min).

All MRI data were acquired using a 4.7T magnet
(Bruker Biospec�, Germany) (MRI facility IRMaGe,
Grenoble, France). After securing the animal in a
cradle using tooth and ear bars to restrict head move-
ment, a volume coil for excitation and a surface coil for
detection were used. The slice orientation was identical
for all MRI sequences. During each MRI session,
physiological variables were continuously monitored.

The multiparametric MRI protocol was as follows.
After a pilot sequence to ensure the correct rat position,
anatomical T2-weighted (T2W) images were acquired
using a spin-echo sequence (repetition time (TR)/echo
time (TE)¼ 7000/50 ms, 31 slices with a voxel
size¼ 234� 234�800 mm). ADC was mapped using dif-
fusion-weighted, spin-echo, single-shot echo-planar
imaging (EPI) (TR/TE¼ 2250/33 ms, eight averages,
nine slices, voxel size¼ 234� 234�800 mm). This

sequence was applied four times, once without diffusion
weighting and three times with diffusion weighting
(b¼ 800 s/mm2) in three orthogonal directions. CBF
was determined using pseudo continuous arterial spin
labelling (pCASL) with an EPI readout (spin-echo EPI,
TR/TE¼ 3600/21 ms, labelling duration¼ 3 s, post-
labelling delay¼ 400 ms, 50 label/control pairs, five
slices with voxel size¼ 234� 234�800 mm). Note that
the use of a fixed 400 ms post-labelling delay may not
account for all arterial delays that occur during experi-
mental ischaemic stroke. In practice, this approach may
underestimate the absolute CBF values in the lesion
territory. A T1 map was obtained using an inversion-
recovery sequence (TR/TE¼ 8000/33 ms; 15 inversion
times: 35–7000; five slices; voxel size¼ 234� 234�
800 mm). A T2 map was obtained using a multi-spin-
echo sequence (26 echoes; TR/TE¼ 2000/12–312 ms;
five slices; voxel size¼ 234� 234�800 mm). A high
resolution T�2 map was obtained from a 3D multiple-
gradient echo sequence (15 echoes; TR/TE¼ 100/4–67
ms; 26 slices; voxel size¼ 117� 117�200 mm). A blood
volume fraction (BVf) map was obtained using a
steady-state approach.12 A multiple-gradient echo
sequence (16 gradient echoes; TR/TE¼ 4000/3–56 ms,
and one spin-echo TE¼ 60 ms; five slices, voxel
size¼ 234� 234�800 mm) was performed before, and
1min, after an intravenous injection of ultrasmall
superparamagnetic iron oxide nanoparticles (USPIO)
contrast agent (P904, 200 mmol of iron/kg, Guerbet

Figure 1. (a) Experimental protocol. Ischaemic stroke induction by Middle Cerebral Artery occlusion (MCAo). MRI protocol

acquisition started 20 min after MCAo, lasting for 53 min at day 0. Reperfusion took place 90 min after MCAo. MRI acquisition was

repeated 21 days after (duration 20 min); finally the animals were euthanized for histological analyses; n¼ 10 rats. (b) Representative

image of regions of interest (ROIs) delineated on the ADC (apparent diffusion coefficient) map: ROIs measured at day 0: LesionD0,

ContraD0, hemisphere (H) ipsilateral (ipsi) HIpsiD0 and HContraD0. ROIs measured at day 21: LesionD21, ContraD21, HIpsiD21 and

HContraD21. ROI Mismatch was delineated on the CBF (cerebral blood flow) map; ROI Hypoxia was delineated on the StO2 (brain

tissue oxygen saturation) map.
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S.A., Aulnay-sous-bois, France) flushed with 250 ml of
saline.

At day 21, the MRI protocol was composed of the
same anatomical and ADC sequences.

Histology

After euthanasia at day 21, brains were quickly
removed, frozen in �40 �C isopentane, and stored at
�80 �C until processing. Coronal cryosections (20mm
thick) were cut along the entire lesion at �20 �C on a
cryotome (Leica, Nanterre, France).

Haematoxylin–erythrosine (HE) staining was per-
formed according to the manufacturer’s instructions
on the slice with the largest lesion area to assess the
final necrosis (n¼ 10).

MRI data processing

MRI data were processed using homemade software
developed in Matlab 2013 (MathWorks, Natick, MA,
USA). This software allows map calculation and the
creation of ROIs.

ADC maps were generated with Paravision 5.1 soft-
ware (Bruker, Germany) computed as the mean of the
ADCs measured in the three principal directions of the
gradient system. VSI and BVf maps were derived from
the change of T2 and T�2 induced by injection of iron
oxide particles as previously described.12 VD was
derived from the ratio of the changes in transverse
relaxation rates, using the equations (13) to (15)
described in Troprès et al.13 A quantitative CBF map
was computed with the equations described in Alsop
et al. using both the pCASL sequence and the T1

map.21 A StO2 map was computed using the T2 map,
T�2 map and BVf map as previously described.15 The
spatial resolution of all MRI maps was set to that of
the lowest acquired (234� 234�800 mm). Except for
ADC maps (nine slices), all parametric maps had five
slices placed in the centre of the lesion because of tech-
nical limitations.

MRI data analysis

At day 0, four ROIs were delineated to evaluate the
alterations of the MRI parameters following ischaemia
(Figure 1(b)). The ROI LesionD0 was obtained by con-
touring the zone with abnormal diffusion on the ADC
map (over nine slices). The ROI Contra was the
‘mirror’ of the ROI LesionD0 in the contralateral hemi-
sphere. The ROI Mismatch was defined as the differ-
ence between the low-CBF ROI manually delineated
(over five slices) on the CBF map and the ROI
LesionD0. To delineate the low-CBF ROI, we searched
for anatomically relevant areas (i.e. excluding

ventricles) that exhibited a sharp CBF decrease
(about 20%). The ROI Hypoxia was automatically
defined as the voxels with a StO2 value below 40%
and located within the ROI LesionD0 (over five
slices). The StO2 threshold of 40% was chosen on the
basis of a previous study demonstrating that a value
below 40% is not sufficient for cell survival.18 These
four ROIs were transferred to each parametric map.

In addition, two ROIs, ROI HIpsiD0 (9 slices) and
ROI HContraD0 (9 slices), were defined by delineating
hemispheres on T2W images and excluding ventricles
and corpus callosum. The volume of each hemisphere
was estimated by multiplying the number of voxels in
the ROI by the voxel volume (234� 234�800 mm3).
At day 21, the lesion volume (LesionD21) was esti-
mated by delineating regions of hyperintensity on the
ADC map of the nine slices (approximately between
the coordinates þ2.20 and 4.0mm from bregma)
and the ROI ContraD21 was the ‘mirror’ of
LesionD21. The volume of each hemisphere (HIpsiD21
and HContraD21) was measured as described above.

The volume occupied by the ROI Hypoxia in the
ipsilateral hemisphere was compared to that detected
three weeks after, the ROI LesionD21. Finally, we com-
pared the in vivo (MRI) and ex vivo (histological ana-
lysis) detection of the final necrosis at day 21.

The comparison between the volume of the lesion
detected on the StO2 map at day 0 and the final
lesion at day 21 was performed using five slices, because
the StO2 maps had only five slices (cf. MRI data pro-
cessing section of ‘Materials and Methods’). For ADC-
based measurements, nine slices were used. Hemisphere
volumes were evaluated at day 0 and day 21 to detect
brain oedema or shrinkage. Lesion volume was also
evaluated at both time points to assess the ADC
lesion fate.

Histological data analysis

After HE staining, the slices were digitized at a reso-
lution of 2400 dot per inch using a photo scanner
(Perfection 4870; Epson, Long Beach, CA) with back-
lighting. Brain images were imported into the Matlab
environment (using homemade software), converted to
black and white and then warped (elastic registration)
to ensure matching of the histological regions and the
anatomical points detected by MRI T2W (one slice).
Briefly, a simple 2D elastic registration was done
in three steps using built-in Matlab functions
(MathWorks, Natick, MA, USA): (1) manually select-
ing control point pairs that correspond to the same
anatomical structure between the HE staining and the
MRI anatomical image (Matlab function called cpse-
lect), (2) infer the spatial transformation from control
point pairs using a piecewise linear transformation
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(Matlab function called cp2tform) and (3) transform
the HE image according to the 2D spatial transform-
ation returned by the cp2tform function (Matlab func-
tion called imtransform). The ROI NecrosisD21 was
defined by delineating the zone of HE alteration.

Statistical analysis

We tested the normality of our data distribution using
the Shapiro–Wilk test. Comparisons of ROI areas, vol-
umes and parameter values at day 0 were analysed with
Student’s paired t-test if the distribution was normal or
by Wilcoxon Signed-rank test otherwise. The Spearman
correlation coefficient was used for the correlation ana-
lysis of MRI at day 0 and day 21 and the Pearson cor-
relation coefficient was used for the correlation of MRI
D21 and histological analysis. Statistical significance was
set to p< 0.05. Statistical analysis was conducted with
statistical software package SPSS 21.0 (IBM, Armonk,
USA). Data are presented as mean�Standard Error of
Mean (SEM) for MRI data or mean� standard devi-
ation (SD) for physiological data.

Results

Four animals were excluded for not presenting an
ischaemic lesion (n¼ 2) or because of problems with
the contrast agent administration (n¼ 2). We also
lost 22 rats spontaneously due to stroke, and two
because of deteriorating health, leaving 10 rats in our
follow-up study. The mean occlusion time was
101� 15min. Physiological variables (day 0 and day
21) were monitored and maintained within physio-
logical limits (Table 1). We found higher heart (HR,
p¼ 0.04) and breathing rates (BR, p¼ 0.01) at day 0
than at day 21.

The HIpsi and HContra had similar volumes, at
both time points (at day 0: 375.3� 3.8 and
364.9� 6.8mm3, p¼ 0.17; at day 21: 365.0� 5.7 and
363.0� 5.7mm3, p¼ 0.97, respectively). Comparisons
between HIpsiD0 versus HIpsiD21 p¼ 0.10; and

HContraD0 versus HContraD21 p¼ 0.88, evaluated
by a paired analysis Wilcoxon Signed-rank test)
(Figure 2(a) and (b)).

Mortality

Rats spontaneously died due to the severity of ischae-
mia (n¼ 22) or were euthanized due to deteriorating
health (n¼ 2). The criteria for euthanasia were based
on clinical examination and assessment of the rat’s level
of pain, distress or significant weight loss (20% from
preoperative body weight). Rats were euthanized by an
intra-cardiac injection of pentobarbital 200mg/kg
(Dolethal,Vétoquinol Inc, France) under deep anaes-
thesia by isoflurane (IsoFlo, Abbot Laboratories Ltd,
Berkshire, UK).

Effect of ischaemia on MRI parameters
during the acute phase

Table 2 and Figure 3 summarize the values of each
MRI parameter within each ROI at day 0 (n¼ 10).
Comparisons between these parameters were based on
estimates obtained from five slices, with the exception
of ADC (nine slices), and were performed by a paired
analysis (Student’s paired t-test for a normal distribu-
tion or Wilcoxon Signed-rank test otherwise).

ADC. As expected, a decreased ADC was observed in
the MCA territory following MCAo. The ROIs
LesionD0 and Hypoxia showed a similar ADC decrease
(p¼ 0.14). The mean ADC within the ROI Mismatch
was similar to that of the ROI Contra (p¼ 0.22)
(Figure 3(b)).

Perfusion. The CBF in the ROI Hypoxia was lower than
that of the ROI Mismatch (p¼ 0.001) or LesionD0
(p¼ 0.01) (Figure 3(c)). BVf, measured with a steady-
state approach, confirmed a reduced perfusion in the
ipsilateral ROIs, with the greatest reduction observed in
the ROI Hypoxia, followed by LesionD0 and
Mismatch (p¼ 0.04 for the comparison between
Hypoxia and the LesionD0 and p< 0.01 for compari-
sons between the other groups) (Figure 3(d)).

VSI and VD. Figure 3(e) and (f) shows the average VSI
and VD, respectively, across all rats and for each ROI.
MCAo induced alterations in the apparent microvascu-
lar architecture: the three ipsilateral ROIs exhibited
larger VSI and lower VD than in the ROI Contra.
Moreover, the ROI LesionD0 had higher VSI values
than the Mismatch (p¼ 0.05) and Hypoxia (p¼ 0.02)
ROIs. VD in ROI Hypoxia was lower than that of ROI
Mismatch (p< 0.01) but similar to that of ROI
LesionD0 (p¼ 0.37).

Table 1. Physiological data.

Day 0 (mean� SD) Day 21 (mean� SD)

SaO2 (%) 95.55� 4.06 98� 1.35

HR (bpm) 392.19� 20.5* 334.5� 38.9

BR (brpm) 64.07� 9.3* 51.5� 6.97

bpm: beats per minute; BR: breathing rate; brpm: breaths per minute; HR:

heart rate; SaO2: saturation of oxygen. Physiological variables during mag-

netic resonance imaging acquisition. Data are expressed as mean� stand-

ard deviation (SD), n¼ 10. * Significant difference detected by paired

Student’s t-test p< 0.05.
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StO2. Figure 3(g) shows the mean StO2 values in the
different ROIs. The three ipsilateral ROIs exhibited
lower StO2 values than the ROI Contra
(StO2¼ 70.2%, p< 0.01). As expected, the lowest

values of StO2 were found in the ROI Hypoxia when
compared to the ROI LesionD0 (22.3% versus 46.7%,
respectively, p¼ 0.01) or to the Mismatch ROI (22.3%
versus 59.8%, p¼ 0.01).

Figure 2. (a) Evolution of the apparent diffusion coefficient (ADC) map of a rat brain from one animal during middle cerebral artery

occlusion at day 0 (D0) and 21 days after (D21). (b) Volume of the cerebral hemispheres: Ipsilateral (HIpsi) and contralateral to the

lesion (HContra) at D0 and D21, and volume of the altered zone detected by diffusion MRI during middle cerebral artery occlusion.

Region of interest (ROI) LesionD0 at day 0 and at D21 (LesionD21) over the nine slices of ADC map. *Difference between the MR

diffusion alteration volume at D0 and D21 detected by Wilcoxon Signed-Rank test (p¼ 0.02). (c) Correlation between the volumes of

ROI Lesion at day 0 and day 21 r2
¼ 0.93, p< 0.001, y¼ 1.202xþ 7.435 (n¼ 10).

Table 2. Magnetic resonance imaging parameter values in each region of interest.

Regions of interest (mean� SEM)

MRI parameters Contra LesionD0 Mismatch Hypoxia

ADC (mm2/s) 763� 15.6 576.7� 16.3 742� 7.5 563� 16.1#

CBF (ml/100 g/min) 153� 4.6 46� 5.1 61� 5.2 31� 2.0#

BVf (%) 4� .1 2� .1 3� .1 2� .1#

VSI (mm) 7� .6 10�.9 8� .7 9� .8

VD (mm�2) 289� 39.9 147� 40.8 230� 41.4 139� 51.1#

StO2 (%) 70� 1.5 47� 1.4 60� 2.2 22� .6#

ADC: apparent diffusion coefficient; BVf: blood volume fraction; CBF: cerebral blood flow; MRI: magnetic resonance imaging; StO2: brain tissue oxygen

saturation; VD: vessel density; VSI: vessel size index. Significant differences detected by paired Student’s t-test comparison (for ADC, CBF, BVf, VSI and

StO2 maps) or by Wilcoxon Signed-rank (for VD map). In bold, ROIs different from LesionD0; #from ROI Mismatch. For all MRI parameters evaluated,

the ROIs Mismatch, LesionD0 and Hypoxia were different from ROI Contra, except for the ROI Mismatch in ADC. Data are expressed as mean and

standard error of the mean (SEM) p< 0.05.
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Evolution of the ischaemic lesion three
weeks after stroke

A paired test showed that the volume of altered ADC
(over nine slices, n¼ 10 rats) was lower at day 21 (ROI
LesionD21: 48.6� 19.2mm3) than at day 0 (ROI
LesionD0: 65.8� 24mm3, p¼ 0.02) (Figure 2(b)).
A good correlation was detected between the two
time points (r2¼ 0.93, y¼ 1.202xþ 7.435, p< 0.01). At
day 21, the ADC values reported in the ROIs
LesionD21 and Contra (ADC map) were
1743.7� 134.6 and 756.2� 10 mm2/s, respectively.

Moreover, we compared the volume of ROI
Hypoxia detected by MRI at day 0 using the ADC
and StO2 maps with the final lesion detected on the
ADC map at day 21. We observed no significant differ-
ence in the volume of ROI Hypoxia (24.29� 9.57mm3;
five slices) and the lesion volume detected at day 21 in
the ROI LesionD21 (34.66� 12.87mm3; five slices;
p¼ 0.64) (Figure 4). A good correlation was detected
between the volume of the ROI Hypoxia and the ROI
LesionD21 (r2¼ 0.68, p< 0.01) (Figure 4(b) and (c)).

To check the accuracy of the lesion detection
by MRI in the chronic phase, we assessed the

Figure 3. (a) Representative images of multiparametric MRI post-ischaemic stroke. Six MRI parameters were mapped: apparent

diffusion coefficient (ADC), cerebral blood flow (CBF), blood volume fraction (BVf), vessel size index (VSI), vessel density (VD) and

brain tissue oxygen saturation (StO2). The grey scale bar represents the range of values of each map. Comparison of values of each

MRI parameter: (b) ADC, (c) CBF, (d) BVf, (e) VSI, (f) VD and (g) StO2 within each region of interest (Contra, Mismatch, LesionD0 and

Hypoxia) at day 0. *Significant difference detected by paired Student’s t-test comparison (for ADC, CBF, BVf, VSI and StO2 maps) or by

Wilcoxon Signed-rank (for VD map) p< 0.05, n¼ 10.
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correlation between lesions detected in vivo by
MRI (ROI LesionD21) and ex vivo by histological
staining (ROI Necrosis). We found a good correlation
between the in vivo and ex vivo detection of nec-
rotic area (r2¼ 0.85; p< 0.01) (Figure 5). Altogether,
these results suggest that there is a good agreement
between the volume of ROI Hypoxia, measured
during the acute phase of the stroke, and the chronic
lesion volume.

Discussion

The aims of this study were to investigate the sensitivity
of StO2 to detect hypoxic areas during the acute phase
of ischaemic stroke compared to ADC and to assess its
potential in predicting the final necrosis. During the
acute phase of stroke, both ADC and StO2 detected a
lesion. The results obtained with multiparametric MRI
show that the lesion may be divided into three zones
with different degrees of severity: the ROIs Mismatch
(CBF/ADC mismatch), LesionD0 (the ADC lesion)
and Hypoxia (as a part of the ADC lesion). After
three weeks, the final lesion volume was smaller than
that of the initial ischaemic core defined on the ADC
map. StO2 and ADC were equivalent in predicting the
final necrosis.

Contralateral hemisphere

Most of the parameter values assessed in the contralateral
hemisphere are in agreement with previous reports for
ADC,22 BVf, VD,23 CBF,24 and StO2.

16,25 Contralateral
VSI values appear to be slightly higher than those previ-
ously reported in literature (7.0� 0.6mm versus
4.5� 0.8mm).26,27 This result might be explained, as pre-
viously reported, by long-term changes in myogenic
reactivity of MCAs in both ischaemic and non-ischaemic
hemispheres.28

Penumbra

In this study, the ‘mismatch’ area (ROI Mismatch),
usually considered to be a salvageable zone, exhibited
the least severe alterations among the three ipsilateral
ROIs. Note that this penumbra, being observed around
60min after stroke onset was evolving more slowly than
just after stroke onset. We observed an important
reduction in CBF (61.0� 5.2ml/100 g/min) compared
to the contralateral hemisphere (153.0� 4.6ml/100 g/
min), but with values compatible with cell survival,29

and no alteration of ADC. For all other parameters
(BVf, VD, StO2), a slight reduction was observed, com-
pared to the contralateral hemisphere, except for VSI
whose values were slightly higher (7.0� 0.6mm versus
8.1� 0.7 mm).

Ischaemic core

Quantitative measures of ADC in previous studies
revealed that during ischaemia, ADC declines before
energy metabolism fails.30 These results suggest that a
reduced ADC area may overestimate the size of the
infarct core. In the present study, the ROI LesionD0
(i.e. the ADC abnormality) exhibited lower values of
ADC, CBF, BVf, VD and StO2 than the contralateral
hemisphere and the mismatch area. Conversely, VSI

Figure 4. (a) Volume of Lesion at day 0 and at day 21.

Representative images of the MRI maps at day 0 (D0) (StO2, brain

tissue oxygen saturation map) and at day 21 (ADC D21). (b)

Comparison of the volume of the ROI Hypoxia and LesionD21

over five slices expressed in mean and the standard error of

mean (SEM). No significant differences were detected between

the volume occupied by the ROI LesionD21 (34.66� 12.87 mm3)

and ROI Hypoxia (24.29� 9.57 mm3) (p¼ 0.05). (c) Correlation

between the volume of ROI Hypoxia versus LesionD21; the

correlation coefficient was r2
¼ 0.67, p¼ 0.005, y¼ 0.63xþ 0.98

(n¼ 10).
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was higher in the initial diffusion lesion (LesionD0
ROI) than in the mismatch area and contralateral
hemisphere. Regarding both the ischaemic core and
the penumbra, the increase in VSI, combined with a
decrease in BVf and VD, could result from a decrease
in the number of perfused vessels. Indeed, it is unlikely
that microvessels have disappeared 1 h after MCAo. It
is more likely that MCAo and oedema prevent blood
flow in some vessels, which become inaccessible to con-
trast agent (USPIO), resulting in an apparent reduction
in VD. The increase in VSI suggests that these non-
perfused vessels are the smallest in diameter.
Alternatively, the increase in VSI could arise from vaso-
dilation of the remaining perfused vessels or to a com-
bination of both phenomena. The balance between the
reduction in VD and the increase in VSI yields a reduc-
tion in CBV.

The ROI Hypoxia was defined as the pixels located
within the diffusion lesion (ROI LesionD0) with a StO2

below 40%. This segmentation yielded the same hyp-
oxic area as that estimated by pimonidazole ex vivo.16

This threshold was chosen based on a study using
near-infrared spectroscopy.18 In the study, the authors
demonstrated that a lactate increase is detected at an
oxygen saturation of 44%, minor electroencephalog-
raphy alterations appear at 42% and the adenosine tri-
phosphate decreases at 33%.18 In a previous study by
our team, a comparison between hypoxic zones
detected in vivo by MRI (threshold of 40% of StO2)
and by histological analysis with pimonidazole was per-
formed.16 Pimonidazole is a bioreductive hypoxic
marker that is activated in an oxygen-dependent
manner and is covalently bound to thiol-containing
proteins in hypoxic cells.31 This binding is reported in
viable hypoxic cells but not in necrotic cells. The redox-
dependent process is progressively inhibited at increas-
ing oxygen tensions and involves the cell-specific action
of cellular nitroreductases.32 A good correlation was

previously reported between StO2 MRI and pimonida-
zole-positive hypoxic cells 2 h after ischaemia onset.16

The values of the MRI parameters within the hyp-
oxic zone (ROI Hypoxia), located by construction
within the diffusion lesion (ROI LesionD0), were in
general much lower than those of the two other ipsilat-
eral regions, except for ADC and VD, where the ROI
Hypoxia values were similar to LesionD0. The mean
value of CBF in the ROI Hypoxia (31.0� 1.4ml/
100 g/min) was no longer compatible with cell sur-
vival.29 StO2 fell to 22.0� 0.6%; in the ROI
LesionD0 it was 47.0� 1.4%. BVf was also reduced
(from 2.2� 0.7 to 1.9� 0.1%) but to a lesser extent.
Note that we could not find a BVf or a CBF threshold
that could yield the same Hypoxia area as that detected
with the 40% StO2 threshold.

Altogether, our results demonstrate that StO2 is a
discriminant parameter to detect the most severe
ischaemic areas within the zone of ADC decrease. In
this way, our data confirmed our hypothesis that the
zone of ADC decrease is heterogeneous, based on our
vascular and oxygenation results.

In the present study, the reperfusion was performed
after the MRI acquisition, and we therefore investi-
gated hypoperfused areas. It should be noted that if
the artery had already been recanalized at the time of
scanning, the blood vessel StO2 concentration would
have been high even in zones of already dead tissue.
In such cases, StO2 values would not represent brain
tissue oxygenation. The morphology and function of
cerebral capillaries undergo profound changes during
cerebral ischaemia. Capillary constrictions regulated
by pericytes could block the blood supply; this could
explain the occasional absence of tissue reperfusion
even after the large-vessel recanalization. This result
corresponds to the well-described no-reflow phenom-
enon.33 This neurovascular dysfunction involves the
formation of reactive species of oxygen at the level of

Figure 5. Quantitative correlation between in vivo and ex vivo evaluation. (a) Representative images of apparent diffusion coefficient

(ADC) at day 21 (used to define ROI LesionD21) and haematoxylin erythrosine (HE) staining (used to define ROI NecrosisD21). (b)

Correlation between the size of ROI LesionD21 and ROI NecrosisD21. Dashed line represents identity; solid line represents the

identity line. Pearson coefficient correlation was r2
¼ 0.85, p¼ 0.001, y¼ 1.04xþ 2.31 (n¼ 10).
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the vascular endothelium and affects the local oxygen
delivery.33

In clinical settings, a spontaneous reperfusion could
be a limitation for the detection of an ischaemic core
using a low StO2 threshold. Abnormally high StO2 and
normal CBF values could also be a marker of already
dead tissue.

Evolution of the ischaemic lesion

The final lesion volume was estimated from the area of
increased ADC (LesionD21: 1743.7� 134.6mm2/s versus
ContraD21: 756.2� 10mm2/s). This increase in ADC, in
line with a previous study,34 is a consequence of cell death
and subsequent cavitation of brain tissue being filled by
liquid and cell debris. The final lesion volume (48.5mm3)
was smaller than the initial volume (65.8mm3). In accord-
ance with previous reports,35 this suggests that an altered
ADC during the acute phase does not necessarily yield a
lesion. In addition, some morphological changes were
detected at day 21 such as brain shrinkage and enlarge-
ment of ventricles (Figure 3(a)). Brain shrinkage, a pro-
cess commonly associated with stroke, occurs not only in
the perilesional zone but also in contralateral hemi-
sphere.36 Additional processes, such as axonal degener-
ation, are involved in shrinkage, and result in expansion
of the lesion to include remote regions connected to the
affected area.36,37

The ischaemic lesion has a complex and dynamic
physiopathology process, and even after reperfusion
the lesion can continue to change. One limitation of
our study is that our estimation of the hypoxic zone
(ROI Hypoxia based on the StO2 map) did not take
into account neighbouring voxels. Indeed a recent
study, which considered each voxel independently,
showed that the distribution of intensities surrounding
a voxel at the early ischaemic stages may capture the
dynamic of the lesion growth and be predictive of tissue
outcome.6,38

There was a good correlation between the volume of
the MRI lesion detected at day 0, 1 h after stroke onset,
by StO2 map (ROI Hypoxia) or by ADC (ROI
LesionD0), and the volume measured at day 21 (ROI
LesionD21), which corresponded to that of Necrosis
D21, estimated post-mortem. Due to the above-
mentioned morphological changes that occur between
day 0 and day 21, we were not able to conduct a pixel-
by-pixel analysis to determine whether each voxel of the
StO2 lesion evolved towards necrosis. Nevertheless, we
observed that LesionD0 tended to overestimate the
volume of LesionD21, while Hypoxia tended to under-
estimate it. Further studies are needed, including MRI
maps obtained at several time points between 30 and
90min after a stroke for the acute phase, and obtained
one or two days after a stroke for the late phase, to

assess the fate of low StO2 voxels within the ADC
lesion and determine whether StO2 MRI is a better pre-
dictor of the final infarct than ADC alone.

Study limitations

The primary limitation of our study is the mortality
rate. We lost around 60% of animals, including the
animals euthanized due to deteriorating health. Our
model of ischaemic stroke promotes a massive lesion
that includes the fronto-parietal cortex and striatum.
In our experience, a short occlusion time promotes
smaller and more heterogeneous lesions. To avoid this
heterogeneity, we used a minimum occlusion time of
90min. This resulted in a high number of large homo-
geneous lesions but also in a higher mortality. The mor-
tality in this case can be linked to complications that
are common in large stroke, such as cerebral oedema
and haemorrhagic transformation. The majority of rats
died after the filament retraction. The actual American
Heart Association/American Stroke Association guide-
lines recommend not reperfusing patients with severe
stroke.39 Note that our study, like all stroke studies,
is biased towards small stroke lesions: indeed, as
reported in the ‘Results’ section, rats with large lesions
died early.

A second point is that a voxel-based evaluation of
the lesion progression over time is inherently challen-
ging. First, because it requires the exact same placement
of the rats in the magnet, and second because of the
occurrence of brain shrinkage and/or ventricle enlarge-
ment. Overall, the registration quality was not sufficient
to allow voxel-by-voxel analysis. However, the
co-localization was visually inspected and we observed
a coherent evolution of infarction.

An additional limitation is that here we use manual
contouring for the diffusion map. The zone of ADC
abnormality could be also detected using thresholds
to detect the voxels with the most severe decrease of
ADC. This method of detection has previously been
used in a clinical study of patients with persistent arter-
ial occlusion.35

In the present study, we focused on StO2 mapping
for core discrimination but other parameters such as
BVf or CBF could be used to estimate stroke severity
within the zone of ADC decrease. For this, perfusion
thresholds should be used to detect the voxels corres-
ponding to the irreversibly damaged zones. Engelhorn
et al. evaluated the absolute CBF using radioactive-
labelled microspheres.29 They demonstrated that the
baseline CBF (before MCAo) is variable by region,
for example between the parietal (0.88� 0.26ml/g/
min) and temporal cortex (0.74� 0.24ml/g/min). In
addition, this difference is increased in ischaemic con-
ditions, dropping to 0.51� 0.21ml/g/min in the parietal
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cortex and 0.20� 0.15ml/g/min in the temporal
cortex.29 Thirty minutes after MCAo, the absolute
CBF in viable areas was 0.39� 0.15ml/g/min, while in
hypoxic brain tissue the CBF average was
0.30� 0.09ml/g/min.29 Hypoxic zones detected by the
StO2 (<40%) mapping could be compared with those
detected by perfusion using a threshold. Wu et al.
reported that the use of automated threshold tech-
niques by MR-based algorithms combining PWI and
DWI was more sensitive to the detection of salvageable
areas (penumbra) than diffusion alone.17 A limitation
of our study is that we have not performed the analysis
based on perfusion. Brain oxygenation is linked to per-
fusion (BVf), and perfusion could provide a similar
core discrimination to StO2.

Summary

The voxel-based analysis performed using the StO2 map
reveals heterogeneity within the ischaemic zone in the
acute phase. Diffusion imaging is commonly employed
during the acute phase of ischaemic stroke to detect the
ischaemic core. We report that the zone of ADC
decrease includes voxels with different degrees of sever-
ity, as confirmed by the multiparametric analysis includ-
ing CBF, BVf, VSI and StO2. This study therefore
provides evidence of the utility of a multiparametric ana-
lysis including StO2 mapping to more accurately analyse
the severity and heterogeneity of brain focal ischaemia.
Our follow-up study indicated that both ADC and StO2

MRI maps were able to predict the final necrosis.
However, the lesion volume detected by ADC mapping
decreased significantly three weeks after stroke. This
could indicate that salvageable tissue is included within
the initial diffusion lesion.

Few microvascular MRI studies concerning stroke
have been conducted.13 As far as we know, this is the
first study assessing the VSI and VD during the acute
phase in a model of ischaemic stroke.

Currently, the most common methods of analysis of
CT and MRI images in clinical settings are volumetric
based, and until voxel-based analysis becomes avail-
able, perfusion–diffusion mismatch is useful in clinical
settings.40 Overall, a multiparametric approach appears
to be promising in depicting the severity of a stroke, but
such an approach still requires further validation and
simplification of data analysis. For clinics, the use of
this MRI methodology to identify heterogeneous acute
stroke could be useful to better select the optimal can-
didates for recanalization procedures.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: IRMaGe was partly funded by the French programme

‘Investissement d’Avenir’ run by the ‘Agence Nationale pour
la Recherche’; grant ‘Infrastructure d’avenir en Biologie
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5.1 CONCLUSION  
 

In the present study, we evaluated the alterations in acute phase of stroke detected by 

multiparametric MRI (including diffusion, vascular, hemodynamic and brain tissue oxygenation 

mapping) and the potential of StO2 mapping in predict final necrosis in a model of ischemic 

stroke in rats. 

Our multiparametric MRI evaluation demonstrated a high heterogeneity at acute phase within the 

zone of ADC decreased. This heterogeneity is related to the presence different degrees of severity 

(voxels presenting a StO2 <40%) inside of region the ROI Lesion.  Voxels-wise approaches such 

as StO2 mapping are more precise in detect this heterogeneity by considering the values of each 

voxel. Both ADC and StO2 MRI maps were able to predict the final necrosis. However, the lesion 

volume detected by ADC mapping decreased significantly three weeks after stroke. This could be 

an indication that salvageable tissue was included within the initial diffusion lesion.  
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6 PART II:  OPTIMIZATION OF CELL THERAPY POST-STROKE 

WITH A BIOMATERIAL HYDROGEL 
 

 Context of study: 

With the publication of the firsts clinical results concerning stem cell therapy (safety, good tolerance but 

modest functional results), pre-clinical researchers have focused their efforts to optimize cell therapy 

outcomes (by modifying SCs, dose or route optimization...).  

In the present study, we decided to test a way to optimize cell survival in intracerebral administration. A 

recent meta-analysis of pre-clinical studies demonstrated that MSCs in post-stroke therapy was associated 

with improvement of neurological function and intracerebral route was associated with the greatest 

improvement  (Vu et al., 2014). 

Infarct cavity is  an ideal place to cell transplantation because it is a compartmentalized zone of loose 

tissue directly adjacent to peri-infarct region, the site of greatest remodeling after stroke, and it can accept 

a considerable volume of injection (Carmichael, 2006; Zhong et al., 2010). Nevertheless, cell 

transplantation within infarct cavity presents a limitation, most transplanted cells die because infarct 

cavity is a non-hospitable environment (Baeten and Akassoglou, 2011).  

The use of materials specially developed for use inside human body started during the 1960s and 1970s, 

becoming the basis for the field of biomaterials. Most recently, the third generation of materials has been 

designed to stimulate a cellular response at the level of molecular biology (Hench and Polak, 2002) and 

can be used in central nervous system.  

Third-generation of biomaterials that involve the molecular tailoring of microenvironments to achieve 

specific cellular responses (such as stimulation of cell survival, proliferation, and differentiation) has 

shown great promise for SC scaffolding. Biomaterial application to optimize stem cells effects in post-

stroke therapy was evaluated in the present work.  
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This chapter is introduced by a review of literature about the application of different kinds of biomaterials 

tested in experimental stroke including their compounds, mechanical and physical properties.  Followed 

by the results of my experiments using a hyaluronan-based HyStemTM-HP Hydrogel in healthy tissue 

(study II) and after an ischemic stroke induced by middle cerebral artery occlusion (MCAo) (study III).  

 

 Principal results: 

 The preliminary results presented here in our pilot study put in evidence that HyStemTM-HP hydrogel can 

be detected by MRI. Diffusion MRI seems to a good method to detect hydrogel due to the high water 

content of the hydrogel. Additionally, our preliminary results were encouraging concerning long-lasting of 

hydrogel in rat brain tissue for until 28 days. An increase of host brain response evidenced by Iba1 and 

GFAP activation was detected.  Additional analysis using a higher number of rats is required to quantify 

degradation rate of HyStemTM-HP hydrogel. Nevertheless, some signals of degradation were detected 

from 14th day to the end of experiment 28th day HyStemTM-HP. In our post-stroke experiment, the 

hydrogel application was well-tolerated and effectively improved MSC survival. Post-stroke angiogenesis, 

one of the main components of post-stroke remodeling was also improved by the combination HyStemTM-

HP+hMSC. Unfortunately, the improvement in cell survival and vascular density were not able to improve 

behavioral outcomes. Further optimization of biomaterials and their combination with cells are warranted 

to improve their effects after stroke.  
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A. REVIEW OF LITERATURE  

The present article integrated a special issue published in the journal Stem Cells International in May 

2016, where I reviewed the main compounds, characteristics, advantages and therapeutic effects of 

biomaterials administration in experimental post-stroke cell therapy.  

Among others, the application of hyaluronan-based biomaterials (the main hydrogel compound used in 

my experiments) and the advantages of an injectable hydrogel are discussed in this review paper.  
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Stroke is an important health issue corresponding to the second cause of mortality and first cause of severe disability with no
effective treatments after the first hours of onset. Regenerative approaches such as cell therapy provide an increase in endogenous
brain structural plasticity but they are not enough to promote a complete recovery. Tissue engineering has recently aroused a major
interesting development of biomaterials for use into the central nervous system. Many biomaterials have been engineered based
on natural compounds, synthetic compounds, or a mix of both with the aim of providing polymers with specific properties. The
mechanical properties of biomaterials can be exquisitely regulated forming polymers with different stiffness, modifiable physical
state that polymerizes in situ, or small particles encapsulating cells or growth factors. The choice of biomaterial compounds should
be adapted for the different applications, structure target, and delay of administration. Biocompatibilities with embedded cells and
with the host tissue and biodegradation rate must be considerate. In this paper, we review the different applications of biomaterials
combinedwith cell therapy in ischemic stroke andwe explore specific features such as choice of biomaterial compounds andphysical
and mechanical properties concerning the recent studies in experimental stroke.

1. Introduction

The stroke is a major public health issue in the world
due to aging populations and the socioeconomic burden of
neurovascular disorders. It corresponds to the one of the
leading causes of death and severe disability in adults world-
wide. Ischemic stroke is the most common type of stroke
corresponding to 85% of all strokes [1]. Pathophysiology of
ischemic stroke involves a complex and dynamic process
which is not limited to neurons but involves all brain cells and
extracellular matrix (ECM) in a “glioneurovascular niche”
that interacts with the peripheral immune system. Stroke
patients could benefit from reperfusion therapies up to 6 h

after ischemic stroke onset [2]. After these first hours, there is
no effective treatment available besides rehabilitation [3].

Development of innovating therapies using stem cells or
trophic factors can enhance brain remodeling; this process is
crucial and success requires a pathophysiological viewpoint
[4]. These approaches also have the advantage of action
over an extended therapeutic time-window after stroke and
thereby might be effective in more patients than those
helped by current acute strategies such as thrombolysis and
thrombectomy. Cell-based therapy has been proposed as a
potential source of new cells to replace lost cells due to central
nervous system injury, aswell as a source of trophicmolecules
to minimize damage and promote recovery [5, 6].
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Figure 1: Schematic illustration of different biomaterial applications on ischemic brain. (a) Solid brain scaffolds for surface application and
gradual liberation of cells, drugs, or growth factors. (b) Injectable hydrogel, in liquid phase with an in situ gelation. (c) Microspheres for
gradual intracerebral delivery.

Stem/progenitor cell transplantation improves recovery
after stroke in rodent models [7]. Nevertheless, there are two
main limits concerning clinical translation in cell transplan-
tation in stroke [8].

Firstly, when the stem/progenitor cells are systemically
administrated, this requires the administration of a high
number of cells and only a few amounts of cells achieve
the brain [9]. An alternative way is the intracerebral (IC)
administration of cells directly into the brain parenchyma
and/or into the lesion cavity [10] (Figure 1). This location is
a compartmentalized area of lost tissue that has undergone
necrosis and can allow a large volume injection, and it is

directly adjacent to peri-infarct zone [11], site of greatest
neuroplasticity after stroke [12].

The second point concerning cell administration is the
important cell death observed after IC graft. After stroke,
within the infarct cavity, a very important loss of ECM in
addition to neuronal and glial cell loss is noted. This cavity
is filled by extracellular fluid and proteins from leakage
of plasma proteins [13]. This damaged area is a hostile
environment for cell transplantations resulting in a severe loss
of grafted cells [14, 15].

Recent advances in tissue engineering have produced
applications that may provide solutions to the problem of
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transplanted cell death and damage associated with the
transplant [11]. Biopolymer hydrogels have been projected to
promote cell survival and engraftment (Figure 1).

Currently, biomaterials researchers are seeking to opti-
mize injectable hydrogels by combining cell seeding with
the incorporation of growth factors or tracers. The use of
biomaterials to improve benefit of cell therapy after stroke
must be carefully investigated in experimental studies prior
to transferring this promising procedure to clinical trials.

In this paper, we aim to review the different applications
of biomaterials after ischemic brain lesion and to explore
specific features such as the choice of biomaterial compounds,
physical and mechanical properties, biocompatibilities, and
degradation regarding recent studies in experimental stroke
(Table 1).

Stem Cell in Stroke Repair. The benefits of exogenous cell-
based strategies include their potential to rescue dam-
aged brain tissue by simultaneously promoting endogenous
neuroprotection and neural repair (including neurogenesis,
angiogenesis, oligodendrogliogenesis, axonal sprouting, and
synaptogenesis) [6]. Additionally, these cells could act in
synergywith endogenous stem cells.The different cell sources
and types were recently reviewed by Jendelová et al. [16].

Currently, we distinguish two main strategies of cell
therapy: (1) a paracrine trophic support using “peripheral”
stem or stromal cells and (2) a direct neural replacement
using neural stem/progenitor cells or mature cells such as
neurons. The route, dose, and timing for cell transplantation
after stroke are still debated, depending on the chosen cell
product and the expected therapeutic effect.

Direct replacement of injured neurons (“homotopic”
repair) has been suggested after neural stem cells (NSC) IC
administration [17] or intra-arterial (IA) injection [18].These
results were demonstrated by using induced pluripotent stem
cells (iPSC) derived neurons [19], bone marrow stromal
cells (BMSCs) [20], or embryonic stem cells (ESC) derived
mesenchymal stem cells (MSC) injections [21]. However,
only a few grafted cells can be expected to express neuronal
markers, and long-term graft survival is relatively poor [22–
26]. Moreover, despite possible integration of grafted NSCs
[27–29] into the host circuitry, functional recovery occurs,
too early to be caused by newly formed neurons and synapses.

The effects of cell therapies on poststroke vasculoge-
nesis and angiogenesis seem to be crucial. IC injection
of endothelial cells can improve vasculogenesis linked to
neurogenesis via vascular endothelial growth factor (VEGF)
release mechanisms [30]. Proangiogenic effects were also
observed early after MSC injection contributing to VEGF-
induced angiogenesis [31], after injection of NSC [32, 33],
endothelial progenitor (EP) [34], or cord-bloodmononuclear
cells CD34+ [35]. Moreover, EP, MSC, or NSC can also
facilitate protection or restoration of the blood-brain barrier
after stroke [33, 36, 37].

Another important effect of cell therapy is enhancement
of glial remodeling and limitations in anterograde degenera-
tion [38–40]. For example, intravenous (IV) injection ofMSC
has beneficial effects on both poststroke glial remodeling and
axonal remyelination [41]. It also increases glial cell-derived

neurotrophic factor (GDNF) levels, creating a hospitable
environment for neural repair and neuroblastmigration from
the subventricular zone (SVZ) [42].

Additionally, cell therapies can limit host cell death
through antiapoptotic and immunomodulatorymechanisms.
Although MSCs are known to attenuate microglia and
leukocyte inflammatory responses after stroke [43–45], some
immunomodulatory properties were also observed for cord-
blood cells [46] or NSC [47, 48], which can both influence
splenic inflammatory responses after stroke [49].

2. Biomaterials as Cell Scaffold to
Enhance Cell Graft

An important cell death is reported after IC graft into
the damaged area [14, 15]. The use of “carrier” scaffolds is
particularly relevant for injections into the stroke cavity at
a chronic stage, avoiding a deleterious injection into the
adjacent brain tissue where important recovery processes
may be underway.

Enhancing the graft survival after IC injection is the
common aim of several ongoing experimental strategies.
Advances in regenerativemedicine are increasingly providing
new opportunities to repair damaged tissue by using bio-
materials to enhance cell graft. Biomaterials are materials
specially developed for use in tissues with the minimum
of biological response to the foreign body. Furthermore,
biomaterial seems to improve graft cell survival, proliferation,
migration, and differentiation, protecting grafted cells from
immune response and thus improving cell therapy effects.

A study using matrix gel scaffolding associated with
human ESC neuronal precursor cells (NPCs) administrated
3 weeks after an experimental ischemic stroke in rats demon-
strated beneficial effects induced by biomaterial coadminis-
tration. The effects include cell survival and neuronal differ-
entiation, reduction of infarct volume, and improvement of
functional outcome [50].

Biomaterials improve cell survival even if these cells
are administrated in the intact brain adjacent to the lesion.
A study using a thermoreversible gelation polymer (TGP)
as scaffold in MSCs transplantation demonstrated that the
association of MSC-TGP significantly improved cell survival
[51].The fate of transplantedMSCwas examined 8weeks after
transplantation with immunohistochemistry.Themajority of
cells were positive for both NeuN and MAP2 [51].

Zhong et al. tested the effects of a Hyaluronan-Heparin-
Collagen based hydrogel in cell protection in vitro [11].
Stem cell survival was tested under conditions of growth
factor and nutritional support and under conditions of
stress induced by growth factor and nutrition withdrawal to
mimic the initial transplant state. In stem cell cultures with
nutrient and growth factor support, the hydrogel modestly
but significantly increased survival. In stem cell cultures
without such support, the hydrogel substantially increased
the survival [11]. Furthermore, they demonstrated that this
hydrogel was able to improve the survival of NPCs into the
brain cavity after stroke. Additionally, the authors reported
a reduction of inflammatory cells infiltration into the graft.
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Table 1: Examples of biomaterials applications in experimental stroke.

Cells/growth
factors

Species/stroke
model Biomaterial Outcomes References

hRecombinant
osteopontin Rats tMCAO Gelatin type A microspheres ↓ of infarct volume neurological

deficits
Jin et al. 2014

[122]

rBMSCs Rats pMCAO N-Isopropyl- acrylamide
polymer sheets Improvement of motor function Ito et al. 2014

[87]

Pegylated EGF and
EPO

Mice focal
ischemia

endothelin-1

PEG microparticles
PLGA nanoparticles dispersed in

a (HAMC) hydrogel

↓ of inflammation, ↓ of infarct
volume

Wang et al.
2013 [99]

hNSC Rats tMCAO VEGF-PLGA microparticles Neovascularization, angiogenesis Bible et al.
2012 [123]

iPS-NPCs Mice cortical
photothrombotic HA, acrylate ↑ of differentiation to neuroblast Lam et al.

2014 [95]

hNSC Rats tMCAO Xenogeneic (ECM) bioscaffold Formation of de novo tissue Bible et al.
2012 [121]

ONO-1301 Rats tMCAO Subcutaneous (PLGA)
microspheres

Neuroprotection and ↓ side
effects compared to OA

Hazekawa et
al. 2012 [81]

HMGB1 Rats tMCAO Gelatin microspheres ↓ infarct volume Jin et al. 2011
[124]

EGF
Mice focal
ischemia

endothelin-1

PEG microparticles dispersed in
a (HAMC) hydrogel ↑ neural stem/progenitor cells Cooke et al.

2011 [125]

NSC Rats tMCAO Collagen type I matrix ↑ synapses and functional
recovery

Yu et al. 2010
[57]

hVEGF Rats tMCAO Alginate hydrogel ↓ infarct volume
↓ functional deficits

Emerich et al.
2010 [55]

MCAo p or t, permanent or transientmiddle cerebral artery occlusion; BMSCs, bonemarrow stromal cells; EGF, epidermal growth factor; EPO, erythropoietin;
SC, stem cells; PEG, polyethylene glycol; HAMC, hyaluronanmethylcellulose; h, human; NSC, neural stem cells; VEGF, vascular endothelial growth factor, iPS,
induced pluripotent stem; HA, hyaluronic acid; NPCs, neural pluripotent cells; PLGA, poly lactic-co-glycolic acid; OA, oral administration; HMGB1, high-
mobility group box 1 protein; ECM, extracellular matrix.

Active microglia/macrophages infiltrating the cell engraft-
ment were significantly decreased with hydrogel [11].

Such as described below (see“Interest of Biomaterials in
Cell Therapies”), the inflammatory response is an important
step of healing process. Nevertheless, it is recognized that a
reduced inflammatory response can result in amore favorable
outcome.

Biomaterials alone are able tomodulate the inflammatory
response. In a cortical brain damage model, a three percent
HA gel was coated onto the lesion for the experimental
groups and normal saline solutions for the control groups.
The results from immunohistological analysis put in evidence
a significant reduction of the number of GFAP+ cells [52].

The ultimate goal of stroke treatment is the functional
recovery. Identifying behavioral deficits in animal models
of stroke is essential for potential translational applications
[53]. As we noted, regenerative approaches such as cell
therapy and administration of trophic factors provide an
increase in endogenous brain structural plasticity and motor
remapping after ischemia [54]. The use of biomaterials
may enhance these functional effects. Emerich et al. have
demonstrated that alginate hydrogel used as implant for sus-
tained release of VEGF promotes functional and structural
protection from ischemic damage after transient ischemia
[55]. The group treated with VEGF-Hydrogel had an impor-
tant decrease (about 80%) in lesion volume evaluated by

2,3,5-triphenyltetrazolium chloride (TTC) staining. Behav-
ioral analysis using motor asymmetry and neurologic scores
demonstrated that recovery is improved by the association
of hydrogel-VEGF compared to VEGF alone [55]. Similarly,
Guan et al. demonstrated that human MSCs transplanted
with collagen scaffolds in a model of brain injury present bet-
ter outcomes compared toMSC alone [56]. Collagen scaffolds
increased the retention of MSC in the lesion site and limited
its distribution at the transplanted region resulting in better
functional recovery during 4weeks after transplantation [56].
Another study assessed the combination of NSC and collagen
type-I administrated 24 hours after stroke and showed an
improvement of the structural and functional recovery [57].
In this study, rats were submitted to a transient ischemia
and received a graft of a brain scaffold of collagen type-I
seeded withNSC.The evaluation bymicroscopy showed that,
30 days after transplantation, NSC-collagen group presented
new synapses and better functional recovery, while at this
time point collagen has been completely degraded [57].

2.1. Interest of Biomaterials in Cell Therapies. Some minutes
after blood flow interruption and energetic deprivation, a
cascade of cellular and molecular mechanisms are activated
resulting in cell death.

Inflammation is initiated by necrosis and tissue injury
through the recognition of damage associated molecular
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patterns [58]. The process of activation of inflammatory
response is currently incompletely understood [59]. Inflam-
mation subserves a number of biological functions and can
have both positive and negative consequences [60]. This
process is necessary to remove necrotic and apoptotic cells
and cleaved extracellular matrix molecules and to initiate
angiogenesis and tissue repair [61]. However, exacerbates and
chronic inflammation lead to the formation of inhospitable
environment for regeneration and cell grafting, resulting in
further cell death.

The ischemic lesion promotes changes in extracellular
environment such as ECM.The ECM is a three-dimensional,
noncellular structure composed of collagens, elastin, proteo-
glycans (including hyaluronan), and noncollagenous glyco-
proteins [62] in healthy conditions. ECM macromolecules
are bioactive and modulate cellular events such as adhesion,
migration, proliferation, differentiation, and survival [63].
During brain ischemia, the basement membranes of blood-
brain barrier are degraded and new ECM proteins are
deposited in brain parenchyma, either by secretion from
activated glia or by leakage of plasma proteins, such as
fibrinogen [64]. The significance and consequences of these
changes may vary with the time point after injury [13].

Remodeling and repair of brain parenchyma are influ-
enced by ECM composition. Stroke induces alterations in
ECM such as increase of proteoglycans [65], inhibition of
neurite outgrowth by astrocytic activation [66], and upreg-
ulation of matrix-metalloproteinases (MMPs) [62]. These
mechanisms can contribute negatively to endogenous remod-
eling and to the host response to cell therapy.

To enhance structural and functional recovery after
stroke, biomaterials protecting grafted cells and/or support-
ing repair processes such as ECM substitute are currently
in development and could be a promising neurorestorative
approach.

3. Biomaterials Components

Biomaterials are based on natural or on synthetic compounds
used alone or in mixtures, providing a polymer with different
properties [67]. The choice of biomaterial is of importance
because it can influence biomaterial effectiveness and the
response of host tissue. Natural polymers such as hyaluronan,
chitosan, and collagen are advantageous because they have
already been used in clinical applications as injectable hydro-
gels such as lubrifiants, wound sealants, viscosupplements, or
filling agents in esthetic medicine [68, 69].

On the other hand, synthetic hydrogels can be engineered
to more accurately mimic the physical and mechanical
characteristics of ECM [70]. The advantage of synthetic
biomaterials is the ability to tightly control the polymeriza-
tion, degradation, and biocompatibility of hydrogel. Synthetic
hydrogels are better chemically defined and in most cases are
biologically inert, reducing potential immune reaction into
the brain [70]. In this section, we explore some components
used in recent studies in experimental stroke.

3.1. Chitosan. Biomaterial can be produced from chitosan, a
natural polysaccharide produced by deacetylation of chitin

from crustacean shells [71]. Chitosan-based biomaterials
have been used in different applications such as corneal
wound healing [72], peripheral nerve injury [73], and
mechanical brain injury [74]. In a recent study, chitosan
hydrogel coadministrated with ESC-derived endothelial cells
showed a positive effect by presenting a high cell survival
and minimal cytotoxicity in vitro [75]. When this chitosan-
based hydrogel encapsulating mixed adult and endothelial
cells and containing VEGF was implanted into a mouse
model of hindlimb ischemia, it induced neovascularization
through vasculogenesis and angiogenesis. It also led to
recovery of blood flow in ischemic hindlimbs [75]. Ding et
al. have demonstrated a most pronounced neuroprotective
effect mediated by acetyl-11-keto-𝛽-boswellic acid (AKBA)
loaded in O-carboxymethyl chitosan nanoparticles (NPs)
when compared to the AKBA only in a rat model of
ischemic stroke [76].The combinationAKBA+NPs promoted
a functional improvement by reducing infarct volume and
apoptosis [76]. However, chitosan-based biomaterials present
some disadvantages such as a fast biodegradation in situ.
Additionally, the compatibility of chitosan with physiological
medium depends on the preparation method. Residual pro-
teins could indeed cause allergic reactions [71].

3.2. Hyaluronic Acid (HA). Another promising material is
HA, an abundant glycosaminoglycan in the brain ECM
[13, 62, 63]. HA is a linear polymer composed of the
repeating disaccharide unit of D-glucuronic acid and N-
acetyl-D-glucosamine. This polysaccharide plays a key role
in many biological processes such as stabilizing the ECM,
regulating cell adhesion and motility, and mediating cell
proliferation and differentiation [77]. Liang et al. reported an
increase in engrafted cells’ survival and proliferation of three
different cell lines (C17.2 cells, human neural progenitor cells
(ReNcells), and human glial-restricted precursors) into aHA-
gelatin-polyethylene glycol diacrylate (PEGDA) gel, although
a mild inflammatory response towards the implanted hydro-
gel was observed [8]. As an example, we report here that the
same HA hydrogel can be used for MSC transplantation after
experimental stroke (Figure 2).

3.3. Poly(Latic-co-glycolic Acid) (PLGA). PLGA is one of
most commonly used biodegradable synthetic polymers for
three-dimensional (3D) scaffolds in tissue engineering [78].
The advantage of synthetic polymers is a high control of
degradation rate and mechanical properties [79]. PLGA is
biocompatible and has been investigated to increase cell
survival. NSCs grafted into PLGA slices of 2mm depth
were viable after 14 days of culture [80]. PLGA can be
used to produce microspheres for a gradual delivery of
cells or drugs [81–83]. Bible et al. optimized the conditions
for cell attachment in order to preserve the MHP36 cell
line properties in PLGA microspheres [84]. In this experi-
ment, 100–200𝜇m PLGA microparticles that were modified
with poly(allylamine) via plasma polymerization of ally-
lamine and further coated with plasma-derived fibronectin
were administrated into the lesion cavity (two weeks after
stroke). They demonstrated a primitive de novo tissue
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Figure 2: Different experimental steps for intracerebral graft of cell-biomaterial after stroke. Scale bar = 100 𝜇m. (a) In vitro biocompatibility:
after mixing human mesenchymal stem cells (MSC) within hyaluronic acid (HA) hydrogel (Hystem HP, Sigma: hyaluronan+polyethylene
glycol diacrylate),MSC survived into the gel during several days in culture (A1) without cell death (A2, propidium iodide cell dead assay). Cell
survival and spreading into theHA gel were assessed in one-week culture (A3) using confocalmicroscopy and confocalmicroscopy stacks and
viable cell labelling (A4 and A5, Cell Tracker Green CMFDA, Life). (b) Intracerebral transplantation: one week after experimental ischemic
stroke in rat, magnetic resonance imaging was used to determine the injection site into the stroke cavity near plastic areas surrounding the
lesion (B1). Coordinates for stereotactic injectionwere defined using anatomic atlas (Watson-Paxinos) (B2). By histology, the stereotactic tract
can bemacroscopically observed (B3, crysostat section). (c) In vivo biocompatibility and effects: ex vivo brain immunohistology demonstrated
cell survival into the graft site such as humanMSC identification in stroke lesion (C1, human-specificmonoclonal antibody to nuclear antigen,
MAB1281, 1/1,000, Chemicon) without cell migration in contralateral hemisphere (C2). Additional experiments must be done to assess long-
term cell differentiations and host integration, hydrogel biodegradation, local inflammatory response, and behavior recovery effects.

formation within 7 days [84]. Another interesting study
using PLGA microspheres showed that a single subcuta-
neous administration of ONO-1301 (a long-acting prosta-
cyclin agonist) in PLGA microspheres was able to improve
poststroke recovery, edema, and infarct volume in rats
[81].

There are some concerns that PLGA degrades into acidic
by-products within the brain that may exacerbate inflam-
mation and secondary damage after brain injuries [79].
The less explored poly-𝜀-caprolactone (PCL) polymers might
be a safer alternative. PCL induced a lower inflammatory
response than PLGA, as demonstrated by lower activated
macrophages and glial fibrillary acidic protein (GFAP)
expression [85].

4. Mechanical and Physical Properties

Biomaterials can be produced using various types of poly-
merization and take on distinct forms such as solid scaffolds,
hydrogels, or micro/nanoparticles. The choice of biomaterial
stiffness depends on the administration site target (brain
surface or parenchyma), delay of release intended (gradual or
immediate), and the therapeutic goal (Figure 1).

Solid scaffolds require surgery to implant and thus
are more suitable for surface application [86, 87]. In situ
gelling hydrogels and particles can typically be delivered in
a minimally invasive manner using a syringe without the
need of open surgery [58]. Hydrogel micro/nanoparticles
are also suited for protein, gene, and drug delivery [76, 88,
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89]. Hydrogels can be used to graft cells and to provide a
microenvironment that can be tuned, promoting cell survival
and improving function [8, 11, 57] (Figure 1).

4.1. Brain Scaffolds. In a recent study, Hwang et al. used
a model of corticectomy to monitor in a noninvasive way
by bioluminescence the behavior of stem cells embedded
within poly-L-lactic acid (PLLA) scaffold [86]. Human NSCs
expressing enhanced firefly luciferase were implanted into
the ablated area with or without a PLLA scaffold. They have
demonstrated that NSC survived over 14 days compared with
8 days for the nonencapsulated cells [86]. The mechanical
strength or stiffness of a hydrogel is named compressive
modulus measured in kPa. Solid scaffolds can be projected to
present compressive moduli that stimulate cell survival and
proliferation [90].

4.2. Injectable Hydrogels. Hydrogels are 3D cross-linked net-
works of water-soluble polymers [91]. Hydrogel polymers
can absorb a high water content up to 99%, due to their
hydrophilic nature [70], and can be engineered in a vari-
ety of physical forms, including a liquid state for in situ
cross-linking [8]. They have excellent nutrient and oxygen
permeability, allowing cell survival in the scaffold [92]. The
most important advantage of this kind of biomaterial is that
hydrogels form in situ [79], allowing an administration with
a minimal invasiveness by injection [8, 11, 68]. The cross-
linking process can be induced by temperature [93], pH [94],
or addition of a synthetic cross-linker such as PEGDA for
HA hydrogel. Besides, hydrogels possess elastic properties
that are similar to those of brain tissue. Hydrogels injected
in liquid phase usually present low compressive moduli after
polymerization, which promotes a stem cell differentiation
toward neural lineages [90].

Lam et al. assessed the effect of cell therapy by admin-
istrating neural progenitor cells derived from iPSC (iPSC-
NPC) into the infarct cavity of mice submitted to a cortical
photothrombotic stroke. iPSC-NPCs were encapsulated in
a HA hydrogel matrix or in PBS [95]. The combination
(hydrogel + iPSC-NPC) was able to promote differentiation
of the neural progenitor cells to neuroblasts. Despite this
good result, it did not increase cell survival one week
after transplantation [95]. The hydrogels used in this study
were synthesized to contain the adhesion peptide and were
cross-linked with either matrix-metalloproteinase (MMP)
degradable peptides or non-MMP degradable peptides. The
hydrogel was specifically engineered to have a compressive
modulus of ∼3 kPa because that is the approximate stiffness
of the brain [96]. In a recent study, Massensini et al. assessed
rheological properties and gelation at body temperature
of a biological hydrogel produced from porcine urinary
bladder ECM [97]. They performed an efficient MRI-guided
injection with drainage of fluid from the cavity to assess
in situ hydrogel formation and ECM retention at different
concentrations. The concentrations superior than 3mg/mL
polymerized within stroke cavity, whereas lower concentra-
tions remained in liquid phase permeating the peri-infarct
area.

A downside to hydrogels is that cell migration and
outgrowth are often poor due to its weak mechanical struc-
ture [79]. Moreover, biodegradation rate is hard to control
[98] and must be carefully investigated in the future (see
Section 5).

4.3. Microencapsulation. Biomaterials can also be used to
encapsulate molecules, cells, cell aggregates, or drugs with
the aim of promoting a gradual liberation [88, 99] or graft
protection. Molecules or cells encapsulation can be automa-
tized to provide a large number of implantable “active” cap-
sules. This could be an alternative to intracerebroventricular
injection through the catheter/osmotic minipump systems.
This strategy provides a gradual release and a sufficient
penetration of growth factors in brain tissue [99]. Nakaguchi
et al. have demonstrated an increase in the endogenous
neurogenesis in the SVZ of adult mice induced by IC admin-
istration of growth factors: insulin-like grow factor 1 and
hepatocyte growth factor encapsulated into gelatin hydrogel
microspheres [100]. For NSC grafting, Skop et al. optimized
multifunctional and biocompatible chitosan-based films and
microspheres. Heparin was covalently cross-linked to the
chitosan scaffolds which bound fibroblast growth factor-2
(FGF-2) and sustain survival and growth of NSC [101].

4.4. Neural Networks as Potential Strategy. In general way, cell
replacement strategies do not take account of the complexity
of the brain. Indeed, the cerebral abilities are linked to
highly complex connections established between specialized
neuroanatomical regions. Replacing lost neurons and extra-
cellular environment does not warrant the restoration of this
complex network of axonal tracts. Focusing on this question,
alternative biomaterials have been developed with the aim
to restore long-distance axonal connections. Replacing lost
neurons and extracellular environment does not warrant
the restoration of this complex network of axonal tracts.
Focusing on this question, alternative biomaterials have been
developed with the aim of restoring long-distance axonal
connections.

A recent strategy in neural tissue engineering involves
the development and application of “living scaffolds,” which
are defined as constructs with a controlled, often heteroge-
neous, and anisotropic 3D cell architecture and biomaterial
composition [102]. This living cellular-biomaterial scaffold
presents a new form to implant biomaterials and cells. These
living scaffolds are able to orientate, give support to, and aid
regenerating cells and/or processes (e.g., axons), mimicking
crucial aspects of developmental path finding [102]. The cells
constitute the “living” component of scaffolds.

A very interesting study of Struzyna et al. [103] using
microtissue engineering neural networks for reconstituting
the architecture of axonal tracts demonstrates that this
approach is effective in promoting survival at least one
month and additionally they detected neurite penetration
and synapse formation [103]. In this referred study, the
microtube was constructed based on an agarose hydrogel
and the interior containing extracellular matrix proteins and
cerebral cortical neurons and was implanted in healthy rat
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brain. This very encouraging result presents a great potential
for neuroregenerative therapy and may ultimately facilitate
functional recovery if it could be transposed/overlapped in
stroke models in the future.

5. Biomaterials Degradation

Many materials formulated for tissue engineering and/or the
release of therapeutics are designed to be biodegradable (or
bioresorbable) to reduce the complications of tissue scarring
and glia tumor formation from permanent implants [70].
Thus, it is necessary to determine the biodegradability of
materials in vitro and in vivo [104]. Independent of their
composition (cross-linking reagents and the functional group
of HA derivatives), HA hydrogels have variable degradation
rate. By example, in Hahn et al., the authors demonstrated
that HA hydrogels prepared with three different cross-linking
reagents have variable degradation test results [105]. Indeed,
adipic acid dihydrazide grafted HA (HA-ADH), methacry-
lated HA (HA-MA), thiolated HA (HA-SH) were compared
and according to in vitro degradation tests, HA-SH hydrogel
was degraded very fast, compared to HA-ADH and HA-MA
hydrogels andHA-ADHhydrogel was degraded slightly faster
than HA-MA hydrogel. Moreover, when HA-MA hydrogels
and HA-SH hydrogels are implanted in the back of rats, HA-
SH hydrogel was in vivo degraded completely only in 2 weeks,
whereasHA-MAhydrogels were degraded only partially even
in 29 days.Therewas no adverse effect during the in vivo tests.

6. Biocompatibilities with Therapeutic Cells
and Host Tissue

Brain is mostly isolated from the periphery by the blood-
barrier. It has a similar but slightly different response to tissue
damage and foreign materials [70]. The use of biomaterials,
such as hydrogels, as neural cell delivery devices is becoming
more common in areas of research such as stroke, traumatic
brain injury, and spinal cord injury.

When reviewing the available research, there is some
ambiguity in the type ofmaterials used and results are often at
odds. Hydrogels must be designed to be biocompatible with
the implanted cells [106] and with the tissue environment. In
vitro cultures of embedded cells to assess cell compatibility
and functionality must be done prior to in vivo graft (Fig-
ure 1). 3D cultures can be useful to precise cell location and
cell distribution into a gel.

In vivo, a wide variety of synthetic polymers have been
shown to be biocompatible in the body, such as polyesters and
acrylates [107–110]. Natural polymers, such as poly(amino
acids) and HA, have been modified to form biocompatible
hydrogels. Polymeric hydrogels placed into a fimbria-fornix
lesion cavity promote fiber (re)growth in morphological
study in the rat [111–114]. This biocompatibility refers to
the histocompatibility of an implanted hydrogel and the
local and systemic response of the host which includes
the inflammatory and immune reaction of the brain [70].
Implanted biomaterials promote a foreign body response.
This inflammatory response presents a variable level which
varies depending on the material choice and the site of

implantation [115]. After implantation, a biomaterial acquires
a layer of host proteins that is associated with the surface
chemistry of material [58].

Brain tissue engineering in the postinjury brain repre-
sents a promising option for cell replacement and rescue,
providing a cell scaffold for transplanted or resident cells.
But a number of natural biomaterials have intrinsic anti-
inflammatory properties, including HA and chitosan [116].
Thus, they are suitable as carriers for anti-inflammatory
therapeutics. However, synthetic materials are also capable
of acting in an anti-inflammatory way. Zhong et al. have
demonstrated a beneficial effect of a hyaluronan-heparin-
collagen hydrogel by promoting the survival of ES-NPCs
and by reducing inflammatory infiltration of the graft with
the hydrogel transplant [11]. However, further optimization
of hydrogel compositions is warranted to avoid possible
inflammatory responses such as those observed in immuno-
competent mouse brain 2 weeks after IC injection of a HA
hydrogel preseeded with humanNSCs or glial precursors [8].
Indeed, HA degradation is facilitated in inflammation and
injury by the production of reactive oxygen and nitrogen
species [77, 117]. HA is degraded in vivo by hyaluronidases
(HAases) into shorter fragments. However, the extent of HA
degradation that occurs under pathological conditions may
be greatly enhanced.

7. Imaging of Biomaterials Engraftment

Clinical studies can benefit from noninvasive methods to
assess brain stroke. Experimental studies also have used
noninvasive imaging techniques to monitor grafted cells
distribution and their effects on brain tissue [118]. Several
imaging techniques such as MRI [31], positron emission
tomography (PET) [119], and nuclear imaging [9] have been
used to track transplanted cells in vivo. Imaging modalities
with precise anatomical information like MRI can be used to
evaluate the lesion size and extension and to precisely guide
biomaterial administration. Furthermore, recent advances
using multiparametric MRI enable longitudinal monitoring
of vascular remodeling [7, 120] and brain function by using
functional MRI.

Bible et al., for example, have demonstrated that NSCs
coadministrated with ECM bioscaffold produced from
porcine brain and urinary bladder promote the formation of
de novo tissue in the lesion cavity and repair processes after
ischemic stroke evaluated byMRI [121]. Noninvasive imaging
by MRI was used to guide the administration of biomaterials
in a similar study [97].

Noninvasive evaluations are a powerful tool for deter-
mining the efficacy of the combination biomaterials with
cell therapy, allowing a validation of biomaterial application
by a correlation of in vivo images and histological findings
(Figure 3).

8. Conclusion

The use of biomaterials for stroke therapy provides a promis-
ing avenue for cell transplantation, especially in the brain
where the regenerative properties can be limited.
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Figure 3: Representative images of in vivo and ex vivo detection of hyaluronan-acid (HA) hydrogel. (a)Magnetic Resonance Imaging (MRI)
weighed in T2, hydrogel detected at different time points (days one, seven, and fourteen after administration). (b) Cresyl violet staining of HA
hydrogel acquired two weeks after administration, noted in (×2) (b) and (c) (x10) magnification.These images demonstrate efficient local gel
formation instead of liquid diffusion which would be due to a delayed polymerization after infusion and the in vivo stability of HA hydrogel.

However, the choice of biomaterial compounds and prop-
erties must be adapted, according to biocompatibilities with
embedded cells and host tissue and to biodegradation rate.
Thus, collaborations between bioengineering researchers and
neuroscientists are required to validate and optimize preclin-
ical experiments. Purification of biomaterials is imperative
for safe use in humans.Therefore, it requires rigorous tests of
cytotoxicity. Important aspects such as reproducibility, corre-
lation with behavioral outcomes, and a long-term assessment
of biomaterials degradation should be considered before
clinical translation.

Hydrogels could be used to enhance cell transplantation
benefit in patients by stereotactic injection of liquid hydrogel
with in situ polymerization, or by surgical graft of stiffer cell-
biomaterial layers, for example, during a hemicraniectomy
for large stroke or during subsequent reparative cranioplasty.
An appropriate follow-up with a noninvasive brain imag-
ing to track hydrogel degradation and brain remodeling is
strongly indicated.
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STUDY 2: HYSTEM
TM-HP HYDROGEL A STUDY OF IN VIVO BIOCOMPATIBILITY 

 

6.1.1 Introduction 

Cell therapy provides beneficial effects in pre-clinical studies, but some issues need to be improved to 

optimize results prior translate to clinics.  

When administrated by systemic way (intravenous or intra-arterial), the cell administration results in a 

whole body distribution of cells with accumulation in other organs such as lung or spleen and a poor 

homing toward the damage region (Detante et al., 2009). 

An alternative is the intracerebral administration, among intracerebral  possibilities the lesion cavity seems 

be ideal due to its proximity to lesion boundary, the site of greatest remodeling after stroke (Carmichael, 

2006; Zhong et al., 2010) and by preserving healthy tissue. However when cells are administrated directly 

inside the lesion cavity an significant cell loss is reported because infarct cavity is a “non hospitable” 

environment (Baeten and Akassoglou, 2011).  

With the aim to provide a solution for this issue, biomaterials have been used as scaffold to transplanted 

cells (Sarnowska et al., 2013; Struzyna et al., 2014). Recent advances in developing of biomaterials 

adapted to use in central nervous system has provided a potential alternative for stem cell therapy in many 

diseases including stroke.  

 Hydrogels produced from extracellular matrix compounds such as hyaluronic acid provides a three-

dimensional environment for stem cells and could be a support for intracerebral engraftment in many CNS 

diseased such as stroke (Lam et al., 2014; Portalska et al., 2014).  

Several biomaterials have been tested in vitro and in vivo produced from different compounds (e.g: matrix 

gel, chitosan, hyaluronan…) and with divers mechanical and physical properties (e.g: liquid hydrogel, 

microspheres, solid scaffolds…) (Lindborg et al., 2015; Thonhoff et al., 2008; Zhong et al., 2010). 
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Liquid hydrogels which polymerize in situ are suitable for intracerebral administration and are easily 

mixed with cells (Liang et al., 2013; Wang et al., 2010). Hydrogel biocompatibility and degradation rate 

are variable according to their compounds and physical properties.  

In the present study, we tested an injectable hyaluronic based hydrogel HyStemTM-HP. 

Previous studies have demonstrated the potential of HyStemTM-HP in vitro and in vivo after stroke in mice. 

Prior to administrate in our model of ischemic stroke co-administrated with mesenchymal stem cells 

(study 3), we evaluated through a pilot study using healthy rats the potential for long-lasting protect of this 

hydrogel and their biocompatibility in vivo. 

For this purpose, we used an in vivo follow-up by MRI of HyStemTM-HP hydrogel during 28 days and we 

evaluate the host brain response by immunohistological analysis.  

 

6.1.2 General methodology  

Adult male Sprague Dawley rats (Charles River, France), aged of 7-8 weeks (n=7) at the beginning 

experiment were used in this study. Such as mentioned above (methods section) all procedures were 

approved by the ethical committee.  

 

Hyaluronic acid hydrogel administration 

The biomaterial used in the present study was a hyaluronan–heparin–hydrogel. The HyStemTM-HP cell 

culture scaffold Kit (Sigma-Aldrich, France) is composed by: Hyaluronan (thiol-modified) 99.7% + 0.3% 

of heparin; Gelin-STM denatured collagen (thiol-modified) ; ExtralinkTM polyethylene glycol diacrylate 

(PEGDA) (cross-linker); Water deionized and degassed. 

Hyaluronan is a major constituent of native extracellular matrix. Gelin provides basic cell attachment (Shu 

et al., 2006), collagen is also a compound of ECM present in extracellular space and basal lamina. 

PEGDA a crosslinking agent used to induce polymerization.  
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The three compounds were diluted with degassed water such as indicated by the manufacturer, under 

aseptic conditions. Solutions of this hydrogel are in a liquid state when separated and form a transparent 

gel when mixed with the cross-linker PEGDA over a period of 30 min when prepared as follow (1:1:0.5):  

4µL hyaluronan/heparin sulfate, 4µL of gelin and 2µL of cross-linker. 

Hydrogel administration was performed by stereotaxic intracerebral injection such as described above 

(methods section). Under anesthesia, 10µl of hydrogel was injected on right striatum and 10µL of 

phosphate buffered saline (PBS) was injected in left striatum. The following stereotaxic coordinates were 

used: bregma 0; medial-lateral, ±3.5 mm; dorsal-ventral, −5.5mm (Figure 21) 

 

 

Figure 21: Experimental protocol of experiment biocompatibility. At day 0 rats received  an 

intracerebral injection of hydrogel (right hemisphere) and phosphate buffered saline (PBS in the 

left hemisphere).  MRI evaluations and histological analysis were performed at different time 

points. 

 

In vivo MRI  

MRI was used to detect hydrogel in vivo. Anatomical (T2W) and diffusion images were acquired using a 

4.7T magnet (Bruker Biospec®, Germany; MRI facility IRMaGe, Grenoble, France). MRI protocol 

settings are described in methods section. 
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The images were acquired at days 1, 5, 9, 14, 21 and 28 and each MRI session had a duration of around 10 

minutes.    

In the right hemisphere, a zone corresponding to the hydrogel injection site was identified on Apparent 

Diffusion Coefficient (ADC) map. A region of interest (ROI) Hydrogel was delineated around the voxels 

with an ADC increase. The volume of ROI Hydrogel was estimated by multiplying the number of voxels 

in the ROI by the voxel volume (234x234x800 µm). A ROI Contra was delineated on the contralateral 

hemisphere in the zone of PBS administration (in mirror to ROI Hydrogel). The values of ADC were 

estimated within each ROI and compared.  

 

Histology and immunostaining 

Rats were euthanized after MRI sections (n=1) by time point and brain tissue was processed for 

histological analysis. Coronal slices (20µm) were generated per animal around the injection site.  Sections 

of brain containing hydrogel implants were stained with 0.1% cresyl violet (Waldeck GmbH, Munster, 

Germany) to detect hydrogel. 

Brain sections of 20µm thick section were stained for microglia/macrophage (IBA1), astrocytes (GFAP) 

detection. Immunohistological images were obtained using an epifluorescence microscope (Nikon Eclipse 

E600, Tokyo, Japan) and CCD camera (Olympus XC30, Rungis, France); images were acquired in 20x 

magnification.  

 

Statistical Analysis 

Results are presented as the mean values ±standard deviation (±SD). Statistical comparison between ROI 

hydrogel and ROI Contra were performed using a paired t -test. The statistical significance level was set at 

p < 0.05. 
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6.1.3 Results 

In this pilot study, we use a small cohort of animals (n=7) to observe the brain the HyStemTM-HP hydrogel 

fate by MRI in healthy brains. One rat died before intracerebral injection of hydrogel.  

MRI 

Using MRI follow-up of 28 days, we could visually detect the hydrogel until at least day 28 (time point of 

the last MRI evaluation) after administration. The contralateral PBS injection site was not detectable by 

MRI. We used two MRI scans to detect hydrogel anatomic T2W and ADC, hydrogel was most efficiently 

detected using ADC map. Hydrogel presented a hyperintense signal in ADC map corresponding to a high 

content of water zone (Figure 22). 

 

 

Figure 22: MRI follow-up of hydrogel in healthy brain. Anatomical T2 Weighted images and 

apparent diffusion coefficient (ADC) map of a rat in different time points.   

 

Hydrogel volume was apparently held constant across the time, occupying between 2 and 3 slices of ADC 

map. The mean volume was 1.65±0.35mm3 at day 1 (n=6); 1.00±0.46 at day 5 (n=5); 0.96±0.25 at day 9 

(n=4); 1.25±0.18 at day 14 (n=3); 1.30 (at day 21) and 1.10 (at day 28). 

Comparisons beween right (ROI Hydrogel) and lef hemisphere (ROI Contra) demonstrated an increase in 

apparent diffusion coefficient in hydrogel region in all time points. ADC values detected within ROI 
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Hydrogel and Contra respectively were: (1710±289 vs 845±37µm2/s; p<0.05), at day 1 (n=6); 

(1367±425.0 vs 831±45µm2/s, p<0.05), at day 5 (n=5); (1532±173 vs 818±22µm2/s, p<0.05), at day 9 

(n=4); (1548±106 vs 856±38µm2/s, p<0.05), at day 14 (n=3), 1639±93 vs 821±78 µm2/s, at day 21 (n=2); 

and 1831 vs 966 µm2/s at day 28 (n=1).   

Statistical analyses were performed only for the four first time points (day 1, 5, 9 and 14) because beyond 

this point the number of animals was insufficient to perform statistical analysis (Figure 23). 

             

 

Figure 23: MRI ADC values within the ROI Hydrogel at different time points in comparison to 

ROI Contra.  
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Histological analysis 

HyStemTM-HP hydrogel can be detected with the basic dye cresyl violet. We detect hydrogel in 

the different time points in the right hemisphere. Based on visual inspection, we observed a 

retraction of hydrogel border with host tissue after the 9th day.  

 

 

Figure 23: Hydrogel detection by Nissl staining at different time points. Scale bar represents 

100µm.   

 

Additionally, we detected microglial/macrophage cells (Iba1+) and astrocytes (GFAP+) in the 

hydrogel edge. No statistical analysis was performed due to the low number of animals by time 

point. However, an increase of GFAP+ and Iba1+ cells is visually detected in comparison to the 

contralateral side.   
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Figure 24: Host response to hydrogel administration. a) Hydrogel administration site (x10 

magnification) labeled with glial fibrillary acid protein (GFAP) in green, b) GFAP+ cells in 

hydrogel border (x40), c) GFAP+ cells in contralateral hemisphere (x40), d) hydrogel 

administration site (x10 magnification) labeled with microglial/macrophage cells marker Iba1 in 

red, e) Iba1+ cells in hydrogel border (x40) and f) in the contralateral hemisphere (x40) at day 28.  
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6.1.4 Discussion  

The preliminary results detected in our pilot study put in evidence a long-term stability of HyStemTM-HP 

hydrogel in rat brain until four weeks after administration. Additionally, the hydrogel is detectable by MRI 

allowing an in vivo follow-up of hydrogel fate. These data are only qualitative due to the low number of 

animals per time point but are encouraging for the application in stroke model studies.  

Hydrogel polymers have a high water content (i.e. >90% water) due to their hydrophilic nature. ADC 

based in diffusion-weighted images use the diffusion of water molecules in the tissue to generate contrast 

in MR images (Shen et al., 2003). ADC map is a quantitative measure of diffusion process of water 

molecules on brain tissue. The site of hydrogel injection could be detected by ADC map, we compare this 

quantitative information with contralateral side (PBS injection) and we observed an increase of more than 

50% of ADC mean value on ROI Hydrogel. MRI in vivo follow-up can represent an important tool for 

hydrogels studies to evaluate hydrogel fate. An important thing to be considerate is that in the presence of 

ischemic stroke, hydrogel fate can be modified by alterations in the local environment and host cells 

induced by ischemic lesion. Additional studies are required to clarify this question.  

Hydrogel studies usually evaluate the stem cell tolerance to hydrogel compounds and concentration in 

vitro and after transfer hydrogel directly to a lesion model in vivo. Here we decide to test hydrogel 

tolerance in vivo evaluating the different host cells responses to hydrogel. Although of our limitations 

(low number of animals) we could observe a good tolerance of host cells to hydrogel transplantation 

despite the increase of microglia/macrophage (Iba1+) cells activation around hydrogel administration site.  

HyStemTM-HP hydrogel is a synthetic hyaluronan-based gel. Synthetic hydrogels, are better chemically 

defined in comparison to natural hydrogels and are biologically inert (Aurand et al., 2012). Although a 

mild inflammatory response was observed in the lesion border in our pilot study, a previous study using 

the same hydrogel demonstrated a protective effect induced by the hydrogel promoting a reduction of 

infiltration of inflammatory cells  in hydrogel group (Zhong et al., 2010). Other study using a very similar 

gel demonstrated a protection of grafted cells  mediated by the hydrogel improving stem cell survival 
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(Liang et al., 2013), one of the principal factors that induce stem cell death after intracerebral graft is the 

inflammation (modifying the ECM composition).  

HyStemTM-HP hydrogel was detected by histological staining (cresyl violet) in an effective way such as 

demonstrated in a previous study (Liang et al., 2013). We observed a retraction of hydrogel border in 

relation to host tissue limit since the 14th day. Hydrogels are not permanent implants and are developed to 

be biodegraded or bioresorbable mediated by enzymatic (i.e by endogenous hyaluronidases) hydrolytic 

cleavage (Lampe et al., 2010).  Hydrogel degradation usually occurs trough cleavage of chemical bonds 

simultaneous at the interior and surface (exterior) of hydrogel (Aurand et al., 2012), and could be an 

explanation for our observation.  

There are many potential biomaterials for application in central nervous system. We choose to test a 

hyaluronan-based hydrogel material due to it promising results which include improvement in stem cells 

survival in vitro and in vivo. We could put in evidence here a long last duration of the hydrogel in rat brain 

tissue in vivo suggesting a potential long-term protection for stem cells.    

 

6.1.5  Conclusion 

The preliminary results presented here in our pilot study put in evidence that HyStemTM-HP hydrogel can 

be detected by MRI, diffusion scans are a good way to detect hydrogel due to the high water content of 

hydrogel. Additionally, our preliminary results were encouraging concerning long-lasting of the hydrogel 

in rat brain tissue for until 28 days. An increase of host brain response evidenced by Iba1 and GFAP 

activation was detected.  The hydrogel was detected by cresyl violet staining with a high specificity. Some 

signals of degradation of hydrogel were detected from 14th day to the end of experiment 28th day. 

Additional analysis with a high number of rats is required to quantify degradation rate of HyStemTM-HP 

hydrogel.  
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STUDY 3 : HYALURONIC ACID HYDROGEL COMBINED WITH  MESENCHYMAL STEM 

CELL THERAPY AFTER ISCHEMIC STROKE 
 

The last study is presented in an article format, additional MRI and histological results should be included 

and then the paper will be submitted to Biomaterials journal. 



Hyaluronic acid hydrogel combined to mesenchymal stem cell therapy after 

ischemic stroke 

 

Authors: Ligia S. B. BOISSERAND
a,c

, Jérémie PAPASSIN
a,b,e

, Tomonobu KODAMA
d
, , 

Nora COLLOMB
a,b

, Anaïck MOISAN
f
, Claire ROME

a,b
, Olivier DETANTE

a,b,d,e
 

 

a) Inserm, U1216, BP 170, 38042 Grenoble Cedex 9, France 

b) Grenoble Institut des Neurosciences (GIN), Université Grenoble Alpes, 38000 Grenoble, 

France 

c) CAPES Foundation, Ministry of Education of Brazil, 70040-020 Brasília, DF, Brazil 

d) Institute for Frontier Medical Sciences, Department of Reparative Materials, Kyoto 

University, Kyoto 606-8507, Japan 

e) CHU Grenoble Alpes, Stroke Unit, Department of Neurology, CS 10217, 38043 

Grenoble, France 

f) Cell Therapy and Engineering Unit, EFS Rhône Alpes, 464 route de Lancey, 38330 Saint-

Ismier, France 

 

Corresponding author:  

Claire ROME 

Grenoble Institut des Neurosciences  - GIN 

Université Grenoble-Alpes 

Inserm U1216  

Bâtiment Edmond J. Safra 

Chemin Fortuné Ferrini 

38700 LA TRONCHE - France 



Abstract : 

Cell therapy has emerged to regenerate damaged brain in after ischemic stroke. Mesenchymal 

stem cells (MSC) have shown beneficial effects in post-stroke therapy by reducing cellular 

death and by potentiating endogenous mechanism of regeneration including neurogenesis and 

angiogenesis.  

With the aim to optimize preclinical results of cell therapy, biomaterials have been engineered 

to improve engraftment and cell survival, improving brain repair. 

We evaluated a hyaluronic acid-based (HA) hydrogel (HyStem
TM

-HP) combined with 

100,000 human MSCs (hMSCs) in a rat model of ischemic stroke. Seven days after stroke, 

rats were respectively treated by intracerebral injection of 1) HA hydrogel combined with 

hMSC (n=9); 2) hMSC alone (n=10); or 3) vehicle (n=7). We assessed sensory-motor 3-

weeks outcome, lesion size by MRI, hMSC survival, and angiogenesis. 

The combination HA-hydrogel+hMSC was able to improve hMSC survival compared to 

hMSC alone. Angiogenesis was improved by HA-hydrogel+hMSC injection, 3 weeks after 

administration, compared to the “vehicle” group. No effect was noted on MRI lesion volume. 

Despite histological effects, behavioral outcome was not improved by HA-hydrogel+hMSC 

administration. Optimization of biomaterials and their combination with therapeutic cells will 

be necessary to improve their effects after stroke. 

 

 

Keywords: 

Angiogenesis, Biomaterials, cerebral infarction, stroke, hydrogel, cell therapy, Mesenchymal 

stem cells. 



1. Introduction 

Stroke is a major neurological disease remaining one of leading cause of death and long-term 

disability worldwide (Feigin et al., 2014). Ischemic stroke (80% of stroke cases), results from 

a dramatic decrease in cerebral blood flow leading a cellular death and compromising brain 

function. 

Currently, the only therapeutic approach approved for acute ischemic stroke is the 

reperfusion. Vessel reperfusion can be induced by thrombolysis  (Kwiatkowski et al., 1999), 

endovascular thrombectomy or a combination of both (Campbell et al., 2015; Pierot et al., 

2015). However, these therapeutic approaches are conditioned to a short therapeutic window 

(until 6hours after stroke onset) (Wang et al., 2015). After these first hours, there is no 

effective treatment available besides rehabilitation (Duncan et al., 2005). 

Cell-based therapy presents a new hope in the treatment of neurological disorders such as 

stroke. Stem cells present positive results by improving brain function, reducing lesion size 

and by inducing recovery in pre-clinical studies (Gutiérrez-Fernández et al., 2015; Moisan et 

al., 2016; Zhu et al., 2015). Many cell sources (neural and non-neural) and types (multipotent 

or induced pluripotent) have been used in stroke therapy contributing to brain repair. 

Mesenchymal stem cells (MSCs) for example, induces neurorestorative effects by 

improvement of neurogenesis, angiogenesis and inflammatory response by  paracrine 

mechanisms (Castillo-Melendez et al., 2013). Moreover, intracerebral graft of human MSCs 

(hMSC) is feasible and seems promising in clinics (Steinberg 2016).  

Some issues involving cell therapy remains unsolved such as a low number of cells that 

achieve the lesion site when administrated by intravascular route (intravenous or intra-arterial 

way) (Detante et al., 2012) and the poor survival of injected cells within the lesion cavity 

(Hicks et al., 2009). 



Recent advances in tissue engineering have developed biomaterials for application in central 

nervous system. Biomaterials can be produced from a variety of compounds, providing a 

unique three-dimensional microenvironment similar to the extracellular matrix (ECM) 

promoting cell survival and engraftment (Aurand et al., 2012). Among them, liquid hydrogels 

(for in situ polymerization) are a promising candidate for cell or trophic factor transplantation, 

by the advantage to be injected with a minimal invasiveness. 

Hyaluronic acid (HA) polysaccharide a major component of ECM, is widely used in clinical 

applications such as lubrifiants, wound sealants, or filling agents in esthetic medicine 

(Pakulska et al., 2012; Robert, 2015). HA-based hydrogels have been used in vitro and in vivo 

promoting cell survival, proliferation and differentiation (Liang et al., 2013; Zhong et al., 

2010). 

In the present study, we assessed a synthetic HA-based hydrogel (HyStem
TM

-HP), combined 

with human MSC 7 days after induction of an ischemic stroke. We evaluated the effects of the 

combination of  hydrogel+hMSC on cell survival, brain remodeling, and functional recovery.  

 

2. Methods 

2.1 Hyaluronic acid hydrogel gelation time 

A hyaluronan–heparin–hydrogel (HyStem
TM

-HP, Sigma-Aldrich, France) produced from a 

thiol-modified hyaluronan, heparin, gelin and a cross-linker polyethylene glycol diacrylate 

(PEGDA) was used. For an optimal administration, we assessed the gelation time of 

HyStem
TM

-HP hydrogel when mixed with hMSCs.  

As preliminary experiment, Hyaluronan and Gelin were separately dissolved in degassed and 

deionized water according to manufacturer’s instructions. The 3 compounds (hyaluronan, 

gelin, PEGDA) were mixed in different ratios: 1) hyaluronan: gelin:PEGDA (1:1:0.5) as 

standard HyStem
TM

-HP hydrogel; 2) 50 µL of hyaluronan:gelin: PEGDA (1:1:0.5) mixed 



with 10
5
 human MSC; 3) hyaluronan:gelin (1:1); 4) gelin:PEGDA (1:0.5); 5) 

hyaluronan:PEGDA (1:0.5). 

At room temperature, in PCR tubes, 50 µL of each solution were pipetted after 10, 15, 20, 25, 

30, 40, and 50min. Complete gelation was considered when pipetting became impossible. 

Experiments were triplicated. 

 

2.2 Human mesenchymal stem cells culture 

Clinical grade hMSCs were isolated from bone marrow aspirate from 4 healthy donors who 

gave consent. Culture procedures were conducted according to previously described methods 

(Detante et al., 2012). Native hMSCs were harvested after two passages.   

 

2.3 Animals: 

All procedures were conducted according to French guidelines on the use of animals for 

scientific investigations (permits 2015040716522967 and A3851610008 for the facilities) 

with ethical committee approval (Grenoble Institute of Neurosciences agreement 004). Fifty-

two male Sprague-Dawley rats (Charles River, France), aged of 7 weeks at begins of 

experiments were initially included in this study:  12 for the histological experiment, and 40 

for the behavioral follow-up during 3 weeks after injection.  

For all experimental procedures with potential risk of pain or discomfort for the animals, rats 

were anesthetized. Isoflurane anesthesia was induced by inhalation of a gas mixture of 5% 

isoflurane (IsoFlo, Abbot Laboratories Ltd, Berkshire, UK) in medical air through a facial 

mask and maintained between 1.5-2.5% of isoflurane along the surgical procedures. Body 

temperature was monitored by a rectal probe and maintained at 37°C ± 0.5°C via heating 

blanket.  

 



2.4 Surgical procedures: 

MCAo 

Transient focal brain ischemia was induced by middle cerebral artery occlusion (MCAo) 

using the intraluminal filament model. Incision site was shaved, cleaned and scrubbed with 

chlorhexidine surgical. Bupivacaine 0.05% (Pfizer, France) was injected subcutaneously (2 

mg/kg). Briefly, the right carotid arterial tree was isolated. A monofilament (silicon rubber-

coated monofilaments: 0.37 or 0.39mm in diameter, Doccol, Sharon, MA, USA) was 

advanced through the lumen of the external carotid artery into the internal carotid artery to 

occlude the right MCA at its origin. After 90min of occlusion, rats were functionally assessed 

then re-anaesthetized to remove the thread.  

 

Stereotaxic cell transplantation and experimental groups  

Using a stereotaxic frame, 10µL of HA-hydrogel+hMSC (n=9), hMSC (n=10) or vehicle 

(PBS, n=7) were administrated in the infarct cavity of MCAo rats seven days after MCAo. 

The Sham-operated rats underwent the same procedure without MCAo (n=10) and received 

10µL of PBS.   

For the hydrogel-hMSC group, 100,000
 

hMSCs in 2μL were mixed with 3.2μL 

hyaluronan/heparin sulfate, 3.2μL gelin and 1.6μL cross-linker. The following stereotaxic 

coordinates were used: bregma 0; medial-lateral, ±3.5 mm; dorsal-ventral, −5.5mm for a 

complete cortico-striatal lesion. Stereotaxic coordinates were adapted according to lesion size 

and localization for only cortical or striatal lesions observed by initial MRI at day 3 (data not 

shown).  Injections were conducted through a 26 G needle in a syringe of 10µL (Hamilton, 

Bonaduz, Switzerland) using an infusion pump with a rate of 2µL/min. According to the 

gelation assessment preliminary results, administration was started 20 minutes after adding 



PEGDA cross-linker to others hydrogel compounds and hMSC. The needle was withdrawn 5 

min after the end of administration. No immunosuppressant was used.  

 

2.5 Behavioral tests  

Rats were subjected to somatosensory tests widely used in stroke models: modified 

neurological severity score (mNSS) and adhesive removal test (ART). Rats were previously 

familiarized with the testing environment and trained during 3 days (3 trials) before MCAo. 

The animals were tested before MCAo (baseline) and functional recovery was tested at day 6 

(D6), D14, D21 and D28 post-stroke. The figure 1.a describes the complete experimental 

protocol.  

The mNSS is a combination of motor, sensory, balance, and reflex tests graduated from 0 

(normal) to 18 (maximal deficit). The ART score is used to assess the asymmetry in dexterity 

and sensitivity. For this, an adhesive-backed paper dot (1 cm²) was applied on each forepaw. 

Three trials per rat were performed and the mean time to remove each adhesive was measured 

with a maximum delay of 180s. 

  

2.6 Magnetic Resonance Imaging (MRI) 

Brain lesion was detected and its evolution was evaluated by MRI at different time points 

(baseline D3, D9, D15, D22, and D29). All MRI data were acquired using a 4.7T magnet 

(Bruker Biospec®, Germany; MRI facility IRMaGe, Grenoble, France). After a pilot 

sequence to ensure the correct rat position, anatomical T2W images were acquired using a 

spin-echo sequence (repetition time (TR)/echo time (TE) = 7000/50 ms, 31 slices with a voxel 

size = 234x234x800 µm).  

MRI brain images were computed using a program developed in our laboratory within Matlab 

(MathWorks, Natick, MA, USA). The region of interest (ROI) corresponding to the whole 



ischemic lesion was identified as the hyperintense area on T2W images in the 5 slices 

(approximately between the coordinates +2.2 and 4.0mm from bregma) (ROI Lesion). The 

volume of ROI Lesion was estimated by multiplying the number of voxels in the ROI by the 

voxel volume (234x234x800 µm).  

 

2.7 Immunofluorescence  

After euthanasia, brains were quickly removed, frozen in −40 ℃ isopentane, and stored at 

−80 ℃ until processing. Coronal cryosections (20 µm thick) were cut along the entire lesion 

or gel administration site at −20 ℃ on a cryostat (Leica, Nanterre, France). 

For immunofluorescence, parallel series of sections from each animal were incubated with the 

human nucleus marker (mouse anti-HuNu, 1:200, Millipore), astrocytic marker glial fibrillary 

astrocytic protein (rabbit anti-GFAP, 1:500, Dako), rat endothelial cell antigen (RECA-1) 

marker (mouse anti-RECA-1, 1:200, Abcam), mature neurons marker (NeuN) (mouse anti-

NeuN, 1:100, Chemicon) basal membrane marker collagen-IV (goat anti-mouse collagen-IV, 

1:1000, Southern Biotech) and ionized calcium-binding adaptor molecule 1 (Iba1) as 

microglia marker (rabbit anti-Iba1, 1:1000, Abcam). Sections were incubated in 3% of the 

bovine serum albumin and 0.2% PBS-Triton for 30 min prior to overnight incubation with 

primary antibodies at 4°C. Sections were washed 3 times in PBS-Tween 0.1% (Sigma) 

followed by incubation with the appropriate secondary antibody (1:500, Alexa488/546/568, 

Invitrogen) for 2 hours at room temperature. Images were obtained using epifluorescence 

microscopy (Nikon Eclipse E600, Tokyo, Japan) and a CCD camera (Olympus, Rungis, 

France).  

 

 

 



2.8 Immunofluorescence quantification  

The total area occupied by astrocytes (GFAP+), microglia/macrophage cells (Iba1+), blood 

vessels (RECA1+ and Collagen-IV+), neurons (NeuN+) was determined using Image J 

(National Institutes of Health, USA). Images containing the ROI Lesion in the boundary of 

lesion and in contralateral hemisphere (‘mirror’ to the lesion boundary) were turned into (8-

bit) gray scale. A mask of each brain section image was then created using an auto-threshold 

tool from Image J with the aim to correct background and unequal illumination (shading 

correction)  (Centenaro et al., 2011). The same threshold mask was applied for all animals for 

each cell type. All lightning conditions and magnifications were held constant. The total 

percentage (%) area occupied by each cell (including soma and process) was measured.  

Immunohistological analyses to detect human cells HuNu+ cells were performed at three time 

points: at day 7 some hours after injection to be sure of hMSCs viability after administration 

procedure (n=2 /group), 2 weeks after  injection (at D21 post-stroke, n=4 /group) and at D29.  

 

2.9 Statistic Analysis 

For repeated measures analyses (lesion volume and behavioral tests), we firstly verify the 

normality of error (predicted values – residuals). For normal data, we apply repeated measures 

ANOVA (lesion size) followed by a multiple comparison post-hoc test of Tukey. For non-

parametric data, we use a Friedman test followed by a Kruskal-Wallis test (behavioral tests).  

For the comparison between groups, we use an unpaired T-test (parametric data) or a Mann-

Whitney test. The statistical significance level was set at p < 0.05. SPSS Statistics (IBM Corp, 

v20) software was used.  Results are presented as mean values ±standard error of the mean 

(SEM). 



3. Results  

Hydrogel gelation assessment 

As preliminary results, we observed that gelation of hyaluronan: gelin: PEGDA (1:1:0.5) as 

standard hydrogel occurred after 15min, and after 30min when it was mixed with hMSC. No 

gelation was observed for hyaluronan: gelin (1:1) or gelin: PEGDA (1:0.5) mixtures. 

Complete gelation of Hyaluronan: PEGDA (1:0.5) occurred after 20min. According to these 

preliminary results, for in vivo studies, we started the intracerebral injection of HA-hydrogel-

hMSC 20 minutes after hydrogel mixing to obtain an injectable solution followed by a quick 

intracerebral gelation.    

 

In vivo experiment  

Physiological parameters remained within normal limits throughout the procedure and 

showed no significant differences between groups (data not shown). Four animals were 

excluded for not presenting an ischemic lesion. 

Lesion size after MCAo, measured by MRI does not change after IC administration of HA-

hydrogel+hMSC or hMSC (Figure1). 

A MRI alteration in anatomic T2W images compatible with a lesion was detected in ours rats 

submitted to a MCAo. The mean volume for each rat is represented in Table 1 and Figure 1 

b,c. Repeated measures analyses of variance put in evidence a reduction of lesion among the 

difference time points (“time” F(3,26)=7.123, P=0.002) but not among the different groups 

(“time*group” F(6,26)=0.271, P=0.947). Pairwise comparisons detected no difference in the 

lesion size among the 3 ischemic groups. 

 

 

 



Behavioral tests 

Rats presented no deficit before MCAo. A significantly reduction of motor deficit across the 

time was detected by mNSS test in the 3 MCAo groups: HA-hydrogel +hMSC, hMSC and 

PBS respectively at D6 (4.56±1.19, n=9 vs 4.50±1.04, n=10 vs 5.00±1.49, n=7),  D14 

(3.33±0.94, n=9 vs 2.70±0.66, n=10 vs 4.43±1.34, n=7); D21 (2.89±0.75, n=9 vs 2.80±0.55, 

n=10 vs 3.43±0.99, n=7); D28 (2.33±0.50, n=9 vs 2.50±0.45, n=10 vs 2.86±0.93, n=7).  

Neither HA-hydrogel+hMSC nor hMSC treatment were able to improve functional effects in 

comparison to PBS control group (Figure 2a). We found a similar result using the sensory-

motor ART test, with no difference (P= 0.091) among the 3 ischemic groups. The mean time 

to remove the adhesive in the left (impaired side) for the groups HA-hydrogel+hMSC; hMSC; 

PBS and Sham respectively was: at pre-MCAo evaluation (7.1s±0.9; 12.6s±3.6; 4.7s±0.6 and 

12.2s±3.2); at D6 (71.6s±24.3; 74.8s±21.7; 103.2s±24.1 and 10.1s±3.0); at D14 (62.7s±18.2; 

47.8s±11.7; 50.1s±15.5 and 19.2s±11.6); D21 (49.4s±17.0; 40.5s±7.6; 51.0s±22.1 and 

11.5s±4.3) and at D28 (45.9±19.7; 39.9±7.5; 51.6±19.1 and 14.7±5.8). Sham group was 

different from ischemic groups in all time points post MCAo (P<0.005) (Figure 2b).  

 

HyStem
TM

-HP hydrogel improves hMSC survival 

Two weeks after administration of hMSC (n=4) alone or co-administrated in Hystem
TM

-HP 

hydrogel (n=4), we detected some cells in the lesion zone. In the group hMSC, we detected 

these cells only in 3 rats while in the group HA-hydrogel+hMSC we detect in the 4 rats. At 

the end of follow-up study, 21 days after hMSC administration, we detected HuNu positive 

cells in 6 brain samples in the group HA-hydrogel+hMSC (n=9 rats) (66.6%) while, for group 

hMSC (n=10), HuNu positive cells were detected only in 2 rats (20%). (Figure3) 

 

 



Hydrogel co-administrated with hMSC improves angiogenesis 

The combination HA-hydrogel+hMSC promoted an increase in the surface (percentage area 

%) occupied by vascular markers Collagen-IV (7.44±1.38) when compared to the group PBS 

(3.77±0.55, P=0.03) but with no difference in comparison to groups hMSC (5.12±0.61) or 

Sham (4.89±0.66) (Figure 4a). HA-hydrogel+hMSC also increase RECA positive cells 

(4.56±0.43) when compared to the group Sham (3.06±0.44, P=0.02) with no difference in 

comparison to the other MCAo groups: hMSC (4.28±0.5), PBS (3.35±0.53) (Figure 4b). We 

observed, using immunostaining, that Collagen IV and RECA1+ host cells migrate toward the 

hydrogel zone. This finding suggests a good integration of host cells within hydrogel (Figure 

6.a,b). 

 

Astrocytic and microglial response to intracerebral injection 

We investigate if hydrogel and hMSC treatment have some effect in host immune response 

after stroke. We found an increase in the zone occupied by activated astrocytes (GFAP 

positive cells) including soma and processes in the lesion border for the groups HA-

hydrogel+hMSC (10.7%±0.9) hMSC (12.3%±1.0) and PBS (11.0%±2.0) in comparison to the 

group Sham (6.2%±0.8). No differences were detected among the groups with an ischemic 

lesion (Figure 5b). No astrocytes GFAP+ were detected within of hydrogel (Figure 6.c). 

Similarly, peri-infarct Iba1+ cells were increased in the ischemic groups: HA-hydrogel 

+hMSC (5.9%±1.3) hMSC (5.6%±0.9) and PBS (5.0%1.5) in comparison to the group Sham 

(0.6%±0.2) at day 29. No differences were detected among ischemic groups (Figure5,c). 

Microglia/macrophages cells migrate toward hydrogel, few cells Iba1+ were co-localized with 

4',6-diamidino-2-phenylindole (DAPI)  a nuclear cell marker (Figure6.d) 

 

 



Ischemic-induced neuronal loss  

An important reduction of the area occupied by neurons NeuN+ was detected in MCAo 

groups: HA-hydrogel+hMSC (3.27%±0.77) hMSC (3.39%±0.79) and PBS (3.20%±0.79) in 

comparison to group Sham (6.46%±0.73). The ischemic groups were no statistically different 

each other, indicating no protective effects mediated by hMSCs alone or co-administrated 

with hydrogel in the lesion boundary at day 29 (Figure 5d).  

 

4. Discussion 

The optimization of cell therapeutic effects is a crucial point in post-stroke transplantation. 

However, a major issue remains in post-stroke intracerebral cell therapy, the substantial loss 

of transplanted cells (Liang et al., 2013). 

The development of tissue engineering emerges such as an alternative to improve this cell 

engraftment and survival. Several biomaterials have been used with this goal, promoting 

beneficial effects (Boisserand et al., 2016; Lee et al., 2015).  

In the present study, we used a synthetic hydrogel HyStem
TM

-HP cell culture scaffold co-

administrated with hMSCs to evaluate its effects on cell survival, brain remodeling and 

functional recovery after stroke.    

 

Hydrogel compounds  

HyStem
TM

-HP hydrogel is a synthetic biomaterial used in cell culture application by their 

properties similar to ECM. Engineered scaffolds are developed to be a three-dimensional 

structure that promotes cell adhesion, differentiation, minimal immunogenicity and to protect 

grafted cells from the host immune response (Aurand et al., 2012). 

This gel contains hyaluronic acid, one of the main compound of ECM, PEGDA (cross-linker) 

and Gelin-S (denatured collagen of animal origin). This commercial gel has the advantage to 



be liquid after mixing the compounds allowing a homogeneous integration of stem cells.  

HyStem
TM

-HP can be injected in a liquid phase and polymerizes in situ. This process is not 

dependent on pH or temperature. 

Similar synthetics hyaluronan-based hydrogels were tested in vitro  and  in vivo post-stroke 

promoting differentiation and cell survival (Liang et al., 2013; Mai et al., 2013).  

 

Lesion size 

Neither of the treatments, HA-hydrogel+hMSC or hMSC reduced lesion volume significantly 

with respect to the infarct group at either time point evaluated by MRI. 

A reduction of lesion size induced by cell therapy by intravenous (Borlongan et al., 2004) or 

intracerebral way is reported in pre-clinical studies (Leong et al., 2012; Zhu et al., 2015).  

Nevertheless, in the present study, we did not detect an effect of the lesion size promoted by 

HA-hydrogel+hMSC or only hMSCs. This result can be explained by the delay of hMSC 

administration. We administrated the hMSC only one week after stroke, during the subacute 

phase. Mechanisms implicated on brain protection induced by cell therapy, including 

reduction of cellular death and inflammation are reported usually when cells are administrated 

during the acute phase, within some hours after stroke onset (Leong et al., 2012; Zhu et al., 

2015). Effective improvements after cell therapy, including behavioral improvements are 

reported despite negative results on lesion size reduction (Gutiérrez-Fernández et al., 2013).  

Apparently, 7 days after MCAo lesion size is relatively stable, in this phase cell-based 

therapies targets peri-infarct remodeling (Kelly et al., 2004). 

 

 

 

 



Functional outcome  

A spontaneous improvement on sensory-motor behavior was observed in our three ischemic 

groups. Surprisingly neither of treatments HA-hydrogel+hMSC nor only hMSCs were able to 

improve the functional recovery in comparison to PBS group (Figure 3a and 3b). 

A longer follow-up is maybe required to determine if a synergic effect could be observed. In a 

recent study from our team, intravenous injection of hMSCs provided functional benefits only 

4 to 7 weeks after injection and increased cerebral angiogenesis in the stroke lesion, via a 

release of endogenous angiogenic factors enhancing the stabilization of newborn vessels. 

They concluded that an enhanced angiogenesis could therefore be a mean to improve 

functional recovery after stroke (Moisan et al., 2016). 

 

hMSC detection 

In the present study human MSCs from bone marrow were used. These cells were detected by 

immunofluorescence, allowing a visualization and detection of human cells.  Human HuNu+ 

cells were detected at the three time points in both hMSC groups. However, at day 29, HuNu+ 

cells were detected mainly in brain samples from the HA-hydrogel +hMSC group.  

Human MSCs were detected, at day 0 to be sure about intracerebral administration procedure 

(data not showed, n=2 rats per treated group) and two weeks after administration to evaluate 

the survival (n=4 per treated group, data not showed). Finally, we detect the hMSC HuNu+ at 

day 29 (three weeks after administration) in 66% of rats of the group HA-hydrogel+hMSC 

against 20% in the group hMSC. The increase in cell survival mediated by co-administration 

with biomaterials is widely reported (Jin et al., 2010; Liang et al., 2013; Sarnowska et al., 

2013; Zhong et al., 2010). Zhong et al. for example, demonstrated an increase in neural SC 

survival using HyStem-HP hydrogel in vitro, cells cultured within hydrogel presented an 

increase in survival rate in conditions of deprivation of trophic factors and nutritional support 



(to mimic ischemic conditions) in comparison to the control group (Zhong et al., 2010). Our 

results confirm stem cell protection mediated by HA-hydrogel in ischemic conditions. 

 Beneficial responses promoted by MSCs are primarily mediated by paracrine actions 

(Castillo-Melendez et al., 2013). MSCs secrete trophic factors stimulating brain protection 

when administrated in the acute phase, for example by modulating the inflammatory response 

to ischemia (Acosta et al., 2015). Trophic factors also improve mechanism implicated in brain 

repair such as neurogenesis (Salgado et al., 2015) and angiogenesis (Zhu et al., 2015).  

HA-hydrogel effectively increased the hMSC survival in the present study.  

 

HA-hydrogel + hMSC hydrogel improves vascular markers  

Post-stroke angiogenesis seems to be a major role on brain remodeling (Castillo-Melendez et 

al., 2013; Taguchi et al., 2004). 

Angiogenesis is a biological process involving the growth of new blood vessels from pre-

existing vessels. Angiogenesis is quiescent in adult brain in physiological conditions 

(Carmeliet and Jain, 2000), however, angiogenic process is activated post ischemic stroke.  

Recently, studies have shown an increase in vessel density mediated by biomaterial co-

administration with stem cells or angiogenic growth factors such as vascular endothelial 

growth factor (VEGF) (Kim et al., 2015; Portalska et al., 2014). In the present study, an 

increase in cerebrovascular remodeling markers was also detected. We used two cell markers 

associated with angiogenesis, RECA-1 (rat endothelial cells) and Collagen type IV (vascular 

basement membrane) in our study. HA-hydrogel+hMSC group presented the higher 

percentage (%) of RECA and Collagen-IV (COL-IV) positive cells in lesion boundary, with a 

significant increase in comparison to PBS group only for COL IV+ cells. Moisan et al. 

studied the kinetic of angiogenesis after MCAO, showing different time window of 

endothelial cells proliferation and vessels stability (Moisan et al., 2014). RECA1 increase is 



probably associated with the initial phase of endothelial cells proliferation while COL-IV 

increase is maybe related to stabilization process once that COL-IV+ cells are located in 

vascular basement membrane (Hallmann et al., 2005)   

 

Hydrogel and hMSC treatment on astrocytic and neuronal response 

The percentage of astrocytes GFAP
+  

microglia/macrophages cells Iba1+ and neurons NeuN+ 

was not altered by HA-hydrogel+hMSC in comparison to the other ischemic groups. Such as 

expected, in the zone adjacent to lesion border, we detected an astrogliosis, 

microglia/macrophage activation and a cellular loss, (including neurons NeuN
+
) induced by 

ischemic lesion. A mild inflammatory response towards the implanted hydrogel similar to 

synthetic HA-based hydrogel used in our study was observed (Liang et al., 2013). HyStem
TM

-

HP uses a cross-linker (PEGDA) related such as pro-inflammatory.  

Nevertheless, the group hydrogel does not presented an increase in the astrogliosis neither in 

microglia/macrophage activation compared to the other ischemic groups, indicating a good 

biocompatibility in ischemic conditions. 

 

Conclusion 

Biomaterials developed for use in central nervous system such as the hyaluronic-acid-based 

hydrogel used in the present study, can represent an important step for the improvement of 

cell therapy. 

HyStem
TM

-HP hydrogel is well-tolerated and effectively improved MSC survival. Post-stroke 

angiogenesis, one of the main components of post-stroke remodeling was also improved by 

the combination HA-hydrogel +hMSC.  Nevertheless, the improvement of cell survival and 

vascular density were not able to improve behavioral outcomes. Further optimization of 



biomaterials and mixing procedures with cells are warranted to prove a benefit of hydrogel 

cell therapy in stroke.  
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Table 1. Estimation of lesion volume using Magnetic Resonance Imaging 

Groups Day 8 Day 15 Day 22 Day29 

HA+hMSC 92.3±19.7 87.7±19.7 89.4±19.0 81.5±18.5 

hMSC 91.2±16.5 85.9±15.1 86.2±13.5 81.4±13.3 

PBS 95.5±23.0 93.5±19.5 93.3±19.5 86.8±17.0 

Sham - - - - 

Table1. Lesion volume estimation within the region of interest (ROI) Lesion. No difference was detected by repeated 

measures analyses of variance (ANOVA) among the different groups. Hyaluronic Acid-based hydrogel (HA) and 

human Mesenchymal Stem Cells (hMSC) group n=9; hMSC group, n=10; phosphate buffered solution (PBS) group, 

n=7 and Sham, n=8. Values are presented in mean±standard error of the mean.  

 

Table2.a Modified Neurological severity score test (mNSS) 

Groups Pre Day 6 Day 14 Day 21 Day28 

HA+hMSC 0 4.6±1.2 3.3±0.9 2.9±0.7 2.3±0.5 

hMSC 0 4.5±1.0 2.7±0.7 2.8±0.5 2.5±0.4 

PBS 0 5.0±1.5 4.4±1.3 3.4±1.0 2.9±0.9 

SHAM 0 0 0 0 0 

Table 2.b Adhesive removal test (impaired left forepaw) 

Groups Pre Day 6 Day 14 Day 21 Day28 

MSC-HA 7.1±0.9 71,63±24.3 62.6±18.2 49,4±17.0 45.9±19.7 

hMSC 12.6±3.6 74.80±21.7 47.7±11.7 40.5±7.6 39.9±7.5 

PBS 4.7±0.6 103.23±24.1 50.1±15.5 50.9±22.1 51.6±19.1 

SHAM 12.2±3.2 10.12±2.9 19.2±11.6 11.5±4.3 14.7±5.8 

Table 2: Sensory-motor behavioral tests means values by group at different time points.  

2.a) mNSS test pre middle cerebral artery occlusion (MCAO) induction, no deficits were detected. In bold, 

values different from pre-MCAO. 2.b) Mean time in seconds to remove the adhesive from impaired left 

forepaw at different time points. In bold, values different from pre-MCAO. No differences were detected 

among ischemic groups after MCAO. Hyaluronic Acid-based hydrogel (HA) and human Mesenchymal Stem 

Cells (hMSC) group n=9; hMSC group, n=10; phosphate buffered solution (PBS) group, n=7 and Sham, 

n=8Values are presented in mean±standard error of mean 
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Figure legends: 

Figure 1. a) Experimental design. The rats were adapted during three days before surgery in 

behavioral tests: modified Neurological severity score (mNSS) and adhesive removal test (ART). At 

day 0 brain ischemia was induced by middle cerebral artery occlusion (MCAO). Brain lesion was 

detected by magnetic resonance imaging (MRI) and day 3 and animals were reevaluated at days 8, 15, 

22 and 29. Treatment using human Mesenchymal Stem Cells (hMSC) associated or not with a 

hyaluronic acid-based hydrogel (HA) was administrated at day 7. Rats were euthanized at different 

time points for histological analysis. At day 7, some hours after intracerebral injection (n=2 at group 

HA-hMSC and 2 at group hMSC); at day 21, two weeks after intracerebral injection (n=4 at group 

HA-hMSC and 4 at group hMSC) and at the end of experiments at day 29 (n=36 rats). b) MRI 

anatomical images T2 weighted at different time points for each experimental group. c) Lesion volume 

evaluated by MRI at different time points in the groups that had received a MCAO. No differences 

were detected among the different groups by a repeated measures evaluation p>0.05.  Data are 

expressed in mean ± standard error of mean (n=36). 

Figure 2. Sensory-motor behavioral tests follow-up. a) Mean time (in seconds) to remove adhesive in 

adhesive removal test (ART) at different time points.  Ninety minutes of middle cerebral artery 

occlusion (MCAo) produced a sensory deficit evidenced by a difference between ischemic and sham 

groups (*) p<0.05. Rats treated with HA-hMSC (n=9), hMSC (n=10) were no different from no 

treatment group PBS (n=7). b) Mean of points in modified neurological severity score (mNSS) test, 

MCAo resulted in a motor deficit evaluated by this composite test when compared to sham group (*) 

p<0.05. No significant behavioral effects induced by treatments was detected. Data are expressed in 

mean ± standard error of mean (n=36). 

Figure 3. Human mesenchymal stem cells (hMSC) detection. MSC were detected in the two treated 

groups HA-hMSC and hMSC using a human nucleus cell marker (HuNu). Representative images of 

Human cells labeled by the peri-nuclear HuNu antibody (in green) were well co-localized with nuclear 

DNA marker 4',6-diamidino-2-phenylindole (DAPI) in blue in the group HA-hMSC: DAPI a, HuNu 

a’, merge a” and hMSC:  DAPI b, HuNu b’ and  merge b” 21 days after administration (at day 29). 



Figure 4. Angiogenic markers. a) Image representative of collagen type-IV (in red) and RECA1 (in 

green) detection in the different experimental groups. b) The percentage of the zone occupied by 

angiogenic marker collagen type-IV in the group HA-hMSC was increased when compared to the 

group PBS at day 29 (p<0.05). c) The percentage of the zone occupied by angiogenic marker RECA1 

in the group HA-hMSC was increased when compared to the group Sham (p<0.05). Data are 

expressed in mean ± standard error of mean (n=36). 

Figure 5. a) Image representative of glial fibrillary acid protein (GFAP), in red; adult neuronal marker 

(NeuN) in green, and microglial/macrophage cells (Iba1) in green at different experimental groups. b) 

The percentage (%) of GFAP+ cells increased in the three ischemic groups when compared to group 

Sham. c) The % of Iba1+ cells increased in the three ischemic groups when compared to group Sham. 

Data were considered significant when p<0.05. Data are expressed in mean ± standard error of mean 

(n=36). d) Brain ischemia induced a neuronal loss in peri-infarct zone when compared to group Sham, 

evidenced by a reduction of % of zone occupied by cells NeuN+. 

Figure 6. Host cells migration toward hydrogel. Some vascular markers, collagen type IV positive (+) 

cells a); endothelial cells RECA1+ b) were detected within hydrogel and were co-localized with the 

nuclear DNA cell marker DAPI (indicated by white arrows). Astrocytes glial fibrillary acid (GFAP+) 

cells were detected essentially at hydrogel boundary c). Microglia/macrophage cells Iba1+ were 

detected within hydrogel, some cells were co-localized with DAPI.  
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6.1.6 Additional results 

In our second study, we also acquired multiparametric MRI scans to evaluate the lesion evolution 

and compare the brain recovery mediated by different treatments.  The acquisition protocol used 

is described in the general methodology section. The totality of MRI data was not completely 

analyzed, additionally, the journal chosen to submit our paper is not a MRI specialized journal. 

For this reason, results of multiparametric MRI study will be subject of another article which will 

be prepared after thesis defense.  

 

MRI ADC 

Additionally to the lesion volume (results presented in the above article), we evaluated the ADC 

values within the ROI Lesion. We detected no differences in the mean apparent diffusion 

coefficient (ADC) at day 29 within the ROI Lesion: HA-hMSC 1775.2±223.4 µm2/s (n=9); 

hMSC 1758.2±198.8 µm2/s (n=10); and PBS 1894.0±235.8 µm2/s (n= 7). A difference among 

ischemic and Sham groups (932,6±36.8 µm2/s, n=10) was detected by an unpaired T-test 

(p<0.05) (Figure 25). 

 

MRI perfusion 

We detect no difference induced by treatments at day 29 in the global value of CBF within ROI 

Lesion (HA-hMSC 144.8±15.5 mL/100g/min, n=9; hMSC 151.5±23.9 mL/100g/min, n=10; and 

PBS 142.2±26.4 mL/100g/min, n= 7). The mean values of CBF presented a high heterogeneity 

within ROI Lesion (Figure 26) for this reason we did not detect a difference among ischemic and 

Sham groups (168.2±16.3 mL/100g/min, n=10). 
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Figure 25: Apparent diffusion coefficient map (ADC). Illustrative images of lesion in ADC 29 

days after stroke. Ischemic lesion induced an increase in mean values of ADC within ROI Lesion 

in the three ischemic groups when compared to group Sham. No differences were detected among 

ischemic groups. Data were considered significant when p<0.05. Data are expressed in mean ± 

standard error of mean (n=36). 
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Figure 26: Cerebral blood flow map (CBF). a) Representative images of MRI CBF map at day 29 

in the different experimental groups; b) High heterogeneity in the lesion zone evidenced by zones 

of very high and very low CBF values; white arrows represent the injection site, gray circle 

represents hydrogel injection site c) Illustrative image of ROI Lesion defined on T2weighted 

images, and d) CBF mean values within ROI Lesion and corresponding zone on group sham, due 

to the high heterogeneity inside this zone, no differences were detected among the experimental 

groups. 

 

Mortality 

Middle cerebral artery occlusion model induced during 90 minutes promoted an important 

mortality rate, superior to 50%. Rats died principally after reperfusion within the first three days. 

Table 3: Mortality rates in the different studies. 

 Multiparametric MRI (Study 1) HA-hMSC follow-up (Study  3) 

Excluded Nbr % Nbr % 

Total 22 57% 107 66.8% 

Post/during MCAo 10 26.3 25 15.6 

Post reperfusion 7 18.4 22 13.7 

Within first 3 days 3 7.9 37 23.1 

Euthanized  2 5.2 13 8.1 

Others * 4 10.5 14 6.2 

Included 10 26.3 36+12 
(+5exc) 

33.1 

TOTAL: 38 100 160 100 

Others* included rats which died at day 7 during hMSC administration, during MRI session or 
after the first 3 days. Rats were euthanized due to deteriorating of health. (+5exc) animals 
excluded by technical issue or lack of lesion/deficit but which survived until the end of the 
experience.   
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During first hours, the rats usually died due to brain hemorrhage and/or severe edema such as 

illustrate in Figure 27. These rats usually presented seizures.  

A post operatory special care was performed in an intensive way in the three first days (special 

care includes providing individually special food, water, and cleaning when the rat could not by 

itself). The rats that not responded positively to the special care, presenting distress signal, severe 

weight loss or any problem which could compromise the validity of the results were euthanized 

in accordance with the humane endpoint established in our the ethical protocol. 

 

 

Figure 27: Illustrative MRI and histological images from a rat which died after reperfusion.  a) 

ADC map during occlusion, b) ADC map after death, c) Anatomic T2W after death, d) 

corresponding histological slice with Hematoxylin-Erythrosine staining. 
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6.1.7 Discussion (additional MRI results) 

Middle Cerebral Artery occlusion (MCAo) induced by 90 minutes produce an important cortico-

striatal lesion for the majority of ischemic animals. Massive lesions usually result in a very 

important cellular loss and degradation of extracellular matrix, infarct cavity is then fulfilled by 

extracellular fluid and proteins presenting a hyperintense signal in MRI diffusion. Based on these 

findings, we were not able to detect hydrogel inside of lesion cavity by MRI after stroke. 

Based on a visual inspection and by the incoherence of mean values found within ROI Lesion, we 

detect a high heterogeneity within ROI Lesion. We detect a very low CBF at the ROI Lesion 

center and a very high CBF at the lesion boundary. This finding can corroborate our histological 

findings ( an increase of vascular markers) on this region.  Moisan et al., in a similar study using 

hMSC treatment after MCAo demonstrated an increase in angiogenic factors accompanied by an 

increase in MRI hemodynamic parameters (Moisan et al., 2016) 

With the aim to put in evidence the characteristics of lesion and maybe detect some degree of 

recovery, we decide to create sub-zones of lowest, mean and higher CBF values. These clusters 

are based on the distribution of contralateral values observed (n=36 rats) such as previously 

described in other studies in which a high heterogeneity in quantitative MRI perfusion parameters 

was detected (Ken et al., 2015). Using this classification, we intend to compare the percentage of 

voxels presenting very low values and very high values in the different groups. This analysis is 

still in progress.  
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6.1.8 Conclusions (part II) 

In the second part of the present dissertation, we tested the application of biomaterials with the 

aim to optimize cell therapy effects.  

Our pilot study provides evidence that HyStemTM-HP hydrogel has long-lasting duration in brain 

tissue detected by MRI diffusion and histological detection.  HyStemTM-HP hydrogel promoted a 

host immune response evidenced by the increase of cells GFAP+ and Iba1+ in the hydrogel 

border, however, when the hydrogel was administrated in a stroke model, the 

inflammatory/astrocytic response was not increased in the group hydrogel in comparison with the 

others ischemic groups.   

In the post-stroke follow-up study, HyStemTM-HP hydrogel promoted a protection to hMSC, 

increasing cell survival. Angiogenesis was improved in HA-hMSC group seven days after 

induction of ischemic stroke in rats.  Unfortunately, despite these effects, neither HA-

hydrogel+hMSC nor hMSC treatment resulted in sensory motor recovery.  
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7 CONCLUSIONS AND PERSPECTIVES  

In our experimental studies using a model of ischemic stroke in rats, we are interested in 

evaluating two important questions: 1) To characterize the alterations in acute phase of stroke 

detected by multiparametric MRI including diffusion, vascular, hemodynamic and brain tissue 

oxygenation mapping, and its potential for predicting final necrosis 2) To test a biomaterial 

hydrogel (HyStemTM-HP) for grafted cells  protection within the lesion cavity and its potential for 

optimizing human mesenchymal stem cells (hMSC) effects. We are able to conclude that: 

 - Our multiparametric MRI evaluation showed a high heterogeneity at acute phase within 

the zone of ADC decrease evidenced by significant differences among the regions studied within 

of the zone of ADC abnormality. This heterogeneity is related to the presence of different degrees 

of severity into the lesion, this heterogeneity is better detected by voxels-wise approaches such as 

StO2 mapping. The region of lesion detected by ADC and StO2 MRI maps were well correlated to 

the final necrosis such as demonstrated in our study (Boisserand et al., 2016). However, the lesion 

volume detected by ADC mapping decreased significantly three weeks after stroke. This could be 

an indication that salvageable tissue was included within the initial diffusion lesion.  

- Our hydrogel in vivo biocompatibility study provides evidence that HyStemTM-HP 

hydrogel has long-lasting duration in brain tissue and could be a good candidate for co-

administration with stem cells.  HyStemTM-HP hydrogel promoted a host immune response 

evidenced by the increase of cells GFAP+ and Iba1+ in the hydrogel edge. Nevertheless, when 

the hydrogel was administrated in a stroke model, the inflammatory/astrocytic response was not 

increased by the hydrogel.   

- HyStemTM-HP hydrogel promoted cell survival, by protecting hMSC within infarct cavity. Post-

stroke angiogenesis was also improved by HA-hMSC treatment seven days after induction of 
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ischemic stroke in rats.  Despite these effects neither HA-hMSC nor hMSC treatment resulted in 

sensory motor recovery.  

 

Discussion of key findings and perspectives 

- Currently, the gold standard in detect viable (penumbra) and non-reversible ischemic areas 

(ischemic core) is positron emission tomography (PET) 15O2  (Alawneh et al., 2013).  

Nevertheless, PET scan has a high cost and low availability at hospitals. For this reason, the 

application of innovating image techniques could be of great interest to the understanding of 

pathophysiological and recovery process in vivo.   

Our first study using multiple MRI scans at acute phase allowed to characterize the different 

zones of ischemia and its heterogeneity during the first minutes (around 100 minutes) of stroke. 

Using MRI StO2 mapping a voxel-wise estimation of tissue oxygen saturation (Christen et al., 

2011), we demonstrated that there is salvageable tissue within the zone of ADC decrease, 

frequently used such as an indicator of irreversible damaged brain. Three weeks after the initial 

evaluation the volume of infarcted zone presented a good correlation with ADC and StO2 initial 

estimations, nevertheless our results confirmed that ADC overestimated the final necrosis.  

This first experiment allowed me to acquire some skills required to realize the second experiment 

(MCAo model, MRI acquisition, and data analysis) which is the principal experiment of my 

thesis.  

These new competences acquired during my thesis are undoubtedly very useful in experimental 

studies. Multiparametric MRI analysis using hemodynamic and vascular mapping could be an 

option to evaluate post-stroke remodeling and therapeutic effects such as of cell therapy. 
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One of our perspectives is to evaluate effects of HA-hydrogel+hMSCtreatment through MRI 

mapping of perfusion (CBF and BVf) and vascular (VSI and density) parameters. These scans 

were acquired during the follow-up study and the data analysis is ongoing.  

 -  Our pilot study using a biomaterial HyStemTM-HP hydrogel to evaluate the biocompatibility in 

vivo was the first experience with biomaterials in our team. The safety of this hydrogel  was 

previously tested in vitro using NSC (Zhong et al., 2010) and was tested using hMSC and the 

same protocol of preparation that we use (data not shown, experiment done by Dr. Olivier 

Detante in Kyoto University, Regenerative Medicine Institute IFMS, Japan). An evaluation of 

hydrogel biocompatibility (host immune response) and degradation was performed. The 

inflammatory response and astrocytic activation induced by hydrogel in healthy brain did not 

result in an increase of GFAP/Iba1 in the post-stroke experiment.  Additional analysis with a high 

number of rats is required to quantify degradation rate of HyStemTM-HP hydrogel, a longer 

follow-up is necessary to demonstrate how long it takes to be completely degraded.  

Degradation time is related to cross-linker amount used, a higher concentration of cross-linker 

results in stronger chemical bonds between polymer compounds and more stability (Aurand et al., 

2012). It can increase also hydrogel stiffness which can influence cell survival and 

differentiation. 

The cross-linker used in our experiments (one of the three solutions of HyStemTM-HP kit) was 

polyethylene glycol diacrylate (PEGDA), the concentration used was the optimal for a gelation at 

30min after mixing the compounds with cross-linker. However, PEGDA is associated to increase 

of inflammatory reaction (Chung et al., 2009).  

As a perspective of our experience, we would like to improve technical questions including the 

biomaterial used to improve the effectiveness of treatment.  A new hydrogel produced in our 



158 

 

university by the CERMAV laboratory (Professor Rachel Auzely team) will be tested. This gel is 

produced by another kind of cross-linking reaction.   

-In the context of our follow-up study using a model of MCAo in rats treated with hMSC 

associated with HyStemTM-HP hydrogel, we demonstrated that hydrogel increased the cell 

survival evidenced by the higher number of animals with hMSC (HuNu+) at day 29. This 

protective effect was also demonstrated using neural stem cells in a study of Dr. Carmichael 

group’s (Zhong et al., 2010). The advantage in uses NSC is that in addition to trophic effects, 

these cells can differentiate into neural or glial (astrocytes) cells when co-administrated with 

hydrogel hyaluronic acid-based (Moshayedi et al., 2016).  

Additionally, hydrogel co-administrated with hMSC increased vascular markers (RECA1 and 

COL-IV) after three weeks of treatment administration. Angiogenesis is a quiescent process in 

adult brain which is activated after stroke injury (Carmeliet and Jain, 2011). This mentioned 

process is a key step in post-stroke brain remodeling because the formation of new vessels is 

necessary for migration of progenitors cells and trophic factors to the lesion boundary (Castillo-

Melendez et al., 2013).  

Therapeutic outcomes can be improved also by intracerebral administration of NSC or progenitor 

cells such as endothelial progenitor cells (EPCs) using hydrogel enriched with trophic factors for 

a more targeted treatment, for example, to stimulate angiogenesis or differentiation of NSC.   

Genetic modification to overexpress trophic factors and hypoxic preconditioning of stem cells 

can be used for this purpose  (Li et al., 2016). 

Unfortunately, despite these beneficial effects demonstrated hydrogel co-administrated with 

hMSC or hMSC alone were not able to improve sensory-motor results. Functional recovery is the 

principal outcome attempt in experimental stroke studies whereas stroke is a very important cause 
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of disability.  MCAo model promotes reliable deficits and in general way rats present some 

degree of spontaneous recovery some weeks after stroke.  

The Stroke Therapy Academic Industry Roundtable (STAIR) recommend for preclinical tests of 

novel therapeutics which behavioral outcomes are measured for at last two or three weeks post 

induction of ischemia (Fisher et al., 2009). This recommendation was applied in our study. 

Nevertheless, in many studies  of cell therapy, behavioral improvements were detected only 

afterward three weeks (Encarnacion et al., 2011; Moisan et al., 2016; Tornero et al., 2013). Still 

concerning behavioral tests a very recent study evaluated 16 different behavioral tests commonly 

used to evaluated MCAo deficits in rats (Trueman et al., 2016). The authors demonstrated that 

the sample size necessary to detect long-term differences (2 months) between MCAo group 

versus Control is 36 rats for modified neurological severity score (mNSS) and 208 for adhesive 

removal test (ART) with a power=0.8 and α=0.05.  For a detection of treatment effect with 

anticipated 50% in improvement, using the same statistical configurations the number calculated 

is of 168 rats for mNSS (Trueman et al., 2016). In the mentioned study, the occlusion duration 

was of 30 minutes, brief MCAo presents higher variability in lesion size requiring a higher 

sample size (Ström et al., 2013). Fortunately, significant results are reported with small sample 

sizes, but the homogeneity of lesion size and the choice of most sensitive behavioral tests should 

be considered to design of future experiments. 

The major difficulty of this study was the high mortality rate. A longer time of MCAo promotes a 

less variable lesion size, but it induces a higher mortality. A study comparing the impact of 

different experimental stroke methodologies demonstrated that long-time of MCAo (superior to 1 

hour) is most lethal than a permanent MCAo (Ström et al., 2013). One important perspective to 

be considered in future studies is to reduce the MCAo duration to an optimal time which results 
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in a homogeneous lesion but which reperfusion do not induce to hemorrhage and/or massive 

brain edema.  

Pre-clinical studies are still required to test innovating therapeutic approaches and for the 

optimization of the current approaches in clinical trials. 
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 ABSTRACT 

Introduction. Cerebral ischemia represents 80% of strokes, which are the second leading cause of death 

worldwide. The essential issue in the clinical setting is to urgently define the size of the final infarct (necrosis) 

and estimate the prognosis of the patient in order to avoid futile treatment (thrombolysis and/or thrombectomy) 

when its benefit would not be sufficient. We aimed to explore the prognostic value of early Apparent Diffusion 

Coefficient (ADC) maps, an MRI sequence, in rats that endured a model of acute stroke. Material: 23 Sprague-

Dawley male rats underwent middle cerebral artery occlusion (MCAo) during 90 minutes, during which two 

ADC maps were computed around 30 (T30) and 60 minutes (T60) after MCAo. Two groups were constituted 

based on the survival of the rats in the following 24 hours. We delineated in the three central brain slices the 

Region Of Interest (ROI) “Contra” in the healthy hemisphere and “Edema” as the region of decreased ADC. We 

calculated ADC ratio (ADC “Edema”/ADC “Contra”) and the volume of ROI “Edema”. Results: The rats that 

did not survive the MCAo (Group D, n=13) had a bigger lesion at T30 (median = 238.1 mm3; interquartile range 

(IR) = 172.1) - and at T60 (median = 236.6 mm3 (IR = 142.6) than rats that survived (Group S, n=10) - 

respectively 29.6 mm3 (IR = 111.1) and 38.7mm3(IR = 120.1). The ADCr was not different at T30 and T60 

between the two groups but group D showed a significant decrease of ADCr between T30 (mean = 0.765, 

SD=0.034) and T60 (mean = 0.729, SD = 0.033), unlike group S (0.763 (SD = 0.062) and 0.757 (SD = 0.068)). 

Conclusion: The rats that died soon after cerebral ischemia had bigger lesions than the survivors, with significant 

ADC decrease within the first hour following the stroke. However individual analysis of these two features 

allows no reliable survival prediction. Nevertheless, the use of diffusion MRI in acute stroke models can help to 

identify early biomarkers of prognosis in ischemic stroke. 
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 RÉSUMÉ  

Introduction: Les accidents vasculaires cérébraux (AVC) sont la seconde cause de décès dans le monde et 

sont dus dans 80% des cas à une ischémie cérébrale. Estimer rapidement la taille de l’infarctus final et le 

pronostic du patient est essentiel pour éviter un traitement risqué (thrombolyse et/ou thrombectomie) quand le 

bénéfice attendu n’est pas suffisant. Nous avons évalué la valeur pronostique précoce d’une séquence IRM : les 

cartes de coefficient apparent de diffusion (ADC) chez des rats ayant subi un modèle d’AVC. Matériels: 23 rats 

mâle Sprague Dawley ont subi une occlusion de l’artère cérébrale moyenne (oACM) pendant 90 minutes, durant 

lesquelles deux cartes ADC ont été acquises, à 30 (T30) et 60 minutes (T60). Deux groupes ont été constitués 

selon la survie des rats dans les 24 heures suivantes. Nous avons délinéé sur les trois coupes centrales du cerveau 

les régions d’intérêt (ROI) « Contra » dans l’hémisphère sain, et « Edema » dans la région d’ADC abaissé. Nous 

avons calculé le ratio d’ADC (ADC « Edema » / ADC « Contra ») et le volume de la ROI « Edema ». Résultats: 

Les rats qui n’ont pas survécu à l’oACM (Groupe D, n=13) avaient une plus grande lésion à T30- (médiane= 

238,1 mm3 (interquartile range (IR) = 172.1)- et T60 (médiane de 236,6 mm3 ; IR = 142.65) que les rats ayant 

survécu (Groupe S, n=10)- respectivement 29,6 mm3 (111,1) et 38,7 mm3 (120,1). L’ADCr n’était pas 

significativement différent à T30 et T60 entre les deux groupes mais le groupe D a présenté une diminution 

significative de l’ADC entre 30 minutes (moyenne = 0,765 ; SD = 0.034) et 60 minutes (moyenne = 0,729 ; SD 

=  0.033) contrairement au groupe S (respectivement, 0,763 (0.062) et 0,757 (0,068)). Conclusion: Les rats 

décédés peu après l’ischémie avaient une lésion plus grande que les survivants, avec une diminution significative 

de l’ADC dans l’heure suivant l’oACM. Cependant, l’analyse individuelle de ces deux critères ne permet pas de 

prédire la survie. Ainsi, l’utilisation de l’IRM de diffusion dans les modèles expérimentaux d’AVC peut 

permettre d’identifier des bio-marqueurs pronostiques précoces de l’AVC ischémique. 
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 INTRODUCTION 

Strokes are the second leading cause of death in the world with 6.7 million deaths in 20121, and a major 

cause of acquired disability in developed countries2. 

Cerebral ischemia represents 80% of strokes. An ischemic stroke is defined as a sudden perfusion decrease 

below the cerebral blood flow auto-regulation threshold. The supply in oxygen and energy is reduced and 

consequently the cerebral tissue suffers: an anoxic depolarization appears, followed by the death of the cells if 

the flow is still disrupted. It is usually caused by proximal artery or cardiac emboli3. Intravenous thrombolysis by 

Alteplase or thrombectomy are the only treatments of ischemic strokes which have proven their efficacy so far. 

Their aim is to re-establish the blood flow in the affected region as soon as possible so that the part of the tissue 

which has not yet gone into necrosis can be saved. However, the therapeutic window extends only until 4.5 hours 

(or 6 hours for bridging thrombectomy) after the stroke onset4, which means that an important part of patients 

cannot benefit from it5. 

 Thus, the essential issue in the clinical setting is to urgently identify the salvageable tissue and to predict the 

size of the final infarct corresponding to the functional outcome of the patient. 

Predicting the size of the final infarction is closely linked to the identification of the tissue-at-risk of 

infarction, also called the penumbra6. It is defined as the tissue functionally impaired by the diminution of local 

blood flow. It becomes electro-physiologically silent and participates in the clinical deficit. However the tissue is 

not irreversibly damaged: membranes are preserved and the cells could still survive if the re-oxygenation 

occurred early enough. If no reperfusion occurs, the tissue-at-risk will gradually go into necrosis and thus, the 

infarct core will irreversibly grow3. 

The gold standard for the identification of tissue-at-risk remains the positron emission tomography (PET) 

scan, which has led to the metabolic definition of penumbra: it is characterized by a regional cerebral blood flow 

(rCBF) between 12 and 22 ml/100g/min, a regional cerebral metabolic rate of O2 (rCMRO2) above 65 

µmol/100g/min and an increased oxygen extraction fraction (OEF) (50 to 90%), in comparison with the ischemic 

core, where the rCBF is lower than 12 ml/100g/min, the rCMRO2 lower than 65 µmol/100g/min and the OEF 

collapsed. On the other hand, the oligemic tissue is characterized by a mild decrease of rCBF, between 50 and 22 

ml/100g/min, and it is not at risk of infarction7. 

Because of the irradiation caused by PET, its high cost and limited availability in the clinical setting, other 

techniques have been promoted. Above all, MRI is from now on used in some clinical settings to assess the 

penumbra: it can actually be approximated by the mismatch between the Diffusion weighted Imaging (DWI) and 

the Perfusion Weighted Imaging (PWI)8.  Indeed, the DWI aims to assess the diffusion of H2O molecules and it 

is used to identify the ischemic core where the water diffusion is significantly impaired because of water entry 

into cells, causing cell edema, whereas the PWI should approximate the region of impaired perfusion, constituted 

of the ischemic core and the penumbra. However this method has shown some limitations: it appeared that the 

diffusion lesion seems to overestimate the ischemic core and the final lesion9, while the PWI lesion could 

contain some oligemic tissue because of the lack of established thresholds to assess perfusion.10 

Thus, other MRI methods are being developed, such as BOLD (Blood oxygen level dependent) imaging, 

which aims to better discriminate the core from the penumbra.1112  

Other teams focused on the maps of apparent diffusion coefficient (ADC): By combining T2-weighted 

imaging and DWI in 3 different direction planes, an apparent diffusion coefficient (ADC)-cartography is 
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obtained. This allows a quantitative assessment of tissue diffusion13. It appeared that a mild decrease in ADC can 

be observed in the tissue at risk of infarction in experimental models14  and human studies15. Based on these 

findings, algorithms and models based on acute imaging have been designed in order to predict the final 

infarcted lesion16617. 

 

Regarding prognosis, it makes sense to hypothesize that the outcome would worsen with the size of the 

stroke and the clinical state at admission. Thus, it has been shown that the size of the DWI lesion is correlated 

with the outcome18 and even better when combined with clinical state at admission19. Furthermore, the predicted 

infarct core, predicted ischemic penumbra and predicted final infarct through ADC-based method were found to 

be correlated with clinical outcome20. ADC measurements also appeared to improve the correlation with the 

clinical outcome when combined with DWI volume21.  

In rat stroke experiments, a high mortality and outcome variability have been observed. Moreover, the 

mortality rate is often not even reported in literature. This variability has been considered as a possible reason for 

the discrepancy between treatment effectiveness in preclinical studies and its failure on clinical ones22.   

Indeed, the exclusion of dead rats from data analysis may bias the estimation of stroke outcome whereas 

taking into account these data may give some information about the prognosis factors in strokes. 

Objectives: Based on these findings, we analyzed in a retrospective way the ADC imaging features obtained 

in two groups of rats who endured a model of stroke: the first group included rats who survived the stroke, the 

second one included rats who did not survive the first 24 hours after the stroke. Our primary endpoints were the 

normalized ADC value of the stroke lesion and its volume at 30 minutes and 60 minutes after Middle Cerebral 

Artery occlusion (MCAo).  

We hypothesized that rats that died would have deeper diffusion abnormalities and bigger lesions on early 

ADC maps. 
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 MATERIALS AND METHODS 

Thirty-nine Sprague-Dawley male rats weighing 300g underwent the procedure before my participation in 

the study. 

 

Figure 1: Experimental Procedure 

 

Animal procedures conformed to the French guidelines (A3851610008 for animal care facilities). 

General anesthesia and surgery  

Anesthesia was induced by 5% isoflurane (Forène, Abbott Laboratory) in air. Anesthesia was maintained 

throughout the procedure by 1.5-2.5%  Isoflurane with 30% of oxygen through a facial mask. Rectal temperature 

was maintained at 37.0±0.5°C with an electrical heating blanket (water blanket for MRI) connected to a rectal 

probe. An external oxymeter was used to check blood saturation of oxygen.  

Transient focal brain ischemia was realized by intraluminal occlusion of the right middle cerebral artery 

(MCA) during 90 minutes (cf Annex n°1). This produces extensive infarcts in the cortex and the striatum within 

MCA territory. 

First, the right carotid bifurcation was exposed and isolated. The external carotid artery, the internal carotid 

artery (ICA) and the common carotid artery (CCA) were clamped.  The ascending pharyngeal and occipital 

branches of the external carotid artery were electro-coagulated and transected. The external carotid artery was 

transected, creating a stump. After the removal of the ICA ligature, a cylinder of melted adhesive (length = 2mm, 

diameter = 0.37mm) attached to a nylon thread (diameter = 0.22mm) was pushed from the lumen of the right 

external carotid artery into the ICA. It was advanced through the right ICA toward the right anterior cerebral 

artery (ACA) to occlude the right MCA at its origin. Finally the CCA flow was reestablished.  

Local sub-cutaneous anesthesia by bupivacaine was added. The thread was removed after 90 minutes of 

ischemia, allowing reperfusion.  

The flow chart is represented in Annex n°2. Three rats were immediately excluded because of the absence of 

reliable or available data. 

After 24 hours, 21 rats had died and 15 had survived. Among rats that did not survive the first 24 hours after 

ischemia, 8 had no reliable imaging data. Finally, the Group D including rats that died was composed of 13 rats. 

Rats that survived were followed up until day 21; 3 had no lesion at Day 21 and 2 were euthanized for 

ethical reasons. Finally, the Group S including rats that survived the stroke was composed of 10 rats. 
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MRI procedure 

Between the MCAo and the reperfusion, the rats underwent multimodal MRI in a 4.7 Tesla magnet linked to 

a Bruker® console. The acquisition of the sequences lasted 56 minutes (Annex n°3). The rat head was 

maintained motionless by teeth and ears fixations. The rat pulse oxymetry, rectal temperature, and abdominal 

breath movements were evaluated.  

A catheter was introduced in the vein of the tail to allow contrast agent injection.  

Apparent diffusion coefficient 

Two sets of Diffusion weighted imaging were computed, one around 30 minutes after surgery and the 

second around 60 minutes after.   

Apparent Diffusion Coefficient (ADC) maps are obtained by computing the mean of the diffusion weighted 

images observed in 3 directions of space, with two different diffusion-weighting degrees (expressed by the factor 

b, b=0 and b=1000 s.mm-2). Thus, ADC maps give quantitative information of water molecules diffusion in 

mm2.s-1. A hypo-signal in the ADC map means restricted diffusion of water molecules. 

In the acute phase of ischemia, failure of the ionic pumps in the ischemic core leads to cell edema. 

Consequently, the extracellular water diffusion is restricted and the region of ischemia appears as a zone of 

decreased ADC on ADC map.  

Image analysis 

Regions of interest (ROI) (cf Annex n°4) 

We used the program Images Analyses, developed in our team, to analyze the MRI sequences. 

The ROI “Edema” was created by manual delineation of visually decreased ADC region in the right hemisphere. 

The ROI “Contra” was manually delineated in the contralateral hemisphere as a “mirror” of ROI “Edema”. It 

represents a region of healthy tissue. 

The ROI “Hemisphere” was created by manual delineation of the ipsilateral hemisphere, excluding the 

ventricles. 

Volume 

To obtain an approximation of the ischemic lesion volume, we delineated the ROI Edema on the 9 slices of 

the ADC sequence. It covers a third of the whole brain (from the olfactory bulb to the cerebellum) and almost the 

totality of the MCA territory. 

The sequence has a matrix of 128*128 voxels, a field of view of 30*30 (mm2), and the distance between the 

slices is 0.8 mm. 

As a result:  

 Voxel size: (30/128)2 (mm2)  

 ROI size (mm2)  =  amount of voxels in ROI *  voxel size  

 ROI volume (mm3) =  amount of voxels in ROI * voxel size * 0.8 

 

ADC ratio 

To obtain the ADC ratio, we used the three central slices of the brain.  
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For each slice, we calculated the ADCr by dividing the ADC value of the ROI “Edema” by the ADC value of the 

ROI “Contra”. Then, we calculated the mean ADCr of the three slices for each rat. 

Indeed, ADCr appeared to be a better criterion of ADC decrease than absolute ADC value because of the 

variation of ADC seen in the ROI “Contra” between rats and slices. 

Automatic clusters in ROI “Edema” (cf Annex n°5) 

In order to analyze the ADC and its time course more accurately in the ROI, we used an automatic process 

available on our data analysis software Images Analysis. We split the original manually delineated ROI “Edema” 

into three ROIs defined by the degree of ADC decrease. 

We created the ROI “Mild edema” as a cluster including voxels with an ADCr between 0.9 and 0.8. It was 

calculated using the mean ADC value of the ROI “Contra” of the group. 

ex : in group (D): mean ADC value in ROI « Contra » = 800  

ROI « Mild edema » = voxels with ADC among [800*0.8= 640; 800*0.9=720] in Edema ROI 

The software automatically generated a cluster including all the voxels in the chosen interval of ADC value 

[640; 720] within the original ROI “Edema”. 

We also created the ROI “Severe edema” as the cluster including the voxels with an ADCr between 0.8 and 

0.6, and the ROI “Very severe edema” as the cluster including the voxels with an ADCr below 0.6. 

For each cluster, we calculated the proportion it represented within the ROI “Edema” by dividing the total 

number of voxels in the cluster by the total number of voxels in the ROI “Edema”. Thus, each cluster is 

described as a percentage of the global ROI “Edema”. 

Histology  

The study was built in a retrospective way, using the data of another study that excluded the dead rats. As a 

result, no histology was done on the rats of the group D except one (“Stroke 38”, Annex n°6), whereas rats of the 

group S were euthanized after 21 days and their brains were used to do histology tests.  

Statistics 

We used the software SPSS 20.0 (IBM®) for statistical analysis. The results are expressed in “Mean 

(Standard Deviation)” if the data was normal, and in “Median (Interquartile range)” if not. We tested the 

normality of the data distribution using the Shapiro-Wilk test.  

To compare data between our two time points within a group, we used a paired samples t-test if the 

distribution was normal, or a Related-Samples Wilcoxon Signed rank test if not. 

To compare data between the two groups, we used an independent samples t-test if the distribution was 

normal and the variances homogenous (tested by Levene’s test), or an Independent samples Mann-Whitney U 

Test if one or both conditions were not verified. 

We used a significance level of 5%. 
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 RESULTS 

Volume of ROI “Edema” (cf Figure n°2) 

The distribution was not normal in the samples. The results will be expressed as: Median (interquartile 

range) 

In the group including rats that survived the stroke, the median of edema volume at T30 was 29.6 mm3 

(111.1) and 38.7 mm3 (120.1) at T60. The volume at T60 was significantly bigger than the volume at T30 

(p=0.005). 

In the group including rats that didn’t survive stroke, the median of edema volume at T30 was 238.1 mm3 

(172.2) and 236.6 mm3 (142.6) at T60. The volumes at T30 and T60 were not significantly different (p=0.345). 

The edema volumes at T30 and T60 were significantly bigger in group D than in Group S (respectively 

p=0.001 and p=0.003). 

Individual values are represented in Annex n°7.  

The volumes of the ROI ‘Hemisphere” in group (S) were 378.1 mm3 (22.2) at T30 and 383.8 mm3 (23.5)at 

T60 and in group (D) 390.6 mm3 (45.2) at T30 and 385.2 mm3 (33.3) at T60. No difference was found between 

the groups and the time points. 

ADCr of ROI “Edema” (cf Figure n°3) 

The distribution was normal in the samples. The results will be expressed as Mean (Standard deviation). 

In group S, the mean ADCr at T30 was 0.763 (0.062) and 0.757 (0.068) at T60. There was no significant 

difference between ADCr at T30 and T60 in group S (p=0.673). 

In group D, the mean ADCr at T30 was 0.765 (0.034) and 0.729 (0.033) at T60. ADCr at T60 was 

significantly lower than ADCr at T30 in group D (p=0.000). 

No significant differences was found in terms of ADCr between the two groups at T30 (p=0.879) and at T60 

(p=0.166). 

Individual values are represented in Annex n°8. 

Automatic clusters (represented in Figure n°4 with means) 

Proportion of voxels with ADCr higher than 0.9 in ROI “Edema” 

The distribution was not normal. Results will be expressed as Median (Interquartile Range) 

In group S, the proportion of voxels with ADCr above 0.9 at T30 was 9.5% (25) and 17% (19) at T60 with 

no significant difference between the two values (p=0.385). 

In group D, 12% (13) of voxels had an ADCr above 0.9 at T30 and 7% (6) at T60. It was significantly lower 

at T60 (p=0.009). 

The proportion of voxels with very slightly decreased ADCr was not significantly different between the two 

groups at T30 whereas it was significantly lower in Group D at T60. 

Proportion of “Mild edema” in ROI “Edema” 

The distribution was normal in the samples. The results will be expressed as Mean (Standard deviation). 

In group S, the mean proportion of “Mild edema” at T30 was 21.1% (11.3) and 20.2% (8.1) at T 60. It was 

not significantly different between T30 and T60 (p= 0.654). 



 
11 

In group D, the mean proportion of “Mild edema” at T30 was 21.3% (9.6) and 15.6% (6.6) at T60. It was 

significantly lower at T60 than at T30 (p=0.048). 

The proportion of “Mild edema” was not significantly different between the two groups at T30 (p=0.966) 

and at T60 (p=0.149). 

Proportion of “Severe edema” in ROI “Edema” 

The distribution was normal in the samples. The results will be expressed as Mean (Standard deviation). 

In group S, the mean proportion of “Severe edema” at T30 was 53.8% (17.8) and 46.6% (9.2) at T60. It was 

not significantly different between T30 and T60 (p=0.061). 

 In group D, the mean proportion of “Severe edema” at T30 was 59.7% (15.0) and 64.6% (10.4) at T60. It 

was not significantly different between T30 and T60 (p=0.226). 

The proportion of “Severe edema” was not significantly different at T30 between the two groups, whereas it 

was significantly bigger in Group D than in Group S at T60 (p<0.001). 

Proportion of “Very severe edema” in ROI “Edema” 

The distribution was not normal. Results will be expressed as Median (Interquartile range). 

In group S, the median proportion of “Very severe edema” at T30 was 8.4% (11) and 11.3% (17) at T60. It 

was not significantly different between T30 and T60 (p=0.059). 

 In group D, the median proportion of “Very severe edema” at T30 was 3.3% (6) and 11.9% (11) at T60. It 

was significantly bigger at T60 than at T30 (p=0.005). 

The proportion of “Very severe edema” was not significantly different at T30 (p=0.166) and T60 (0.522) 

between the two groups. 

The distribution of cluster for each rat is represented as volumes (Ex: Volume « mild edema »= % « mild 

edema »* edema volume) in Annex n°9.  

 

  

Figure n°2: Box plots representing Volume of ROI “Edema” (mm3) in Group D (D) and Group S (S) at T30 and T60 
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Figure n°3: Histogram representing Mean ADCr at T30 (white) and T60 (hatched) in Group D (D) and Group S (S). 

(Errors bars: +/- 2 Standard Error) 

 

  

 

Figure n°4: Histograms representing the distribution of clusters in ROI “Edema” in groups D and S at T30 and 

T60. (We used means to allow comparisons between clusters.) 

To resume, early after the stroke, rats that died later on showed a bigger edema volume than rats that 

survived. They also showed a decrease of ADCr between 30 and 60 minutes after stroke (unlike rats that 

survived), supported by a decrease of « Mild edema » and an increase of « Very severe edema ». 

It suggests that the mean rate of early ADC decrease and the lesion size are different between the two 

groups. 

However, on a graph representing ΔADCr ([ADCr T60 – ADCr T30]/ADCr T30) depending on edema 

volume at T60 (Annex n°10), we are not able to identify two different patterns based on ADCr decrease rate and 

lesion volume between the two groups.  
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 DISCUSSION 

Infarct size correlated with outcome 

We found that the infarct volume was significantly higher at 30 minutes and 60 minutes after the stroke in 

group D than in group S. We can consider that survival is the main prognosis parameter on rats; it is rather 

different in humans, because of the difference in health care quality which fortunately allows much better 

survival in humans. Thus, the outcome in humans can be assessed by different criteria.  

Engelter ST & al23 found that the infarct volume on ADC maps of stroke patients at 41 hours after stroke onset 

correlated significantly with the length of hospitalization and the functional outcome after 6 months. 

Schwamm & al24 described a positive correlation between follow-up National Institutes of Health Stroke Scale 

(NIHSS ) score, which assesses the degree of neurological deficiency, and the initial DWI lesion volume in 

stroke patients. Beaulieu &al25 found the same correlation.  

Oppenheim21 reported a significantly larger DWI volume at time of admission in the group including patients 

that will develop malignant middle cerebral artery infarction. 

Despite the significant difference in lesion volume between the two groups, we observed an important 

variation of volume within groups (cf Annex n°7). This has been described in the literature concerning MCAo 

model. Ström22 reported an infarct size coefficient of variation average of 28.9±21.3%, with a range from 1.7 to 

148. 

Infarct growth in rats that survived 

We observed that the lesion grew from 30 minutes to 60 minutes after stroke onset in group S. 

 Hoehn-Berlage & al26 found that, in MCA-occluded rats, a large territory of reduced ADC appeared within 

minutes after the stroke and that this region grew continuously during the 2 hours of observation; Minematsu 

&al27 also reported a slight increase of the DWI lesion in MCA-occluded rats between  30 minutes and 3 hours 

after ischemia onset. However, the data in these studies are not split depending on rat survival. Yet, we could not 

highlight the infarct growth on rats that died later on. It can either be explained by a lack of power; or maybe the 

lesion in group D, which was significantly bigger than in group S, increased severely before our first imaging 

time point, and then remained big but quite stable; whereas lesions in group S increased more slowly, allowing 

us to see their growth between our two time points. 

Early decrease of ADC value in rats that died 

It is known that ADC value is significantly decreased in the territory of the occluded artery in the early 

stages of stroke28,29. As a consequence, in the clinical setting, a DWI hyper-intensity (corresponding to an ADC 

decrease) in the first hours after stroke onset allows physicians to diagnose the ischemic stroke. Our issue was to 

demonstrate whether the early evolution of the ADC decrease is different depending on the severity of the stroke 

and then the prognosis. 

We found that normalized ADC value (ADC edema /ADC contralateral) decreased significantly at very 

early stages of stroke, between 30 minutes and 60 minutes after stroke, in group D.  

Again, it is very difficult to find animal experiments that separate very early imaging data based on survival, 

most of all because the animals are often sacrificed early after the imaging process in order to analyze the 

histological status. Thus, the outcome of the subjects, had they lived on, is unknown. Minematsu & al27 found an 
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increased DWI-signal intensity ( i.e. decrease of ADC) in the MCA-territory at 30 minutes of MCAO in rats, 

which increased further at 3 hours of MCAO. Moreover Hossmann & al30 showed an ADC decline of 68% of 

control (i.e. ADCr 68%) after 10 minutes of ischemia which reached 63% after 50 minutes of ischemia on cats 

submitted to complete cerebro-circulatory arrest. We did not find a significant early decrease of ADC in rats that 

survived. We can assume that the ADC in Group S also showed a decrease but slower than in Group D so that it 

could not be seen at 30 and 60 minutes after stroke. 

Heterogeneity of the ADC reduced region 

To explore this discrepancy in ADC evolution from 30 minutes to 60 minutes after stroke onset between 

group D and group S, we analyzed the profile of ADC decrease by splitting the lesion into three : cluster ADCr = 

0.9-0.8 (mild edema), cluster ADCr = 0.8-0.6 (severe edema), and cluster ADC <0.6 (very severe edema). These 

thresholds were chosen based on literature ADCr values. Oppenheim and Grandin6 showed that the best ADCr 

threshold to discriminate voxels destined for final infarct from those that are part of oligemic tissue was 0.91. 

Another ADCr threshold of 0.8 appeared to be the limit between tissue potentially reversible and tissue 

irreversibly damaged14. 

It appeared that the region of “severe edema” constitutes the major part of the lesion in both groups and both 

time points. It was significantly bigger at 60 minutes after stroke in group D than in group S even if we couldn’t 

show a significant difference in global ADC value between S and D.  

Then, in group D, the proportion of “mild edema” decreased from 30 minutes to 60 minutes while the 

proportion of “very severe edema” increased. 

To summarize, we found that the early rate of ADC decrease, more than the ADC value, was linked with the 

survival of rats that underwent ischemic stroke.  

Helpern31 showed that DWI in MCAo model could demonstrate a statistically significant change in three 

regions defined by histology as severe irreversible damage, relatively mild, and apparent reversible damage. 

Hoehn-Berlage & al26 showed in MCAo rats that an ADCr of 77 +/- 3 % corresponded to a region of energy 

depletion located in the core of the lesion and an ADCr below 90 +/- 4 % was associated with tissue acidosis. If 

we extrapolate with caution these findings to our study, we could say that the region defined as severe and very 

severe edema would be a region of tissue acidosis and energy depletion, whereas the region with ADC between 

0.9 and 0.8, defined as mild edema, would represent a region of tissue acidosis with preserved energy balance. It 

could be considered as a region of penumbra. 

Hasegawa32 showed by a 45 minute MCAo rat model that more than 70% of the ROI with slight ADC 

decline before reperfusion exhibited no infarction. (The method of ADC measures allows no comparison with 

our values). Sakoh  & al14 displayed on a model of MCAo in pigs that the infarction coincided with a threshold 

CMRO2 (measured by positron emission tomography) of 50% of the contralateral value and a threshold ADCr of 

75% (which is closed to the global ADCr values we obtained). He showed that ADCr values above 80% are 

potentially reversible until 6 hours of MCAo whereas lesions with ADCr below 75% are irreversible as early as 

2 hours after MCAo. Fiehler33 investigated ADC normalization in stroke patients after thrombolytic therapy and 

found that tissue with more severe initial decrease in ADC was less likely to demonstrate normalization. 

These studies agree to assume that the decrease of ADC is correlated with the degree of tissue damage. 

Therefore, in group D, the bigger proportion of “severe edema” along with the growth of “very severe edema” 
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and shrinking of “mild edema” from 30 to 60 minutes can be interpreted as a quicker process of irreversible 

tissue damage in rats that died later on than in rats who survived stroke.  

However, it cannot explain why we could not find a significant difference between ADCr at T60 between S 

and D. Yet, Schwamm & al24 found a negative correlation between the initial mean ADCr and the follow-up 

NIHSS score at 7.4 hours after stroke onset in humans. Wardlaw34 demonstrated that ADCr in stroke patients 

was associated with functional outcome because it was associated with the stroke severity; It was not found as an 

independent outcome predictor. Oppenheim & al21 reported lower ADC values in a group of patients that 

developed malignant infarcts later on. Maybe we would have been able to show a significant difference of ADCr 

depending on survival at later time points. 

Limitations 

Our ROI Edema was created by manual outlining of the visually-decreased ADC region. It is an operator-

dependent procedure that can create a bias between groups. However it is considered as the reference standard 

for the measurement of stroke volume and it is often used as a first step for further automatic measurements617. 

An automatic method with threshold-derived ADC volumes without previous manual editing can strongly over- 

or underestimate the lesion36. 

The automatic method we used to analyze the ROI “Edema” showed that it contained 7 to 17% of voxels 

with an ADCr above 0.9. However, the global ADCr value of the lesion was consistent with the literature1426. 

The presence of voxels with very slightly decreased ADCr within the global ADC-decreased lesion could be 

explained by the heterogeneity of the stroke lesion. A new model has indeed been proposed, suggesting that in 

the early minutes and hours after ischemia onset, the core contains pockets of injury like ‘mini-cores', 

surrounded by ‘mini-penumbras'7. 

Because of the retrospective way the study was built, we could not assess the size of final infarct, which 

would have given us a definitive evaluation of infarct size in both groups. However, early DWI lesion was found 

to be correlated with final infarct in rats27 and in humans25. 

For the same reasons, no post-mortem examination was done. As a result, we have been unable to exclude 

the potential confusing causes of death such as subarachnoid hemorrhage, which has been reported in 

approximate 12% of MCAo procedures35. At least, no hemorrhage had been identified on early cerebral imaging. 

We did not assess the presence of hypothalamic lesion. Hypothalamic ischemia occurs in MCAO occlusion 

of 60 minutes or greater, leading to hyperthermia, while it is rarely seen in human stroke. Hyperthermia 

exacerbates cell death35. We did not find a significant difference of temperature after ischemia between the two 

groups (T° in Group S: 37.65°C, SD 0.88; T° in Group D: 37.63°C, SD : 1.03; p=0.952) but it could be an 

important confusion factor in individual analysis. 
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 CONCLUSION 

We observed that the group comprising rats that will die later on (D) had a bigger stroke volume (defined as 

the ADC-decreased region) than the group including rats that survived the 90minute MCA occlusion (S). Group 

D also displayed a decrease in ADCr at very early stages of stroke that was not seen in Group S. However, the 

individual analysis allows no survival prediction based on these two features. Other features could be needed for 

an individual survival prediction, such as the location of ischemia (hypothalamic lesion), the body temperature or 

the presence of complications like subarachnoid hemorrhage. The use of diffusion MRI in acute stroke models 

can help to identify early biomarkers of prognosis in ischemic stroke. 
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 ANNEXES  

 

 

Annex n°1: Middle cerebral artery occlusion model (Moisan et al) 

Flow chart

3 immediately
excluded (no lesion, 

IRM procedure problem, 
Contrast agent problem)

After 24h

21 died

39 rats underwent Middle Cerebral
Artery occlusion (MCAo)

15 survived

8 excluded
(2 died during
MRI ; 
4 died before
MRI ;
2 MRI 
procedure
problem ) 

5 excluded (3 had
no lesion at Day 
21, 2 euthanized
because of 
humane end point)

13 included 10 included

Group (D) 
n=13

Group (S) 
n=10

 

Annex n°2: Flow chart  

 

Annex n°3: Computing the MRI parametric maps 
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Annex n°4: Manual delineation of ROI 

 

 

Annex n°5: Automatic clusters in ROI “Edema”  

 

 

Annex n°6: Stroke 38, Group D: a) ADC map T60, b) ADC map after death, c) T2 after death, d) corresponding 

histological slice with Hematoxylin-Eosin staining. 
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Annex n°7: Histogram representing individual edema volumes at T30 and T60. 

 

 

 

 

Annex n°8: Histogram representing individual ADCr values at T30 and T60 
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Annex n°9: Volume of automatic clusters, individual values (mm3) at T30 and T60. 

 

 

Annex n°10: Delta ADCr and Edema Volume at T60. ΔADCr = (ADCr T60- ADCr T30)/ ADCr T30. The orange 

circle aims to point out that subjects of both groups have similar position on the graph. 
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