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NG2-glia proliferace a diferenciace po poškození CNS 

Abstrakt 

NG2 glie mají velký proliferační a diferenciační potenciál za fyziologických i patologických 

podmínek. Jsou velmi dobře známé jako prekurzory oligodendrocytů, avšak po poškození 

centrálního nervového systému (CNS) hrají důležitou roli v regeneraci. Z tohoto důvodu 

jsme zkoumali jejich vlastnosti po různých typech mozkových poškození jako je fokální 

cerebrální ischemie (FCI), kortikální bodná rána (SW) a demyelinizace (DEMY) u mladých 

(tříměsíčních) myší, u kterých jsou NG2 glie značené pomocí tdTomato pod promotorem 

Cspg4. V případě FCI jsme se také věnovali faktoru věku s využitím osmnáctiměsíčních 

myší. Abychom chování NG2 glií prozkoumali, provedli jsme mnoho technik na různých 

úrovních, jako je RT-qPCR na úrovni jedné buňky, RNA sekvenování a sekvenování na 

úrovni jedné buňky, imunohistochemie a technika patch-clamp. Tento přístup nám umožnil 

rozlišit dvě hlavní populace (NG2 glie, oligodendrocyty), z nichž každá obsahuje čtyři 

odlišné subpopulace. Profilování exprese dále odhalilo, že subpopulace NG2 glií exprimující 

GFAP (marker reaktivních astrocytů) je přítomna pouze přechodně po FCI. Po méně 

závažném poranění, konkrétně SW a DEMY však výrazně převažují subpopulace odrážející 

různá stádia zrání oligodendrocytů. Rozdílná genová exprese napříč ischemií a věkem 

odhalila sníženou expresi genů zodpovědných za údržbu/stabilitu axonů a synapsí a 

zvýšenou aktivaci interferonu typu I (IFN-I) u starých myší. Tyto výsledky vykreslují obraz 

komplexní heterogenity NG2 glií – jejich multipotentního fenotypu po poranění CNS a 

poukazují na ischemii jako na komplexní onemocnění související s věkem. 
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NG2-glia proliferation and differentiation following CNS injuries 

Abstract 

NG2 glia display wide proliferation and differentiation potential under physiological and 

pathological conditions. They are very well known as precursors of oligodendrocytes, 

however, following central nervous system (CNS) injury they play an important role in 

regeneration. For this reason, we examined these features following different types of brain 

disorders such as focal cerebral ischemia (FCI), cortical stab wound (SW), and 

demyelination (DEMY) in young (3-month-old) mice, in which NG2 glia are labeled by 

tdTomato under the Cspg4 promoter. In the case of FCI, the factor of age was also studied 

using 18-month-old mice. To address these issues, we employed many techniques on 

tissue/cellular levels, such as single-cell RT-qPCR, single-cell/bulk RNA-sequencing, 

immunohistochemistry, and the patch-clamp technique in situ. First, such approach enabled 

us to distinguish two main populations (NG2 glia, oligodendrocytes), each of them 

comprising four distinct subpopulations. Next, the expression profiling revealed that a 

subpopulation of NG2 glia expressing GFAP, a marker of reactive astrocytes, appears 

transiently after FCI. However, following less severe injury, namely the cortical SW and 

DEMY, subpopulations mirroring different stages of oligodendrocyte maturation markedly 

prevail. Additionally, differential gene expression across ischemia and age uncovered 

downregulation of axonal and synaptic maintenance genetic program and increased 

activation of type I interferon (IFN-I) in aged mice. These results paint a picture of the 

complex heterogeneity of NG2 glia-their multipotent phenotype following CNS injuries and 

point to ischemia as a complex age-related disease. 
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1 INTRODUCTION 

Injuries of central nervous system (CNS), including ischemic stroke, are major promoters of 

death and disability worldwide (Corps et al., 2015, Benjamin et al., 2018). The medical costs 

of strokes are forecasted to increase from $71.6 billion in 2012 to $184.1 billion by 2030 

(USA). Despite the immeasurable burden on patients and families, there are no effective 

treatments to protect the CNS and promote functional recovery after acute injuries (Kim et 

al., 2019). A major roadblock to developing effective therapies is the lack of understanding 

of the cellular and molecular mechanisms that promote secondary neuronal damage and 

functional deficits after injury. 

Despite the different etiology of brain damage, strikingly similar consequent events are 

triggered (Bramlett and Dietrich, 2004, Amani et al., 2019), which could possibly lead to the 

development of a common treatment for a number of disorders in the CNS. Under 

physiological conditions, neuronal cells heavily depend on glia. However, during ischemia, 

they fail to carry out these functions and become a threat to the adjacent neurons. Thus, glial 

cells can act as defenders of the CNS as well as initiators and propagators of injury (Takano 

et al., 2009). 

To promote recovery, could be the utilization of naturally residing precursor brain cells - 

NG2 glia, which are capable differentiate to other cell types, regulating the metabolic 

environment, and directly modulating neuronal functions (Galichet et al., 2021). A better 

understanding of this enigmatic cell type will shed light on the pathogenesis and potential 

treatment strategies for numerous CNS disorders, such as ischemia or neurodegeneration. 

The goal of the thesis was to analyze the NG2 glia proliferation and differentiation 

potential following different types of CNS injuries. Considering the natural stem cell features 

of NG2 glia that could perfectly serve target for therapeutic purposes as part of regenerative 

medicine. 
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1.1 NG2 glia 

NG2 (neuron/glia antigen 2) glia represent a fourth resident glial cell population in the 

mammalian CNS that is distinct from astrocytes, mature oligodendrocytes, and microglia. 

They are defined as non-neuronal, non-vascular glial cells in the CNS parenchyma that 

express the NG2 antigen and the alpha receptor for a platelet-derived growth factor (Pdgfrα) 

(Nishiyama et al., 2016, Nishiyama et al., 2009). NG2 glia are equally distributed in both 

gray and white matter and they represent 5-10 % of the total brain cells and the most active 

cycling population with enormous proliferative capacity within the adult brain (Kirdajova 

and Anderova, 2020). They have small cell bodies with multiple branched processes in all 

directions (Fig. 1A)(Hermann et al., 2010).  

 

Figure 1: A) Cortical NG2 glia morphology in intact brain of transgenic Cspg4/tdTomato mouse. B) Typical 

current pattern of NG2 glia in situ from NG2-EYFP mice after de- and hyperpolarization of the membrane 

between −160 and +20 mV (10 mV increments; holding potential was −70 mV). The adult NG2 glia had resting 

potentials of −86 mV (Moshrefi-Ravasdjani et al., 2017). 

 

NG2 glia are generated in the ventral germinal zones of the medial and lateral ganglionic 

eminences during embryogenesis. Another subpopulation of NG2 glia arises from the dorsal 

and ventral ventricular zone perinatally. In the postnatal life they are generated in the 

subventricular zone of the lateral ventricles, from the neurogenic niche (Kessaris et al., 2006, 

Menn et al., 2006). NG2 glia originates from oligodendrocyte transcription factor (Olig2)+ 

progenitor cells, which first give rise to motor neurons at embryonic day (E)9-10 and 

subsequently switch to produce oligodendrocyte lineage cells after E12 (Kessaris et al., 

2001). During neuronal differentiation, (Olig2) expression is downregulated while the 

expression of neurogenic transcription factors persists. On the contrary, in the NG2+ cells 

committed to the oligodendrocyte lineage, expression of Olig2 while neuronal genes are 

repressed (Novitch et al., 2001, Petryniak et al., 2007) (Fig. 2). 
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Figure 2: Maturation of oligodendrocyte from nerve/glial antigen (Ng2) glia. Neural stem cells do not express 

platelet-derived growth factor alpha receptor (Pdgfrα) and Ng2. NG2 glia are able to self-renew (circular 

arrows) and increase their ramification during maturation. Oligodendrocyte-committed precursors start to 

express O4 (oligodendrocyte marker) and downregulate Ng2 and Pdgfrα. Finally, mature oligodendrocytes 

upregulate expression of oligodendroglial markers, such as galactocerebroside (GC) and myelin basic protein 

(Mbp). Olig2, oligodendrocyte transcription factor 2; Sox10, sex determining region Y-box 10)(Nishiyama et 

al., 2009).  

 

Currently, one of the most known functions of NG2 glia is their role in gliogenesis. NG2 

glia represent the majority of proliferating cells in the intact CNS. Under physiological 

conditions, 70-75% of bromodeoxyuridine positive (BrdU+) cells are NG2 glia (Dawson et 

al., 2003). Their proliferation potential remains throughout life and their cell cycle time 

lengthens significantly with age (Young et al., 2013, Psachoulia et al., 2009). The rate of 

NG2 glia proliferation is greater in white matter than in gray matter (Young et al., 2013, Hill 

et al., 2013). Similarly, the cell cycle duration in the corpus callosum in postnatal day (P)21 

mice is 2.7 days and 18.6 days in the neocortex (Psachoulia et al., 2009, Young et al., 2013). 

Another important function is their differentiation into oligodendrocytes during CNS 

development and entire postnatal life. Thus, they have often been equated with 

oligodendrocyte precursor cells (OPCs) and the studies suggested that their unique function 

is the generation and maintenance of oligodendrocytes in the CNS (Bernhardi et al., 2016). 

Thanks to the Cre studies we know that the oligodendrogenesis is probably triggered by 

asymmetric division of NG2 glia, which loses the expression of Ng2 and Pdgfrα and 

conversely, increases the expression of oligodendroglial markers, such as Mbp, myelin-

oligodendrocyte-specific protein (Mosp) or adematous polyposis coli (Apc, also called 

CC1)(Zhu et al., 2008) (Fig. 2). Not all oligodendrocytes are derived from NG2 glia, because 

the mutual distribution is not parallel (Dawson et al., 2000, Zhu et al., 2008). However, the 

fate of NG2 glia is not only restricted to oligodendrocytes. It has been demonstrated that 

NG2 glia can give rise to astrocytes in vitro (Stallcup and Beasley, 1987), and in vivo, they 
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can generate the subpopulation of protoplasmic astrocytes in the ventral forebrain only 

during embryogenesis (Zhu et al., 2008). Currently, the most discussed topic is the ability of 

NG2 glia to generate neurons or neuronal precursors (Huang et al., 2014). Findings appear 

inconsistent because some studies observed neurons differentiated from NG2 glia (Aguirre 

et al., 2004, Robins et al., 2013, Tsoa et al., 2014, Guo et al., 2009, Guo et al., 2010, Rivers 

et al., 2008), but on the other hand, some other studies showed no evidence for neurogenic 

potential of NG2 glia (Clarke 2012, Kang et al., 2010; Zhu et al., 2008, Zhu 2011, Huang 

2014, Huang 2018, Tognatta 2017). Despite the shared origin of neurons and NG2 glia from 

Olig2+ cells, there are more samples of evidence to show that during development and also 

in adulthood, NG2 glia do not generate neurons (Zhu et al., 2008, Zhu et al., 2011, Huang et 

al., 2018, Huang et al., 2019, Huang et al., 2014, Kang et al., 2010, Clarke et al., 2012)(Fig. 

3). 

 

Figure 3: Neurogenic potential of NG2 glia. (Right part) Percentage of publications showing if NG2 glia 

(yellow cell) is capable to give rise to neurons (green) or not (red). (Left part) Percentage of publications 

showing the success of reprogramming NG2 glia (yellow cell) to neurons (green)(Kirdajova and Anderova, 

2020). 
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The precursor role of NG2 glia is not their only function in the adult CNS. 

Electrophysiological studies indicated that NG2 glia express a complex set of voltage-gated 

channels, including tetrodotoxin-sensitive NA+ channels and several types of K+ channels 

(Bergles et al., 2000, Chittajallu et al., 2004, Kukley et al., 2008, De Biase et al., 2010, 

Káradóttir et al., 2008) (Fig.4) with typical current pattern (Fig. 1B). Furthermore, NG2 glia 

in gray and white matter areas of the brain express α-amino-3-hydroxyl-5-methyl-4-

isoxazole-propionate (AMPA)/KA and/or γ-aminobutyric acid (GABAA) receptors, and 

receive glutamatergic and/or GABAergic synaptic input from neurons (Bergles et al., 2000, 

Ziskin et al., 2007, Lin and Bergles, 2004, Káradóttir et al., 2005, Kukley et al., 2007). These 

channels and receptors, which are essential for NG2 glia to sense neuronal activity, are 

differentially expressed in NG2 glia in an age- and region-dependent manner. Notably, when 

NG2 glia first appear, they lack all ion channels, but then gradually acquire voltage-gated 

K+ channels, voltage-gated NA+ channels, AMPA/KA, and NMDA receptors at different 

rates and differentially between and within CNS regions (Spitzer et al., 2019, Jia et al., 2019) 

(Fig. 4).  

Figure 4: Distribution of different NG2 glia subpopulations in several regions of the brain. KV, voltage-gated 

potassium channel; NaV, voltage-gated sodium channels; AMPA, α-amino-3-hydroxy-5-methyl-4-

https://www.sciencedirect.com/topics/neuroscience/neuronal-activity
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isoxazolepropionic acid receptors; KARs, kainate receptors; NMDAR, N-methyl-D-aspartate receptors 

(Spitzer et al., 2019). 

 

Unlike neurons, NG2 glia are not able to propagate action potentials, but are integrated into 

the neuronal circuits. The synaptic inputs from neurons regulate proliferation and 

differentiation of NG2 glia and vice versa (Spitzer et al., 2016, Kukley et al., 2007, Kukley 

et al., 2008, De Biase et al., 2010, McTigue and Tripathi, 2008). However, the neuron-NG2 

glia synaptic activities are reduced apparently after the initiation of myelination and intense 

formation of the myelin sheath (Kukley et al., 2010, Vélez-Fort et al., 2010)(Fig. 5).  

 

Figure 5: A) Functional α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-D-

aspartate (NMDA), and γ-aminobutyric acid (GABA)A receptors express NG2 glia. Expression of voltage-

gated Na+ channels on NG2 glia and Na+ spikes can be elicited. B) Numbers of AMPA, NMDA, and 

GABAA receptors and voltage-gated Na+ channels decrease when NG2 glia differentiate into premyelinating 

oligodendrocytes C) Small fractions of AMPA, NMDA, and GABAA receptors and voltage-gated 

Na+ channels are preserved on mature oligodendrocytes, accompanied with an increasing number of glutamate 

transporters. Neuronal and extrasynaptic activities can enhance myelination (Li et al., 2020). 

1.2 NG2 glia and CNS pathology 

NG2 glia represent a very flexible glial cell type, which react to the different pathologies in 

the brain and spinal cord. After activation, they change their morphology, proliferation rate, 
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and differentiation. The type of NG2 glia response to injury is strongly dependent on the 

insult and the developmental stage (Song et al., 2017). 

NG2 glia respond to traumatic injuries, including stab wound lesions (Dimou et al., 2008, 

Buffo et al., 2005) spinal cord injury (McTigue et al., 2001), and ischemia (Zhang et al., 

2013). The number of NG2 glia decreases significantly in the infarct core area, whereas they 

increase in the peri‐infarct area, termed penumbra after focal cerebral ischemia (FCI) 

(Tanaka et al., 2001). NG2 glia are the first cells to react and this rapid, reaction resembles 

the time-course of microglia reactivity. The number of proliferating NG2 glia increases 

greatly at three days after injury and further increases to seven days after injury. This 

proportion remains constant until 14 days after injury and then declines (Simon et al., 2011). 

It was shown that the accumulation of NG2 glia near the injury could have opposite effects. 

The physical barrier of NG2 proteoglycan participates in the growth-inhibitory environment 

(Tan et al., 2005) or NG2 glia provide an adhesive substrate for axonal growth cones and 

promote their growth in the glial scar (Yang et al., 2006). Besides the proliferation, it was 

shown that activated NG2 glia are able to differentiate into reactive astrocytes or even 

neurons after ischemia in the brain (Honsa et al., 2016, Komitova et al., 2011, Kirdajova et 

al., 2021)(Fig. 6) or in the spinal cord injury (Hackett et al., 2018, Huang et al., 2018).  

Besides acute brain injury, NG2 glia can respond also to progressive neurodegenerative 

diseases, such as Alzheimer`s disease (AD) and Amyotrophic lateral sclerosis (ALS). An 

increased proliferation and differentiation rate of NG2 glia was shown in superoxide 

dismutase (SOD) mouse model of ALS. Due to that, no changes in the number of 

oligodendrocytes were observed. However, newly derived oligodendrocytes are 

dysfunctional, in terms of myelination and metabolic/trophic support of axons (Kang et al., 

2013, Philips et al., 2013). Similarly, in the mouse model of AD (amyloid precursor 

protein/presenilin-1) increased proliferation and differentiation of NG2 glia was found. 

However, such increases in NG2 glia proliferation/differentiation are much lower in both 

types of neurodegenerative diseases than those observed after the acute injury mentioned 

above (Behrendt et al., 2013). 
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Figure 6: Scheme of cell types after focal cerebral ischemia seven and 14 days after injury. Formation of 

compact glial scar occurs along borders to infarct zone and includes astrocytes (green cells), NG2 glia (yellow 

cells) and cells derived therefrom such as astrocyte-like NG2 glia, oligodendrocyte-like NG2 glia, and 

oligodendrocytes (Kirdajova et al., 2021). 

 

As was mentioned above NG2 glia rapidly react to neurodegeneration but it seems that the 

response of NG2 glia observed in ALS and AD is rather due to demyelination than due to 

neurodegeneration (Cruz et al., 2003, Sirko et al., 2013). Since NG2 glia are mainly 

precursors of oligodendrocytes, they are the perfect candidate to respond to demyelination. 

In fact, adult NG2 glia differentiate into oligodendrocytes capable of remyelinating axons 

(Zawadzka et al., 2010) and restoring nearly normal nerve conduction (Fig. 7). The problem 

arises when the demyelination in multiple sclerosis (MS) progresses and NG2 glia lose the 

ability to respond to myelin damage limiting their remyelination capacity (Kipp et al., 2012). 

It was previously thought that NG2 glia depletion is the limiting factor of remyelination, but 

it turns out that it is rather the inhibition of NG2 glia recruitment and differentiation into 

myelinating oligodendrocytes (Boyd et al., 2013). 
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Figure 7: NG2 glia (=OPC) and oligodendrocytes in the process of myelination, demyelination, and 

remyelination. Oligodendrocytes myelinate axons in the development of the central nervous system. 

Oligodendrocytes are vulnerable to insults such as trauma, immune-mediated attacks or ischemia lead to 

oligodendrocyte death - demyelination. An adult OPC pool can give rise to new oligodendrocytes and replace 

deceased oligodendrocytes – remyelination (Kuhn et al., 2019). 

 

1.3 Ischemia and stab wound 

Ischemic injury is one of the leading causes of death and disability worldwide. Brain 

ischemia stems from cardiac arrest or stroke, in which poor blood flow to the tissue causes 

glucose and oxygen deprivation in the brain parenchyma. Glucose and oxygen deficiency 

disrupts oxidative phosphorylation, which results in energy depletion and ionic disbalance, 

followed by cell membrane depolarization, calcium overload, and extracellular 

accumulation of excitatory amino acid glutamate (Belov Kirdajova et al., 2020)(Fig. 8). 

Therewith is associated with the death of neurons, because they are extremely sensitive to 

ischemia due to their high energetic demands (Dirnagl et al., 1999). Morphological changes, 

such as activation of microglia and astrocytes, or higher proliferation of NG2 glia, microglia, 

and astrocytes are all hallmarks of ischemia (Dávalos, 2005, Pforte et al., 2005, Anderova et 

al., 2011, Burns et al., 2009). According to the location and extent of the injury, we recognize 

two types of ischemia: focal and global cerebral ischemia (Yao et al., 2018). 
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Figure 8: Ischemic cascade. The relay of extracellular and intracellular processes leads to pathogenic states 

and eventually to cell death (Belov Kirdajova et al., 2020). 

 

Global cerebral ischemia (GCI) stems from an overall decrease in blood flow due to cardiac 

arrest or near-drowning. Disruption of blood supply results in loss of consciousness and 

leads to irreversible damage of the brain parenchyma. Global cerebral ischemia is 

characterized by delayed neuronal death (Guo et al., 2019) and by the proliferation and 

activation of glial cells (Anderova et al., 2011) and formation of reactive gliosis (Pekny and 

Nilsson, 2005). The restoration of cerebral blood flow is crucial for the protection of 

damaged brain tissue (Duran-Laforet et al., 2019, Durán-Laforet et al., 2019), but 

reperfusion may also result in additional increases in intracellular Ca2+, causing further 

damage (Harukuni and Bhardwaj, 2006, Kauppinen and Swanson, 2007, Unal-Cevik et al., 

2004). 
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As the name suggests, focal cerebral ischemia (FCI) is due to the occlusion of specific 

arteries of the brain, caused by thrombosis or embolism (VanGilder et al., 2012a). A cortical 

stab wound (SW) can be considered also as a type of FCI since in this type of injury arteries 

are also damaged (Anderová et al., 2004, Komitova et al., 2011). Close to the 

occluded/damaged vessel, two distinct zones can be distinguished: infarction core (a zone of 

severe ischemia) and penumbra (a zone of moderate ischemia, with partially maintained 

blood supply) (Rossi et al., 2007). The infarction core is characterized by a lack of adenosine 

triphosphate (ATP), pathological concentrations of ions, high concentrations of extracellular 

glutamate, and tissue acidosis (Fig. 9). On the contrary, in the penumbra due to the presence 

of residual blood flow, there are only lowered concentrations of ATP and maintained some 

ionic concentrations (Hinzman et al., 2015, Oliveira-Ferreira et al., 2019). However, in 

general, cells of the penumbra near the infarct core undergo apoptosis, whereas cells in the 

distal part exhibit only mild damage (Nedergaard and Dirnagl, 2005). Moreover, astrocytes 

and NG2 glia, on the edge of the penumbra form a glial scar that prevents detrimental 

compounds from entering the spared nervous tissue (Adams and Gallo, 2018). 

Figure 9: Nervous tissue in focal cerebral ischemia. The affected tissue is divided into the infarction zone and 

the penumbra. A) Schematic illustration of events that in the core of focal cerebral ischemia. Interruption of 

ATP production leads to inhibition of the Na+-K+ ATPase and to a consequent decrease of the transmembrane 

ion gradients. The disruption of ion homeostasis depolarizes cells and causes a large release of glutamate into 

the extracellular space. Ischemia also leads to extracellular acidification. B) Events in the penumbra of focal 

cerebral ischemia. Initially, the drop in ATP is less severe, but triggers repeated transient depolarizations and 

associated ion shifts, while [Glu]o rises slowly but steadily. If reperfusion is initiated soon enough, complete 

recovery or selective damage may occur (bottom). With increasing duration of ischemia and proximity to the 
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core, the transient ischemic depolarizations may evolve into terminal depolarization and ionic disruption, which 

leads to pan-necrosis and expansion of the infarct. Adapted from (Rossi et al., 2007). 

 

In the tissue affected by ischemia, the process called the ischemic pathway takes place. It is 

a biochemical cascade caused as a consequence of a low supply of oxygen and glucose, 

which completely disrupts mitochondrial oxidative phosphorylation (Erecińska and Silver, 

2001). The primary consequence of oxygen and glucose absence, which are crucial for 

glycolysis and oxidative phosphorylation, is the depletion of ATP (Rama and García, 2016). 

The loss of ATP results in the subsequent failure of ATP-dependent mechanisms - Na+/K+-

ATPase and other ATP-dependent ionic transporters. The cells fail to maintain 

electrochemical gradients, which results in disruption of ionic gradients (Na+, K+) and 

depolarization of membranes. The elevated extracellular concentration of K+ causes the 

opening of L-type voltage-gated Ca2+ channels (Luoma et al., 2011). The high level of Ca2+ 

triggers the release of glutamate and other neurotransmitters into the extracellular space 

(Papazian et al., 2018, Verma et al., 2018) (Fig. 8). The release of glutamate triggers a 

positive feedback loop by activation of AMPA/NMDA receptors, which leads to additional 

Ca2+ increase and further glutamate release. This process is known as glutamate-induced 

excitotoxicity (Won et al., 2002, Onteniente et al., 2003) (Fig. 10).  

This complex process involves activation of Ca2+-dependent proteins that are responsible 

for the initiation of a series of cytoplasmatic and nuclear events, such as activation of 

proteolytic enzymes that degrade cytoskeletal proteins (calpains, phospholipases, and 

endonucleases); activation of phospholipase A2 and cyclooxygenase, which generates free-

radicals producing lipid peroxidation and membrane damage (Dirnagl et al., 1999) (Fig. 10). 

Also, mitochondria function is impaired due to presence of free radicals and becomes leaky. 

Once the membrane is disrupted, cytochrome C is released from mitochondria and provides 

a trigger for apoptotic signals. Moreover, when the intracellular Ca2+ concentration is 

elevated, Ca2+-dependent nitric oxide synthase produces a mixture of superoxide anions and 

nitric oxide called reactive oxygen species (ROS) (Iadecola and Ross, 1997). These signals 

from mitochondria together with ROS provide a trigger for apoptosis and necrosis which 

lead to cell death (Dugan and Choi, 1994, Kristián and Siesjö, 1998)(Fig. 10).  
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Figure 10: Schematic overview of excitotoxic events during ischemia. Glutamate excitotoxicity causes an 

excessive increase in calcium concentration in the cytosol. Disruption of intracellular calcium homeostasis 

leads to protease, and nitric oxide synthase activation. This leads to mitochondrial dysfunction, oxidative stress, 

and oxidation of essential molecules. Activation of these mechanisms initiates the chain of apoptotic or necrotic 

events causing cell death (Belov Kirdajova et al., 2020). 

 

1.4 Demyelinating diseases 

Demyelinating diseases of the CNS comprise a group of neurological disorders characterized 

by progressive loss of oligodendrocytes and myelin sheaths in the white matter tracts (Vega-

Riquer et al., 2019). Myelin disorders were once thought to be confined to leukodystrophies 

(Waldman, 2018), inflammatory diseases such as MS (Plemel et al., 2017), and injury such 

as periventricular leukomalacia (Back and Rivkees, 2005). Recently, more diverse 

neurological diseases, such as human immunodeficiency virus (HIV) and HIV-associated 

neurocognitive deficits (Zhou et al., 2015a, Solomon et al., 2019), ALS (Kang et al., 2013, 

Ferraiuolo et al., 2016, Nasrabady et al., 2018), AD (Nasrabady et al., 2018, Liddelow et al., 

2017), schizophrenia (Raabe et al., 2019), and autism (Graciarena et al., 2018) were included 

into the myelin pathology. During demyelinating diseases such as MS, myelin is destroyed 

and along with it, also the oligodendrocytes that produce the myelin. Thus, recovery is 
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limited because of interruptions in neuronal transmission as well as a lack of support for 

neurons. Although NG2 glia remain abundant in the CNS, they are unable to mature and 

form new functional myelin in the diseased CNS (Grinspan, 2020). 

The most prevalent and the best-studied primary demyelinating disease in the adult brain 

is MS (Goldschmidt et al., 2009). It is an inflammatory disease characterized by large 

inflammatory plaques of white matter demyelination. Such lesions are associated with 

oligodendrocyte destruction, reactive gliosis, and axonal degeneration. The inflammatory 

plaques beside the neuronal and glial cells include T-lymphocytes and macrophages (Kipp 

et al., 2016)(Fig. 11). Furthermore, reactive astrocytes and microglia participate in the 

inflammatory plaques development, progression, and resolution of MS by the secretion of 

cytokines and other inflammatory mediators. The white matter plaques can arise anywhere 

in the brain, but some predilection sites, such as the periventricular white matter, exist 

(Comi, 2009). Besides the very-well known focal lesions also gray matter demyelination and 

diffuse white matter injury were described (Vrenken et al., 2007) (Fig. 11).

 

Figure 11: NG2 glia (=OPC) differentiation in development and disease. A demyelinated lesion in multiple 

sclerosis contains many cell types and molecular factors involved in both promoting (left) and inhibiting (right) 

NG2 glia differentiation and myelination (Hartley et al., 2014).  

 

On the clinical level, distinct phases of disease can be distinguished: at the beginning most 

patients suffer from new neurological symptoms, which usually disappear after several 
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weeks (Kipp et al., 2017). This initial phase is called relapsing-remitting MS, which means 

that symptoms appear (i.e., a relapse) and then fade away, either partially or completely (i.e., 

remitting). After several years (10–15 years), the frequency of relapses decreases. This so-

called second phase of MS is characterized by chronically progressive clinical worsening 

over time (Zhan et al., 2020). On the pathological level, the relapsing-remitting phase of MS 

is characterized by recurrent episodes of inflammatory white matter demyelination. These 

inflammatory events are probably driven by peripheral, autoreactive immune cells, which 

invade the CNS via the blood-brain barrier (BBB). From pre-clinical and post-mortem 

studies, there is large evidence that focal inflammatory demyelination induces 

neurodegeneration, such as axonal transection or neuronal apoptosis (Trapp et al., 1998). In 

the early relapsing phases, episodes of demyelination are usually followed by remyelination 

(Huang et al., 2011), however, in the progress of the disease it is mostly insufficient and the 

majority of chronic MS plaques remain demyelinated (Trapp et al., 1998). The reason for 

the failure of remyelination could be caused by a combination of decreased regenerative 

factors and the presence of inhibitory factors (Huang et al., 2011). Also, the disease is 

heterogeneous, and the failure might vary in different brain regions (Mi et al., 2013, Chari, 

2007). 

To date, the etiology of the MS is not well understood and it is necessary to have 

appropriate animal models that closely resemble the pathophysiology and clinical signs of 

these diseases. Experimental autoimmune encephalomyelitis (EAE) is the most commonly 

used animal model to study inflammation and autoimmune-mediated in MS. Mice are 

immunized with a CNS-related antigen (myelin oligodendrocyte protein (MOG), proteolipid 

protein (PLP)…) administered in a strong adjuvant. The combination of the peptide used 

and the mouse strain determine the specific phase of the MS, such as the relapsing or chronic 

phase (Al-Izki et al., 2012, Star et al., 2012). The EAE model is an excellent tool to study 

mechanisms associated with T-cell infiltration which is central to the development of acute 

monophasic EAE and relapsing-remitting disease. This model was useful in developing new 

drugs for MS, such as natalizumab (Bauer et al., 2009) and fingolimod (Choi et al., 2011). 

However, while these current therapies for MS reduce the frequency of relapses by 

modulating adaptive immune responses they fail to limit the irreversible damage of myelin 

and neurodegeneration (Kipp et al., 2016). This problem, in turn, tries to explain the model 

of cuprizone (CPZ)-induced demyelination (Gudi et al., 2014, Praet et al., 2014). The model 

of toxic demyelination induced by CPZ, a copper chelator that reduces the cytochrome and 

monoamine oxidase activity into the brain, produces mitochondrial stress, and triggers the 
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local immune response (Vega-Riquer et al., 2019). This intoxication results in loss of 

oligodendrocytes (Fig. 12) and microglia and astrocytes activation, finally leading to 

demyelination of distinct white and grey matter brain areas (Zhan et al., 2020)(Fig. 12). This 

model reflects the progressive phase of MS and could be used to investigate: first, immune 

cell-driven myelin and axonal degeneration, and second, remyelination of the demyelinated 

axon (Zhan et al., 2020).  

Figure 12: Cuprizone effects in the mouse brain. The mice received 0.2% cuprizone for 6 weeks. Coronal 

sections stained with anti-myelin basic protein (MBP). The control animal (A) shows a strong expression of 

MBP in the corpus callosum (CC), whereas the cuprizone-treated mouse (B) expresses low levels of MBP. 

CTX: cortex. Bar = 5µm, (Vega-Riquer et al., 2019). 

 

1.5 Aging of CNS 

CNS is sensitive to age with increasing deficits in neuronal functions including cognitive 

decline, motor, and sensory abnormalities during aging (Sousounis et al., 2014, Damoiseaux, 

2017, Jeromin and Bowser, 2017). It is a complex and irreversible process accompanied by 

morphological, biochemical, and physiological changes and increased susceptibility to 

neurodegenerative diseases (Pan et al., 2020). Initial studies extensively tested neuron-loss 

hypothesis; however, the neuron loss is not the only contributor to the functional decline. 

There is no loss of neurons in most regions of the brain (Morrison and Hof, 1997, Pakkenberg 

and Gundersen, 1997, Ihara et al., 2018), but the cognitive deficit could be due to changes 

in branching or density of dendritic spikes (Burke and Barnes, 2006). Furthermore, reduction 

of adult neurogenesis in the subgranular zone of the dentate gyrus of the hippocampus and 
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the subventricular zone of the lateral ventricles was described (Seib and Martin-Villalba, 

2015). In addition to morphological changes of neurons, white matter abnormalities were 

identified that increased with age starting from middle age in humans (Kohama et al., 2012). 

The reduction in white matter volume was shown by as much as 28% during aging (Liu et 

al., 2017), which might explain connectivity failure and the decline of information 

processing within neural circuits (Tripathi, 2012, Young et al., 2013). Besides the altered 

myelination, the aged brain exhibits an increased number of two main glial cell types: 

astrocytes and oligodendrocytes (Peters and Sethares, 2002)(Fig. 13). Moreover, aging is 

characterized by chronic low-grade inflammation and increased microglial reactivity, 

compared to the young brain. The microglia release proinflammatory cytokines, such as 

interleukin (IL)-1β, IL-6, and tumor necrosis factor (Maher et al., 2004, Godbout et al., 

2005), while anti-inflammatory cytokines, such as IL-10 and IL-4, are reduced (Maher et al., 

2005, Ye and Johnson, 2001).  

 

Figure 13: During the aging process, amyloid plaques and neurofibrillary tangles are generated inside and 

outside of neurons, adult neurogenesis and nerve growth factor concentration decline, and chronic low-grade 

inflammation persists as a result of microglial activation. In addition, neurotransmitter production and synaptic 

plasticity are significantly reduced with age. Correct myelination of neurons can also become disrupted with 

age along with increased brain gliosis (Satoh et al., 2017).  
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1.6 Ischemic brain injury impaired by aging and influenced by sex  

Age was found to be one of the most important risk factors for brain infarction and its 

mortality (Hoyer, 1987). Older mice exhibit a differential response to stroke and have worse 

outcomes than adult mice (Chauhan et al., 2018). Abnormalities in glycolytic flux, lactate 

production, cessation of oxidation, and energy production were found to be more 

pronounced with advancing age, which indicates reduced plasticity of the brain to the 

pathological conditions (Hoyer, 1987). In response to cerebral injury, microglia are some of 

the first responders. However, microglia in aged mice acquire a dysfunctional phenotype and 

exaggerated response to injury (Niraula et al., 2017). They produce higher levels of ROS 

and have a greater inflammatory response after ischemic stroke compared to young animals 

(Ritzel et al., 2018). Aging also alters the proliferation of reactive astrocytes and this results 

in accelerated glial scar formation in aged animals (Badan et al., 2003). Along with an 

accelerated astrocytic response, the number of glial fibrillary acidic protein (GFAP) positive 

cells was increased in the aged brain compared to the adult brain, still persisting 30 days 

after ischemia (Manwani et al., 2011). On the contrary, the number of neural stem/progenitor 

cells near the infarct area or subventricular zone in the aged brain is lower than in the adult 

brain (Liang et al., 2016). Similarly, numbers of NG2 glia in the corpus callosum are higher 

(Liang et al., 2016) and their bodies are enlarged and highly branched in the adult brain 

compared to the aged brain (Ohta et al., 2003). This suggests that aging decreases post-stroke 

compensatory responses towards neurogenesis and oligodendrogenesis, and it can partially 

explain poor behavioral outcomes following ischemic injury in this period of life (Liang et 

al., 2016). 

In addition to aging, sex was identified as an important variable for stroke outcome as 

well as in animal models as in humans (Chisholm and Sohrabji, 2016). A recent study found 

that even though acute stroke care is similar for males and females, women have poorer 

functional outcomes (Gattringer et al., 2014). In particular, adult females have smaller 

infarcts and better cerebral blood flow than adult males (Alkayed et al., 1998, Selvamani et 

al., 2014), however aged females have larger infarct volumes than aged males (Manwani et 

al., 2013) while adult and aged males did not differ (Selvamani et al., 2014). The mechanism 

underlying the advantage of the adult female is not well understood, although estrogen and 

progesterone are believed to play a role in neuroprotection (Simpkins et al., 1997). A recent 

preclinical study proved this, concluding that progesterone administration results in reduced 

lesion size following ischemia (Wong et al., 2013). Besides the infarct volume size, sex-

specific differences are seen throughout the lifespan in inflammation, BBB permeability (Liu 
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et al., 2009, Manwani et al., 2013), and glial cell reactivity (Chisholm and Sohrabji, 2016, 

Sohrabji et al., 2013).  
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2 AIMS OF THE STUDY 

Hypothesis 1.: NG2 glia were shown to have multipotent capacity in the development and 

following injury, generating, beside oligodendrocytes, also astrocytes and even neural 

precursor cells (Kirdajova and Anderova, 2020). Since such observations were based on the 

expression of only few cell-type-specific markers, we hypothesize that multiple 

subpopulations exist within NG2+ cells, especially after severe CNS injury, and they are 

characterized by distinct combination of genes. Therefore, the more precise analysis based 

on the expression of larger battery of genes is necessary to get better insight into 

multipotency of NG2 glia.  

Aim 1.: To characterize the proliferation and differentiation potential of NG2 glia following 

FCI using genetic fate-mapping in combination with gene expression profiling.  

 

Hypothesis 2.: Several studies suggested that astrocytes can originate from embryonic rather 

than postnatal or adult NG2 glia, in the intact CNS (Huang et al., 2019, Huang et al., 2014). 

In reaction to CNS pathology, some studies reported that a small fraction of NG2 glia can 

differentiate into astrocytes after spinal cord injury (Hackett et al., 2018) and after brain 

injury (Dimou et al., 2008, Honsa et al., 2016, Valny et al., 2018), while others showed that 

fewer NG2 glia, if any, become astrocytes (Kang et al., 2010, Zawadzka et al., 2010). We 

hypothesize that using the same transgenic mice, same method of astrocyte identification 

and protocol for tamoxifen administration in different CNS injuries confirm generation of 

astrocytes from NG2 glia in adult brain. 

Aim 2.: To compare the fate of NG2 glia-derived astrocytes, between different types of CNS 

disorders in tamoxifen-inducible BAC transgenic mice.  

 

Hypothesis 3.: Previous global gene expression studies of experimental stroke using 

microarrays (Mitsios et al., 2007, Roth et al., 2003) and more recently RNA-Seq (Dergunova 

et al., 2018) have provided useful insights into the pathophysiology of ischemic stroke and 

uncovered many altered molecular pathways (VanGilder et al., 2012b). However, only few 

studies included aged animals. We assume that aging alterations on its own could be risk 

factor and reason for worse outcome after ischemia. Therefore, the profound comparation of 

transcriptional profile between young and aged brain after ischemia is needed.  

Aim 3.: To dissect the interaction between stroke and aging at the genome-wide level using 

FCI on young adult (3-month-old) and aged (18-month-old) female mice.   
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3 MATERIALS AND METHODS 

3.1 Material and methods common for aims: 1, 2 and 3 

3.1.1 Animals 

All procedures involving the use of laboratory animals were performed in accordance with 

the European Communities Council Directive 24 November 1986 (86/609/EEC) and animal 

care guidelines approved by the Institute of Experimental Medicine, Academy of Sciences 

of the Czech Republic (Animal Care Committee on March 15, 2017; approval number 

2/2017, 77/2015,51/2014, 2/2013). All efforts were made to minimize both the suffering and 

the number of animals used. 

For purpose of characterization of the proliferation and differentiation potential of NG2 

glia following CNS injuries we used 3-month old transgenic mice, which were derived by 

crossing the mouse strain B6.Cg-Tg(Cspg4-cre-Esr1∗)BAkik/J and B6;129S6-

Gt(ROSA)26Sortm14 (CAG-tdTomato)Hze/J (further termed Cspg4/tdTomato mouse; Fig. 

14A), (Jackson Laboratory, Bar Harbor, ME, USA), in which the expression of 

tamoxifen(TX)-inducible Cre recombinase is controlled by the Cspg4 promoter (Zhu et al., 

2011). After TX administration, tdTomato red fluorescent protein is expressed in Cspg4-

positive (Cspg4+) cells – predominantly in NG2 glia and cells derived therein. Tamoxifen 

was administered intraperitoneally for two days (100 mg/kg, Sigma–Aldrich, St. Louis, MO, 

USA; Valny et al. (2016) and CNS injuries were induced 14 days after the last TX injection 

(Fig. 14C). In addition, to follow NG2-glia derived astrocytes, the Cspg4/tdTomato mice 

were cross-bred with constitutive Gfap/EGFP mice, in which the visualization of astrocytes 

is feasible because of the enhanced green fluorescent protein (EGFP) under the control of 

the human promoter for GFAP, (Nolte et al., 2001)(Fig. 14B). This approach enabled the 

identification of NG2 glia that differentiated into astrocyte-like NG2 glia based on their co-

expression of tdTomato and EGFP. 

 Finally, to dissect the interaction between stroke and aging, we performed experiments 

on 3- and 18-month-old C57Black/6 mice.  
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Figure 14: Scheme summarizing genetically modified mouse strains used in the experiments, and tamoxifen 

applications. (A) Cspg4/tdTomato mouse in which red fluorescent protein (tdTomato) is expressed in NG2 glia 

and cells derived therefrom. (B) Cspg4/tdTomato/Gfap/EGFP mouse in which, in addition to red NG2 glia, 

enhanced green fluorescent protein (EGFP) is constitutively expressed under the control of glial fibrillary 

acidic protein (GFAP) promoter, an astrocytic marker. (C) Scheme of administration of tamoxifen. FCI, focal 

cerebral ischemia; SW, stab wound; DEMY, demyelination (Kirdajova et al., 2021). 

 

3.1.2 Induction of focal cerebral ischemia  

Mice were anesthetized with 3% isoflurane (Abbot, Illinois, USA) and maintained in 2% 

isoflurane using a vaporizer (Tec-3, Cyprane Ltd., Keighley, UK). A skin incision between 
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the orbit and the external auditory meatus was made and a 1-2 mm hole was drilled through 

the frontal bone, 1 mm rostral to the fusion of the zygoma and the squamosal bone and about 

3.5 mm ventrally to the dorsal surface of the brain. The middle cerebral artery was exposed 

after the dura was opened and removed. The middle cerebral artery was occluded by short 

coagulation with bipolar tweezers (SMT, Czech Republic) at a proximal location, followed 

by transection of the vessel to ensure permanent occlusion. During the surgery, the body 

temperature was maintained at 37±1°C using a heat pad. The sham-operated animals (CTRL) 

were subjected to the same surgery procedure, but without dura opening and vessel 

occlusion. This middle cerebral artery occlusion model yields small infarct lesions in the 

parietal cortical region (Fig. 15). 

 

Figure 15: Scheme depicting brain regions (dashed lines), which were used for tdTomato+ cell isolation 

(Kirdajova 2021). 

 

3.1.3 Preparation of single cell suspension  

The mice were deeply anesthetized with pentobarbital (PTB) (100 mg/kg, i.p.), and perfused 

transcardially with a cold (4–8°C) isolation buffer containing (in mM): NaCl 136.0, KCl 5.4, 

HEPES 10.0, glucose 5.5, osmolality 290±3 mOsmol/kg. To isolate the cerebral cortex 

(CTX) or corpus callosum (CC), the brain was sliced into 600 µm coronal sections using a 

vibrating microtome HM650V (MICROM International GmbH, Germany). Sections were 

dissected from different regions depending on the type of CNS injury; FCI (+1.5 to -2 mm 

from bregma) of CTX, SW (-1.3 to -2.5 mm from bregma) of CTX and demyelination 

(DEMY) (1.5 to -2.5 mm from bregma) of CTX and CC (Fig. 15). The collected tissue was 

incubated with continuous shaking at 37°C for 45 min in 1 ml of papain solution (20 U/ml) 

and 0.2 ml DNase (both from Worthington, NJ, USA) prepared in isolation buffer. After 

papain treatment, the tissue was mechanically dissociated by gentle trituration using a 1 ml 

pipette. The dissociated cells were layered on top of 5 ml of ovomucoid inhibitor solution 

(Worthington, NJ, USA,) and harvested by centrifugation (70 x g for 6 min). This method 

routinely yielded ~2 x 106 cells per mouse brain. Cell aggregates were removed by filtering 

with 70 µm cell strainers (Becton Dickinson, NJ, USA). In case of Cspg4/tdTomato and 

GFAP/EGFP mice there is no need of additional labeling. But in case of C57Black/6 mice, 

the cell suspension was then labeled for oligodendrocyte marker 1:50 anti-O4-PE (Miltenyi 
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Biotec), endothelial cell marker 1:50 anti-CD31-PE (Miltenyi Biotec) and microglial marker 

1:50 anti-CD11b-APC (Miltenyi Biotec), according to the standard manufacturer´s protocol. 

The cells were kept on ice until sorting. 

 

3.1.4 Collection of single cells 

Single cells were sorted using fluorescent activated cell sorting (FACS; BD Influx, San Jose, 

CA, USA). The flow cytometer was manually calibrated to deposit a single cell in the center 

of each collection tube. Hoechst 33258 (Life Technologies, Carlsbad, CA, USA) was added 

to the suspension of cells to check viability. Single cells were collected into 96-well plates 

(Life Technologies, Carlsbad, CA, USA) containing 5 μl nuclease-free water with bovine 

serum albumin (1 mg/μl, Fermentas, Rockford, IL, USA) and RNaseOut 20 U (Life 

Technologies, Carlsbad, CA, USA). The plates were placed on a pre-cooled rack and stored 

at -80°C until analyzed. 

 

3.1.5 Immunohistochemistry and cell counting 

The mice were anesthetized with PTB (100 mg/kg, i.p.; Sigma-Aldrich) and transcardially 

perfused with 20 ml of saline with heparin (2500 IU/100ml; Zentiva) followed by 20 ml of 

4% parafromaldehyde (PFA) in 0.1M phosphate buffer (PB). The brains were dissected, 

post-fixed in 4% PFA overnight and placed in sucrose (Sigma-Aldrich) with gradually 

increasing concentrations (10%, 20%, 30%) for cryoprotection. Coronal slices (30 μm) were 

prepared using Hyrax C50 cryostat (Zeiss). The slices were incubated in a blocking solution 

containing 5% ChemiBLOCKER (EMD Millipore) and 0.5% Triton X-100 (Sigma-Aldrich) 

in PB saline for 1 hour. They were then incubated overnight at 4°C with primary antibodies 

diluted in a blocking solution followed by two-hour incubation with secondary antibodies at 

room temperature (RT). Following primary antibodies were used: see Table 1. Respective 

secondary antibodies were used: goat anti-rabbit IgG or goat anti-mouse, conjugated with 

Alexa-Fluor 488, 594 or 660 (1:200, Thermofisher Scientific). Proliferating cells were 

labeled with 5′-ethynyl-2′-deoxyuridine (EdU) (Sigma–Aldrich, St. Louis, MO, USA) 

dissolved in the drinking water at 0.2 mg/mL (Young et al., 2013). Mice were exposed to 

EdU immediately after FCI induction for seven days. EdU was visualized using the 

AlexaFluor-647 Click-iT EdU Cell Proliferation Assay Kit (Sigma–Aldrich, St. Louis, MO, 

USA) prior to immunohistochemistry when co-immunostained with GFAP antibody. 

Floating sections were incubated at 20°C–23°C for 15 min in PBS/0.2 % (v/v) Triton X-100 

and then transferred to the EdU developing cocktail, incubated in the dark at 20°C–23°C for 
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40 min, and washed in PBS. Cell nuclei were visualized by DAPI staining (Sigma-Aldrich). 

Following staining, slices were mounted and imaged on a Zeiss 510DUO LSM or a Zeiss 

LSM 880 Airyscan confocal microscope equipped with Ar/HeNe lasers. Stacks of 

consecutive confocal images taken at intervals of 3 μm were acquired sequentially with the 

two lasers to avoid cross‐talk between fluorescent labels. The background noise of each 

confocal image was reduced by averaging four image inputs. 

 

Table 1: Primary antibody used for immunohistochemistry 

Cell type marker Antibody Species Dilution Company 

Astrocytes 

GFAP coupled Alexa 488 mouse 1:300 Ebioscience 

ALDH1l1 rabbit 1:500 Abcam 

VIM mouse 1:1000 Abcam 

AQP4 rabbit 1:500 Millipore 

Oligodendrocytes APC mouse 1:200 Merck 

Pericytes PDGFRbeta rabbit 1:200 Santa Cruz 

Proliferation 

KI-67 rabbit 1:1000 Abcam 

KI-67 coupled FITC mouse 1:200 
ThermoFisher 

Scientific 

PCNA mouse 1:800 Abcam 

Interneurons PARVALBUMIN rabbit 1:500 Synaptic system 

Neurons NeuN rabbit 1:100 Chemicon 

Newly formated 

neurons Doublecortin rabbit 1:1000 Abcam 

 

To determine the number/percentage of cells confocal images (315 x 315 x 20 µm; aim 1), 

(318µm x 318 µm x 15 µm; aim 2), (212 × 212 × 18 µm,aim 3) covering the studied regions 

were taken from brain coronal slices prepared from ischemic animals (three animals from 

each group, three brain slices and at least five regions from each slice). Co-localization 

images and maximum z projection images were made using Zeiss LSM Image Browser 

(Zeiss, Oberkochen, Germany), ZEN black edition (Zeiss, Oberkochen, Germany) or Fiji 

(ImageJ). 

3.2 Material and methods common for aims: 1, 2  

3.2.1 Single-cell RT-qPCR analysis 

The single-cell RT-qPCR analysis was used to profile individual cells. The single-cell RT-

qPCR analysis was performed using the protocol described previously (Rusnakova et al., 

2013). Briefly, samples were reverse transcribed into cDNA using SuperScript III 

(ThermoFisher Scientific, Waltham, MA, USA). Non-diluted cDNA was pre-amplified 

using a mix of 95 primers. The primers were designed using Primer-BLAST (Ye et al., 
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2012). When possible, each primer pair was designed to span introns to avoid the 

amplification of genomic DNA. For each assay, the specificity was tested by the melt curve 

analysis and gel electrophoresis; the efficiency was determined using a standard dilution 

series spanning six orders of magnitude. Pre-amplified cDNA was 4-times diluted and 

analyzed in BioMark platform (Fluidigm, San Francisco, CA, USA), measuring the 

expression of 95 genes. The data was pre-processed in Fluidigm Real-Time Analysis 

software (Fludigm, San Francisco, CA, USA) and further analyzed by GenEx 6 software 

(MultiD, Gothenburg, Sweden). 

 

3.2.2 Self-organizing Kohonen maps 

Kohonen self-organizing maps (SOM) of size 4/8x1, dividing the cells into four groups, were 

trained using GenEx 6 (MultiD, Gothenburg, Sweden) software with the following 

parameters: 0.60 learning rate, 4/8 neighbors and 5000 iterations. The SOM analysis was 

repeated eight times with identical classification of the cells in each of the repeats. This 

classification of cells into groups was substantiated with the principal component analysis 

(PCA). 

 

3.2.3 Statistics 

The results are expressed as the mean ± standard error of the mean (SEM). Statistical 

analyses of the differences among groups were performed using ANOVA and Student’s t-

test when appropriate. Values of p < 0.05 were considered significant, p < 0.01 very 

significant and p < 0.001 extremely significant. 

 

3.3 Material and methods specific for aim 2:  

3.3.1 Induction of cortical stab wound 

Prior to SW, mice were anesthetized with 3% isoflurane and maintained in 2% isoflurane 

using a vaporizer (Tec-3, Cyprane Ltd., Keighley, UK). The cranium was thinned in 1.5-

mm2 area to pass the sharp knife, 2 mm caudal to the bregma, 1 mm lateral to the midline. 

Then, a 1.1-mm sterile sharp knife was inserted vertically into the right cerebral hemisphere 

1 mm deep to the dura surface (Fig. 15). The skin incision was closed with sutures. CTRL 

mice were subjected to the same surgical procedure, but without dura opening and SW 

(Buffo et al., 2005).  
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3.3.2 Induction of demyelination (DEMY) 

Demyelination (DEMY) was induced by administration of 0.3% cuprizone (Sigma-Aldrich, 

Inc., St. Louis, MO) to mice ad libitum in chow (Ssniff Spezialdiäten GmbH, Soest, 

Germany; Fig. 15). The treated mice received cuprizone chow for 5 weeks to cause DEMY 

and, after this period, they were returned to a regular diet and allowed to recover for seven 

days. CTRL mice received regular mice chow, without cuprizone, for the entire period. 

 

3.3.3 Single cell RNA-sequencing 

The single-cell RNA-Sequencing (RNA-Seq) analysis was employed to analyze the 

transcriptome of NG2 glia and astrocytes in 3-month-old male CTRL and ischemic mice 

using the Cspg4/tdTomato mouse strain. The preparation of cell suspension followed the 

standard protocol described above, apart from two modifications. First, transcriptional 

inhibitor actinomycin D (Sigma-Aldrich, St. Louis, MO, USA) was added into media (30 

µM during enzymatic dissociation, 3 µM in follow-up steps) to prevent activation of 

immediate-early genes (Wu et al., 2017). Second, the final cell suspension was labeled by 

ACSA-2 antibodies (4°C, 10 min; Miltenyi-Biotec, Germany) to allow for the enrichment 

of astrocytes (Kantzer et al., 2017). The cells were enriched using flow cytometry (FACS; 

BD Influx) calibrated to sort tdTomato+, ACSA-2+ and tdTomato+/ACSA-2+ cells. Hoechst 

33258 (ThermoFisher Scientific, Waltham, MA, USA) was used to check viability. The cells 

were collected into 200 µl Advanced Dulbecco's Modified Eagle Medium, supplemented 

with 10 % of fetal bovine serum (ThermoFisher Scientific Waltham, MA, USA). Three 

animals per condition were pooled for the preparation of cell suspension. After FACS, cell 

suspension was spun down, concentrated, and used for library preparation using 10x 

Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 (10x Genomics; Pleasanton, CA, 

USA). The prepared libraries were sequenced on NovaSeq 6000 using SP flow cell, 100 

cycles (Illumina, San Diego, CA, USA). 

Raw sequencing data consisted of 951M reads were de-multiplexed, aligned to the mouse 

GRCm38 reference genome and unique molecular identifier (UMI)-collapsed using STAR 

aligner (Dobin et al., 2013). EmptyDrops function from the DropletUtils R package was used 

to identify cell-containing droplets (Lun et al., 2019), resulting in 1656 cells in the CTRL 

sample and 2978 cells in the ischemic sample. The mapping statistics showed mean values 

of 107 495 reads, 8 316 UMIs and 2 882 genes per cell. The total number of genes detected 

was 23 194. Both samples were combined and normalized using the SCTransform function 

in Seurat v3 (Stuart et al., 2019). To visualize cell clusters, we generated a uniform manifold 
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approximation and projection (UMAP) plot using the first 15 principal components and 

resolution parameter, set to 0.5. Cell clusters were annotated using scCATCH (Shao et al., 

2020), as well as using a manual curation based on a referenced database (Zeisel et al., 2018). 

As we only identified seven NG2 glia in the CTRL sample, we limited our further analysis 

to just the ischemic dataset. In the ischemic sample, we removed all the other cell types, 

keeping only the cells that had the characteristics of NG2 glia, astrocytes or both. The 

resulting expression matrix contained 666 cells, expressing 10635 genes in total; each gene 

was expressed in at least 5 % of cells. For the final analysis, the matrix was uploaded and 

analyzed using the updated version of ASAP software (David et al., 2020). Briefly, the cells 

were quality controlled, excluding 117 cells from the analysis (less than 1000 genes detected 

and/or more than 20 % of mitochondrial reads). The expression matrix was further reduced 

to 2249 highly variable genes, and normalized using Seurat implementation. The cells were 

visualized on a UMAP plot and clustered using the hierarchical clustering method. The 

Wilcoxon test was employed for differential expression (DE) analysis. Sets of DE genes 

(FDR<0.05, FC>2) were analyzed using Fisher’s exact test against gene ontology 

collections. 

 

3.3.4 Preparation of acute brain slices 

Mice were anesthetized with an intraperitoneal injection of a lethal dose (100 mg/kg) of 1% 

PTB diluted in saline (Sigma-Aldrich, St. Louis, MO, USA), transcardially perfused with an 

ice-cold isolation solution, and then decapitated. The brains were dissected and placed into 

a cold isolation solution (4–8 °C), bubbled with carbogen. Coronal slices (200 μm) were cut 

using an HM650 V vibratome (MICROM International GmbH, Waldorf, Germany). The 

brain slices were then incubated for 40 minutes at 34 °C in the isolation solution. After the 

incubation period, the slices were kept at RT (23–25 °C) in an artificial cerebrospinal fluid 

(aCSF) containing (in mM): 122 NaCl, 3 KCl, 1.5 CaCl2, 1.3 MgCl2, 1.25 Na2HPO4, 28 

NaHCO3, and 10 D-glucose (osmolality 300 mmol/kg).  

 

3.3.5 Patch-clamp technique 

Cell membrane currents were recorded in situ seven days after FCI, using the patch-clamp 

technique in the whole-cell configuration. Recording pipettes with a tip resistance of 8–12 

MΩ were made from borosilicate capillaries (Sutter Instruments, Novato, CA, USA,) using 

a P-97 Brown-Flaming micropipette puller (Sutter Instruments, Novato, CA, USA). The 

recording pipettes were filled with an intracellular solution containing (in mM): 130 KCl, 
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0.5 CaCl2, 2 MgCl2, 5.0 EGTA, 10 HEPES (pH 7.2). All the recordings were made in aCSF. 

The solution was continuously gassed with 5% CO2, to maintain a final pH of 7.4. The 

electrophysiological data were measured with a 10 kHz sample frequency, using an EPC9 

or EPC10 amplifier, controlled by PatchMaster software (HEKA Elektronik, Lambrecht/ 

Pfalz, Germany), and filtered using a Bessel filter. The slices were transferred to the 

recording chamber of an upright Axioscop microscope (Zeiss, Gottingen, Germany), 

equipped with electronic micromanipulators (Luigs & Neumann, Ratingen, Germany) and a 

high-resolution AxioCam HR digital camera (Zeiss, Gottingen, Germany). The resting 

membrane potential was measured by switching the EPC9 or EPC10 amplifier to the current-

clamp mode. With the use of FitMaster software (HEKA Elektronik, Lambrecht/Pfalz, 

Germany), input resistance (IR) was calculated from the current value at 40 ms after the 

onset of the depolarizing 10 mV pulse, from the holding potential of -70 mV to -60 mV. 

Membrane capacitance (Cm) was determined automatically from the Lock-in protocol by 

PatchMaster. The current patterns were obtained by hyper- and depolarizing the cell 

membrane from the holding potential of -70 mV to the values ranging from -160 to +40 mV, 

at 10 mV intervals. The pulse duration was 50 ms. In order to isolate the delayed outwardly 

rectifying K+ (KDR ) current components, a voltage step from -70 to -60 mV was used to 

subtract the time- and voltage-independent currents, as previously described (Anderová et 

al., 2006, Neprasova et al., 2007). To activate the KDR currents only, the cells were held at -

50 mV, and the amplitude of the KDR currents was measured at 40 mV, 40 ms after the onset 

of the pulse. The inwardly rectifying potassium K+ (KIR) currents were determined 

analogously at -140 mV, also 40 ms after the onset of the pulse, while the cells were held at 

-70 mV. The fast activating and inactivating outwardly rectifying K+ (KA) currents were 

isolated by subtracting the current traces clamped at -110 mV from those clamped at -50 

mV, and its amplitude was measured at the peak value. The current densities were calculated 

by dividing the maximum current amplitudes by the corresponding Cm values for each 

individual cell.  

3.4 Material and methods specific for aim 3:  

3.4.1 Magnetic resonance imaging 

For measurement of the mouse brains three days after FCI-induced lesion (Fig. 16), animals 

were scanned on a 4.7 T magnetic resonance scanner (ParaVision 4, Bruker BioSpec) 

equipped with a home-made surface coil and using 2D Rapid Acquisition with a Relaxation 

Enhancement multi-spin echo sequence acquiring T2-weighted coronal and axial images. 
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The basic sequence parameters were: repetition of time = 3300 ms, effective echo time = 36 

ms, excitation and refocusing pulses = hermite pulses, number of acquisitions = 4, 

acquisition time = 5 min 16 s, slice thickness = 0.6 mm, turbo factor = 8 and spatial resolution 

= 137 × 137 µm. During scanning, the animals were anesthetized with 1.5% Isoflurane 

mixed with air. 

Figure 16: Representative magnetic resonance images of focal cerebral ischemia-induced lesion size. The 

lesion size classified by experienced operator during sample collection (S – small, M – medium, L – large) 

(Androvic et al., 2020). 

 

3.4.2 RNA isolation, library preparation and sequencing 

Brain tissue samples were homogenized using the TissueLyser (Qiagen). Total RNA was 

extracted with TRI Reagent (Sigma-Aldrich) according to the manufacturer´s protocol and 

treated with TURBO DNA-free kit (Thermo Fisher). RNA quantity and purity was assessed 

using the NanoDrop 2000 spectrophotometer (Thermo Fisher) and RNA integrity was 

assessed using the Fragment Analyzer (Agilent). All samples had RQN > 8. Libraries were 

prepared from 400 ng total RNA with QuantSeq 3' Library Prep Kit FWD (Lexogen) 

according to manufacturer’s protocol. 1 µl of ERCC spike-in (c = 0.01x; Thermo Fisher) per 

library was included. This library preparation method generates stranded libraries 

predominantly covering the 3’ end of the transcript, thus producing gene-centric expression 

values. Libraries were quantified on the Qubit 2 fluorometer (Thermo Fisher) and Fragment 

Analyzer (Agilent) and sequenced on the NextSeq 500 high-output (Illumina) with 85 bp 

single-end reads. 11.5 – 38 million reads were obtained per library with a median of 16 

million reads. 

 

3.4.3 RNA-Seq data processing, mapping and counting  

Adaptor sequences and low quality reads were removed using TrimmomaticSE v0.36 

(Bolger et al., 2014). Reads mapping to mtDNA and rRNA were filtered out using 

SortMeRNA v2.1 with default parameters (Kopylova et al., 2012). The remaining reads were 

aligned to GRCm38 and ERCC reference using STAR v2.5.2b with default parameters 

(Dobin et al., 2013). Mapped reads were counted over Gencode vM8 gene annotation using 

htseq-count with union mode for handling of overlapping reads (Anders et al., 2015). 
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3.4.4 Differential expression (DE) analysis 

Several comparisons of DE were generated using DESeq2 v1.16.1(Love et al., 2014). For 

pairwise comparisons, we compared aged CTRL to young CTRL, young stroke group to 

young CTRLs, aged stroke group to aged CTRLs and aged stroke group to young stroke 

group (padj < 0.05, log2FC >1 for upregulation and < -0.65 for downregulation). We also 

generated two-factor comparisons using injury (CTRL/MCAO=FCI) and age (3-month-

old/18-month-old) and their interaction as predictor variables. During the initial analysis of 

the dataset, we noted that there was a relatively large number of genes induced or repressed 

exclusively, or with a greater fold-change in aged animals, although only a subset of them 

reached statistically significant interaction term as outputted by DESeq2 analysis. In order 

to identify all of the genes that are likely subject to age-stroke interaction, we have prepared 

four additional sets of genes with age-dependent differential response to stroke containing 

genes that are significantly influenced by stroke in one age group and at the same time their 

fold-change (vs CTRL) is at least doubled compared to second age group. That is, the set 

“more up MCAO18” is comprised of genes significantly upregulated in aged animals after 

stroke (compared to aged CTRLs; padj < 0.01, log2FCaged > 1), and at the same time having 

significant interaction term (padj < 0.1) and/or having at least double the fold change of young 

strokes (compared to young CTRLs; log2FCaged - log2FCyoung > 1). The same rationale was 

applied for more highly upregulated genes in the young stroke group (“more up MCAO3”) 

and for downregulated genes in both age groups (“more down MCAO18”, “more down 

MCAO3”), with an exception that the log2FC threshold was < -0.65 for downregulation. 

Only genes with average expression ≥ 5 normalized counts in at least one experimental 

condition were considered for further analysis. 

 

3.4.5 Gene set enrichment analysis (GSEA) 

GSEA (Subramanian et al., 2005) was performed for pairwise DE comparisons. First, a gene 

score was calculated for every gene using DESeq2 output as -log10(padj) and assigned a 

positive or negative sign based on direction of regulation. Genes were ranked by their gene-

scores and GSEA was run in a weighted pre-ranked mode with 1000 permutations. Gene 

sets were downloaded from http://download.baderlab.org/EM_Genesets/, and GSEA was 

run separately for two gene ontology (GO) categories (biological process – GOBP, cellular 

component – GOCC). Only gene sets containing between 15 and 1000 (for GOBP) or 5 to 

1000 (for GOCC) genes were considered. Annotations with IEA (inferred from electronic 

http://download.baderlab.org/EM_Genesets/
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annotation) evidence codes were excluded. For pathway enrichment, a gene set file 

integrating several pathway databases was used. Significantly overrepresented gene sets 

were visualized as a network using Enrichment Map (Merico et al., 2010). In the network, 

each node represents gene set and highly overlapping gene sets are connected with edges, 

resulting in a tight clustering of highly redundant gene sets. For functional annotation of 

discrete sets of genes we used Cytoscape plugin ClueGO(Bindea et al., 2009) with the 

following parameters: no IEA codes, right-sided hypergeometric test with Benjamini-

Hochberg correction for statistical testing and all genes after filtering (16048 genes) as the 

background set. 

 

3.4.6 Cell-specific gene sets and cell type proportion estimation 

Marker genes for major cell types specifically in the mouse CTX region were taken as an 

initial reference (Mancarci et al., 2017). Unlike other marker databases that rely on a single 

data source, this marker set represents a consensus from several published studies and 

accounts for brain regional heterogeneity. The microglial marker genes in the reference 

marker set were already devoid of genes differentially expressed in activated microglia 

(Holtman et al., 2015). In order to acquire marker genes with stable expression regardless of 

activation states, we have further removed the genes previously found to be differentially 

expressed in microglia after transient MCAO (Arumugam et al., 2017); in aged cortical 

microglia (Grabert et al., 2016), and aged whole-brain microglia (Holtman et al., 2015) 

compared to young microglia; and genes enriched in bone marrow-derived macrophages 

compared to microglia (Bruttger et al., 2015). We have also removed genes that were 

differentially expressed in astrocytes after transient MCAO (Zamanian et al., 2012) and aged 

cortical astrocytes (Boisvert et al., 2018, Clarke et al., 2018). Because peripheral immune 

cells may infiltrate the brain following stroke, we have also excluded genes enriched in the 

major leukocyte populations obtained from ImmGen database (www.immgen.org). 

DESeq2-normalized gene expression data and the cell-specific gene lists were used as an 

input into the markerGeneProfile R package v1.0.3 (Mancarci et al., 2017) for the estimation 

of marker gene profiles (MGPs), which serve as a proxy for relative cell type proportion 

changes. We used a more stringent expression cutoff (average ≥ 5 normalized counts across 

all samples) to reduce the transcriptional noise. Since it still may be possible that some 

marker genes are transcriptionally regulated under our experimental conditions, genes with 

reduced correlation (potentially regulated) to the majority of marker genes (assumed to 

reflect primarily cell type proportion change) were excluded from final estimates as 

http://www.immgen.org/
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described in (Mancarci et al., 2017). Resulting MGP estimates were flagged if a high 

proportion of marker genes was removed in the previous step (> 40 %) and/or proportion of 

variance explained by the first principal component was low (< 50 %). Differences in 

expression of final marker gene sets were analyzed by linear mixed model in R project v3.6.0 

using lmerTest package v3.1 (Kuznetsova et al., 2017) on log2 transformed, DESeq2-

normalized expression values. We used two-factor design (age, injury) with interaction as 

fixed effects and gene intercept as random effect. Significance was tested by Satterthwaite's 

method. Post-hoc t-tests were performed using emmeans package v1.3.5 and p-values were 

adjusted by Holm method. 

To validate the first estimations, we employed CIBERSORT, a transcriptome 

deconvolution algorithm that uses gene expression matrix of individual cell types as a 

reference, and deconvolutes the cellular composition of mixed sample by linear support 

vector regression (Newman et al., 2015). We used published single-cell RNA-Seq dataset of 

adult mouse CTX as a reference gene expression signature (Tasic et al., 2016). From the 

normalized gene-expression matrix, we excluded all intermediate cells as defined by authors 

and used the remaining 1424 core cells assigned to the major CNS cell types. CIBERSORT 

was run in the relative mode with 1000 permutations, quantile normalization was disabled 

as recommended for RNA-Seq data and q-value cutoff was lowered to 0.15. The results were 

correlated to the corresponding cellular MGPs. 

 

3.4.7 Protein-protein interaction network  

Known interactions (minimal interaction score 0.4) between genes in the “more up 

MCAO18” DE gene set were downloaded from STRING database v10.5 (Szklarczyk et al., 

2015). Remaining unconnected genes from “more up MCAO18” gene set were then added 

to the network based on their correlation with any of the genes already present in the network 

requiring Pearson r ≥ 0.96. The resulting interaction network was then visualized and 

analyzed in Cytoscape v3.5.1. Spectral partition-based network clustering algorithm 

(Newman, 2006) via Cytoscape ReactomeFI plugin v6.1.0 (Wu et al., 2010) was used for 

network clustering. 

 

3.4.8 Custom gene set enrichment 

Gene sets of interest were collected directly from relevant publications. R package 

GeneOverlap v1.20 was used to calculate the odds ratio (OR) and the significance of the 

overlap of the gene sets of interest with the Fisher’s exact test. 
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3.4.9 High-throughput RT-qPCR 

Samples were reverse transcribed in a reaction volume of 10 µl containing: 5 µl template 

(either 125 ng total tissue RNA or 100 sorted cells after direct lysis), 0.5 µl spike-in RNA 

(Tataa Biocenter; c = 0.1x for tissues or 0.01x for sorted cells), 0.5 µl equimolar mixture of 

random hexamers with oligo(dT) (c = 50 µM), 0.5 µl dNTPs (c = 10 mM), 2 µl 5× RT buffer, 

0.5 µl RNaseOUT, 0.5 µl Maxima H- Reverse Transcriptase (all Thermo Fisher) and 0.5 µl 

nuclease-free water. After the pre-incubation step at 65°C (t = 5 min), followed by the 

immediate cooling on ice, the main incubation was performed at 25°C (t = 10 min), 50°C (t 

= 30 min), 85°C (t = 5 min), after which the samples were immediately cooled on ice. cDNA 

from tissue samples was diluted 4x in nuclease-free water; sorted cell-cDNA was left 

undiluted. All cDNA samples were pre-amplified immediately after reverse transcription in 

40 µl total reaction volume containing 4 µl cDNA, 20 µl IQ Supermix buffer (Bio-Rad), 4 

µl primer mix of 96 assays (c = 250 nM each), and 12 µl of nuclease-free water. Reactions 

were incubated at 95°C (t = 3 min) following by 18 cycles of 95°C (t = 20 s), 57°C (t = 4 

min) and 72°C (t = 20 s). After thermal cycling, reactions were immediately cooled on ice 

and diluted in nuclease-free water (sorted cells 4x, tissue 50x). High-throughput qPCR was 

then performed on a 96.96 microfluidic platform BioMark (Fluidigm. Cycling program 

consisted of activation at 95°C (t = 3 min), followed by 40 cycles of 95°C (t = 5 s), 60°C (t 

= 15 s) and 72°C (t = 20 s) and melting curve analysis. The same protocol, excluding the 

pre-amplification step and using CFX384 instrument (Bio-rad), was applied to evaluate the 

impact of sham surgery on gene expression of FCI-responsive genes. 

 

3.4.10 RT-qPCR data analysis 

Raw data were pre-processed with the Real-Time PCR analysis software v4.1.3 (Fluidigm); 

unspecific values were deleted based on melting-curve analysis. Further processing was 

done in GenEx v6.0.1 (MultiD Analyses AB): Cq value cutoff of 28 was applied; gDNA 

background was substracted using ValidPrime (Laurell et al., 2012) (Tataa Biocenter); data 

were normalized to the mean expression of 5 reference genes (Actb, Gapdh, Ppia, Ywhaz, 

Tubb5); outliers were deleted (within group Grubbs test, p < 0.05) and a gene was considered 

undetected for given group if more than 75 % values per group were missing; technical 

replicates (RT and FACS) were averaged; if appropriate, missing data were inputed on a 

within-group basis and remaining missing data were replaced with Cqmax +2 for tissue 

samples or Cqmax+0.5 for sorted cells. Of note, the RT-qPCR and RNA-Seq data showed 

high correlation (Pearson r ≥ 0.942). 
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Temporal expression of individual genes was first analyzed with two-way ANOVA in R 

project v3.6.0 using time-point and age as predictor variables, then differences between time-

points were tested separately for each age by one-way ANOVA and post-hoc t-tests using 

emmeans package v1.3.5. P-values were adjusted with Benjamini-Hochberg method. 

Temporal expression of groups of cellular marker genes was first analyzed using linear 

mixed model in R project v3.6.0 (lmerTest package v3.1) (Kuznetsova et al., 2017) with 

random gene intercept using two-factor design (time-point including CTRL, age) with 

interaction, then differences between time-points were tested separately for each age. 

Significance was tested by Satterthwaite's method. Post-hoc pairwise t-tests were performed 

using emmeans package v1.3.5 and p-values were adjusted by Holm method. Temporal 

expression of type I interferon (IFN-I) pathway was analyzed in similar steps using random 

slope and random intercept mixed model with 23 interferon-stimulated genes (ISG) as 

response variables. IFN-I pathway expression in sorted cells was analyzed in the same way 

with two-factor design (age, injury) with interaction, using only detected ISGs per each cell 

type. Differential expression of individual genes (relative to age-matched CTRL) in sorted 

cells was tested in GenEx v6.0.1 (MultiD Analyses AB) using ANOVA with Bonferroni’s 

post-hoc test for selected pairwise comparisons and p-values were corrected using 

Benjamini-Hochberg method. 

  

3.4.11 Western blot analysis (WB) 

Proteins were isolated using RIPA extraction procedure with addition of protease and 

phosphatase inhibitors (Thermo Fisher) and concentration determined by bicinchoninic acid 

protein assay kit (Thermo Fisher). 70 µg of protein was separated on 8 % and 12.5 % 

polyacrylamide gel and transferred to nitrocellulose membrane. Primary antibodies used (all 

from Cell Signaling Technology) were specific for STAT1 (1:1000), phosphorylated STAT1 

(Tyr701) (1:1000), IRF-9 (1:1000) or ISG15 (1:200). Protein detection was performed using 

secondary antibodies specific for Anti-Rabbit IgG (whole molecule)–Peroxidase (Sigma-

Aldrich, 1:10000). Membrane Fraction WB Cocktail (Abcam, 1:250 for primary antibodies 

and 1:2500 for secondary antibodies) was used for the normalization. Clarity Western ECL 

Substrate (Bio-Rad) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo 

Fisher) were applied on the nitrocellulose membrane to detect the chemiluminescent signal. 

The signal was quantified using ImageJ software. Images were preprocessed using the 

Subtract Background function. The density of the bands was normalized to the density of 



 

49 
 

the bands for the Membrane Fraction WB Cocktail by using the profile plot of each lane. 

The area under the curve was used to calculate the relative amount of the protein. 

 

3.4.12 Liquid chromatography (LC)–mass spectrometry (MS) sample preparation 

Tissues were homogenised and lysed by boiling at 95°C for 10 min in 100 mM TEAB 

containing 2 % SDC, 40 mM chloroacetamide, 10 mM TCEP and further sonicated 

(Bandelin Sonoplus Mini 20, MS 1.5). Protein concentration was determined using BCA 

protein assay kit (Thermo Fisher) and 30 µg of protein per sample was used for MS sample 

preparation. Samples were further processed using SP3 beads according to (Hughes et al., 

2019). Briefly, 5 µl of SP3 beads was added to 30 µg of protein in lysis buffer and filled to 

50 µl with 100 mM TEAB. Protein binding was induced by addition of ethanol to 60 % 

(vol./vol.) final concentration. Samples were mixed and incubated for 5 min at room 

temperature. After binding, the tubes were placed into magnetic rack and the unbound 

superntatant was discarded. Beads were subsequently washed two times with 180 µl of 80% 

ethanol. After washing, samples were digested with trypsine (trypsin/protein ration 1/30) 

reconstituted in 100 mM TEAB at 37°C overnight. After digestion samples were acidified 

with TFA to 1% final concentration and peptides were desalted using in-house made stage 

tips packed with C18 disks (Empore) according to (Rappsilber et al., 2007). 

 

3.4.13 MS data analysis 

All data were analyzed and quantified with the MaxQuant software (version 1.6.3.4)(Cox 

and Mann, 2008). The false discovery rate (FDR) was set to 1 % for both proteins and 

peptides and we specified a minimum peptide length of seven amino acids. The Andromeda 

search engine was used for the MS/MS spectra search against the Mus musculus dabase 

(downloaded from Uniprot on July 2019, containing 22 267 entries). Enzyme specificity was 

set as C-terminal to Arg and Lys, also allowing cleavage at proline bonds and a maximum 

of two missed cleavages. Dithiomethylation of cysteine was selected as fixed modification 

and N-terminal protein acetylation and methionine oxidation as variable modifications. The 

“match between runs” feature of MaxQuant was used to transfer identifications to other LC-

MS/MS runs based on their masses and retention time (maximum deviation 0.7 min) and 

this was also used in quantification experiments. Quantifications were performed with the 

label-free algorithm in MaxQuant (Cox and Mann, 2008). Data analysis was performed 

using Perseus 1.6.1.3 software (Tyanova et al., 2016) and R project v3.6.0. Identifications 

mapping to more than one protein ID were discarded. Remaining identifications were 
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mapped to gene names based on their ID using Uniprot database and only uniquely mapping 

genes were kept for further analysis. Matrix was then further filtered to remove genes with 

less than 7 positive values and remaining missing data were imputed according to Wei et al., 

2018.  
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4 RESULTS 

4.1 Proliferation and differentiation potential of NG2 glia following FCI 

To disclose the changes in the expression profiles of NG2 glia and those derived from NG2 

glia after FCI we analyzed their mRNA transcripts of 93 genes using single-cell RT-qPCR. 

We used Cspg4/tdTomato transgenic mice expressing TX-inducible cre recombinase under 

the control of the Cspg4 promoter, which triggers the expression of red fluorescent protein 

tdTomato in NG2 glia. TdTomato+ cells were isolated from uninjured and post-ischemic 

CTX 3, 7 and 14 days after FCI (Fig. 17A). To further verify our observations, we used 

immunohistochemistry to detect proteins and proliferation via cumulative EdU labeling in 

fixed brain slices. 

 

Figure 17: (A) Scheme depicting tdTomato+ cells distribution and the brain regions (dashed lines), which were 

used for tdTomato+ cells isolations. Note that ischemic lesion is bordered by a high density of tdTomato+ cells. 

(B, C) NG2 glia and oligodendrocytes isolated from uninjured mice differ in: percentage of cells expressing 

several genes (B) and levels of expression of several genes (C). Statistics were calculated using t-test. ***, p < 

0.001. In the case of B, only statistically significant differences with p < 0.05 are showed. 
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4.1.1 tdTomato+ cells expression pattern in uninjured cortex  

Using PCA we identified three populations of tdTomato+ cells in the uninjured CTX (Fig. 

18). First small population of tdTomato+ cells was characterized by the strong expression of 

Pdgfrb, the well-known marker of pericytes (Zehendner et al., 2015). Since we focused only 

on NG2 glia and their progeny in this study (e.g. oligodendroglial lineage cells), Pdgfrb+ 

pericytes were excluded from further analyses. The second and third populations of 

tdTomato+ cells were identified as oligodendrocytes (n = 46 cells/8 mice) and NG2 glia (n 

= 21 cells/6 mice) based on DE of respective cell-type specific markers Mbp, Cldn11, Glul, 

Cspg4, and Pdgfra (Fig.17B, Fig. 18).  

Figure 18: PCA showing two well-separated clusters of tdTomato+ oligodendroglial lineage cells from 

uninjured cortex, identified as NG2 glia and oligodendrocytes.  

 

Besides the marker genes, we detected DE of Slc1a2 and Slc1a3 in NG2 glia, encoding glial 

glutamate transporter (GLT) and glutamate-aspartate transporter (GLAST), that are 

generally considered as astroglial markers (Jungblut et al., 2012, Azami Tameh et al., 2013). 

Moreover, we detected DE of genes encoding metabotropic glutamate receptors (mGlur) 3 

and 5, Grm3 and Grm5, between NG2 glia and oligodendrocytes. Whereas Grm3 was 

expressed by 10.9 ± 3.7 % of NG2 glia and 71.8 ± 10.7 % of oligodendrocytes, Grm5 was 

detected in 55.9 ± 9.9 % of NG2 glia and no oligodendrocyte expressed mRNA encoding 

this gene (Fig. 17B). 

 



 

53 
 

Figure 19: (A) Scheme depicting principle of SOM analysis. (B) PCA showing distribution of SOM-defined 

subpopulations of oligodendroglial lineage cells. Note the gradual transition from Bona fide NG2 glia through 

Oligodendrocyte-like NG2 to glia immature and mature stages of oligodendrocytes. SOM, self-organizing 

Kohonen maps; PCA, principal component analysis.  

 

4.1.2 Multipotency of NG2 glia contributes to glial scar formation 

After FCI, NG2 glia (n = 199 cells/8 mice) and oligodendroglial (n = 62 cells/8 mice) clusters 

became less well separated in PCA (Fig. 19); however, we were still able to distinguish 

between NG2 glia- and oligodendroglial population based on the cell-type specific markers 

enrichment. 

Following ischemia, beside the NG2 glia from uninjured animals (Bona fide NG2 glia; BF-

NG2 cells) we identified three other NG2 glia subpopulations (Fig. 20, 21). The first 
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subpopulation characterized by a high percentage of cells expressing oligodendrocyte 

marker genes, such as Mbp (42.3 ± 9.5 %), Cldn11 (84.6 ± 6.3 %) and Tcf7l2 (94.2 ± 4.9 %) 

and the Wnt signaling effectors critical for oligodendrocyte maturation (Guo et al., 2015), 

was termed oligodendrocyte-like NG2 glia (OL-NG2 cells)(Fig. 20). This subpopulation had 

an increased level of expression of Cldn11 and Cnp and a decreased expression of Pdgfra 

compared to BF-NG2 cells, which further confirms shift of OL-NG2 cells (Fig. 21A). 

Moreover, 38.5 ± 7.2 % of OL-NG2 cells started to express transient receptor potential cation 

channel subfamily V member 4 (Trpv4) (Fig. 20), which was shown to be expressed by 

committed oligodendrocyte precursors (Marques et al., 2016).  

The second subpopulation, astrocyte-like NG2 glia (A-NG2 cells), was characterized by 

the highest number of cells expressing astroglial markers, such as Gfap (43.2 ± 6.0 %) and 

Aqp4 (51.6 ± 9.9 %) (Fig. 20) and had also the highest Gfap expression level among all NG2 

glia subpopulations (Fig. 21A). On the contrary, only 9.5 ± 5.7 % A-NG2 cell expressed 

Mbp (Fig. 20) and the expression levels of Cnp and Cldn11 were significantly lower 

compared to OL-NG2 cells (Fig. 21A).  

Both subpopulations (OL-NG2 cells, A-NG2 cells) downregulated expression of Pdgfra 

(Fig. 21A) and displayed a lower incidence of cells expressing Grm5 (50.0 ± 3.5 % of OL-

NG2 cells; 30.5 ± 6.8 % of A-NG2 cells) (Fig. 20), which is not expressed by 

oligodendrocytes (Fig. 21B) neither by astrocytes (Sun et al., 2013). The last subpopulation 

of ischemic NG2 glia was characterized by the highest percentage of cells expressing 

proliferation marker Mki67 (84.1 ± 8.3 %) and marker of newly derived cells Nestin (Nes) 

(86.4 ± 8.7 %) (Fig. 20)(Anderova et al., 2011, Honsa et al., 2012). We named this 

subpopulation as proliferating NG2 glia (P-NG2 cells), also because of the highest 

expression level of another proliferation marker Pcna (Fig. 21A). P-NG2 glia had the highest 

expression of Nes and vimentin (Vim) (Fig. 21A), which is intermediate filament 

characteristic for reactive glia. Sonic Hedgehog (Shh) receptors PATCHED 1 and 

SMOOTHENED, encoded by Ptch1 and Smo genes, had the significantly highest incidence 

in P-NG2 cells (Ptch1, 81.8 ± 10.3 %; Smo, 40.9 ± 4.0 %) when compared to all other NG2 

glia subpopulations (Fig. 20). Apart from Grm5, we observed DE of other metabotropic 

glutamate receptors subunits such as Grm7, encoding mGlur7, among NG2 glial 

subpopulation (Fig. 20). Finally, the number of cells, which expressed ionotropic NMDA 

receptors subunits Grin1 and Grin2d, was decreased in all ischemic subpopulations when 

compared to BF-NG2 cells (Fig. 20).  
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Figure 20: Four NG2 glia subpopulations were identified after FCI using SOM analysis. Subpopulations differ 

in percentage of cells expressing several genes; only genes, expression of which was changed significantly (p 

< 0.05) are depicted; the background colors indicate genes characteristic for particular subpopulation; statistics 

were calculated using two-way ANOVA test comparing each subpopulation with every other.  
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Figure 21: Four NG2 glia subpopulations were identified after FCI using SOM analysis. Subpopulations differ 

in (A) levels of expression of several genes (significances are expressed relative to ”Bona fide NG2 glia” 

subpopulation). (B) Oligodendrocyte-, astrocyte-like and proliferating NG2 glia subpopulations emerged after 

FCI and are distributed unequally within the period of 14 days after FCI. The scheme of tamoxifen 

administration is depicted under the graph. In case of A statistics were calculated using one-way ANOVA test 

relative to ”Bona fide NG2 glia” group . In case of C statistics were calculated using two-way ANOVA with 

Bonferroni post-test comparing incidences of particular subpopulation among time-points and t-test to compare 

distribution of subpopulations between same time-points when different tamoxifen administration scheme was 

used; asterisks show significances compared to control (CTRL) group, hashtags show significances relative to 

FCI D3 group and circles show significances relative to FCI D7 group. *, #, p < 0.05; **,##, p < 0.01; ***, 

###, °°° p < 0.001. FCI, focal cerebral ischemia; SOM, self-organizing Kohonen maps 

 

While NG2 glia isolated from uninjured mice were classified as BF-NG2 cells, all NG2 glia 

subpopulations were distributed unequally following ischemia (Fig. 21B). The maximal 

changes were observed three and seven days after FCI. The highest incidences of P- and A-

NG2 cells were observed three days after FCI, unlike the OL-NG2, which culminated at day 

7 after FCI. At day 14 after FCI the distribution of NG2 glial subpopulations became similar 

to that observed in CTRL (Fig. 21B). When we postponed TX administration two days after 

FCI induction and analyzed oligodendrocytes at day 3 after FCI (post-ischemic TX scheme) 

the distribution of NG2 glial subpopulations was significantly different compared to that 
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with TX administration prior to FCI (Fig. 21B). The incidence of P-NG2 cells was 

significantly increased, while A-NG2 cells completely disappeared. This result suggests that 

P-NG2 cells retain, to some extent, the phenotype of BF-NG2 cells, which was confirmed 

by no difference in Pdgfra expression levels between P-NG2- and BF-NG2 cells (Fig. 21A). 

 

4.1.3 Astrocyte-like NG2 glia are derived directly from NG2 glia 

To further verify the differences between NG2 glia subpopulations, we double-stained brains 

seven days after FCI against specific markers such as GFAP (reactive astrocytes), Ki67 

(proliferating cells) and CC1 (also called APC), the cell-body marker of oligodendrocytes 

(Fig. 22A, B, C). We detected the expression of markers in oligodendrocytes at the ischemic 

border. The little overlap of signals from each marker confirmed the heterogeneity of 

reactive oligodendrocytes. It is known that oligodendrocytes are generated by direct 

differentiation of NG2 glia, however asymmetric division of NG2 glia also exists in the adult 

brain (Hughes et al., 2013, Boda et al., 2015). To shed some light into the origin of A-NG2 

cells we utilized cumulative EdU labeling (Fig. 22D, E). We found that 73.1 ± 4.9 % of 

GFAP+/tdTomato+ stain positively for EdU. This suggests that 26.9 ± 4.9 % of EdU-

/tdTomato+/GFAP+ A-NG2 cells probably differentiated directly from NG2 glia. However, 

we also observed only EdU+/tdTomato+ pairs of recently divided sister cells (classified 

according to (Boda et al., 2015), of which some expressed GFAP symmetrically (Fig. 22E) 

and some asymmetrically (Fig. 22D). This suggests that A-NG2 cells might be generated 

also by asymmetric division of NG2 glia and that subpopulation of A-NG2 cells retain the 

ability to proliferate as documented also by expression of Mki67 in 41.6 ± 10.0 % of A-NG2 

cells (Fig. 20). Collectively, these results confirmed that FCI induces the multipotency of 

NG2 glia, which give rise, beside oligodendrocytes, also to a population of reactive 

astrocytes. 
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Figure 22: Representative images depicting the heterogeneity of NG2 glia seven days after FCI at the ischemic 

border. (A) Image showing tdTomato+ NG2 glia expressing astroglial marker GFAP and marker of 

proliferating cells Ki67. (B) Image showing tdTomato+ NG2 glia expressing astroglial marker GFAP and 

oligodendroglial marker CC1 (APC). (C) Image showing tdTomato+ NG2 glia expressing oligodendroglial 

marker CC1 and marker of proliferating cells Ki67. (D) Image showing asymmetric division of 

tdTomato+/Edu+ cells giving rise to one GFAP+/tdTomato+/EdU+ and one GFAP-/tdTomato+/Edu+. (E) Image 

showing symmetric division of two GFAP+/tdTomato+/EdU+ cells. (A-C) arrows indicate the colocalization of 

green and red signal; arrowheads indicate the colocalization of red and blue channels. (D, E) Full arrowheads 

indicate GFAP-/tdTomato+/EdU+ cells; empty arrowheads indicate GFAP+/tdTomato+/EdU+ cells. 

 

4.2 Appearance of NG2 glia-derived astrocytes between different types of CNS 

disorders 

Since we detected NG2 glia-derived astrocytes following FCI, the next question was whether 

this subpopulation also appears in other types of brain disorders such as SW or DEMY. We 

performed single-cell RT-qPCR, in which we analyzed the expression of 95 genes. To 

achieve this, we used Cspg4/tdTomato mice, in which the TX-application triggers the 

expression of the red fluorescent protein in NG2 glia and the cells derived therefrom (Fig. 

14A). In all experiments, we administrated the TX 14 days before the analysis/disorder 

induction in the 3-month-old mice (Fig. 14C). In order to disclose changes in the gene 

expression of NG2 glia in glial scar formation (Wanner et al., 2013) and remyelination 

(Skripuletz et al., 2011), we isolated two different regions of the brain (CC and CTX) from 

the CTRLs and mice seven days after the induction of FCI/SW or withdrawal of the CPZ 

diet (DEMY) (Fig. 15).  
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4.2.1 NG2 glia and oligodendrocytes in the uninjured brain 

Primarily, we sorted all the cells based on their marker genes as NG2 glia (Cspg4, Pdgfrα) 

(n=75 cells/10 mice) and oligodendrocytes, derived from the NG2 glia (Mbp, Cldn11) (n=80 

cells/11 mice) (Fig. 23A) Despite the fact that these cells were isolated from different regions 

of the brain (CTX, CC) they displayed a similar expression pattern within the populations. 

Besides the well-known cell-type-specific genes of NG2 glia and oligodendrocytes, we 

detected a high percentage (92.0±2.5 %) of oligodendrocytes that expressed the gene for 

glutamine synthetase (GS, Glul gene) (Fig. 23A). Even though this gene is considered as a 

marker for astrocytes our data are in accordance with the latest findings, confirming that 

oligodendrocytes express both mRNA for GS as well as the protein (Xin et al., 2019, Zhang 

et al., 2014, Marques et al., 2016). The metabolic coupling between oligodendrocytes and 

axons has been generally accepted (Simons and Nave, 2015, Saab et al., 2016), but it has 

now been shown, from the studies of oligodendrocyte-GS knock-outs, that oligodendrocytes 

do not require GS for survival and myelination; however the loss of oligodendrocyte GS 

disrupts neuronal glutamate signaling and glutamate-dependent behavior (Xin et al., 2019). 

Recently, glutamate signaling has been shown to play a role in the regulation of 

oligodendrocyte maturation and differentiation (Suárez-Pozos et al., 2020). Further genes 

previously considered as astrocytic markers - Slc1a2 and Slc1a3, were also detected in NG2 

glia (75.0±6.8 % and 73.5±9.8 %; Fig. 23A) which accords well with the previous findings 

(DeSilva et al., 2009), supporting a developmentally regulated expression pattern of Slc1a2 

and Slc1a3. Their highest expressions were found in the earlier stages of oligodendrocytes 

development, prior to robust myelination (DeSilva et al., 2009, Zhang et al., 2014, Marques 

et al., 2016, Chamling et al., 2020). Martinez-Lozada et al. suggested that the activation of 

Na+-dependent glutamate transporters (Slc1a2, Slc1a3) promotes a transient increase in 

intracellular Ca2+ levels, which leads to changes in the actin-cytoskeleton and leads to 

oligodendrocyte maturation (Martinez-Lozada et al., 2014). In line with other studies, we 

hardly observed any oligodendrocytes (3.4±0.9 %) expressing doublecortin (Dcx), while its 

expression was detected in NG2 glia (33.8±6.5 %; Fig. 23A). This indicates that Dcx is not 

only associated with the immature neuronal phenotype and our findings are in agreement 

with those of Boulanger et al., who found that almost all OPCs express Dcx but also the 

levels of expression appear to be much lower than those found in the neural precursor. Dcx 

is downregulated when NG2 glia start expressing mature oligodendrocyte markers, and is 

absent in myelinating oligodendrocytes. Their study also proposed that Dcx could either be 

involved in cell migration, or that it may represent another marker of progenitor cells, which 
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also accords well with our previous studies (Tamura et al., 2007, Zhang et al., 2014, Honsa 

et al., 2016, Marques et al., 2016, Boulanger and Messier, 2017). The transcription factors 

of the Sox family have been widely studied in the context of oligodendrocyte 

development. We observed 74.3±6.5 % of NG2 glia expressed Sox2, compared to only 

42.5±9.4 % of oligodendrocytes (Fig. 23A). This is in agreement with the findings that Sox2 

maintains cells in a proliferative state and prepares NG2 glia for myelination (Zhang et al., 

2018, Zhao et al., 2015). We also analyzed all subunits of ionotropic and metabotropic 

glutamate receptors, as these may play important roles in CNS disorders. NG2 glia had a 

higher percentage of cells which expressed AMPA (Gria2, Gria3, Gria4) and kainate 

receptor subunits (Grik3, Grik4, Grik5), compared to oligodendrocytes (Fig. 23A). The 

presence of glutamate receptors in NG2 glia suggests that they are well equipped to sense 

neuronal activity, as already suggested (Kukley et al., 2008, Káradóttir et al., 2008). NG2 

glia show the highest density of ionotropic glutamate receptors compared to later lineage 

stages (De Biase et al., 2010), which is very well reviewed by (Spitzer et al., 2016, Song et 

al., 2017, Ceprian and Fulton, 2019). We also confirmed our previous results about subunits 

of metabotropic glutamate receptors (Valny et al., 2018); Grm5 was predominantly 

expressed by NG2 glia (70.2±7.3 %) and Grm3 by oligodendrocytes (75.5±5.6 %) (Fig. 

23A). Interestingly, in the optic nerve these two types of metabotropic receptors were shown 

to be protective for oligodendrocytes in neuropathologies involving excitotoxicity and 

ischemia (Butt et al., 2017); therefore, we hypothesize that such increased levels of Grm5 in 

NG2 glia and Grm3 in oligodendrocytes might be protective. Hyperpolarization-activated 

cyclic nucleotide-gated (Hcn) channel subunit 2 was highly expressed in a large number of 

oligodendrocytes. Notomi and Shigemoto found HCN2-immunopositivity in a type of 

perineuronal oligodendrocytes that are in the gray matter close to the neuronal perikarya 

(Notomi and Shigemoto, 2004). However, to the best of our knowledge, there are no reports 

on HCN2 functioning in mature oligodendrocytes. Nevertheless, they might participate in 

setting the Vm to more positive values, like in NG2 glia or astrocytes (Battefeld et al., 2016, 

Honsa et al., 2012). 

Since we isolated the gray matter (CTX) and the white matter (CC) of the brain, we 

compared NG2 glia and oligodendrocytes in these two regions. Based on our single-cell RT-

qPCR analyses, which comprised 95 genes, we found only subtle differences between CTX 

and CC - neither in the case of NG2 glia nor in the case of oligodendrocytes. In cortical NG2 

glia, the expression of two genes of the Wnt signaling pathway (Fzd8, Axin2) and AMPA 

receptor subunit Gria2, was up-regulated (Fig. 23B) when compared to the white matter 
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NG2 glia. The cortical oligodendrocyte expression of Grm6 and Hcn2 were up-regulated 

(Fig. 23B) compared to the white matter oligodendrocyte. Similarly, within the two adult 

brain regions, Marques et al. were unable to identify specific subpopulations of 

oligodendrocytes, but some oligodendrocyte populations were present throughout the brain 

and other oligodendrocytes were enriched in certain regions (Marques et al., 2016).  

 

Figure 23: A) NG2 glia and oligodendrocytes isolated from uninjured mice differ in percentage of cells 

expressing particular genes. B) Volcano plots showing higher levels of expression (red) of several genes in the 

cortex (CTX) compared to corpus callosum (CC) in NG2 glia (orange) or oligodendrocytes (purple). Statistics 

were calculated using multiple t-test. In the case of B, only statistically significant differences with p < 0.05 

are shown. In the case of C, only statistically significant differences with p < 0.001 and log fold change > 1 are 

shown. FCI, focal cerebral ischemia; SW, stab wound; DEMY, demyelination; CTRL, control. 
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4.2.2 Gene expression profiles of NG2 glia following CNS disorders 

To compare NG2 glia heterogeneity following different pathophysiological conditions of the 

brain, we collected single cells seven days after the induction of three different types of brain 

disorders: CTX after FCI (n = 127 cells), SW (n = 87 cells), and DEMY (n = 93 cells) and 

CC after DEMY (n = 88 cells). We merged all the cells from uninjured CTX (n = 75 cells) 

and CC (n = 80 cells) with their injured counterparts and performed SOM analyses, which 

revealed eight distinct cell subpopulations: four subpopulations of NG2 glia and four 

subpopulations of oligodendrocytes (Fig. 24A). Two subpopulations of NG2 glia were 

termed NG2 glia (S1) and NG2 glia (S2), characterized by a high percentage of cells 

expressing typical markers of NG2 glia, such as Cspg4 and Pdgfrα (Fig. 25A, B). The 

expression pattern of these two groups was similar to NG2 glia from the uninjured brain, 

except for the fact that NG2 glia (S2) had a higher expression of several genes compared to 

the NG2 glia (S1). The difference is visible at the level of the percentage of cells expressing 

the given gene (Fig. 25A, B). The most pronounced difference is the percentage of cells 

expressing Glul within each subpopulation, 67.2±6.4 % of NG2 glia (S2), compared to 

19.0±5.3 % of NG2 glia (S1) (Fig. 25A, B).  

The third population of NG2 glia is a specific group of cells characterized by the highest 

number of cells expressing astroglial markers Gfap (37.5±7.1 %) and Vim (92.9±1.2 %) 

(Fig. 25C) and was further termed astrocyte-like NG2 glia. These genes for intermediate 

filaments are typically upregulated in reactive astrocytes (Pablo et al., 2013), which could 

highlight the astrogliogenic potential of these cells. In this subpopulation, the expression of 

Cspg4 and Pdgfrα is lower (4.8±2.2 log2E and 9.3±2.3 log2E respectively) than in NG2 glia 

(S2) (6.8±2.1 log2E and 11.2±1.2 log2E respectively; Fig. 25E), which could also indicate 

differentiation to astrocytes. When NG2 glia differentiate to oligodendrocytes, they 

gradually lose the expression of Cspg4 and Pdgfrα, and enter an intermediate pro-

oligodendrocyte stage before finally expressing the markers of mature oligodendrocytes 

(Polito and Reynolds, 2005). Astrocyte-like NG2 glia display a decreased percentage of cells 

expressing Grm5 (53.6±5.7 %) and its expression level is also reduced (3.1±0.4 log2E), the 

opposite to NG2 glia (Fig. 25C). Both NG2 glia (S2) and astrocyte-like NG2 glia 

subpopulations are characterized by a high expression of Dcx (55.2±7.0 % and 67.9±7.0 % 

respectively), mentioned above as a marker of cell motility (Fig. 25B, C). Moreover, 

astrocyte-like NG2 glia are characterized by their proliferation potential as this 

subpopulation has the highest percentage of cells expressing MKi67 (39.3±7.0 %), a marker 

of proliferation (Fig. 25C), and its highest expression (3.1±0.6 log2E) when compared to all 
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subpopulations (Fig. 25E). This suggests that astrocyte-like NG2 glia retain the ability to 

proliferate thus differing to oligodendrogliogenesis, when this ability is lost (Hassannejad et 

al., 2019).  

 

Figure 24: (A) Principal component analysis (PCA) showing the distribution of four subpopulations of NG2 

glia and four subpopulations of oligodendrocytes seven days after injury. (B) PCA showing the distribution of 

cells from two additional time points (14 and 22 days) after focal cerebral ischemia across the subpopulations 

of NG2 glia and oligodendrocytes. 
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Figure 25: Four NG2 glia subpopulations identified using self-organizing map analysis. NG2 glia 

subpopulation 1 (A), NG2 glia subpopulation 2 (B), astrocyte-like NG2 glia (C), and oligodendrocyte-like NG2 

glia (D) differ in the percentage of cells expressing genes or in gene expression levels (E). (A-D) Only genes, 

of which expression is changed significantly (p < 0.05), are depicted, with the exceptions of the marker genes. 

(E) Asterisks show significance compared to the NG2 glia subpopulation 2. Hashtags show significances 

compared to the astrocyte-like NG2 glia subpopulation. Dollar show significances compared to the 

oligodendrocyte-like NG2 glia subpopulation. ***, ###, $$$ p < 0.001. Statistics are calculated using multiple 

t-test or two-way ANOVA, comparing each subpopulation with each other. S, subpopulation. 
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The fourth subpopulation is oligodendrocyte-like NG2 glia, characterized by a high 

percentage of cells expressing oligodendrocyte-committed genes, such as Mbp (98.0±3.8 %), 

Cldn11 (100.0±0.0 %), and Tcf7l2 (100.0±0.0 %) and a lower percentage of NG2 glia-

committed genes, such as Cspg4 (28.6±5.4 %) and Pdgfrα (8.2±3.7 %) (Fig. 25D). 

Interestingly, some astrocyte-like NG2 glia expressed Mbp (39.3±4.7 %), Cldn11 (80.4±8.5 

%), and Tcf7l2 (76.8 ± 4.9 %; Fig. 25C, D) but their expression was much lower (Mbp, 

1.8±0.3 log2E; Cldn11, 4.9±0.4 log2E; Tcf7l2, 5.71±0.5 log2E) than in oligodendrocyte-like 

NG2 glia (Mbp, 11.6±0.4 log2E; Cldn11, 10.2±0.3 log2E; Tcf7l2 11.2±0.3 log2E; Fig. 25E). 

In oligodendrocyte-like NG2 glia, we found a decreased expression of Grm5 (10.2±4.0 %; 

Fig. 25E), while Grm3 expression was not detected. Another feature of this subpopulation 

is the expression of Trpv4, which was also described by Marques et al. in committed OPC 

(Marques et al., 2016) (Fig. 25D).  

The distribution of the four NG2 glia subpopulations varied among the regions of the 

uninjured brain, as well as in response to pathological stimuli. The proportion of the two 

subpopulations of NG2 glia between CTX and CC is already significantly different in the 

uninjured brain. There is a large number of NG2 glia (S2) that has a higher expression of 

several genes than NG2 glia (S1), differing to that in CC (Fig. 26A). Oligodendrocyte-like 

NG2 glia are equally distributed in the gray (CTX) and white (CC) matter and no astrocyte-

like NG2 glia are present in the uninjured brain (Fig. 26A). Interestingly, astrocyte-like NG2 

glia represent the prevailing subpopulation (48.5±8.5 %) after FCI, at the expense of NG2 

glia (S1) and (S2). With regards to the DEMY CTX two transitions states, namely 

oligodendrocyte- and astrocyte-like NG2 glia, these disappear completely, and we found 

only a few transitions of NG2 glia in DEMY CC (Fig. 26A). In the case of SW, the 

distribution was similar to its corresponding CTRL (Fig. 26A). 

In order to determine whether FCI-specific astrocyte-like NG2 glia is permanent or 

transient subpopulation within NG2 glia subpopulations, we performed single-cell RT-qPCR 

analysis 14 and 22 days after FCI (Fig. 24B). This subpopulation was still present 14 days 

after FCI, but with a decreasing tendency (Fig. 26C). In the late stages (22 days) astrocyte-

like NG2 glia were not observed which was at the expense of NG2 glia (S2) similarly to 

oligodendrocyte-like NG2 glia (Fig. 26C). 
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Figure 26: Distribution of four subpopulations of NG2 glia (A) and four subpopulations of oligodendrocytes 

(B) is unequal in controls (CTRLs) and following injuries. Note that astrocyte-like NG2 glia only become 

greatly emerged after focal cerebral ischemia (FCI). Changes in the distribution of four subpopulations of NG2 

glia (C) and four subpopulations of oligodendrocytes (D) at different time points after focal cerebral ischemia. 

Statistics were calculated using two-way ANOVA, comparing incidences of a particular subpopulation among 

groups. The percentage of subpopulations was calculated as an average of the percentage from different mice. 

In the case of A, asterisks show significances between CTRLs. In the case of B, asterisks show significance 

compared to CTRL and hashtags show significances compared to FCI. * p < 0.05; ## p < 0.01; *** p < 0.001. 

CTX, cortex; CC corpus callosum; DEMY, demyelination; SW, stab wound. 

 

4.2.3 Different oligodendrocyte subpopulations after CNS injuries 

Besides the NG2 glia subpopulations, we also identified four subpopulations of 

oligodendrocytes. We classified them according to (Guo et al., 2015, Valny et al., 2018) as 

immature oligodendrocytes, mature premyelinating oligodendrocytes, and two subtypes of 
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mature myelinating oligodendrocytes (1 and 2) (Fig. 27). The first two groups of 

oligodendrocytes have the residual expression of Cspg4 and other genes typical for NG2 

glia, such as Grm5, Axin2, and Gria3 (Fig. 27A, B). Interestingly, in immature 

oligodendrocytes, only 77.4±6.6 % cells expressed Mbp and 71.0±8.8 % cells expressed 

Cldn11 unlike oligodendrocyte-like NG2 glia (Mbp 98.0±3.8 %, Cldn11 100.0±0.0 %; Fig. 

27A; Fig. 25D). Additionally, there was a relatively lower incidence of cells expressing Glul 

and Grm3 (including their expression levels) within immature oligodendrocytes (Fig. 27A, 

E). The tendency is that the expression pattern of these genes within oligodendrocytes 

subpopulations increases (Fig. 27E) with the progressing maturation of oligodendrocytes. 

The number of cells expressing the gene of Shh signaling Ptch1 increases with the 

maturation of oligodendrocytes (Fig. 27). Shh signaling is implicated in controlling both the 

generation of oligodendrocytes during embryonic development, and their production in 

adulthood (Loulier et al., 2006, Wang and Almazan, 2016). The need for the Shh genes in 

the oligodendroglial lineage is due to Shh signaling not only being involved in differentiation 

but also in oligodendrocyte branching once they are mature (Wang and Almazan, 2016), and 

it is a necessary factor playing a positive role during demyelination/remyelination (Ferent et 

al., 2013). Thus, an increased transcription of suppressor receptor Ptch1 in mature 

myelinating oligodendrocytes 2 suggests that the Shh pathway is no more needed. The Hcn2 

gene could serve as an indicator at the stage of oligodendrocyte differentiation. This gene is 

barely expressed in immature and premyelinating oligodendrocytes (0.7±0.4 log2E; 0.5±0.2 

log2E), while in the both mature stages it is highly expressed (8.5±0.2 log2E; 9.6±0.2 log2E) 

(Fig. 27A, B, C, D, E). Moreover, the number of cells expressing the subunits of AMPA 

receptors, Gria2 and Gria3, gradually decreases with oligodendrocyte maturation. The 

exception is that within the subpopulation of mature myelinating oligodendrocytes 2, a 

relatively high number of cells express Gria2 (35.0±6.4 %) compared to the mature 

myelinating oligodendrocytes 1 (Fig. 27C, D). This is one of the characteristics of mature 

myelinating oligodendrocytes 2 which distinguishes them from mature myelinating 

oligodendrocytes 1, as comparably described by Valny and colleagues (Valny et al., 2018). 

The overexpression of Gria2 stimulates the transcriptional activities linked to myelin 

formation, even in the absence of injury (Khawaja, 2019). Moreover, Ca2+-permeable 

AMPA receptors were shown to mediate ischemia-induced excitotoxic damage in 

oligodendrocytes (Leuchtmann et al., 2003, McDonald et al., 1998, Dewar et al., 2003). This 

suggests that the upregulation of Gria2 can be beneficial to oligodendrocyte repair in 

pathology, and it protects them from Ca2+ overloading. Another difference between the two 
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mature subpopulations was observed in the expression and the number of cells expressing 

kainate receptor subunit Grik5 (Fig. 27C, D, E), making them vulnerable to glutamate 

excitotoxicity (Alberdi et al., 2002, Sanchez-Gomez et al., 2011). The role of another highly 

expressed subunit of glutamate receptors, Grm7 (Fig. 27E), which is known to be involved 

in the regulation of proliferation, remains elusive in mature oligodendrocytes 2 as they are 

apparently terminally differentiated (Xia et al., 2015). Unlike NG2 glia subpopulations, the 

distribution of oligodendrocyte subpopulations was comparable between the gray and white 

matter (Fig. 26B). Following FCI, no premyelinating oligodendrocytes were present, but 

there was a significantly higher incidence of immature oligodendrocytes (Fig. 26B). This 

was in the contrast to DEMY in CTX and following cortical SW, where the immature 

subpopulation of oligodendrocytes was barely present (Fig. 26B). This might be due to the 

various rates of remyelination caused by the different severity of injury. This idea is 

supported by data from late stages following FCI where premyelinating oligodendrocytes 

appeared after 14 days, and after 22 days, the proportion of oligodendrocyte subpopulations 

was similar to that from CTRL CTX (Fig. 26D). 



 

69 
 

 

Figure 27: Four oligodendrocyte (OL) subpopulations identified using self-organizing map analysis. Immature 

OLs (A), mature premyelinating OLs (B), mature myelinating OLs 1 (C) and mature myelinating OLs 2 (D) 

differ in the percentage of cells expressing genes or differ in gene expression levels (E). (A-D) Only genes, 

where expression is changed significantly (p < 0.05), are depicted, with the exception of the marker genes. (E) 

Asterisks show significance compared to the immature OLs. Hashtags show significances compared to the 

mature premyelinating OLs. Dollar show significances compared to the mature myelinating OLs 1. ***, ###, 

$$$ p < 0.001. Statistics were calculated using multiple t-test or two-way ANOVA, comparing each 

subpopulation with each other.  
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4.2.4 Immunohistochemical identification of NG2 glia progeny following CNS 

injuries 

To further verify the phenotypic differences of identified tdTomato+ subpopulations we 

stained uninjured brains, and those following FCI, SW or DEMY, against the combinations 

of cell-type-specific markers, such as GFAP, AlDH1L1 (astrocytes) and, APC, the cell-body 

marker of oligodendrocytes and proliferation markers (PCNA, KI67). The overlap of signals 

from tdTomato with an appropriate marker (Fig. 28, Fig. 29), was detected in the depicted 

areas of the brain (Fig. 15). To assess proliferation rate of NG2 glia, we employed two 

frequently used markers, PCNA and KI67. According to PCNA staining, proliferation was 

increased in response to each type of injury, when compared to the corresponding CTRL. 

The highest number of proliferating cells was in the CTX and CC, following DEMY (Fig. 

28A). Interestingly, KI67 staining showed different results. The proliferation was only 

increased in the BBB -damaging CNS disorders (FCI and SW) and not in DEMY (Fig. 28B). 

NG2 glia differentiation into oligodendrocytes is very well known. Notably, the most 

pronounced oligodendrogliogenesis was detected in the CTX after SW (24.5±2.4 %), while 

following FCI and DEMY, it was comparable with the CTRL (Fig. 28C). As we expected, 

oligodendrogliogenesis differs between the brain regions in the CTRLs, as well as after 

DEMY; it is much higher in white matter than in the gray matter (Fig. 28C).  

We used immunohistochemistry to confirm that astrocyte-like NG2 glia only arise after 

FCI. We clearly showed that tdTomato/GFAP+ cells are only present after FCI in a higher 

number (31.4±1.9 %), compared to the CTRLs or the other types of injury (Fig. 29A). These 

cells were mainly located on the border of ischemia between NG2 glia and astrocytes (Fig. 

29A) in the close vicinity of the lesion as already observed by Valny et al. (Valny et al., 

2018). Another astrocytic marker, ALDH1L1, did not confirm the increased number of 

astrocyte-like NG2 glia (Fig. 29C), however, other studies showed that GFAP+ cells may not 

necessarily be positive for ALDH1L1 (Hackett et al., 2018). For that reason, we used another 

very typical marker of reactive astrocytes-VIM, which was also increased following FCI, 

but not as much as was GFAP (Fig. 29D). To validate single-cell RT-qPCR results from late 

stages following FCI, we did also double-labelling for tdTomato/GFAP mice in the 14 and 

22-30 days after FCI. We observed a GFAP immunoreactivity decay already at 14 days (Fig. 

29B). This suggests that astrocyte-like NG2 glia represent a transient subpopulation, but 

unique to FCI. In summary, NG2 glia only form astrocyte-like NG2 glia following severe 

ischemic damage, while cortical SW or DEMY are not able to evoke such NG2 glia 

multipotency.  
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Figure 28: Graphs showing the percentage of tdTomato+ cells expressing a given marker, and their 

representative images depicting the co-localization of proliferation and oligodendrocyte markers under 

physiological and pathological conditions. (A) Showing tdTomato+ NG2 glia expressing proliferating cell 

nuclear antigen (PCNA), (B) showing tdTomato+ NG2 glia expressing proliferation marker KI67, (C) showing 

tdTomato+ NG2 glia expressing oligodendroglial marker, adenomatous polyposis coli (APC). (A-C) Arrows 

indicate the co-localization of green and red signals. Statistics were calculated using one-way ANOVA. 

Asterisks show significance compared to the corresponding control (CTRL) unless otherwise indicated. 

Hashtags show significances between CTRLs (CTX, CC). *, #, p < 0.05; ** p < 0.01; ***, ### p < 0.001. Scale 

bars, 50 µm. CTX, cortex; CC corpus callosum; FCI, focal cerebral ischemia; DEMY, demyelination; SW, 

stab wound. 
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4.2.5 Astrocyte-like NG2 glia features 

To characterize astrocyte-like NG2 glia on a genome-wide level, we performed a single-cell 

RNA-seq experiment using Cspg4/tdTomato mice. We analyzed three uninjured (CTRL) 

and three post-ischemic mice (day seven) using high-throughput platform Chromium Single-

Cell Gene Expression. NG2 glia and astrocytes were enriched using FACS selection of 

tdTomato+ and ACSA-2+ cells, a recently identified marker of astrocytes (Kantzer et al., 

2017). Single- and double-positive populations were collected and analyzed. In total, we 

acquired a single-cell transcriptome of 4634 cells (1656 in CTRLs and 2978 in ischemic 

animals). The preliminary analysis identified clusters of various cell types. Some of them 

were expected, e.g. various maturation stages of oligodendrocytes or Cspg4+ pericytes, other 

were rather surprising, e.g. clusters composed of myeloid or vascular cells. For further 

analysis, we only selected cells expressing typical NG2 glia and astrocyte markers, resulting 

in 1134 cells. Unfortunately, we only collected seven NG2 glia in the CTRL animals, where 

the majority of tdTomato+ cells were identified as pericytes, therefore we further limited our 

analysis only to cells under ischemic conditions (549 cells).  

In the ischemic animals, we identified four cell clusters (Fig. 30A). Two clusters 

expressed typical markers of NG2 glia and astrocytes (Fig. 30B), whereas the remaining two 

represented separate subpopulations sharing the expression of both cell type markers (Fig. 

30B). It was noted that both subpopulations demonstrated a similar level of Gfap expression 

(Fig. 30B) as well as the percentage of Gfap+ cells, compared to astrocytes, and a similar 

expression level and positivity of the Cspg4 gene, in comparison to NG2 glia (Fig. 30B). To 

characterize these transient subpopulations, we performed a DE analysis identifying 288 and 

353 marker genes that were upregulated in the subpopulations (fold change > 2, adjusted p 

value < 0.05). 
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Figure 29: Graphs showing the percentage of tdTomato+ cells expressing a given marker and their 

representative images depicting the co-localization of astrocyte markers under physiological and pathological 

conditions. (A-B) Showing tdTomato+ NG2 glia expressing astrocyte markers glial fibrillary acidic protein 

(GFAP), (C) aldehyde dehydrogenase 1 family member L1 (ALDH1L1) and (D) vimentin (VIM). (A-D) 

Arrows indicate the co-localization of green and red signals. Statistics are calculated using one-way ANOVA. 

Asterisks show significances compared to the corresponding CTRL unless otherwise indicated. * p < 0.05; *** 

p < 0.001. Scale bars, 50 µm. CTRL, control; CTX, cortex; CC corpus callosum; FCI, focal cerebral ischemia; 

DEMY, demyelination; SW, stab wound. 
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The first transient subpopulation we termed as pericytes (detached; 15 cells) because, in 

addition to Gfap and Cspg4 expression, this subpopulation showed a high expression of 

genes typically found in pericytes (e.g. Vtn, Rgs5; Fig. 30D). These were characterized by 

the positive regulation of the cell migration, angiogenesis, and wound healing (Fig. 30C). 

We speculate that these cells represent a unique population of pericytes, which migrate into 

the ischemic lesion and differ from classic pericytes which are attached to the capillaries and 

venules (Fig. 30B). Notably classic pericytes were removed from the analysis during the 

preprocessing steps, so we may assume that this is a unique population of pericytes sharing 

the expression of some typical astrocytic genes (Aqp4, Gjb6, Aldh1l1; Fig. 30B). 

Interestingly, a recent report studying the role of pericytes in fibrotic scarring, identified a 

population of pericytes displaying a distinctive morphology that was located close to the 

glial-fibrotic lesion (Dias et al., 2020). We suggest that the close vicinity of astrocytes and 

pericytes at the ischemic border may initiate transcriptional changes, making pericytes 

similar to astrocytes. However, the validity of this hypothesis needs to be confirmed by 

additional studies. 

The second transient subpopulation was identified as astrocyte-like NG2 glia (50 cells), 

because they shared typical markers of both astrocytes (Gfap, Glul, Gja1, Aqp4, Gjb6; Fig. 

30B) and NG2 glia (Cspg4, Pdgfrα; Fig. 30B). Moreover, within the 10 top DE genes of 

astrocyte-like NG2 glia population, there are genes typical for NG2 glia (Ube2c, Rrm2, Pbk, 

Birc5, Spc24), and also genes typical for astrocytes (Top2a, Hells; Fig. 30D) (Zhang et al., 

2014, Cahoy et al., 2008). Furthermore, the list of top10 DE genes in the astrocyte-like NG2 

glia included genes associated with the cell cycle and mitosis (e.g. Top2a, Cdk1; Fig. 30D). 

Interestingly, this population differentially expressed Kcne1, encoding the accessory 

subunits of acetylcholine-inhibited channels, Kcnq1 and Kcnq4, which has already been 

identified as a typical marker of astrocytes (Cahoy et al., 2008). Moreover, this 

subpopulation may respond to intracellular Ca2+ signals because the cells express S100a10, 

a Ca2+-binding protein that generally modulates cellular target proteins. It is known to be 

expressed in multiple neuronal cell types, but the group of Milosevic showed that S100a10 

is expressed by astrocytes and a small population of NG2 glia (Milosevic et al., 2017). To 

gain a deeper insight into the role of the two transition populations, we performed gene over-

representation analysis. The analysis revealed the upregulation of processes associated with 

mitotic cell cycle division and chromosome segregation in astrocyte-like NG2 glia (Fig. 

30C). These data accord well with our recent work, which showed that up to 75 % of NG2 

glia have to undergo cell division before they start to express markers of astrocytes, including 

https://www.sciencedirect.com/topics/neuroscience/kcnq4
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the production of GFAP protein (Valny et al., 2018). Additionally, this subpopulation is 

characterized by upregulated processes of cellular homeostasis, a regulation of signaling, 

and a positive regulation of cell-cell communication (Fig. 30C). 

 

Figure 30: Single-cell RNA-Seq analysis of NG2 glia and astrocytes seven days following focal cerebral 

ischemia. (A) Uniform Manifold Approximation and Projection (UMAP) visualization of 549 cells expressing 

markers of NG2 glia and/or astrocytes, (B) Marker genes of astrocytes, NG2 glia, astrocyte-like NG2 glia and 

pericytes (detached); (C) Functional annotation of two transient subpopulations - astrocyte-like NG2 glia and 
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pericytes (detached) - shown selection of representative GO terms (Fisher's exact test). (D) Expression of 

canonical markers of NG2 glia, astrocytes, astrocyte-like NG2 glia and pericytes. 

4.2.6 Electrophysiological characteristics of astrocyte-like NG2 glia 

Based on the RNA-seq data, we found that astrocyte-like NG2 glia is a specific and distinct 

subpopulation of NG2 glia, only arising after FCI. Therefore, it was of interest to determine 

the electrophysiological properties of astrocyte-like NG2 glia seven days after FCI. Here, 

we cross-bred Cspg4/tdTomato mice with Gfap/EGFP mice, which enabled the 

measurement of astrocytes (EGFP+ cells), NG2 glia (tdTomato+ cells), and astrocyte-like 

NG2 glia (EGFP+/tdTomato+ cells) (Fig. 14B). The membrane currents were recorded from 

all the above-mentioned cells at the ischemic lesion border (CTX) of adult mice, using the 

patch-clamp technique in the whole-cell configuration. The predicted electrophysiological 

recordings revealed a complex current pattern typical of NG2 glia, i.e., they displayed KDR, 

KA, and KIR currents (Honsa et al., 2012, Schools et al., 2003). Their average resting 

membrane potential (Vm) measured by our group was −71.9±3.5 mV (n = 9), IR was 

160.2±41.6 MΩ, and Cm was 8.1±1.0 pF. The current densities were 14.7±3.0 pA/pF for 

KIR currents, 28.7±8.3 pA/pF for KDR currents, and 50.6±14.3 pA/pF for KA currents (Fig. 

31A). In general, ischemic astrocytes elicit predominantly time- and voltage-independent 

currents. This type of membrane current, carried primarily by K+ ions, has been shown to be 

typical of mature astrocytes (Pivonkova et al., 2010, Wallraff et al., 2004, Zhou et al., 2006). 

Their average Vm was −75.3±3.3 mV (n = 8), IR was 115.5±34.9 MΩ and Cm was 8.4±1.2 

pF. The current densities were 5.6±1.9 pA/pF for KIR currents, and 2.4±1.4 pA/pF for 

KDR currents (Fig. 31C). Astrocyte-like NG2 glia membrane currents resulted in a shift 

between the current pattern of NG2 glia and astrocytes (Fig. 31B). Their passive membrane 

properties did not significantly differ from NG2 glia/astrocytes after FCI. However, they had 

considerably reduced KIR (3.5±0.8 pA/pF), KDR (4.2±1.1 pA/pF) and KA (0.2±0.2 pA/pF) 

current densities, when compared to NG2 glia, while they did not differ from those obtained 

in cortical astrocytes (Fig. 31B). 
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Figure 31: Current patterns of NG2 glia, astrocyte-like NG2 glia, and astrocytes seven days after focal cerebral 

ischemia (FCI). Typical current patterns of (A) NG2 glia, (B) astrocyte-like NG2 glia, (C) and astrocytes were 

obtained by hyper- and depolarizing the cell membrane from the holding potential of -70 mV to the values 

ranging from -160 mV to 40 mV, in 10 mV increments (see the inset, bottom). Zero current is marked by the 

dashed line. Statistics were calculated using one-way ANOVA. Asterisks show significances compared to NG2 

glia, ** p < 0.01; *** p < 0.001. 

 

4.3 Interaction between stroke and aging at the genome-wide level using model 

of FCI 

To explore the difference in the response to ischemia between young and aged brain leading 

to impaired regeneration, we performed 3’ mRNA sequencing of CTX isolated from 3-

month-old (young) and 18-month-old (aged) female mice at three days after FCI and from 

their age-matched CTRLs (in total 4 groups, 6 animals per group). 

 

4.3.1 Aging is accompanied with increased neuroinflammation involving 

primarily glial cells 

We first explored factors that may contribute to the increased vulnerability of the aged brain 

to ischemia. We compared DE genes between young and aged CTRLs and analyzed them 

using Gene set enrichment analysis (Subramanian et al., 2005). We identified 52 upregulated 

and only 13 downregulated genes (log2FC > 1, padj < 0.05). GSEA revealed upregulation 

of defense response-related processes, positive regulation of immune response, and 

increased secretion of cytokines and protein catabolism (Fig. 32A). Concomitantly, 

downregulated processes mapped to positive regulation of protein polymerization, dendrite 
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development and axon projection, altogether pointing towards increased inflammation and 

axonal degeneration in the aged brain. To see better cell-specific context of observed 

transcriptional changes, we searched in the literature for transcriptomic datasets related to 

brain aging, neuroinflammation and stroke, and quantified overlap with our lists of 

differentially expressed genes (Fig. 32B). There was a significant overlap between the genes 

upregulated within the aged CTRLs and signatures of aged astrocytes (such as Gfap, Anln, 

Pcdhb6, C4b, Serpina3n, Lyz2, Neat1, Plin4)(Boisvert et al., 2018, Clarke et al., 2018), aged 

microglia (such as Clec7a, Cst7, Cybb, Lgals3, Mmp12, Spp1, C4b, Ccl8) (Grabert et al., 

2016, Holtman et al., 2015), aging OPCs (such as Rab37, Tnfaip2)(Spitzer et al., 2019), in 

lipopolysaccharide (LPS)-treated microglia (such as Bcl3, C3ar1, Ccl3, Ccl4, Cst7, Cybb, 

Tnfaip2) (Erny et al., 2015, Srinivasan et al., 2016)(Erny et al., 2015; Srinivasan et al., 2016) 

and/or LPS-treated astrocytes (such as Casp1, Flnc, Mpeg1, Runx1, Serpina3n) (Srinivasan 

et al., 2016), as well as with genes that are part of the common inflammatory signature (such 

as Ptprc, Rab32, Slc11a1, St14, Tep1, Trem2, Tyrobp) (Wang et al., 2012). We also found 

significant upregulation of genes enriched in bone marrow-derived macrophages (BMDMs) 

versus brain-resident microglia (such as Cdkn2a, Itgax, Tep1), while microglia-enriched 

genes (such as Cask, Gda, Nav3, Nrep, Sox4) were downregulated, indicating the 

convergence of microglial and macrophage signatures with aging, as previously suggested 

(Grabert et al., 2016, Friedman et al., 2018). Furthermore, aging-upregulated genes strongly 

overlapped with the neurodegeneration-related transcriptional profile of microglia 

(Friedman et al., 2018) and also with Ccl4-expressing subpopulation of microglia that 

expand during aging, injury (Hammond et al., 2019) and neurodegeneration (Mathys et al., 

2017). Overall, these results suggest that aged brain presents alteration in the 

neuroinflammatory environment, involving particularly glial cells. A subset of pro-

inflammatory primed microglia and/or astrocytes may contribute to aggravation of the 

ischemic injury in aged animals.  
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Figure 32: Gene sets with altered expression during normal aging A) Enrichment map of significantly up- or 

down-regulated gene ontology (GO) terms between aged (18 months) and young adult (3-month-old) control 

mice. Nodes represent gene sets. Highly similar gene sets are connected by edges, grouped in sub-clusters and 

annotated manually. B) Meta-analysis showing enrichment of selected transcriptional signatures from 

literature. Several inflammatory and glial cell activation-related states are significantly upregulated.  

 

4.3.2 Aging alters the magnitude of the transcriptional response to ischemia in 

brain 

As the next step, we explored transcriptional changes three days following ischemia in young 

and aged mice relative to their age-matched CTRLs. Large number of genes were DE in both 

young (2556) and aged (3435) mice, with a high prevalence of upregulation, both in terms 

of number of regulated genes and the fold-change (Fig. 33A). There was a substantial overlap 

between DE genes in young and aged mice, when aged mice differentially regulated more 

genes, often with a greater magnitude (Fig. 34A). Functional analysis with GSEA showed 
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hundreds of significantly enriched gene ontology (GO) terms. The GO terms were related to 

inflammatory response (such as IFN-I signaling, cytokine production, neutrophil 

degranulation), cell-cell interactions (such as integrin cell-surface interaction, extracellular 

matrix organization) and cell-cycle (such as regulation of DNA replication) and were 

upregulated to a greater extent in aged animals after injury (Fig. 33B). Similarly, gene sets 

associated with synaptic signaling and plasticity, neurotransmitter transport and potassium 

ion channels were downregulated exclusively, or to a greater extent in aged animals after 

ischemia (Fig. 33B). These results suggest that in addition to common genes, aged brain 

activates/represses distinct cellular processes in response to ischemic impact. Surprisingly, 

almost no functional gene sets were induced or repressed exclusively in young animals (Fig. 

33B). 

 

4.3.3 Stroke does not activate exclusive neuroprotective pathways in young 

compared to aged mice 

Since we did not identify any unique gene set specifically responding in young mice, we 

took a step back and focused on individual genes that showed a greater upregulation in young 

mice compared to the aged group (“more up MCAO3”, MCAO=FCI). We postulated that 

such genes may display a neuroprotective effect (considering the better outcome of stroke in 

young animals). We found that some genes do show upregulation upon FCI in young mice 

(log2FCyoung >> log2FCaged), almost all of them are also upregulated in aged CTRLs 

compared to young CTRLs (Fig. 34B, left) and their abundance levels in young stroke group 

do not rise above the levels in aged stroke group (Fig. 34B, right). Considering the 

inflammatory nature of these genes, the strong overlap with markers of aged and activated 

microglia (Hammond et al., 2019, Mathys et al., 2017, Mrdjen et al., 2018), as well as the 

presence of reactive astrocyte marker (Gfap), it is apparent that these genes reflect age-

induced glial activation, which is partially saturated after stroke in aged mice. These results 

suggest that the group of genes showing stronger activation after ischemia in young animals 

does not involve exclusive neuroprotective pathways, but rather reflects the resting baseline 

level of microglia and astrocytes in young CTRL animals and a more polarized baseline state 

in aged CTRL animals. 
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Figure 33: Comparison of differentially expressed genes and gene sets after ischemia between young and aged 

mice. A) Scatter plot comparing stroke-induced log2 fold-change in young and aged mice. Genes with |log2FC| 

>1 are highlighted in color. B) Scatter plot comparing ischemia-induced alteration of Reactome pathways in 

young and aged mice. Pathways wih q-val < 0.05 are highlighted in color. Sign depicts UP (+) or DOWN (-) 

regulation.  
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Figure 34: Comparison of differentially expressed (DE) gene sets after ischemia between young and aged mice 

A) Venn diagrams showing overlaps of DE genes between selected pairwise comparisons. B) Scatter plots of 

ischemia-induced log2 fold-change in young and aged mice. Color maps to log2 fold-change between aged and 

young controls (left) or between aged and young ischemia groups (right). Genes with larger stroke-induced 

upregulation in young mice tend to increase in expression during normal aging. Sign depicts UP (+) or DOWN 

(-) regulation.  

 

4.3.4 Combination of aging and stroke leads to massive activation of type-I 

interferon signaling and aggravated inflammatory response 

We then explored the genes showing upregulation after ischemic impact in aged mice, which 

are likely to have detrimental effects (“more up MCAO18”). There were more than 400 such 

genes, of which a great proportion were related to immune system (Fig. 35). GO and pathway 

enrichment analysis revealed T-cell activation, cell adhesion, chemotaxis and leukocyte 

migration, as the ones of the most strongly enriched functional clusters, suggesting an 

increased infiltration and activation of peripheral immune cells (Fig. 35). We found strong 

enrichment of genes associated with antigen processing and presentation, MHC class I, and 

cytokine secretion. Several signaling pathways, namely ERK/MAPK signaling and 
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cAMP/cGMP mediated signaling were also significantly enriched, as were the GO terms 

associated with lipid metabolism, transport of fatty acids and oxidative phosphorylation. 

Pathway enrichment showed clusters of extracellular matrix organization and cluster of 

pathways mediating regulation of cell cycle, suggesting that cellular proliferation may be 

increased in aged post-ischemic mice (Fig. 35). Genes that are more induced by ischemia in 

aged mice also significantly overlapped with several inflammation and aging associated 

signatures from the literature. However, an interesting feature was the strong overlap with 

the LPS-induced / A1 pro-inflammatory astrocytic profile. Previously, it has been reported 

that FCI induces a beneficial A2 astrocytic profile (Zamanian et al., 2012). Our result 

suggests this may not be the case in the aged brain, which would be consistent with reports 

that aging promotes inflammatory A1 profile of astrocytes (Clarke et al., 2012, Boisvert et 

al., 2018) and accelerates injury-induced astrocyte reactivity (Badan et al., 2003, Gordon et 

al., 1997, Popa-Wagner et al., 2007). Another striking characteristic was overrepresentation 

of ISG, indicating that specifically IFN-I signaling pathway is much strongly activated by 

ischemia in aged animals (Fig. 33A).  
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Figure 35: Functional annotation of genes with different quantitative response to ischemia between young and 

aged mice. Enrichment map showing significantly enriched gene ontology (GO) terms (circles) and pathways 

(hexagons) for genes with greater upregulation after ischemia in aged mice (“more up MCAO18”). Similar 

gene sets are grouped into sub-clusters and annotated manually. 
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Figure 36: Functional annotation of genes with different quantitative response to ischemia between young and 

aged mice. Enrichment map showing significantly enriched gene ontology (GO) terms (circles) and pathways 

(hexagons) for genes with greater downregulation after ischemia in aged mice (“more down MCAO18”). 

Similar gene sets are grouped into sub-clusters and annotated manually. 

 

In concordance to larger upregulation, aged mice also downregulated larger number of genes 

after ischemia, often with a greater magnitude (“more down MCAO18”) (Fig. 36). 

Functional annotation of the “more down MCAO18” gene set showed significant enrichment 

of K+ transmembrane transport (Atp1b1, Hcn1), voltage-gated K+ channels (Kcnc1, Kcnc2, 

Kcnc3, Kcnj6, Kcnj9, Kcnma1, Kcnt1) and their regulatory subunits (Kcnab2, Kcnab3, 

Kcnjp2), neurofilament proteins (Nefh, Nefm, Ina) and genes involved in synaptic vesicle 

exocytosis regulation and neurotransmitter release (such as Cadps, Pnkd, Lin7a, Braf, Dnm1, 

Rims1, Cplx1,Syt2, Nrxn3) (Fig. 36). These genes mainly localize along the presynaptic and 

neuron projection membranes, indicating greater axonal damage and impaired synaptic 

communication in aged post-ischemic mice. “More down MCAO18” genes were also 

enriched with genes involved in the regulation of circadian rhythm (such as Cry2, Rorb, 

Per3). An impact of ischemic stroke on circadian rhythm has been observed before (Meng 

et al., 2008) and our results suggest that aged animals may be more susceptible to its 

destabilization, which is linked to sleep, mood and post-stroke depression, and may therefore 

impact recovery (Duss et al., 2017, Sterr et al., 2018). Overall, analysis of age-ischemia 

interacting genes revealed an increased neuroinflammatory environment in aged animals, 

which is connected to higher infiltration and activation of peripheral immune cells, pro-

inflammatory cytokine secretion and activation of signaling pathways (ERK/MAPK, IFN-I) 

that may contribute to secondary injury. On the other hand, K+ transmembrane channels, 

neurofilament and synaptic communication proteins were specifically repressed in aged 

animals. 
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4.3.5 Transcriptome deconvolution reveals cell type composition changes during 

aging and after stroke 

In order to provide cell-specific context to the observed transcriptional profiles, we estimated 

relative changes of cell type proportions by computational deconvolution. First, we built a 

reference of cell-specific genes for major CNS cell types (for details see Methods). We then 

used the markerGeneProfile R package (Mancarci et al., 2017), which summarizes 

expression of multiple cell-specific genes into a single marker gene profile (MGP). To 

validate the estimates, we used transcriptome deconvolution algorithm CIBERSORT 

(Newman et al., 2015) (see Methods). Except for astrocytes, concordance analysis confirmed 

the robustness of the results. Closer inspection showed that astrocyte-specific genes do not 

significantly overlap with any DE geneset (Fig. 38A), and cluster into different co-

expression modules (see below), which may be due to heterogeneity of astrocytic response 

or intrinsic transcriptional regulation of large part of astro-specific genes. To ease the 

interpretation, we report the relative changes in cell type proportions as MGPs selected by 

markerGeneProfile R package (Fig. 37). 

We found a significant increase in the MGPs of all non-neuronal cell types following 

stroke in both age groups (padj < 2.2e-16; Fig. 37). The largest increase was in microglial and 

endothelial marker genes (log2FC 1.26-1.77) and the lowest in oligodendrocytic markers 

(log2FC 0.47-0.60), which also significantly increased with normal aging (p = 1.20e-19; 

Fig. 37). Glial marker genes had generally higher expression in aged ischemic group 

compared to young ischemic group, although the magnitudes of their activation by stroke 

were relatively comparable between both ages. The most prominent difference was in 

endothelial cell markers (log2FCyoung = 1.26, log2FCaged = 1.74), which were also 

significantly overrepresented among “more up MCAO18” genes (Fig. 38A). Furthermore, 

cell type proportion estimates revealed significant depletion of pyramidal/excitatory neurons 

during aging and following ischemia in both age groups (padj < 1.00e-06, log2FCyoung = -0.56, 

log2FCaged = -0.63, Fig. 37).  
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Figure 37: Cell type proportion estimation by transcriptome deconvolution. Raincloud plots showing z-scored 

expression of selected marker genes for major brain cell populations. Asterisks show Holm-corrected post-hoc 

t-test p-values.  

 

4.3.6 Aged ischemic brain is characterized by selective downregulation of 

Parvalbumin+ interneuron-associated expression and increased infiltration 

of peripheral leukocytes 

Unlike pyramidal/excitatory neurons, parvalbumin-positive (PV+) GABAergic interneuron 

markers were downregulated after FCI to a greater degree in aged animals (log2FCyoung = -

0.42, log2FCaged = -0.89, pinteraction = 6.22e-08; Fig. 37), which was supported by the 

significant overlap with “more down MCAO18” gene set (Fig. 38A), suggesting that this 

neuronal class may be particularly vulnerable to ischemia in aged mice. PV+ interneurons 

play key roles in cortical plasticity and thus may have profound effect on post-ischemic 

recovery (Tsuiji et al., 2017, Hu et al., 2014). Testing for enrichment of independent set of 

marker genes of six phenotypically well-defined interneuron populations (Paul et al., 2017) 

also revealed significant overlap of “more down MCAO18” genes with markers of PV+ fast-
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spiking basket cells, but not other interneuron populations. Recently, it has been reported 

that decreased PV+ signal may occur not only due to loss of PV+ interneurons, but also 

transcriptional downregulation (Filice et al., 2016). For this reason, we counted the numbers 

of NeuN+ and PV+ cells by immunohistochemistry (Fig. 39A, B). We found that reduction 

of both Neun+ and PV+ cells after FCI was similar in both age groups, suggesting that the 

greater decrease of PV+ associated expression in aged mice is a result of transcriptional 

downregulation, rather than greater PV+ cell loss. 

 

Figure 38: Cell type proportion estimation by transcriptome deconvolution. A) Overlap between cell marker 

gene sets and the sets of differentially expressed genes. B) Overlap between sets of aging/ischemia upregulated 

genes and the marker genes of the major leukocyte populations.  
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Figure 39: A) Immunohistochemical quantification of Parvalbumin (PV) and NeuN-positive cells. Asterisks 

show significance of Sidak-corrected post-hoc pairwise comparisons. Results of two-way ANOVA are shown 

on the right. B) Representative images of immunostaining for Parvalbumin (PV) and NeuN proteins in cortex 

of control and MCAO-treated young and aged mice. Significance codes (***) <0.001; (**) <0.01; (*) <0.05; 

(ns) >0.05.  

 

Since peripheral immune cells can infiltrate the brain following the disruption of BBB after 

ischemia, we assessed their contribution by analyzing the overlap of DE gene sets with cell-

specific genes of several leukocyte populations (Fig. 38B). Ischemia-induced genes in both 

age groups were highly enriched with macrophage-, monocyte- and neutrophil-specific 

genes (p ≤ 4.19e-14) and less strongly with mast cell/basophil-, dendritic cell- and activated 

T-cell-specific genes (p ≤ 1.18e-5). Taken together, the analysis of relative cell type 

proportions highlighted similarities including proliferation of non-neuronal cells 

(particularly of microglia and endothelial cells) and dissimilarities manifesting in greater 
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downregulation of PV+ interneuron-associated expression, in response to stroke between the 

two age groups.  

 

4.3.7 Age-dependent activation of type-I IFN regulatory modules after ischemia 

A hallmark of the differential response of aged animals to ischemia was activation of IFN-I 

signaling pathway (Fig. 40A). IFN-Is are key antiviral cytokines that elicit prototypical ISGs 

encoding antiviral and inflammatory mediators (Owens et al., 2014) and also activate other 

signaling pathways including MAPK cascades, other cytokines, chemokines and cell-cell 

interaction modifiers (MHC-I, Lgals9) (Mostafavi et al., 2016). It has been showed that 

blocking the IFN-I signaling improves ischemia outcome in young mice (Zhang et al., 2017). 

IFN-I signaling may therefore act as the central player in the increased neuroinflammatory 

signature that we detected in the aged animal post-ischemia, worsening the neuronal injury. 

To explore this signaling component in better detail, we verified the upregulation of ISGs 

in aged animals by mass spectrometry, showing that the observed changes are carried over 

to the protein level (Fig. 40B). We then mapped our expression data onto the recently 

published cross-species IFN-I regulatory network (Mostafavi et al., 2016) (Fig. 40C, D). 

IFN-I network is divided into five regulatory clusters (C1-C5) with functional differences 

and variable disease associations. Mapping our data against the network revealed that cluster 

C3 (composed mainly of antiviral effector genes) and C5 (enriched in inflammation 

mediators and regulators) were upregulated after FCI in both aged and young animals while 

the remaining three clusters were non-responsive (Fig. 40D). Of the two responsive clusters 

only cluster C3 was differentially induced between young and aged animals (p = 3.63e-36). 

C3 represents a supposed cluster containing predominantly genes under control of ISGF3 

transcription factor complex composed of STAT1, STAT2 and IRF9 (Mostafavi et al., 

2016). In accordance, several regulators of the C3 cluster including components of ISGF3 

complex were part of “more up MCAO18” DE set (Fig. 40C), and the phosphorylation status 

of STAT1 and protein levels of STAT1 and IRF9 were increased (Fig. 40E). 

 

4.3.8 Post-ischemic temporal dynamics of IFN-I signaling in young and aged mice 

IFN-I signaling is typically characterized by rapid ISG induction, which is afterwards 

quickly attenuated by negative feedback mechanisms (Mostafavi et al., 2016). As the 

outcomes of the IFN-I signaling within the CNS may depend on a delicate balance (Blank 

and Prinz, 2017, Owens et al., 2014), we asked if the increased IFN-I signaling in the aged 

post-ischemic mice is due to constitutively greater expression or rather altered expression 
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dynamics relative to young mice. To answer this question, we analyzed the expression of 

IFN-Is, IFN receptors, ISGs and other selected genes by microfluidic RT-qPCR at several 

time points following FCI (Fig. 40F).  

As expected, all 23 ISGs changed in a largely coordinated fashion throughout the time 

course, albeit with varying fold-changes (Fig. 40F). Expression of ISGs in young animals 

initially slightly decreased at three hours post FCI and then started to increase, with peak at 

seven days after FCI (average log2FC = 3.30; n = 23 ISGs). In aged mice, the increase of 

ISG levels was on average four times greater at day one and day three compared to the 

increase in young animals. Unlike in young mice, the expression of ISGs did not further 

fluctuate, but remained at elevated levels until the latest investigated time point (14 days, 

average log2FC = 2.66). Together, these results show that activation of IFN-I signaling 

occurs early, but not sooner than three hours after FCI, and both timing and overall 

magnitude of ISG expression are important factors in the different response of aged brain to 

ischemic injury. 

 

4.3.9 Cell-specific analysis of IFN-I signaling in young and aged mice after 

ischemia 

Stat1 activation in neurons (Takagi et al., 2002) and more recently increased IFN-I signaling 

in microglia (McDonough et al., 2017a) following transient MCAO have been demonstrated 

in young animals. However, little is known about the IFN-I signaling in other cell types 

following ischemia, and no cell type specific data are available in the aged brain. We have 

therefore focused on the key players in the brain inflammatory responses – glia and 

endothelial cells (Lecuyer et al., 2016) – and aimed to identify how they contribute to IFN-

I signaling following stroke. We have FACS-sorted populations of astrocytes (GFAP+), 

microglia (CD11b+), oligodendrocytes (O4+) and endothelial cells (CD31+) from young and 

aged mice three days after FCI as well as from the age-matched controls and measured 

expression of ISGs and other selected genes by microfluidic RT-qPCR (Fig. 40G).  

Microglia and oligodendrocytes heavily upregulated ISG expression following FCI in 

both young and aged animals (Fig. 40G). Endothelial cells displayed opposite behavior and 

significantly downregulated vast majority of measured ISGs in young, and to a much lesser 

extent in the aged mice. In astrocytes, 9 out of 23 ISGs were undetected. The expression of 

the remaining 14 ISGs did not change in a synchronized fashion, altogether showing a 

limited response of astrocytes to IFN after stroke in both age groups. In addition, astrocytes 
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and microglia, but not endothelial cells and oligodendrocytes, showed significant ISG 

upregulation with normal aging (Fig. 40G).  

 

Figure 40: Transcriptional response of IFN-I signaling after ischemia in young and aged mice. A) Scatter plot 

of ischemia-induced log2 fold-change in young and aged mice. Highlighted is a set of 207 interferon-stimulated 

genes. B) Z-scored protein expression of ISGs from “more up MCAO18” gene set measured by quantitative 

mass spectrometry. N = 7 proteins. P-values for each factor and their interaction are shown at the right (linear 
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mixed model). C) Heatmap of IFN-I network regulatory links between regulators (kinases, phosphatases, 

transcription factors) and target genes reconstructed from (Mostafavi et al., 2016). Binarized mapping of genes 

to ischemia-upregulated gene sets in young/aged mice is shown on top and right. D) Enrichment of IFN-I 

regulatory network clusters from (Mostafavi et al., 2016) in aging/ischemia upregulated gene sets. E) Western 

blot analysis of STAT1, p-STAT1, IRF9 and ISG15 proteins. C = control, M = MCAO. F) Time-course analysis 

of ISG expression after stroke in young and aged mice. Bold line shows average expression of 23 ISGs 

measured by RT-qPCR. Error bars show standard deviation of biological replicates (n = 2-5). Thin lines show 

average expression of each gene. Asterisk show significant difference relative to control for each age separately 

(mixed model with post-hoc t-tests). Mind the break in x-axis. Due to limited number of 18-month-old animals, 

3h and 8h time points were omitted for the aged group. G) ISG expression in purified cell populations 3 three 

days after FCI from young and aged mice. Asterisks show Holm-corrected post-hoc t-test p-values. 

Significance codes: (***) <0.001; (**) <0.01; (*) <0.05; (ns) >0.05.   
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5 DISCUSSION 

5.1 Proliferation and differentiation potential of NG2 glia following FCI 

The was majority of studies about proliferation, differentiation and maturation of 

oligodendrocytes and their precursors under physiological and pathological conditions focus 

on oligodendroglial lineage in context of myelination/remyelination (Spitzer et al., 2016, 

Hughes and Appel, 2016, Chamberlain et al., 2016, Wheeler and Fuss, 2016). Nonetheless, 

there are some evidences about NG2 glia ability to give rise to the other cell type beside the 

oligodendrocytes during development or after injury, such as FCI, SW injury or 

demyelinating injury (Zhu et al., 2008, Tripathi et al., 2010, Zawadzka et al., 2010, Honsa 

et al., 2012, Dimou et al., 2008). Therefore, we analyzed the gene expression profile of NG2 

glia from the ischemic mouse brain. This analysis revealed the heterogeneity of NG2 glia, 

which becomes much greater after FCI. We identified four phenotypically distinct 

subpopulations of NG2 glia emerging after FCI and concluded that NG2 acquired FCI-

induced multipotent character. 

 

5.1.1 tdTomato+ cells expression pattern in uninjured cortex  

We detected several differences in the expression pattern of genes, which are generally 

considered as astrocyte-specific, between NG2 glia and oligodendrocytes. Dramatically 

higher expression of Slc1a2 and Slc1a3 in NG2 glia compared to oligodendrocytes fits well 

with the results of (DeSilva et al., 2009, Martinez-Lozada et al., 2014) who showed that 

glutamate transporters are expressed in the white matter NG2 glia and play a role in the 

regulation of oligodendrocyte maturation and differentiation. The widespread role of 

glutamate and its receptors in oligodendroglial lineage was reviewed by (Spitzer et al., 

2016). In our analysis we detected the expression of glutamate receptors predominantly in 

NG2 glia. Interestingly we observed the DE glutamate receptors: mGlur 3 and 5. The 

expression of both glutamate receptors on mRNA as well as functional level was shown 

earlier and their role in proliferation and differentiation of oligodendroglial cells was 

suggested (Marques et al., 2016, Luyt et al., 2003, Haberlandt et al., 2011). As mGlur5 was 

shown to enhance proliferation and mGlur3 inhibits it, the oligodendroglial Grm5/Grm3 

developmental switch fits well with the precursor nature of NG2 glia compared to 

oligodendrocytes and represents novel possibility to distinguish between these two types.  

 

5.1.2 Multipotency of NG2 glia contributes to glial scar formation 
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Following CNS injuries NG2 glia start to proliferate massively and migrate to the site of 

injury (Anderova et al., 2011, Sirko et al., 2013). Besides that, NG2 glia are able to 

differentiate into reactive astrocytes; however, the rate of differentiation is injury-dependent 

as reviewed by (Dimou and Gallo, 2015). Here we identified three subpopulations of NG2 

glia emerging following FCI, which are phenotypically distinct from uninjured NG2 glia. 

Whereas the most P-NG2 cells and A-NG2 cells were detected three days after FCI, OL-

NG2 cells peaked at day seven after FCI. These results suggest that FCI induces 

preferentially rapid proliferation of NG2 glia and their participation in glial scar formation 

rather than generation of new oligodendrocytes. 

Interestingly, using the post-ischemic TX scheme, we observed very little OL-NG2 cells 

and no A-NG2 cells. The vast majority of the identified cells were P-NG2 glia, which fits 

well with the massive increase in the number and proliferation rate of NG2 glia three days 

after ischemia (Anderova et al., 2011, Simon et al., 2011, Honsa et al., 2012). A complete 

absence of A-NG2 cells encouraged us to think that they might be the phenotypically most 

distinct subpopulation among all NG2 glia. Besides that, this result negates the possibility 

that reactive astrocytes could start express Cspg4 after FCI, otherwise we would detect them. 

The differentiation of NG2 glia into reactive astrocytes is modulated by Shh signaling 

activation/inhibition as was showed previously (Honsa et al., 2016). Since the Smo agonist 

was shown to increase the number of NG2 glia-derived astrocytes and about 40 % of P-NG2 

cells express this agonist, we hypothesized that activation of smoothened in P-NG2 cells 

favors their asymmetric division to form new NG2 glia and NG2 glia-derived astrocytes. 

 

5.2 Appearance of NG2 glia-derived astrocytes between different types of CNS 

disorders 

The capacity of NG2 glia to proliferate and differentiate into other cell types has been 

extensively investigated in several genetically modified mice (Zhu et al., 2008, Zhu et al., 

2011, Kang et al., 2010, Huang et al., 2018, Huang et al., 2019, Huang et al., 2014, Guo et 

al., 2009, Aguirre and Gallo, 2004). It is generally accepted that NG2 glia are restricted to 

the oligodendroglial lineage (Kang et al., 2010, Zawadzka et al., 2010), but numerous reports 

describe their differentiation into astrocytes (Huang et al., 2019, Huang et al., 2014, Honsa 

et al., 2012, Honsa et al., 2016, Dimou et al., 2008). However, the majority of such studies 

only focuses on one type of injury, such as ischemia (Honsa et al., 2012), cortical SW 

(Komitova et al., 2011), or a demyelinating injury (Zawadzka et al., 2010). Therefore, it is 
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difficult to compare these studies which employed various types of cre transgenic mice, 

different modes of TX administration, and different identification of cell types. In this study, 

we analyzed NG2 glia and the cells derived from them, under physiological and pathological 

conditions in Cspg4/tdTomato mice. This approach allowed us to compare NG2 glia 

heterogeneity after different types of CNS disorders (FCI, SW, DEMY), without any inter-

lab variability. Four subpopulations of NG2 glia and four subpopulations of 

oligodendrocytes that differed according to the region of the brain or type of injury, were 

identified. In this study, we have proven that the unique subpopulation of astrocyte-like NG2 

glia only emerges following FCI, while these cells appear in negligible numbers following 

SW and DEMY. Using the RNA-Seq and patch-clamp technique, we characterized 

astrocyte-like NG2 glia as cells which are very active in the cell cycle, and display a current 

pattern similar to that observed in cortical astrocytes. Our findings suggest that astrocyte-

like NG2 glia may represent important players in glial scar formation and the CNS repair 

process. For the reason that astrocytes do not migrate toward lesion and only a limited 

number of astrocytes divide (Sofroniew and Vinters, 2010), astrocyte-like NG2 glia could 

temporarily perform the functions of astrocytes in the vicinity of the lesion. 

 

5.2.1 NG2 glia and oligodendrocytes in the uninjured brain 

The difference between NG2 glia and oligodendrocytes starts on the gene expression level. 

Many studies described a transcriptional continuum between oligodendrocyte populations 

and their marker genes (Marques et al., 2019, Marques et al., 2016). Our present study is in 

accordance with the very well-known expression of classic marker genes (Cspg4, Pdgfra, 

Mbp, Cldn11), but suggests the reevaluation of genes that are considered to be marker genes 

of astrocyte (Glul, Slc1a3, and Slc1a2). We also proposed Hcn2 as the other typically 

expressed gene in mature myelinating oligodendrocytes, however, to the best of our 

knowledge there are no reports on Hcn2 functioning in oligodendrocytes. We confirmed that 

oligodendroglial lineage cells, at all stages, express glutamate receptors, enabling them to 

sense and respond to neuronal activity (Spitzer et al., 2016). However, NG2 glia had the 

highest expression of subunits of ionotropic glutamate receptors compared to 

oligodendrocytes, in accordance with other studies (De Biase et al., 2010). 

 

5.2.2 Region-specific differences of NG2 glia 

Whether NG2 glia represent regionally distinct cell populations is still controversial but 

regardless, NG2 glia differ in their capability to differentiate into myelinating 

https://www-sciencedirect-com.d360prx.biomed.cas.cz/topics/neuroscience/glutamate-receptor
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oligodendrocytes. For example, NG2 glia from the CC differentiate into myelinating 

oligodendrocytes more efficiently than NG2 glia from the CTX (Viganò et al., 2013). In line 

with this, the electrophysiological studies reported that NG2 glia start out as a homogeneous 

population but become functionally heterogeneous, depending on both the brain regions as 

well as aging (Spitzer et al., 2019, Chittajallu et al., 2004). It seems that NG2 glial regional 

heterogeneity is determined by environmental factors rather than being solely regulated by 

the intrinsic mechanisms or developmental stages (Spitzer et al., 2019). In agreement with 

the recent work of Marques and coauthors (Marques et al., 2016), we found hardly any 

differences in the transcriptional profile on NG2 glia between CTX and CC (Fig. 23B). 

However, after merging all the cells from the uninjured and injured brain, we identified four 

subpopulations; one of them (NG2 glia (S1)) was not equally distributed between these two 

regions. Based on our findings (Fig. 25A, B, E) and previous findings from Castelo-Branco`s 

group (Marques et al., 2018), we consider NG2 glia (S1) less mature when compared to NG2 

glia (S2), because they display reduced expression levels in the 20 genes. Interestingly, the 

incidence of NG2 glia (S1) was significantly higher in the CC, which was not the case in the 

CTX (Fig. 26A). Since it is well known from previous studies that NG2 glia from white 

matter have a shorter cell cycle and faster differentiation into oligodendrocytes compared to 

NG2 glia from gray matter (Young et al., 2013), we hypothesize that the different level of 

expression of these genes, between NG2 glia subpopulations in the CTX and CC, could serve 

for predicting their future fate. Thus, a decreased expression of given genes in NG2 glia (S1) 

may indicate a shorter cell cycle and suitability for differentiation into oligodendrocytes, 

despite they still do not present oligodendrocyte markers.  

 

5.2.3 Formation of a transient subpopulation of astrocyte-like NG2 glia occurs 

following focal cerebral ischemia 

Three out of four subpopulations of NG2 glia were always present in the uninjured, as well 

as in the injured, brain. Since a specific subpopulation of astrocyte-like NG2 glia, which 

emerges following FCI, was already reported in our previous publications (Honsa et al., 

2016, Valny et al., 2018) here we clearly state that astrocyte-like NG2 glia represent a 

unique, FCI-specific subpopulation. It is neither present in the other two types of injuries 

(DEMY, SW), nor in neurodegenerative diseases such as AD (Valny et al., 2018). The 

subpopulation of astrocyte-like NG2 glia is not permanent and it disappears during the 

progression of glial scar, most likely at the expense of NG2 glia subpopulation 2. 

Nevertheless, it suggests that for a certain period following ischemia, NG2 glia are 
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multipotential and represent, together with astrocytes, crucial players in post-ischemic 

regeneration. Some studies demonstrated that NG2 glia can differentiate into reactive 

astrocytes in addition to their proliferation potential (Dimou et al., 2008, Honsa et al., 2016, 

Huang et al., 2018, Huang et al., 2014, Komitova et al., 2011), but none of them compared 

their astrocytic differentiation potential among different types of injuries which would 

elucidate whether this phenomenon is injury-specific. It has still not been clarified what 

factors contribute to the differential switch of NG2 glia towards the astrocytic phenotype. 

Our previous studies suggested Sonic hedgehog as a potential modulator (Honsa et al., 

2016), however, additional studies are needed to understand the reprogramming of NG2 glia 

from oligodendrogenesis to astrogliogenesis. Since massive astrogliosis and inflammation 

occur following ischemia and have a great impact on the repair processes (Magaki et al., 

2018), we hypothesize that the immune response, together with astrogliosis, may only 

initiate NG2 glia transient increase of astrocytic markers in severe types of CNS injuries. 

Recent findings show that bone morphogenic protein, which is secreted by astrocytes, 

inhibits the generation of myelinating oligodendrocytes, and promotes differentiation into 

the astrocyte phenotype (Magaki et al., 2018). Moreover, neuroinflammatory factor 

interferon-γ prevents NG2 glia from generating oligodendrocytes, and leads to an increased 

tendency to generate astrocytes (Tanner et al., 2011). Astrocyte-like NG2 glia, characterized 

by a high expression of genes typical for reactive astrocytes (Vim, Gfap), proliferation 

(MKi67), and motility (Dcx) seven days following ischemia, indicate that NG2 glia 

significantly contribute to the glial scar formation prior to the generation of oligodendrocytes 

14 and 22 days following FCI. It is not clear why cortical SW, which also leads to marked 

astrogliosis and microglia activation, does not result in a similarly increased number of 

astrocyte-like NG2 glia. A possible explanation for their unique generation following 

ischemia may dwell from the diverse concentrations of extracellular glutamate/K+, that occur 

during FCI and SW (Anderová et al., 2004, Hansen, 1978) and may result in a diverse 

severity of these CNS injuries. 

 

5.2.4 Oligodendrocytes derived from NG2 glia 

Oligodendrogliogenesis is the most noted feature of NG2 glia and therefore, 

oligodendrocytes and their different stages of maturation are an integral part of NG2 glia 

differentiation. We detected four subpopulations of oligodendrocytes in the uninjured and 

injured mouse brain. These types of cells cease to express genes typical of NG2 glia and start 

to express typical markers of oligodendrocytes. Additionally, oligodendrocytes start to 
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express a variety of genes such as Glul, Grm3, and Hcn2. These genes have a great 

predisposition to become indicators of oligodendrocyte maturation, apart from the classic 

markers. The distribution of these four oligodendrocyte subpopulations was comparable in 

the uninjured brain, which was not the case in the injured brain. The subpopulation of 

immature oligodendrocytes was significantly higher after FCI, when compared to its 

corresponding CTRL (CTX), but also to DEMY CTX or SW. This suggests that the onset of 

the remyelination processes starts earlier after DEMY CTX and SW, unlike after FCI. It has 

been shown that proliferation/differentiation of NG2 glia in the CPZ model of DEMY begins 

during the administration of CPZ, and remyelination is completed approximately 4 days after 

its administration (Gudi et al., 2014). In contrast, proliferation and differentiation of NG2 

glia only start 2-4 days after FCI (Zhang et al., 2010). For this reason, we suggest that there 

is a possible shift between the differentiation and final maturation of oligodendrocytes 

among injuries.  

 

5.2.5 Astrocyte-like NG2 glia can be identified by immunohistochemistry  

The different time window of proliferation and differentiation of NG2 glia is well 

documented by our immunohistochemical analyses. Employing a frequently used marker of 

proliferation KI67, we demonstrated that seven days after injury, the proliferation is only 

increased after the BBB-damaging CNS disorders (FCI, SW), while no proliferation was 

detected after CPZ-induced DEMY. These results suggest an earlier proliferation of NG2 

glia, which cannot be detected at seven days after the withdrawal of the CPZ diet but is 

detectable following FCI and SW. Proliferation cell nuclear antigen staining showed results 

that do not correlate with KI67 staining. Based on the PCNA staining following all injuries, 

NG2 glia proliferate and, following DEMY, even more than after FCI and SW. The 

expression of KI67 and PCNA occurs during very similar phases of the cell cycle (G1/S), 

which makes them both good markers of cell proliferation. Nevertheless, the fundamental 

difference is that PCNA has an essential role in nucleic acid metabolism, as a component of 

the DNA replication and repair machinery (Juríková et al., 2016, Shivji et al., 1992, Essers 

et al., 2005). This marker therefore represents a less specific proliferation marker, due to its 

redundant role in the DNA repair. Thus, the immunohistochemical detection of PCNA may 

not only locate actively dividing cells, but also those undergoing DNA repair (Haneda et al., 

1991), which explains the detection of this marker after all types of injury.  

To inspect oligodendrogliogenesis, we used the cell-body marker of oligodendrocytes 

APC. The formation of new oligodendrocytes following FCI and DEMY, did not change 
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compared to their corresponding CTRLs. Nevertheless, in the uninjured brain there is a 

higher percentage of newly formed oligodendrocytes in the CC, when compared to the CTX, 

and a similar trend was identified in these regions following DEMY. These findings correlate 

very well with the results of Baxi et al., who showed that the dynamics of NG2 glia 

differentiation varies significantly between white and gray matter. While NG2 glia rapidly 

repopulate white matter and mature into APC+ oligodendrocytes, differentiation in the gray 

matter occurs much slower (Baxi et al., 2017). The higher percentage of new 

oligodendrocytes derived from NG2 glia, surprisingly proved to be in SW. We have already 

shown that FCI and SW are incomparable injuries, with respect to the appearance of 

astrocyte-like NG2 glia. A possible explanation for this is that following FCI, these cells 

develop at the expense of NG2 glia (S2), while in SW, where astrocyte-like NG2 glia are 

not present, NG2 glia (S2) further differentiate towards a more advanced stage of 

oligodendrogenesis, specifically oligodendrocyte-like NG2 glia. In addition, the fact that 

NG2 glia generate transient astrocyte-like NG2 glia following FCI was confirmed on the 

protein level by immunohistochemical analysis using GFAP, ALDH1L1, and VIM markers. 

GFAP+ cells arising from NG2 glia were solely present after FCI, and these cells were not 

positive for another widely used marker, ALDH1L1, and only minimally for VIM. Even 

though this marker appears to be abundant in the large spectrum of astrocytes, it seems that 

not all GFAP+ astrocytes necessarily express ALDH1L1 (Hackett et al., 2018). 

 

5.2.6 Astrocyte-like NG2 glia are one of the players in the ischemic glial scar  

The unique subpopulation of astrocyte-like NG2 glia detected only after FCI has never been 

deeply explored, and the role of these cells still needs to be fully explained. Few studies have 

also reported on NG2 glia as positive for astrocyte markers. The expression of GFAP in 

astrocyte-like NG2 glia could be a sign of their ability to create fully functional astrocytes. 

Therefore, using RNA-Seq and the patch-clamp technique, we aimed to reveal some of their 

properties and functions in the ischemic lesion. 

The subpopulation of astrocyte-like NG2 glia expressed typical markers for NG2 glia 

(Pdgfrα, Cspg4, Gpr17, Emid1) and astrocytes (Aqp4, Glul, Gja1, Gjb6). In addition, we 

also found genes that were typical of astrocytes within top10 DE genes, such as Top2a or 

Hells (Zhang et al., 2014, Cahoy et al., 2008). This list also clearly included genes typical 

for NG2 glia, such as Ube2c, Rrm2, Pbk, Birc5, Spc24 (Zhang et al., 2014, Cahoy et al., 

2008). The differentially expressed genes of astrocyte-like NG2 glia, suggest that this group 

of cells is highly involved in mitotic cell cycle division, chromosome segregation, and 
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cellular stress response, which makes this subpopulation very active at the border of the 

ischemic lesion. A similar subpopulation, called OPC cycling, found by the Castelo-

Branco`s group (Marques et al., 2018) had 18.4 % of the genes in common with our 

astrocyte-like subpopulation. One of the common genes is Gpr17, often associated with NG2 

glia after injury. The subpopulation of NG2 glia expressing Gpr17 participates in the cell 

proliferation in the post-acute stages after injury (Boda et al., 2011) and migrates towards 

the lesion; however, most of these cells remain undifferentiated (Bonfanti et al., 2017). Since 

the Gpr17 expression is downregulated when NG2 glia complete their final maturation, it 

could highlight its involvement in NG2 glia multipotency. Less pronounced but still 

significantly upregulated in astrocyte-like NG2 glia, are the processes of positive regulation 

of cell communication, cell differentiation, and cell migration, suggesting that these cells 

play a key role in glial scar formation, together with astrocytes and classic NG2 glia. 

Astrocytes in the glial scar show a strong GFAP expression, obvious hypertrophy, and a 

certain degree of proliferation (He et al., 2020). Similarly to astrocyte-like NG2 glia, a series 

of stress reactions, including inflammatory reaction and cell division, are triggered after CNS 

injury, impairing astrocytic metabolism, which accelerates the aggregation, migration, and 

proliferation of reactive astrocytes (Mori et al., 2008, Zhu and Dahlström, 2007). Based on 

the MKi67 level, as well as its incidence in astrocyte-like NG2 glia, we can conclude that 

they divide considerably (Valny et al., 2018) and, therefore, should be considered important 

contributors to the glial scar formation. Moreover, since these cells express Gfap, a key 

player in the formation of the glial scar (Nawashiro et al., 2000), astrocyte-like NG2 glia 

should be taken into consideration in the nervous tissue repair/regeneration via manipulating 

the glial scar. 

Finally, we estimated the basic electrophysiological properties of astrocyte-like NG2 glia 

and revealed that these cells display passive membrane properties and current patterns, that 

are comparable with those observed in cortical astrocytes. They have significantly reduced 

KDR, KIR, and KA current densities when compared to NG2 glia, while they do not differ 

from those obtained in cortical astrocytes. Interestingly, passive membrane properties of all 

three cell types were not significantly different. However, we cannot exclude the possibility 

that astrocyte-like NG2 glia may have sets of ion channels participating in their passive 

conductance different from astrocytes, in which two-pore domain K+ channels play an 

important role (Zhou et al., 2009). More detailed studies are needed to precisely characterize 

the electrophysiological properties of astrocyte-like NG2 glia, as they may represent 

important cellular elements of post-ischemic tissue. 
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5.3 Interaction between stroke and aging at the genome-wide level using model 

of FCI 

We systematically analyzed the impact of aging, stroke, and their interaction on genome-

wide expression profiles. Several studies documented that inflammation is increased in the 

aged brain (Benayoun et al., 2019, Cribbs et al., 2012, Ori et al., 2015), and it has been 

reported that the changes occur predominantly in glial cells (Davie et al., 2018, Soreq et al., 

2017). Our results are in concordance with these reports as we detected upregulation of large 

number of pro-inflammatory genes with normal aging. For example, it is known that 

activated microglia can promote astrocyte reactivity through secretion of modulatory factors 

(Liddelow et al., 2017), and thus further amplify the neurotoxic environment. It means that 

these changes probably may sensitize aged brain toward more severe stroke and secondary 

injury. 

 

5.3.1 Aged ischemic brain is characterized by selective downregulation of 

Parvalbumin+ interneuron-associated expression  

Next, we investigated how adult and aged brain responds to ischemia. The evaluation of 

cellular differences revealed that genes enriched in PV+ GABAergic interneurons are more 

greatly downregulated in aged mice after ischemia. Dysfunction or loss of PV+ interneurons 

is implicated in the pathology of numerous neuropsychiatric disorders, including 

schizophrenia (Del Pino et al., 2013, Lewis et al., 2005), AD (Verret et al., 2012), and 

depression (Sauer et al., 2015, Zhou et al., 2015b). Our immunohistochemical analysis 

showed no change in PV+ cell numbers between age groups, suggesting that decreased PV+ 

signal may occur through transcriptional downregulation. A similar result was reported in 

mouse model of autism, where decrease of PV+ signal, previously interpreted as loss of PV+ 

interneurons, occurs through transcriptional downregulation (Filice et al., 2016). In addition, 

molecular profiling of the brain at the single-cell level identified correlation between genes 

underlying axonal and presynaptic functions, preferentially active in PV+ interneurons 

(Saunders et al., 2018). As the genes are implicated in axonal and synaptic maintenance and 

transmission, their greater downregulation in aged mice after ischemia may impact the 

excitation/inhibition balance and neuronal plasticity and thus functional recovery 

(Carmichael, 2012). 
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5.3.2 Stroke does not activate exclusive neuroprotective pathways in young 

compared to aged mice 

Surprisingly, we did not detect any exclusive or greater activation of neuroprotective genes 

in young mice compared to aged mice. Instead, ischemia in young mice induced similar pro-

inflammatory signals in activated glia that are already upregulated with normal aging. On 

the other hand, in aged post-ischemia mice we found markedly stronger upregulation of >400 

genes, many of them involved in the processes of the inflammatory cascade. This was 

accompanied by a greater influx of peripheral leukocytes, particularly neutrophils, which are 

the strongest producers of ROS and matrix metallopeptidases (MMPs) and promote neuronal 

injury and BBB disruption (Allen and Bayraktutan, 2009, Strecker et al., 2017, Turner and 

Sharp, 2016). In agreement, an increased number of neutrophils with changed phenotypic 

responses was previously seen in aged male mice and human stroke patients compared to 

their younger counterparts (Ritzel et al., 2018), and an increased neutrophil to lymphocyte 

ratio has been associated with stroke severity and outcome (Asano et al., 2016). Despite the 

fact we did not detect any neuroprotective signal in bulk tissue, this does not rule out the 

possibility of its presence in individual cell types. Our results propose that an increased 

neuroinflammation and infiltration of circulating immune cells are one of the primary drivers 

for the exacerbated pathology in aged mice. Genes that were more induced by ischemia in 

aged mice also significantly overlapped with several inflammation- and aging-associated 

signatures from the literature. One of them was the strong overlap with the LPS-induced/A1 

pro-inflammatory astrocytic profile. Previously, it has been reported that MCAO induces a 

beneficial A2 astrocytic profile (Zamanian et al., 2012). Our result showed this may not be 

the case in the aged brain, where the aging promotes inflammatory A1 profile of astrocytes 

(Boisvert et al., 2018, Clarke et al., 2018) and accelerates injury-induced astrocyte reactivity 

(Badan et al., 2003, Popa-Wagner et al., 2007, Gordon et al., 1997). 

 

5.3.3 Age-dependent activation of type-I IFN regulatory modules after ischemia 

An outstanding feature of differential response of aged animals to ischemic stroke was 

upregulation of IFN-I pathway, which persisted for at least 14 days. IFN-Is are antiviral 

cytokines with pleiotropic roles (Prinz and Knobeloch, 2012) implicated in a number of CNS 

pathologies including MS (Goldmann et al., 2015, McDonough et al., 2017b), ALS (Wang 

et al., 2011), AD (Friedman et al., 2018, Frigerio et al., 2019, Taylor et al., 2014), spinal 

cord injury (Roselli et al., 2018), traumatic brain injury (Abdullah et al., 2018, Karve et al., 

2016), and ischemia (Chen et al., 2014, McDonough et al., 2017a, Zhang et al., 2017). 



 

104 
 

Therefore, we have analyzed INF-I signaling in more detail and found that two IFN-I 

regulatory modules are activated by ischemia irrespective of age, but only the canonical 

STAT-dependent module is differentially activated in aged animals, likely contributing to 

an increased neurotoxicity (Zhang et al., 2017). Indeed, Stat1 and Irf9 have deleterious roles 

in ischemia and can act directly on neurons (Chen et al., 2014, Takagi et al., 2002). ISG 

activation typically requires both IFNAR1 and IFNAR2 receptor subunits (Ivashkiv and 

Donlin, 2014). Recently, the IFNAR2- and STAT-independent pathway, triggered by IFNβ, 

was shown to be involved in systemic LPS-induced toxicity (de Weerd et al., 2013). While 

the genetic or pharmacological blocking of IFNAR1 leads to neuroprotection after transient 

MCAO (Zhang et al., 2017), the same study reported no effect in IFNAR2−/− mice. This 

involves the compensatory IFNAR2- and STAT-independent pathways after ischemia, 

although it has not been explored in aged animals. Our finding of a predominant increase in 

the IFNAR2- and STAT-dependent module in aged animals suggests that the detrimental 

effects of IFN-I signaling after stroke may be caused by ISGs that are common to the 

IFNAR2/STAT-dependent and independent pathways. 

 

5.3.4 Cell-specific analysis of IFN-I signaling in young and aged mice after 

ischemia 

As the cell-specific context to the IFN-I signaling after ischemia has not been well described 

in the literature, we profiled the responses of the glia and endothelial cells—known as key 

players in CNS neuroinflammation (Lecuyer et al., 2016). Our results support the perspective 

that not only microglia, but also oligodendrocytes are active players in the acute 

inflammatory response after ischemia. On the contrary, endothelial cells expressed the 

highest levels of ISGs under control conditions, they downregulated IFN-I pathway after 

ischemia. This discrepancy may be associated with different roles of IFN-I signaling in the 

endothelial cells, in line with the role IFNb plays in the maintenance of the BBB integrity 

(Owens et al., 2014).  

Analyzed cell populations are not solely contributors of increased ISG expression in the 

aged post-ischemic brain. Bulk tissue results indicate the involvement of other contributors, 

such as the early-infiltrating peripheral leukocytes. Previously, the hematopoietic 

component has been identified as a major source of IFN-I signaling following traumatic 

brain injury (Karve et al., 2016). In concordance, we detected greater upregulation of 

granulocyte signature genes in aged animals. Moreover, it has been suggested that IFN levels 

correlate with severity of injury and differently influence functional outcome. IFN signaling 
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could be beneficial in context of mild ischemic preconditioning (Marsh et al., 2009, Hamner 

et al., 2015), but it could be also detrimental following more severe stroke (Zhang et al., 

2017). Our findings seem to be consistent with this concept, as aged animals generally suffer 

more severe ischemia. One potential mechanism could be the greater disruption of BBB, 

which in turn leads to the greater influx of peripheral leukocytes.  

One of the potential limitations of our study is that we utilized only female mice. It has 

been reported that females may have stronger immune response to various stimuli (Dotson 

and Offner, 2017), and future work is needed to compare the response to aging with males. 

Moreover, our study does not discriminate if the observed changes are due to decreased 

estrogen levels in aged mice, which has a protective role in ischemia (Sohrabji et al., 2019), 

or are intrinsic to aging. Second limitation is that our RNA-seq data are based on bulk tissue, 

the expression signal is partly confounded by the cell type composition and the power to 

detect genes changed in a cell-specific manner is lowered. Another limitation is that our 

RNA-seq experiment assayed a single time point (three days) after ischemia relative to the 

control. Although the selected time point can be considered well representative of the 

subacute phase, informative on early damage as well as initiation of repair processes (Savitz, 

2013, Jin et al., 2010), the timing of some events, such as T cell infiltration, may be delayed 

in aged mice (Ahnstedt et al., 2020, Selvaraj and Stowe, 2017), which leaves a space for 

future studies analyzing later subacute and chronic phases.  

In conclusion, detailed insights into transcriptional response to ischemia described in this 

study may contribute to our understanding of the interplay between ischemic pathology and 

aging, and open avenues for the future search for effective therapeutic approaches.  
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6 CONCLUSIONS 

In the present work, we studied the proliferation and differentiation potential of NG2 glia 

following different types of CNS pathologies and how the pathophysiology of the brain is 

altered during aging. To be able to examine those different features of NG2 glia we had to 

crossbreed many different transgenic mice and employed several laboratory methods that 

helped us to identify changes from mRNA, protein, and functional points of view. 

First, analysis of the differentiation potential of NG2 glia confirmed that under 

physiological conditions, they serve mainly as precursor cells for oligodendrocytes. 

However, following permanent FCI, NG2 glia acquire a multipotent phenotype. As a result, 

they differentiated not only to oligodendrocytes but also to astrocytes. Besides the 

differentiation potential, NG2 glia massively proliferate in acute phases after ischemia and 

migrate toward the lesion suggesting their important role in glial scar formation (Hypothesis 

1, Aim 1). 

Furthermore, we examined if NG2 glia differentiation potential into astrocytes is only 

triggered by FCI compared with other types of CNS injuries. We disclosed that an astrocyte-

like NG2 glia subpopulation is only present transiently after FCI and following less severe 

injury, namely the cortical SW and DEMY in corpus callosum and cortex, subpopulations 

mirroring different stages of oligodendrocyte maturation markedly prevail. Moreover, we 

proved that astrocyte-like NG2 glia are a specific transient subpopulation located in the 

ischemic glial scar, actively involved in the cell cycle displaying a current pattern, which is 

similar to that identified in cortical astrocytes (Hypothesis 2, Aim 2). 

Finally, the transcriptional response to ischemia during adulthood and aging in female 

mice uncovered age-dependent alterations in processes predominantly associated with 

inflammation and interferon signaling as well as axonal and synaptic maintenance. 

Furthermore, our results showed that differential stroke outcome is associated with the 

overactivation of pro-inflammatory pathways and other potentially detrimental factors in 

aged mice, rather than activation of the neuroprotective program in young mice (Hypothesis 

3, Aim 3). 

Taken together, NG2 glia perform multiple functions in both normal and pathological 

conditions in the brain. They have multipotent properties of self-renewal and repair in many 

kinds of brain injuries. In response to injury, NG2 glia are not only capable to proliferate 

and migrate to the lesions but also differentiate into oligodendrocytes or astrocytes. In 

conclusion, given that NG2 glia are actively involved in fast response to CNS injuries, we 
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suggest that future studies of NG2 glia may unravel their potential therapies of CNS 

disorders.  

Additionally, our results paint a picture of ischemia as a complex age-related disease and 

provide insights into the interaction of aging and stroke on a cellular and molecular level. 

Detailed insights into transcriptional response to ischemia described in this study may 

contribute to our understanding of the interplay between ischemic pathology and aging, and 

open avenues for the future search for effective therapeutic approaches.   
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7 SUMMARY IN CZECH 

7.1 Proliferační a diferenciační potenciál NG2 glií po fokální mozkové ischemii  

V této práci jsme studovali genetické mapování osudu NG2 glií s využitím genového 

profilování na úrovni jedné buňky a techniky proteinové exprese. Identifikovali jsme tři 

subpopulace NG2 glií, které vznikají po FCI: což jsou proliferující NG2 buňky a buňky 

podobné astrocytům a oligodendrocytům; takové buněčné typy byly dále potvrzeny 

imunohistochemicky. Souhrnně jsme identifikovali několik dosud neznámých rozdílů mezi 

expresními profily NG2 glií a charakterizovali specifické geny přispívající k fenotypickým 

změnám NG2 glií po FCI. 

7.2 Výskyt astrocytů odvozených z NG2 glií u různých typu poškození CNS  

V této studii jsme porovnávali expresní profily NG2 glií po různých typech poranění CNS 

(FCI, SW, DEMY). Výsledky odhalily, že subpopulace NG2 glií exprimující GFAP, marker 

reaktivních astrocytů, byla přítomna pouze po FCI. Po méně závažných poraněních (SW, 

DEMY) však výrazně převažovala subpopulace odrážející různá stádia zrání 

oligodendrocytů. Celkově jsme dokázali, že astrocytům podobné NG2 glie jsou specifickou 

subpopulací NG2 glií objevujících se přechodně pouze po FCI. Tyto buňky, umístěné v post 

ischemické gliální jizvě, vykazují proudový profil podobný tomu, který byl identifikován v 

běžných kortikálních astrocytech. 

7.3 Vztah mezi mrtvicí a stárnutím na úrovni celého genomu pomocí modelu 

fokální mozkové ischemie 

V těchto experimentech jsme provedli komplexní analýzu RNA sekvenování během stárnutí, 

po ischemii a v jejich kombinaci u myší ve věku 3 a 18 měsíců. Odhalili jsme sníženou 

expresi genů zodpovědných za údržbu a stabilitu axonů a synapsí a zvýšenou aktivaci 

interferonu typu I (IFN-I) po mrtvici u starých myší. Tyto výsledky společně vykreslují 

obraz ischemické cévní mozkové příhody jako komplexního onemocnění souvisejícího s 

věkem a poskytují popis vztahu stárnutí a cévní mozkové příhody na buněčné a molekulární 

úrovni.  
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8 SUMMARY IN ENGLISH 

8.1 Proliferation and differentiation potential of NG2 glia following FCI 

In this work, we studied genetic fate-mapping of NG2 glia employing single-cell gene 

profiling and protein expression techniques. We identified three subpopulations of NG2 glia 

emerging after FCI: proliferative cells; astrocyte-like and oligodendrocyte-like NG2 cells; 

such phenotypes were further confirmed by immunohistochemistry. Collectively, here we 

identified several yet unknown differences between the expression profiles of NG2 glia and 

characterized specific genes contributing to phenotypical changes of NG2 glia after FCI.  

8.2 Appearance of NG2 glia-derived astrocytes between different types of CNS 

disorders 

In this study, we compared NG2 glia expression profiles following different CNS injuries 

(FCI, SW, DEMY). The results revealed that the subpopulation of NG2 glia expressing 

GFAP, a marker of reactive astrocytes, is only present after FCI. However, following less 

severe injuries (SW, DEMY), subpopulations mirroring different stages of oligodendrocyte 

maturation markedly prevail. Overall, we have proved that astrocyte-like NG2 glia are a 

specific subpopulation of NG2 glia emerging transiently only following FCI. These cells, 

located in the post-ischemic glial scar display a current pattern similar to that identified in 

cortical astrocytes.  

8.3 Interaction between stroke and aging at the genome-wide level using a model 

of FCI 

In these experiments, we performed a comprehensive RNA-seq analysis of aging, ischemia, 

and their interaction in 3- and 18-month-old mice. We uncovered downregulation of axonal 

and synaptic maintenance genetic program and increased activation of type IFN-I signaling 

following stroke in aged mice. Together, these results paint a picture of ischemic stroke as a 

complex age-related disease and provide insights into the interaction of aging and stroke on 

the cellular and molecular level.  
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