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1 ABSTRACT 

The highly complex network of glial cells in the central nervous system relies intracellularly 

and intercellularly on multilayered communication through the secondary messenger Ca2+ 

and is fundamentally different in its characteristics from the communication system of 

neurons, which is more rapidly timed. The Ca2+-based communication system is inherent 

in all glial cells, whether astroglia, microglia, or the cells of oligodendroglial lineage. Eech 

cell receives, processes, and sends signals through Ca2+ concentration changes and, 

embedded in a syncytium of cells, provides information about its activity. If a cellular stress 

response occurs, Ca2+ concentration is an important indicator of the switch in cellular 

function, from gene activity to protein turnover and integrity to targeted cell death. Such 

steps are cell type-specific and task-related, as well as controllable by surrounding cells or 

disease. This cellular Ca2+ activity can be visualized under cell type-specific promotors 

using the genetically encoded Ca2+ sensor GCaMP3 and has been comparatively analyzed 

in this study in spinal glial cells using two-photon microscopy in vivo and ex vivo. 

In the development and maintenance of myelin by oligodendrocytes, finely tuned Ca2+ 

signals are crucial for functional myelin quality. These mature oligodendrocytes arise 

throughout life from their precursors, NG2 glia, also a sensitive Ca2+ dependent process. 

The inhibitory neurotransmitter γ-aminobutyric acid (GABA) has a depolarizing effect on 

these cells via its ionotropic receptor (GABAA) on one hand and leads to an increase of 

intracellular Ca2+ via the metabotropic receptor (GABAB), presumably involving G proteins 

and phospholipase C, on the other hand. Already in clinical therapy of spasticity in multiple 

sclerosis, receptor agonists against GABA receptors are used to provide relief to patients. 

Conditional receptor loss in oligodendroglial precursor cells (OPCs) and its effect on Ca2+ 

homeostasis, as well as its combination with a toxic demyelination model by a cuprizone 

diet, were investigated in mouse spinal cord in this study. Because the peripheral 

arrangement of lipid-rich white matter in the spinal cord is readily accessible, two-photon 

microscopy in vivo was used.  

This study revealed cell type-specific and regionally dependent Ca2+ activity for microglia, 

astroglia as well as oligodendroglial precursor cells. Furthermore, loss of the metabotropic 

GABAB receptor in oligodendroglial precursor cells showed reduced Ca2+ activity and 

altered myelin structure and, at a later time point, a myelin protective effect with hardly 

altered Ca2+ signaling activity after toxic demyelination. 
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2 ZUSAMMENFASSUNG 

Das hoch komplexe Netzwerk aus Gliazellen im Zentralnervensystem stützt sich intra- und 

interzellulär auf die vielschichtige Kommunikation durch den sekundären Botenstoff Ca2+ 

und ist grundlegend anders in seiner Charakteristik als das Kommunikationssystem der 

Neurone, das zeitlich schneller getaktet ist. Die auf Ca2+ basierende Kommunikation ist 

allen Gliazellen eigen, ob Astroglia, Mikroglia oder Zellen der oligodendroglialen Linie. Jede 

dieser Zellen erhält, verarbeitet und sendet durch Ca2+ Konzentrationsänderungen Signale 

aus und gibt, eingebettet in einem Synzytium aus Zellen, Aufschluss über seine Aktivität. 

Kommt es zur zellulären Stressantwort ist die Ca2+ Konzentration ein wichtiger Indikator für 

die Umstellung der Zellfunktionen, von der Genaktivität über den Proteinumsatz und -

integrität bis hin zum gezielten Zelltod. Solche Schritte sind zelltypspezifisch und 

aufgabenbezogen sowie durch umliegende Zellen oder Krankheiten manipulierbar. Diese 

zelleigene Ca2+ Aktivität kann unter zelltypspezifischen Promotoren mittels dem genetisch 

kodierten Kalziumsensor GCaMP3 visualisiert werden und ist in dieser Studie in spinalen 

Gliazellen mittels Zwei-Photonen Mikroskopie in vivo und ex vivo vergleichend analysiert 

worden. 

Bei der Entwicklung und Aufrechterhaltung des Myelins durch Oligodendrozyten sind fein 

abgestimmte Ca2+ Signale ausschlaggebend für funktionales Myelin. Reife 

Oligodendrozyten entstehen zeitlebens aus ihren Vorläufern, den NG2-Glia unter anderem 

durch einen sensiblen, Ca2+ abhängigen Prozess. Der inhibitorische Neurotransmitter γ-

Aminobuttersäure (GABA) wirkt an diesen Zellen zum einen depolarisierend über seinen 

ionotropen Rezeptor (GABAA) und zum anderen positiv auf die Erhöhung des 

intrazellulären Ca2+ über den metabotropen Rezeptor (GABAB), vermutlich G-Proteine und 

Phospholipase C involvierend. Bereits in der klinischen Therapie von Spastiken bei 

Multipler Sklerose werden Agonisten gegen GABA Rezeptoren eingesetzt um den 

Patienten Linderung zu verschaffen. Der konditionelle Rezeptorverlust in 

oligodendroglialen Vorläuferzellen und dessen Auswirkung auf die Ca2+ Homöostase, 

sowie dessen Kombination mit einem toxischen Demyelinisierungsmodell durch eine 

Cuprizon Diät wurden in dieser Studie im Rückenmark von Mäusen untersucht. Da die 

periphere Anordnung der lipidreichen weißen Substanz im Rückenmark leicht zugänglich 

ist, konnte hier ebenfalls die Zwei-Photonen Mikroskopie in vivo eingesetzt werden.  
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In dieser Studie zeigten sich zelltypspezifische und für Mikro- und Astroglia sowie 

oligodendrogliale Vorläuferzellen regional abhängige Ca2+ Aktivitäten. Des Weiteren führte 

der Verlust des metabotropen GABAB Rezeptors in oligodendroglialen Vorläuferzellen zu 

einer reduzierten Ca2+ Aktivität und veränderter Myelin Struktur sowie zu einem späteren 

Untersuchungszeitpunkt zu einem Myelin protektiven Effekt mit kaum veränderter Ca2+ 

Signalaktivität nach toxischer Demyelinisierung. 
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3 INTRODUCTION 

Our human central nervous system from brain to spinal cord consists mainly of two classes 

of cell types and is composed of approximately equal proportions of about 86 billion neurons 

and glial cells. While neurons transmit stimuli and information via fast electrical action 

potentials, for glial cells it is mainly a comparatively slower change in the intracellular Ca2+ 

level that enables information transmission. This dissertation is mainly concerned with 

spinal glial cells and their Ca2+ activity in physiology and pathophysiology. 

 

3.1 INTRACELLULAR CA2+: A KEY READ-OUT OF GLIAL CELL ACTIVITY 

Variations in intracellular Ca2+ concentration are considered to be one of the most important 

and elaborate signaling pathways in glial cells. These changes can be triggered by various 

pathways, e.g. electrical, mechanical or chemical stimuli (e.g. involving neurotransmitters 

and neuromodulators or hormones) leading to intricate alterations of cytosolic Ca2+ 

concentrations mainly store-dependent from the endoplasmic reticulum (Charles et al., 

1991; Clapham, 2007; Bagur and Hajnóczky, 2017). The impulse of these Ca2+ changes 

can be of intracellular and extracellular origin and involves a variety of receptors and Ca2+ 

permeable channels. It was recognized early on and is still valid that the manifold temporal 

and spatial manifestations of Ca2+ complexity are the basis for a sophisticated information 

system including downstream activity of protein kinases, phospholipases up to gene 

expression regulation, cell metabolism and development (Figure 1) (Finkbeiner, 1993; 

Berridge, 2016) and that underlying Ca2+ fluctuation varies in strength across glial cells 

(Rieder et al., 2022). 

A signal information is first encoded than subsequently processed and transmitted through 

the glial network and can be influenced and or triggered by bidirectional communication 

with neuronal activity (Charles, 1994; Verkhratsky and Kettenmann, 1996; Deitmer et al., 

1998). It is therefore considered a translation system between extracellular milieu and 

intracellular processes (Verkhratsky and Parpura, 2014); especially to detect and respond 

to synaptic activity (Araque and Navarrete, 2010; Perea et al., 2014). However, these 

changes in Ca2+ concentration are not to be understood as purely passive, but rather as a 

form of glial excitability, an active mechanism in the interaction between cells within brain 

and spinal cord (Verkhratsky and Kettenmann, 1996; Vernadakis, 1996; Bazargani and 

Attwell, 2016). Versatile actions of Ca2+-dependent channels and receptors on glial cells 

have been identified as associated proteins responsible for maintaining physiological 

homeostasis (e.g. plasma membrane Ca2+ transport ATPase (PMCA) and Na+/Ca2+ 
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exchanger (NCX) for maintenance, sarcoendoplasmic reticulum Ca2+-ATPase (SERCA) for 

remediation, inositol-1,4,5-triphosphate receptor (IP3R), purinergic P2 (ATP) receptors, 

ryanodine receptor (RyR), voltage-gated Ca2+ channels (CaV), transient receptor potential 

channels (TRP) and Ca2+ release-activated channel (CRAC) (Bagur and Hajnóczky, 2017; 

Enders et al., 2020; Lim et al., 2021)). In most cases, the signaling cascade is mediated by 

Ca2+ or IP3 and is transmitted, for example, in astrocytes within a syncytium by means of 

gap junctions (Berridge, 2016) but also other second messengers as cyclic ADP-ribose 

(cADPR) like cAMP and Nicotinic acid adenine dinucleotide phosphate (NAADP) which may 

be responsible for intracellular Ca2+ recruitment (Franco et al., 2006). Most of the signaling 

molecules that bind to the above-mentioned receptors and are mostly excitatory in origin 

have also been largely associated with astroglial Ca2+ homeostasis, gliotransmission and 

general Ca2+ elevations in the forebrain (Guerra-Gomes et al., 2017). This includes the 

excitatory transmitters glutamate (Sherwood et al., 2017), ATP (Perea and Araque, 2007), 

acetylcholine (Papouin et al., 2017), endocannabinoids (Gómez-Gonzalo et al., 2015) but 

also the inhibitory neurotransmitter GABA (Serrano et al., 2006; Mariotti et al., 2016; Perea 

et al., 2016). 

 

 

Figure 1: The impact of intracellular Ca2+ on glial cell function.  

Intracellular Ca2+ and its homeostasis affect metabolism, motility, gene transcription, protein 
biosynthesis, autophagy, and extracellular signal transduction. Modified from (Lim et al., 2021). 
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If Ca2+ homeostasis is disturbed in a neurodegenerative disease, even small changes can 

lead to an accumulation of intracellular Ca2+, resulting in severe cell dysfunction. Thus, fine-

tuning of the Ca2+ balance for glial cells has a prominent role in the maintenance of 

molecular, cellular and systemic functions (Mizoguchi and Monji, 2017; Di Benedetto et al., 

2022). The shift in neuro-/gliotransmitter recycling and altered release of gliotransmitters 

caused by disruption of the Ca2+ homeostasis leads to a wide variety of cellular changes. A 

resulting slightly changed or overdriven glutamate release leads to excitotoxicity, which has 

been demonstrated in neurodegenerative diseases such as Alzheimer’s, Parkinson’s or 

Huntington’s disease and multiple sclerosis (Beal, 1992; Mattson, 2007; Pchitskaya et al., 

2018; Enders et al., 2020). This also affects decreased ATP production, activation of 

reactive oxygen species and calmodulin-dependent kinases for nitric oxide production, all 

leading to neuronal cell death and gliosis (Beal, 1992; Pitt et al., 2000; Sattler and 

Tymianski, 2000; Szydlowska and Tymianski, 2010). 

 

3.2 CA2+ INDICATORS, THE TOOL OF CHOICE FOR IN VIVO STUDIES IN GLIAL CELLS 

The complexity of glial Ca2+ signaling is summarized in detail and vividly in (Lim et al., 2021), 

and the clarification of the function of these signals by the scientific community in recent 

decades is discussed. The literature describes heterogeneous Ca2+ signals in the best-

studied astrocytes, which are neuronally inducible, appear short and highly frequent in their 

processes and long-range but less frequent in their soma (Lia et al., 2021). The disposition 

of these signals is from the already known sources: the ER, the extracellular space or 

mitochondria. The Ca2+ signals of oligodendrocytes are much less characterized but also 

derived from extracellular or intracellular stores, whereas microglia express purinergic 

receptors and transient receptor potential channels and derive their potential to generate 

Ca2+ signals from the ER, respectively (Lim et al., 2021). 

To be able to study this complexity in living tissue including network and single cell activity, 

genetically encoded Ca2+ indicators (GECIs) are the tool of choice. GCaMP (Figure 2) has 

been widely used, although it is not a ratiometric Ca2+ indicator and thus does not provide 

direct information about Ca2+ concentrations by fluorescence intensity measurements. It is 

a fusion protein consisting of enhanced GFP bound to the Ca2+-binding protein calmodulin 

and the calmodulin-binding M13 peptide, which undergoes a conformational change upon 

binding by Ca2+ ions, resulting in fluorescent emission (Nakai et al., 2001; Akerboom et al., 

2009). 
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Figure 2: Crystal-like structure of the fusion protein GCaMP.  

Fusion protein of circularly permuted enhanced GFP and calmodulin with the Ca2+ binding motif M13 
as a crystallographic illustration. Modified from (Akerboom et al., 2009). 

 

3.3 MULTIPLE SCLEROSIS AND THE ASSOCIATED ROLE OF GLIAL CELLS 

Multiple sclerosis (MS) is a progressively worsening neurodegenerative disease affecting 

prevalently young adults, in which oligodendrocytes and neuronal axons die and symptoms 

alternate in severity. In recent years, there has been a deeper understanding of the cellular 

and molecular background of MS, which is mainly caused by an exaggerated immune 

response. And this hallmark of MS is recurrent progression with expansion of lesions in the 

white matter, leading to infiltration of peripheral immune cells and gliosis (Healy et al., 

2022). It has been debated for years whether a primary loss of oligodendrocytes and loss 

of myelin triggers a secondary immune response or whether the mechanism behind the 

disease is a primary, exaggerated immune response which is causing the demyelination 

(Lubetzki and Stankoff, 2014). Nevertheless, in the alternating phases of MS and the 

appearing lesions in the white matter, a rupture of the blood-brain barrier leads to a 

facilitated entry of B and T cells into the CNS, myelin degeneration and a death of 

oligodendrocytes, culminating in the loss of axons (Saxena et al., 2008; Lassmann, 2018). 

A MS lesion in its early stage is characterized by an accumulation of microglia and 

macrophages that contain myelin degradation products, the proteins 2’,3’-Cyclic nucleotide 

3’-phosphodiesterase (CNP), myelin-associated glycoprotein (MAG), myelin-basic protein 

(MBP) and proteolipid protein (PLP) (Kuhlmann et al., 2017). This state may change to an 

inactive mode characterized by fewer immune cells but more dead oligodendrocytes and 

axon loss (Guerrero and Sicotte, 2020). In addition to the microglial response, there is a 

change in astrocytes in the area of the MS lesion to a hypertrophic morphology with 

overexpression of glial fibrillary acidic protein (GFAP) and chemokines that should drive 

remyelination but are responsible for the well-known glial scar in inactive lesion. (Rawji et 

al., 2020). For the oligodendrocytes mainly involved in myelin formation and their 
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precursors, the oligodendrocyte precursor cells (OPCs) also referred to as NG2 glia, a 

certain fluctuation by apoptosis is already known and very important for neuronal plasticity, 

as well as lifelong learning (McTigue and Tripathi, 2008; McKenzie et al., 2014; Sampaio-

Baptista and Johansen-Berg, 2017; Kuhn et al., 2019). However, the oligodendrocyte 

lineage is particularly vulnerable to oxidative stress, glutamate and ATP-induced 

excitotoxicity or injury, especially during the myelination process (Matute et al., 1997; 

Juurlink et al., 1998; Matute et al., 2007). So, it stands to reason that the loss of myelin that 

occurs during MS is associated with the death of oligodendrocytes and, in the case of 

demyelination in this clinical picture, is immune-driven (Love, 2006; Traka et al., 2016). 

Thus, if myelin sheath death results in exposed axons and subsequent neurodegeneration 

(Bradl and Lassmann, 2010; Duncan and Radcliff, 2016), OPCs, which make up 6 % of the 

cell population in the central nervous system (Dawson et al., 2003), serve as a starting point 

for remyelination and the formation of new, mature oligodendrocytes (Hesp et al., 2015). 

The exact mechanism underlying the replacement of myelin in the case of previous 

demyelination is not yet fully understood. However, some key points are already known. 

After demyelination, OPCs are guided to migrate into the white matter lesion by microglia 

and astrocytes releasing fibroblast growth factor and brain-derived neurotrophic factor (Arai 

and Lo, 2009; Hammond et al., 2014). OPCs, expressing transcription factors such as 

SOX2, thus remain capable of proliferation, driven by microglia, are activated in their cell 

cycle leading to maturation into oligodendrocytes, which are initially only capable of forming 

thinner myelin sheaths (Blakemore, 1974; Casaccia-Bonnefil et al., 1997; Levine and 

Reynolds, 1999; Fancy et al., 2004; Miron et al., 2013; Franklin and Ffrench-Constant, 

2017). However, remyelination, important for combating MS symptoms, is not only 

dependent on OPCs; surviving oligodendrocytes are also able to compensate for the loss 

of myelin (Duncan et al., 2018; Yeung et al., 2019). The major problem, remains the 

recruitment of OPCs to proliferate into mature oligodendrocytes, which has been 

demonstrated to a high degree in the active lesion but does not occur adequately in the 

inactive, chronic lesions (Chang et al., 2002; Kuhlmann et al., 2008). 

 

3.4 EPIDEMIOLOGY, ETIOLOGY AND CLINICAL INSIGHTS INTO MULTIPLE SCLEROSIS 

The important triggers for the development of multiple sclerosis (MS), a growing global 

disease (Browne et al., 2014), are now reasonably well known, including the Epstein-Barr 

virus, smoking, vitamin D deficiency, UVB light from the sun and personal genetic risk 

factors and can be negatively favored by environmental influences (Ramagopalan et al., 

2010; Kurtzke, 2013). As latitude increases, so does the prevalence of MS. This has been 
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shown by measurements of vitamin D levels produced in the skin by UVB light and is 

dependent on the sun exposure of the population (Koch-Henriksen and Sørensen, 2010; 

Sintzel et al., 2018). Since the 1990s, the number of women with MS has increased 

substantially compared with men, by a factor of 3:1 (Orton et al., 2006). Another facilitating 

factor is smoking, which has increased sharply in women over the last century, and the 

organic ingredients of tobacco smoke appear to support post-translational modifications 

and the development of MS (Handel et al., 2011; Palacios et al., 2011; Napier et al., 2016). 

Genetic predisposition also appears to contribute to the disease development, with one in 

eight patients having a family history of MS and genome-wide studies showed more than 

150 single nucleotide polymorphisms associated with MS (Beecham et al., 2013; Harirchian 

et al., 2018). 

Classical for the pathology are the perivenular inflammatory lesions and the thereby 

clinically relevant demyelinating plaques (Dobson and Giovannoni, 2019). The expression 

of these plaques or white matter lesions is important and valuable for diagnosis, as they 

lead to clinically and radiologically isolated syndromes of acute disseminated 

encephalomyelitis (ADEM) (Karussis, 2014). Only by appropriate treatment of the 

syndromes and classification of MS based on immunological biomarkers, a targeted 

therapy can be successfully initiated since patients' daily lives are severely affected by 

sensory disturbance or tingling in the legs or arms, severe fatigue and rapid exhaustion, 

problems with bowel or bladder emptying, ataxia, visual disturbances and paresis. 

 

3.5 CUPRIZONE: AN ANIMAL MODEL FOR DEMYELINATION 

The cuprizone model, which is a toxin-induced model of demyelination by the copper 

chelator cuprizone (biscyclohexanone oxalyldihydrazone), leads to apoptosis of 

oligodendrocytes (Figure 3) and subsequent activation and recruitment of innate immune 

cells (microglia and astrocytes) as well as damage to the blood-brain barrier within a few 

days after oral ingestion (Kipp et al., 2009; Praet et al., 2014; Berghoff et al., 2017). With 

the help of this model, the characteristic progressive course of multiple sclerosis can be 

reproduced very well. This allows the study of two major components of the disease, namely 

the cellular response of immune-associated cells such as astrocytes and microglia, leading 

to myelin and axon loss (1), and the remyelination of axons and the role of oligodendrocyte 

lineage cells involved (2; (Zhan et al., 2020)). It has been known since the 1960s that 

cuprizone fed as a diet leads to demyelination in mice (Carlton, 1966). In most cases, a 

concentration of 0.2 % was added to the diet for four to six weeks (Hiremath et al., 1998). 

In our case, a modified protocol was used in which 0.3 % was first fed as a diet for one 
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week and then 0.2 % was fed as a diet for two weeks in the form of powdered chow, after 

which we returned to normal pellet chow. Already in the first days, the high affinity of 

cuprizone for copper, a metabolic cofactor of oxidative phosphorylation in mitochondria, 

leads to the targeted death of myelinating oligodendrocytes (Figure 3) due to their high 

metabolic rate (Bradl and Lassmann, 2010; Bénardais et al., 2013). The first modifications 

of gene regulation have also been detected after only a few days of intoxication. Thus, 

already 48 hours after onset, 22 of the top 25 downregulated mRNAs were found expressed 

in oligodendrocytes (e.g. Mog, Klk6, Gjc). In contrast, the top 25 upregulated mRNAs were 

associated with astrocytes and microglia (e.g. Slc7a11, Myc) (Zhang et al., 2014; Krauspe 

et al., 2015; Fischbach et al., 2019). During the three-week diet, myelin loss (PLP, MAG 

and CNPase protein level reduction), as well as strong astro- and microglial reactivity 

(GFAP and Iba1 protein upregulation) in the different areas of the central nervous system 

(Zhan et al., 2020), and weight loss in the animals occur (Steelman et al., 2012; Toomey et 

al., 2021). Although forebrain regions are more affected by cuprizone, only a diminished 

response was detected in the spinal cord so far (Herder et al., 2011). 

 

 

Figure 3: Mechanism of action of the demyelinating cuprizone model.  

Enteral ingestion causes a direct system-wide failure of oligodendroglial metabolism, causing them 
to die. Secondary reaction results in the recruitment of cells from the immune system. Modified from 
(McMurran et al., 2019). 
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3.6 CA2+ AND FATE OF THE OLIGODENDROCYTE LINEAGE, THE NEW TARGET TO 

UNDERSTAND MULTIPLE SCLEROSIS? 

The most important function of oligodendrocytes to date is their ability to produce myelin 

(Figure 4). This is achieved by the production of multilayered lipid sheets that surround the 

axons, providing metabolic support, and thus guarantee highly efficient and ultrafast 

saltatory excitation conduction (Moore et al., 2020). 

But what happens in a demyelinating disease? Are there signs of cell signaling processes 

that may already be disturbed before the manifestation of disease symptoms? To answer 

this, one must understand how mature myelinating oligodendrocytes are generated and 

what the cell signals involved in their important function are. 

The possibility of transforming mature oligodendrocytes from oligodendrocyte precursor 

cells (OPCs/NG2 glia; 3-10 % of all cells in the central nervous system (Stadelmann et al., 

2019)) originating from the ventricular zone of the central nervous system into the adjacent 

areas (Richardson et al., 2006), from child- to adulthood is the target of many studies 

dealing with de- and remyelination (Figure 4). As a specialty in differentiation in the spinal 

cord, OPCs generating from a second wave transdifferentiate to radial glia. Then serving 

as a pool for astrocytes from the central canal to the pia, some of them remain as OPCs 

and express typical markers such as oligodendrocyte transcription factor (Olig2), Sox10 

and platelet-derived growth factor receptor α (PDGFRα; (Fogarty et al., 2005; Bergles and 

Richardson, 2016; Huang et al., 2018). This transformation and lineage are manifold 

regulated; intracellular transcriptional variations by chromatin and histone modifications, as 

well as differentially influenced RNA activity, are important (Emery, 2010; Emery and Lu, 

2015; Galloway and Moore, 2016; Berry et al., 2020). But also the function and maintenance 

of the extracellular milieu seems to be crucial for a smooth transformation and differentiation 

during remyelination (Wheeler and Fuss, 2016). 

The countless roles, origins, and signaling pathways of Ca2+ for a cell are also reflected in 

OPCs. OPCs form glutamatergic and GABAergic synaptic connections with neurons in the 

white and gray matter (Figure 5) (Bergles et al., 2000; Lin and Bergles, 2004; Kukley et al., 

2007; Ziskin et al., 2007; Gallo et al., 2008; Bergles and Richardson, 2015; Zonouzi et al., 

2015), which is especially interesting because both lead to increased intracellular Ca2+ in 

OPCs (Káradóttir and Attwell, 2007; Tanaka et al., 2009). The synaptic interplay is 

underpinned by the fact that OPCs primarily express postsynaptic proteins (Zhang et al., 

2014), yet these are down-regulated with development toward the oligodendrocyte but it is 

also clear that Ca2+ activity is regulating myelination (Figure 5) (De Biase et al., 2011; Miller, 

2018). The neuronal influence and thereby shifts in the intracellular Ca2+ of OPCs may 
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regulate proliferation in a subset of them (Marisca et al., 2020). The importance of Ca2+ for 

the maintenance or degradation of freshly built myelin and in particular how this is controlled 

in microdomains and influenced by neuronal activity in vivo is a promising approach to the 

molecular control of myelination (Baraban et al., 2018; Krasnow et al., 2018). 

 

 

Figure 4: Oligodendroglial differentiation physiology.  

From unmyelinated axons to myelinated axons for physiological stimulus transmission, 
oligodendroglial precursor cells must differentiate into mature, myelinating oligodendrocytes that 
coat multiple axons in a multilayered manner. In addition, precursor cells remain as a reserve 
throughout life. Modified from (Clayton and Tesar, 2021). 

 

The highly developed and excellently tuned regulation of intracellular Ca2+ makes it all the 

more susceptible to pathologies and out balanced can lead to the exacerbation of 

pathologies. Thus, specifically concerning demyelination, it was discovered that the 

breakdown of myelin structures is related to Ca2+ dysregulation and promotes its 

vesicularization; in the case of a neuromyelitis model, increased Ca2+ concentration breaks 

down the polymer structure of myelin basic proteins (Weil et al., 2016). In the context of 

neonatal hypoxia and concomitant dysregulation of OPC proliferation (Salmaso et al., 

2014), this has been associated mainly with GABAergic signaling, which is Ca2+ regulated 

as previously described (Zonouzi et al., 2015). 
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Figure 5: The influence of Ca2+ during the development of oligodendroglial precursor cells into 
oligodendrocytes and during demyelination.  

Balanced and nuanced Ca2+ is essential for synaptic activity, migration, proliferation and 
differentiation towards the myelinating oligodendrocyte and its unrestricted, healthy and axon 
metabolically supporting existence. In case of hypoxia or neuroinflammation, unbalanced Ca2+ 
becomes toxic and leads to apoptosis. Modified from (Paez and Lyons, 2020). 

 

The functional presence of the ionotropic GABAA receptor in cells of the oligodendrocyte 

lineage has been known since the 1980s (Gilbert et al., 1984) and its activation leads to 

depolarization by Cl- efflux, shown in mouse hippocampal slices (Von Blankenfeld et al., 

1991; Berger et al., 1992; Steinhäuser et al., 1994). Furthermore, expression of the 

metabotropic GABAB receptor with its two subunits B1 and B2 was detected in the 

oligodendrocyte lineage already from the stage of the precursor cells (Calver et al., 2000; 

Zhang et al., 2014; Serrano-Regal et al., 2019). And GABAB receptor activation performed 

with the agonist baclofen leads to increased proliferation of OPCs in culture (Luyt et al., 

2007), as well as a myelin protective effect in the lysolecithin model for demyelination in 

vivo (Serrano-Regal et al., 2022). Promisingly, GABAB receptor activated lowering of 

intracellular cAMP in OPCs and reduced protein kinase A activity leads to the remaining 

question in how far downstream Gi/o or Gq are involved in the signaling pathways of cAMP 

and Ca2+ (Luyt et al., 2007; Bai et al., 2021). 
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4 AIMS OF THE STUDY 

Cell-cell communication is one of the first interfaces in physiology to change and is 

plastically modulated in the event of disease. It is therefore all the more important to 

understand glial cell functions, which regulate their own cell activity and those of their 

surrounding cells almost exclusively via the second messenger Ca2+. Especially the cells 

of the spinal cord, a high-performance connection between brain and periphery, are 

significantly affected by demyelination. Evidence for the influence on myelination by 

modification of the metabotropic GABAB receptor in oligodendroglial precursor cells in 

combination with intracellular Ca2+ could be key players in the understanding of 

multifactorial degenerative diseases. Therefore, using transgenic mouse lines to visualize 

intracellular Ca2+ and receptor loss, physiological and pathophysiological conditions (by 

toxic demyelination) in Ca2+ variations and cell changes will be investigated here to answer 

the following three main questions: 

 

• How do spinal glial cells differ in their temporal and spatial Ca2+ signaling 

properties? 

To be achieved by: In vivo and ex vivo two-photon laser-scanning microscopy of 

GCaMP3 expressing astrocytes, microglia and oligodendrocyte precursor cells 

using a novel software tool. 

 

• Does the GABAB receptor loss influence Ca2+ signaling parameters and cell 

fate in oligodendrocyte precursor cells? 

To be reached through: GABAB receptor loss in oligodendrocyte precursor cells in 

vivo combined with live Ca2+ imaging and final immunohistochemical analysis of cell, 

myelin and proliferation markers. 

 

• Do Ca2+ signaling characteristics in oligodendrocyte precursor cells change 

after toxic demyelination by cuprizone and how could this be influenced by a 

GABAB receptor deficit? 

To access through: Analyzing in vivo Ca2+ recordings in oligodendrocyte precursor 

cells with GABAB receptor loss after toxic demyelination by cuprizone. 
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5 MATERIALS AND METHODS 

5.1 MATERIALS 

5.1.1 CHEMICALS, CONSUMABLES & KITS 

Standard chemicals were obtained from manufacturers like Abcam (Cambridge, United 

Kingdom), Axon Labortechnik (Kaiserslautern, Germany), Bio-Rad (Hercules, USA), Biozol 

(Eching, Germany), Carl Roth (Karlsruhe, Germany), Eppendorf (Hamburg, Germany), 

Merck (Darmstadt, Germany), Millipore (Burlington, USA), R&D Systems (Minneapolis, 

USA), Roche (Basel, Switzerland), Sigma-Aldrich (St. Louis, USA), Thermo Fisher 

Scientific (Waltham, USA). 

Consumables and kits have been supplied as standard by suppliers such as B. Braun 

(Melsungen, Germany), Greiner Bio-One (Frickenhausen, Germany), Qiagen (Hilden, 

Germany), Sarstedt (Nümbrecht, Germany), VWR International (Radnor, USA).  

Utensils from further providers are mentioned at the respective place where they were used. 

 

5.1.2 BUFFERS & AQUEOUS SOLUTIONS 

The following listed solutions were prepared with deionized and RNAse-free H2O from an 

ultrapure water system Milli-Q (Merck; Darmstadt, Germany) and used in the indicated 

concentration to perform the experiments: 10x PBS (1.37 M NaCl; 27 mM KCl; 100 mM 

Na2HPO4; 18 mM KH2PO4 (pH 7.4)) for dilution and washing steps (1x), Formaldehyde in 

0.1 M PB (4 % (v/v) Paraformaldehyde; 0.2 M NaH2PO4; 0.2 M Na2HPO4; a few drops of 

10 M NaOH to dissolve PFA (pH 7.4)) was used for transcardial perfusion, 50x TAE (1 M 

Tris-Base; 1 mM Acetic Acid; 1 mM EDTA (pH 8)) as buffer for gel electrophoresis (1x), 

DNA extraction solution (0.25 KCl; 0.01 M EDTA; 0.1 M Tris-HCl (pH 9.5)) and 

neutralization solution (3 % BSA; 10 ppm Kathon) for genotyping, spinal cord buffer 

(125 mM NaCl; 5 mM KCl; 10 mM Glucose; 10 mM HEPES; 2 mM CaCl2; 2 mM MgSO4 

(pH 7.4)) for in vivo surgeries, aCSF (118 mM NaCl; 3 mM KCl; 1 mM NaH2PO4 x 2H2O; 

25 mM NaHCO3; 30 mM Glucose; 1 mM MgCl2; 1.5 mM CaCl2 (pH 7.4)) for acute slice 

preparation, blocking/first antibody permeabilization buffer (5 % horse serum; 0.3 % Triton-

X-100) and secondary antibody buffer (5 % horse serum) in 1x PBS for 

immunohistochemical staining. 
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5.1.3 DEVICES 

All experiments were carried out using the following equipment: AxioScan.Z1 (Zeiss; 

Oberkochen, Germany), Centrifuges (Eppendorf; Hamburg, Germany), cLSM 880 (Zeiss; 

Oberkochen, Germany), Isoflurane vaporizer (Harvard Apparatus; Holliston, USA), 

peqSTAR Thermo Cycler (peqlab Biotechnologie; Erlangen, Germany), Perfusion pump 

(Pharmacia Biotech; Uppsala, Sweden), Pipettes (Brand; Wertheim, Germany), Quantum 

gel documentation system (peqlab Biotechnologie; Erlangen, Germany), Scales CPA 

8201/CPA 2245 (Sartorius; Göttingen, Germany), Shaker DRS-12 (neoLab; Heidelberg, 

Germany), Surgical instruments (Fine Science Tools; Heidelberg, Germany), Vibratome 

VT1000S/VT1200S (Leica; Wetzlar, Germany). 

 

5.1.4 ENZYMES 

REDTaqTM DNA Polymerase was purchased from Sigma-Aldrich (St. Louis, USA) and 

DreamTagTM Hot Start Green DNA Polymerase from Thermo Fisher Scientific (Waltham, 

USA) for DNA amplification during genotyping. 

 

5.1.5 DRUGS AND DYES 

Specific pharmaceuticals were used in the indicated concentrations: 10 mg/ml Tamoxifen 

(Caesar & Loretz; Hilden, Germany) in Miglyol for induction of a time-dependent reporter 

and cKO expression, 100 mg/ml Ketaminhydrochlorid (Serumwerk Bernburg; Bernburg, 

Germany) and 20 mg/ml Xylazinhydrochlorid (WDT; Garbsen, Germany) as lethal 

anesthesia for transcardial perfusion, Isoflurane (cp-pharma; Burgdorf, Germany), 

Bis(cyclohexanone)oxaldihydrazone ((Cuprizone) Carbolution Chemicals; St. Ingbert, 

Germany), 0.025 µg/ml 4’,6-Diamidin-2-phenylindol ((DAPI) Sigma-Aldrich; St. Louis, 

USA), 0.015 % Ethidum bromide (Carl Roth; Karlsruhe, Germany) and Easy ladder 

(Meridian Life Science; Memphis, USA). 
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5.1.6 ANTIBODIES 

Table 1: Antibodies for immunohistochemistry. 

Primary antibodies 

Antigen Clonality Host Dilution Manufacturer 

GFAP 
Glial fibrillary acidic 

protein 
polyclonal goat 1:1000 Abcam 

GFP 
Green fluorescent 

protein 
polyclonal chicken 1:1000 

Thermo Fisher 
Scientific 

Iba1 
Ionized calcium-binding 

adapter molecule 1 
polyclonal goat 1:1000 Abcam 

Ki67  monoclonal rat 1:500 
Thermo Fisher 

Scientific 

MBP Myelin basic protein monoclonal mouse 1:500 Biolegend 

MyRF Myelin regulatory factor polyclonal rabbit 1:500 
Lab of Prof. 

Mengsheng Qiu 
(China) 

NF Neurofilament polyclonal chicken 1:500 Abcam 

Olig2 
Oligodendrocyte 

transcription factor 
polyclonal rabbit 1:1000 Millipore 

PDGFRα 
Platelet-derived growth 
factor receptor alpha 

polyclonal goat 1:1000 R&D Systems 

Secondary antibodies 

Target Conjugation Host Dilution Manufacturer 

anti-mouse Alexa555 

donkey 

1:2000 

Thermo Fisher 
Scientific 

anti-rabbit Alexa750 1:1000 

anti-chicken Alexa488 1:1000 

anti-goat Alexa647 1:1000 

anti-goat Alexa555 1:2000 

anti-rat Cy5  1:1000 Biozol 
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5.1.7 GENOTYPING PRIMERS 

Table 2: Oligonucleotides for genotyping PCR. 

Name 
Serial 

number 
Sequence 

Amplicon 
(bp) 

GFAPCreERT2 
forward 

GFAPCreERT2 
reverse 

4750 

 

7963 

5‘-CAGGTTGGAGAGGAGACGCATCA-3‘ 

 

5’-CGTTGCATCGACCGGTAATGCAGGC-3’ 

WT 700 

TG 500 

CX3CR1
CreERT2 

forward (WT) 

CX3CR1
CreERT2 

forward (WT) 

CX3CR1
CreERT2 

reverse (KI) 

CXCT 
R2 (neu) 

5927 

 

5929 

5’-ATCAACGTTTTGTTTTCGGA-3’ 

 

5‘-TCAGTGTTTTCTCCCGCTTGC-3’ 

 

5‘-CAGTGATGCTCTTGGGCTTCC-3’ 

WT 410 

KI 380 

NG2CreERT2 
forward (WT) 

NG2CreERT2 
reverse (WT) 

NG2CreERT2 
reverse (KI) 

19398 

 

19399 

 

19400 

 

5’-GGCAAACCCAGAGCCCTGCC-3’ 

 

5’-GCTGGAGCTGACAGCGGGTG-3’ 

 

5’-GCCCGGACCGACGATGAAGC-3’ 

KI 829 

WT 557 

GABAB forward 

 

GABAB reverse 

24391 

 

24392 

5'-TGGGGTGTGTCCTACATGCAGCGGACGG-3' 

5'-
GCTCTTCACCTTTCAACCCAGCCTCAGGCAGGC-

3' 

KI 742 

WT 526 

GCaMP3 
forward (KI) 

GCaMP3 
reverse (KI) 

GCaMP3 
forward (WT) 

GCaMP3 
reverse (WT) 

27632 

 

27496 

 

14025 

 

14026 

5'-CACGTGATGACAAACCTTGG-3' 

 

5'-GGCATTAAAGCAGCGTATCC-3' 

 

5'-CTCTGCTGCCTCCTGGCTTCT-3' 

 

5'-CGAGGCGGATCACAAGCAATA-3' 

WT 327 

KI 245 
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5.1.8 REAL-TIME PCR PRIMERS 

Table 3: Oligonucleotides for quantitative RT-PCR. 

Gene Forward Reverse 

AQP4 

(Aquaporin-4) 
5'-CTTTCTGGAAGGCAGTCTCAG-3' 5'-CCACACCGAGCAAAACAAAGAT-3' 

CSPG4 

(Chondroitin 
sulfate 

proteoglycan) 

5'-GGGCTGTGCTGTCTGTTGA-3' 5'-TGATTCCCTTCAGGTAAGGCA-3' 

GABBR1 

(Gamma-
aminobutyric acid 
type B receptor 

subunit 1) 

5'-CGAAGCATTTCCAACATGAC-3' 5'-CAAGGCCCAGATAGCATCATA-3' 

ITGAM 

(Integrin alpha M) 
5'-ATGGACGCTGATGGCAATACC-3' 5'-TCCCCATTCACGTCTCCCA-3' 

PDGFRA 

(Platelet-derived 
growth factor 
receptor A) 

5'-TCCTTCTACCACCTCAGCGAG-3' 5'-CCGGATGGTCACTCTTTAGGAAG-3' 
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5.2 METHODS 

5.2.1 TRANSGENIC ANIMALS AND TAMOXIFEN TREATMENT 

Experimental mice were housed in the associated animal facility (CIPMM, University of 

Saarland, Homburg) and administration of the animals was performed with PyRAT, a 

Python based Relational Animal Tracking software (Scionics Computer Innovation; 

Dresden, Germany). Humidity and temperature in the breeding and maintenance rooms of 

the animal facility were kept constant at 45–65 % and 20–24 °C and the facility was 

maintained under a 12 h light‐dark cycle. All mice received food ad libitum ((standard 

autoclaved rodent diet) Ssniff Spezialdiäten; Soest, Germany) and autoclaved tap water. 

Descriptions of used transgenic mouse lines are listed in Table 4. The CreERT2-loxP system 

used here allows conditional deletion of target genes by DNA recombination mediated 

tamoxifen induction (Feil et al., 2009). hGFAP-CreERT2 mice (Hirrlinger et al., 2006), as well 

as knock-in CX3CR1-CreERT2 (Yona et al., 2013) and NG2-CreERT2 (Huang et al., 2014) mice 

were crossbred to floxed GCaMP3 reporter mice (Paukert et al., 2014). Additionally, NG2-

CreERT2 mice were crossbred to floxed GABAB subunit 1 mice (Haller et al., 2004). For 

simplicity, the following designations were used for the individual mouse lines: GFAPCreERT2 

for astroglia, CX3CR1
CreERT2 for microglia, NG2CreERT2 ctl for NG2 glia (OPC) and NG2CreERT2 

cKO for OPCs lacking GABAB1. To induce GCaMP3 expression and a conditional 

inactivation of the GABAB Receptor, tamoxifen was administered intraperitoneally for three 

(five in case of cKO induction) consecutive days (once per day, 100 mg/kg body weight) 

(Jahn et al., 2018) at 10 weeks of age. 

 

5.2.2 GENOTYPING 

For obtaining genomic DNA by extraction, animal tissue from tail biopsy or ear punch 

samples were used and incubated for 10 min with 62.5 μl of extraction solution (in M: 

0.25 KCl, 0.01 EDTA, 0.1 Tris-HCl (pH 9.5)). Then, the solution was incubated at 95ºC for 

20 min in a water bath and last 50 μl of neutralization solution (containing 3 % BSA and 

10 ppm Kathon) was added. 

For genotyping by PCR, DNA samples were incubated with prepared sample buffer from 

REDextract-N-Amp PCR KIT (Sigma-Aldrich; St. Louis, USA) or DreamTaqTM Hot Start 

Green DNA Polymerase (Thermo Fisher Scientific; Waltham, USA) and specific 

oligonucleotide primers (Table 2). The reactions were run in 96-well plates in a 

Thermocycler with programs listed in Table 5. Following gel electrophoresis was run on 1-
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2 % agarose gels including 0.015 % ethidium bromide for 30-45 min, subsequently exposed 

and documented with a Quantum Gel documentation system. 

 

Table 4: Single transgenic mouse lines. 

Mouse line Short 
term 

Description Type Reference 

TgH(CX3CR1-
CreERT2) 

CXCT 
Expression of inducible 
CreERT2 in microglia 

Knock In 
Yona et al., 

2013 

TgN(hGFAP-
CreERT2) 

GCTF 
Expression of inducible 
CreERT2 in astrocytes 

Over-
expression 

Hirrlinger et 
al., 2006 

TgH(NG2-CreERT2) NGCE 
Expression of inducible 
CreERT2 in NG2 glia 

(OPCs) 
Knock In 

Huang et al., 
2014 

TgH(Rosa26-CAG-fl-
stop-fl-GCaMP3-

WPRE 
GCaMP3 

GCaMP3 expression after 
removal of stop cassette by 

cre recombinase 
Knock In 

Paukert et 
al., 2014 

TgH(GABAB-floxed) GABAB Inducible KO of GABAB Knock In 
Haller et al., 

2004 

 

5.2.3 CUPRIZONE DIET 

The animals were fed with Bis(cyclohexanone)oxaldihydrazone (Cuprizone) ad libitum for 

one week receiving a concentration of 0.3 % mixed with standard powder food and a 

concentration of 0.2 % for two following weeks, starting at 10 weeks of age. The diet 

included 4 % fine sugar (Südzucker; Mannheim, Germany) and was freshly prepared and 

changed every day. Animals’ body weight was measured every second day monitoring the 

effectiveness of the diet. After three weeks of diet, animals were fed standard food again. 

 

5.2.4 LAMINECTOMY AND SPINAL WINDOW IMPLANTATION 

(Cartarozzi et al., 2018; Rieder et al., 2022) 

All surgical procedures were conducted in animals receiving inhalational anesthesia (1.5-

2 % isoflurane, 66 % O2 and 33 % N2O) via mask and the animal´s eyes were covered by 

BepanthenTM (Bayer; Leverkusen, Germany). Operations were adapted and modified from 

(Fenrich et al., 2012; Cupido et al., 2014) to get access to T12-L2 vertebrae and by 

laminectomy approach T13-L1 spinal segments could be exposed. For chronic 

observations, a modified coverslip was implanted on the spinal cord and animals were 

postoperatively injected subcutaneously with analgesic and antiphlogistic agents for two 

consecutive days. 
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Table 5: Thermocycler programs for genotyping. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

PCR Step Temperature (°C) Time (min=`; s=``) 

CXCT 

1 94 3` 

2 94 30`` 

3 52 30`` 

4 72 1` 

5 repeat from step 1 for 29 times 

6 72 10` 

7 10 forever 

GCTF 

1 94 3` 

2 94 30`` 

3 60 30`` 

4 72 1` 

5 repeat from step 1 for 34 times 

6 72 10` 

7 10 forever 

NGCE 

1 95 3` 

2 60 30`` 

3 72 1` 

4 95 30`` 

5 repeat from step 1 for 35 times 

6 60 30`` 

7 72 5` 

8 10 forever 

GCaMP3 

1 94 3` 

2 94 30`` 

3 58 30`` 

4 72 30` 

5 repeat from step 1 for 34 times 

6 72 10` 

7 10 forever 

GABAB 

1 95 3` 

2 68 30`` 

3 72 45`` 

4 95 30` 

5 repeat from step 2 for 35 times 

6 68 30` 

7 72 3` 

8 10 forever 
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5.2.5 ACUTE SPINAL CORD SLICE PREPARATION 

(Rieder et al., 2022) 

After cervical dislocation, spinal T13-L1 segments were dissected from the backbone and 

further processed in ice-cold artificial cerebrospinal fluid (aCSF: in mM, 125 NaCl, 2.5 KCl, 

2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, and 25 D-glucose, 330 mOsm/l, pH 7.4; 

adapted from (Szoke et al., 2006)) and purged by carbogen. Afterwards, longitudinal 

sections were cut by a vibratome (VT1200 S) (Leica) with 250 µm thickness, primarily 

maintained at 37 °C for 30 min and subsequently stored at room temperature for further 

30 min and during two-photon imaging. 

 

5.2.6 TWO-PHOTON LASER-SCANNING MICROSCOPY 

(Cartarozzi et al., 2018; Meyer et al., 2022; Rieder et al., 2022) 

To perform in vivo and ex vivo recordings, a custom-made two-photon laser-scanning 

microscope (2P-LSM) setup, equipped with a mode-locked Ti:sapphire femto second 

pulsed laser, Vision II (Coherent) (Dibaj et al., 2010), in combination with ScanImage 

software (Pologruto et al., 2003) was used. For transgenic GCaMP3 excitation, the laser 

wavelength was set to 890 nm and the power was adjusted from 8 to 60 mW, depending 

on the imaging depth in the tissue. 2P-LSM was performed on the white matter of the dorsal 

funiculus for in vivo and ex vivo preparations as well as on the dorsal horn grey matter for 

ex vivo preparations up to a 100-150 µm depth by using a long-distance W Plan-

Apochromat 20x 1.0 NA DIC objective (Zeiss). Areas of white and grey matter were 

recorded as uniformly spaced planes of field of views (FOV) with 256 x 256 pixel per image, 

1.4 µs pixel dwell time and GCaMP3 emission was acquired using a 500/24 nm band pass 

filter, detected by a photomultiplier tube H10770PB-40 (Hamamatsu Photonics). During 2P-

LSM in vivo recordings, animals were kept under inhalation anesthesia with 1.5 % 

isoflurane on a heating plate and for ex vivo imaging, spinal cord slices were continuously 

perfused with carbonated aCSF at room temperature. 

 

5.2.7 EXPERIMENTAL DESIGN 

For a better illustration of the experimental design, both study models for physiological and 

pathophysiological conditions are shown graphically below. The figure shows how 

transgenic mice were examined experimentally using the methodology of laminectomy, 

acute slice preparation, demyelination model and immunohistochemistry (Figure 6). 
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Figure 6: Experimental design of this study.  

Tamoxifen induced GCaMP3 expression was initiated in mice at 10 weeks of age to record 
physiological Ca2+ signals two weeks later either in vivo after laminectomy during a chronic phase of 
one week or acutely in ex vivo slice preparations (A). To investigate a pathophysiological influence 
on Ca2+ signaling and glial cell characteristics, mice were divided into three groups. G1 served as 
age control for changes in recombination, G2 was chosen as a control for demyelination and G2* 
received a cuprizone diet for three weeks to induce toxic demyelination (B). Laminectomy and 2P-
LSM protocols match A. All spinal cords were collected for IHC after 2P-LSM (day 7) by transcardial 
perfusion. 

 

5.2.8 AUTOMATED ROA-BASED DETECTION OF CA2+ EVENTS (ACTIVITY DEPENDENT 

CA2+ ANALYSIS) 

(Stopper et al., 2022) 

For automated region of activity (ROA)-based Ca2+ analysis, a custom-made analysis 

software based on MATLAB was used and fed with 2P-LSM FOV recordings, including 

metadata from ScanImage software. Fluorescence fluctuations at basal Ca2+ 

concentrations (F0) were computed along the temporal axes of each individual pixel. The 

range projection of ΔF/F0 was then used to identify local fluorescence maxima, serving as 

seed points for simultaneous, correlation-based region growing. Temporal correlation of a 

candidate pixel with the corresponding seed point was computed using Pearson’s linear 

correlation coefficient. A user-definable correlation threshold was used to stop the region 

growing process as soon as the temporal evolution of a candidate pixel deviated from its 
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respective seed point. Pixels belonging to two adjacent regions were marked as boundary 

pixels. Prior to F0 estimation, image stacks were denoised using the PURE-LET algorithm 

(Luisier et al., 2011), image registration and a temporal median filter of size 3 to correct 

small motion artefacts and simultaneously retain sharp transient edges. Based on the pre-

processed data (F), F0 was estimated by fitting a polynomial of user-definable degree to a 

cleaned-up signal, where potential fluorescence transients were statistically excluded. Ca2+ 

event detection and analysis were performed on the normalized dataset (ΔF/F0). Further 

signal detection parameters are listed in Supplementary Table 1. The parameters used 

for the final analysis and their explanation are listed in Table 6 (Rieder et al., 2022). 

 

Table 6: Explanation of parameters used for Ca2+ characterization (key parameters in bold). 

Feature Explanation Unit 

Amplitude Local maximum peak within a ROA ΔF/F0 

Area Area covered by a ROA in domain units µm2 

Deca time 
Time interval between 90 % of the peak value 

and signal end 
s 

Duration 
Full Width at Half Maximum (FWHM) of the 

signal curve 
s 

Frequency 

Signal frequency within a chosen ROA based 
on the mean value of all peak-to-peak times 

divided by the number of signals associated to 
that ROA 

min-1 

Integrated fluorescence 
Area under the signal curve in correspondence 

of the signal duration 
ΔF/F0 

Rise time 
Time interval between signal start and 90 % of 

the peak value 
s 

ROA density 
Number of ROAs detected within a Field of 

View (FOV) divided by the FOV area 
10-3/µm2 

Signal density 
Number of signals detected within a FOV 

divided by the FOV area 
10-3/µm2 

Signal start/end 
Intersections of the signal curve with the 

horizontal line corresponding to 50 % of the 
signal peak amplitude 

 

Coincidence index 
Number of simultaneously active ROAs within a 

FOV normalized to the total number of ROAs 
c.i. 
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5.2.9 TISSUE FIXATION AND IMMUNOHISTOCHEMISTRY 

Lethal anesthetized animals were transcardially perfused with phosphate-buffered saline 

(PBS) and tissue was fixed by 4 % formaldehyde perfusion. After 24 h post fixation in 4 % 

formaldehyde, T13-L1 spinal cord segments were dissected and detached from meninges. 

The spinal cord tissue was maintained in PBS and cut in sections (40 µm) by vibratome 

(VT1000 S) (Leica, Nußloch, Germany). Free floating slices were processed for 

immunohistochemistry (IHC) (Huang et al., 2020). In case of myelin staining, the sections 

were pretreated with ethanol (> 99 %) for 10 min and then washed three times with PBS for 

10 min. Otherwise first incubation in blocking solution at room temperature was followed by 

primary antibody solution incubation overnight at 4 °C, three times washing with PBS for 

10 min and subsequently secondary antibody solution incubation for 2 h at room 

temperature. After washing three times for 10 min with PBS, slices were mounted in 

Shandon ImmuMount (Thermo Scientific). To detect glial markers (Table 1), images were 

acquired by epifluorescence and confocal microscopy. 

 

5.2.10 MAGNETIC CELL SEPARATION (MACS) OF OPCS AND QUANTITATIVE RT-PCR 

(Fang et al., 2022b) 

Anesthetized animals were perfused using ice-cold Hank’s balanced salt solution without 

Ca2+ and Mg2+ (HBSS, Gibco) and the spinal cord was dissected on ice after it was flushed 

out by a syringe using HBSS. The sorting was performed on the basis of the manufacturer's 

instructions (Miltenyi Biotec) with minor adjustments: First, removal of debris (130-107-677) 

was performed and cells were resuspended using 1 ml “re-expression medium” containing 

NeuroBrew-21 (1:50 in MACs neuro Medium (130-093-566, 130-093-570)) and 200 mM L-

glutamine (1:100, Sigma) at 37 °C for 30 min. Second, removal of myelin (130-096-731) for 

15 min at 4 °C was performed and afterwards cells were incubated with Fc-receptor blocker 

for 10 min at 4 °C, followed by incubation with 10 µl microbeads mixture (antibodies against 

CD140 (130-101-502), NG2 (130-097-170) and O4 (130-096-670) in 1:1:1) at 4 °C. For 

further western blot processing, MACs-sorted NG2 glia were lysed by RIPA buffer (Thermo 

Scientific). 

For quantitative real-time PCR (RT-PCR), MACs oligodendrocyte precursor cells were 

homogenized as described above. NucleoSpin RNA Plus XS kit (Macherey-Nagel) was 

used to extract mRNA. Omniscript kit (QIAGEN) was used for reverse transcription and RT-

PCR was performed using EvaGreen (Axon) kit with a CFX96 Real Time System (BioRad) 

and the primer sequences listed in Table 3. 
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5.2.11 AUTOMATED SLIDE SCANNING BY EPIFLUORESCENCE MICROSCOPY 

Fixed and immunostained spinal cord slices were scanned with the automated slide 

scanner AxioScan.Z1 (Zeiss). The automated slide scanner is an epifluorescence 

microscope equipped with a Colibri 7 LED light source and a Plan-Apochromat 10x/0.45 

and 20x/0.8 objectives acquiring imaging stacks (5 µm stacks, variance projection) with 

appropriate beam splitters for DAPI (405 nm), Alexa Fluor 488 (495 nm), Alexa Fluor 555 

(573 nm), Alexa Fluor 647/Cy 5 (652 nm) and Alexa Fluor 750 (762 nm). The setup and 

image acquisition were controlled by ZEN black 2.3 software (Zeiss). 

 

5.2.12 CONFOCAL LASER-SCANNING MICROSCOPY 

Confocal magnification images (512 x 512 pixel, 1.54 µs pixel dwell time) were acquired 

with the confocal laser-scanning microscope cLSM 880 (Zeiss) using a Plan-Apochromat 

63x/1.4 Oil DIC M27 objective. Fluorescent markers were excited with argon (488 nm) and 

helium-neon lasers (542 nm) and appropriate beam splitters. The setup and image 

acquisition were controlled by ZEN black 2.3 software (Zeiss) as for the slide scanner. 

 

5.2.13 SOFTWARE AND IMAGE ANALYSIS 

For 2P-LSM recordings, the open-source MATLAB-based software application 

ScanImage® (Vidrio Technologies, Ashburn, VA, USA) (Pologruto et al., 2003) was used. 

The custom-made MATLAB-based software MSparkles (Stopper et al., 2022), GraphPad 

Prism 9 and Microsoft Office Excel 2019 were used for data analysis. Immunohistochemical 

data were generated, visualized and modified using the ZEN blue lite 3.6 imaging software 

(Zeiss) and the ImageJ 1.53q collection Fiji. For figure layout, the Adobe Creative Suite 

2022 was used (Adobe InDesign®, Adobe Illustrator®, Adobe Photoshop®). Schematic 

drawings were created or modified with BioRender.com. 

As an example of immunohistochemical image analysis, an MBP staining acquired using 

the automated slide scanner and confocal microscope is shown below. Highlighted are the 

areas used for fluorescence intensity measurement and cell counting, as well as the 

transversal sectioned myelin sheaths for myelin thickness determination (g-ratio), randomly 

selected by cells matching crossings with a 10 x 10 software gird overlapping the image 

(Figure 7). 
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Figure 7: Immunohistochemical image analysis.  

Overview image with the slide scanner (A; scale bar = 100 µm) shows in yellow the areas for cell 
counting and fluorescence intensity measurement in the white matter and in blue for the gray matter 
(solid frame for dorsal, dashed frame for ventral). Alongside, the confocal image of the ventral white 
matter (B; scale bar = 10 µm) and the outer edge of a transversely sectioned myelin sheath defined 
in red and the inner edge in green (C; scale bar = 10 µm). 

5.2.14 STATISTICS 

Unless otherwise stated, data are represented as mean ± SEM or median with interquartile 

range. Single datasets were analyzed using a Shapiro-Wilk normality test and represented 

as medians or means. Data were compared using an ordinary one-way ANOVA with 

Bonferroni’s multiple comparisons, a Kruskal-Wallis test with Dunn’s multiple comparisons 

test or unpaired t-test. If the test’s p-value summary was significant, no multiple comparison 

test between single data sets was performed. Further test information is given in the 

corresponding figure legend. For statistical comparisons, following p-values were used: * 

p<0.05; ** p<0.01; *** p<0.001, **** p<0.0001. 

 

5.2.15 ETHICS STATEMENT 

All animal experiments were performed at the University of Saarland, Center for Integrative 

Physiology and Molecular Medicine (CIPMM), in strict accordance with the 

recommendations to European and German guidelines for the welfare of experimental 

animals and approved by the “Landesamt für Gesundheit und Verbraucherschutz” of the 

state Saarland (animal license number 34/2016, 36/2016, 03/2021 and 08/2021). For each 

group in an experiment, the number of animals was N = 4. 
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6 RESULTS 

6.1 TAMOXIFEN-INDUCED GCAMP3 EXPRESSION IN ASTRO-, MICROGLIA 

AND OLIGODENDROCYTE PRECURSOR CELLS 

To visualize live Ca2+ fluctuations in glial cells as a cell activity readout, the DNA 

recombinase CreERT2 was used to induce cell-specific expression of the genetically 

encoded Ca2+ indicator GCaMP3 in a time-dependent manner by tamoxifen administration 

(Paukert et al., 2014). First, the recombination efficiency in astroglia, microglia, and NG2 

glia (oligodendrocyte precursor cells (OPCs)) was examined. 

For this purpose, 10-week-old mice with C57BL/6N background and CreERT2 expression 

either under the control of the human glial fibrillary acidic protein (GFAP) promoter for 

astroglia (Hirrlinger et al., 2006), or knocked into the C-X3-C motif chemokine receptor 1 

(CX3CR1) (microglia; (Yona et al., 2013)), or knocked in the neural/glial antigen 2 (NG2 

locus upstream of exon 2) OPCs (Huang et al., 2014) were treated with tamoxifen 

(100 mg/kg body weight, i. p., three times, once per day) to express GCaMP3. 

Cellular recombination efficiency was determined by colocalization of green fluorescent 

protein (GFP) and GFAP for astroglia (Figure 8A), GFP and ionized calcium-binding 

adapter molecule 1 (Iba1) for microglia (Figure 8C), and GFP and platelet-derived growth 

factor receptor α (PDGFRα) for OPCs (Figure 8E) two weeks after tamoxifen administration 

in transversal sections of the lumbar spinal cord (L3-L6) for white and gray matter, 

respectively. The cell population of protoplasmic astroglia appeared typically 

heterogeneous, with filamentous in white matter and with fine-bush morphology in gray 

matter, and tended to have higher recombination efficiencies in white (87.1 ± 4.2 %) than 

in gray matter (77.6 ± 2.7 %; Figure 8B). The microglia, morphologically homogeneous 

throughout the spinal cord with typical slim cell body and branched, fine processes, showed 

a very high recombination efficiency in both white (99.0 ± 0.6 %) and gray matter 

(99.1 ± 0.6 %; Figure 8D). The OPCs were also homogeneously distributed and 

characterized by their multipolar cell structure and showed a low recombination efficiency 

in white (82.3 ± 5.4 %) and gray matter (78.8 ± 6.2 %; Figure 8F) than microglia and 

comparable with astroglia, although recombined pericytes were not included in the analysis. 

In conclusion, tamoxifen injection resulted in high recombination efficiency of GCaMP3 

expression reflected by GFP+ cells within two weeks for the three used transgenic mouse 

lines showed by colocalization with cell-specific markers for astroglia, microglia, and OPCs 

in the lumbar spinal cord. On the basis of these results, mice were then used after 

laminectomy in vivo or for acute slices ex vivo for live Ca2+ imaging at 12 weeks of age by 
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two-photon laser-scanning microscopy (2P-LSM), whereas abnormal cell reaction caused 

by laminectomy was excluded by immunohistochemistry (Rieder et al., 2022). 
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Figure 8: Highly specific tamoxifen-induced GCaMP3 expression in glial cells of the mouse spinal 
cord.  

Staining for respective GCaMP3/GFP (i) expression in GFAP+ astroglia (Aii), Iba1+ microglia (Cii), 
and PDGFRα+ OPCs (Eii) and corresponding overlay (iii) with magnification of the dorsal interface 
between white and gray matter, and focus on a single positive cell (each shown on the right), and 
cell-specific recombination efficiency for white and gray matter in astroglia (Bi-ii), microglia (Di-ii), 
and NG2 glia (OPCs) (Fi-ii). Yellow arrows highlight double positive cells, blue arrows indicate GFP- 
cells. Scale bar = 500 µm (iii) and 100 µm for zoom; N = 3-4. 

 

6.2 SPONTANEOUS AND EVOKED CA2+ SIGNALS IN SPINAL AND PERIPHERAL 

ASTROGLIA 

Ca2+ signals in astroglia, visualized by the genetically encoded sensor GCaMP3 can occur 

spontaneously or evoked. In the course of this work, mainly spontaneous glial Ca2+ signals 

were recorded and measured. In this chapter, in contrast, the possibility of induced Ca2+ 

activity and a comparison of evoked signals by chemical and electrical stimulation will be 

presented, along with the features of the program MSparkles capable for analysis of 

different Ca2+ signals to investigate the differences of spontaneous and chemically or 

electrically induced Ca2+ fluctuations and their properties. 

Two weeks after tamoxifen administration, spontaneous and electrically Ca2+ activity was 

measured in spinal GFAP+ astroglia (Figure 9A) in vivo, and chemically induced Ca2+ 

activity was measured in astroglial, glutamate aspartate transporter (GLAST) positive 

satellite glial cells (Figure 9B) of the dorsal root ganglion (DRG) ex vivo for easy access 

and chemical bolus application. Two different Cre-driver mouse lines were used here, since 

astroglial satellite cells in DRG are not GFAP but GLAST positive (Carozzi et al., 2008). All 

Ca2+ data shown here and below, acquired with 2P-LSM, were processed using MSparkles, 

a MATLAB-based software program for automatic and objective analysis of fluorescence 

intensity changes (Stopper et al., 2022). This software tool allowed an automatic and bias-

free detection of static, not dynamic regions of activity (ROAs) relying on a range projection 

of ΔF/F0 and a temporal correlation based on the algorithm of this projection (see chapter 

5.2.8). The spontaneously occurring Ca2+ signals in spinal astroglia after laminectomy and 

spinal cord window implantation (Figure 9C) occurred over a few seconds with spreading 

across multiple ROAs (Figure 9Ci-iv) and high synchronicity (Figure 9Cvii) within a field 

of view (FOV). Furthermore, not only spontaneous but also chemically induced Ca2+ activity 

was measured in acute ex vivo preparations of DRGs by bolus application of 50 µM 

noradrenaline (Figure 9Di-vi), which occurred for a short time with high synchronicity 

across the majority of detected ROAs (Figure 9Dvii). In addition to the chemically induced 

Ca2+ activity ex vivo, Ca2+ signals were also measured immediately after electrical 
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stimulation in vivo. Together with the placement of the spinal cord window, biocompatible 

surface electrodes (adapted to spinal application (Schweigmann et al., 2021)) were 

implanted, allowing electrical stimulation with a gradient increasing (Figure 9E) and a 

tetanically constant (Figure 9F) current intensity. Stimulation with increasing current 

intensity showed the largest amplitude of the fluorescence intensity change at 750 µA 

(Figure 9Evi) and comparatively consistent synchronicity of the signals in all ROAs (Figure 

9Evii). In contrast, in the next step with tetanically constant repeated stimulation at 750 µA, 

a decrease in amplitude and synchronicity was measured after the second stimulation in 

series (Figure 9Fvi-vii).  

Summarizing, MSparkles can be used to measure a wide variety of Ca2+ activities. 

Spontaneous and chemically evoked Ca2+ signals in different astroglia were comparable in 

their duration and strength of fluorescence intensity change as well as synchronicity. An 

electrical stimulation with a current of 750 µA induced a strong fluorescence change with 

very high synchronicity, but this was not equally prominent with repeated stimulation of the 

same current. 

 

 

 

 

 

 

 

 

 

 

Figure 9: Spontaneous, chemically and electrically mediated Ca2+ activity in spinal and peripheral 
astroglia.  

Mouse constructs for cell-specific GCaMP3 expression in spinal astroglia (A) and satellite glial cells 
of the DRG (B). Spontaneous Ca2+ activity in spinal astroglia in vivo (C). Maximum intensity 
projection (i) with time course of Ca2+ activity (ii-iv) and ROAs (v) automatically detected by 
MSparkles, plus the corresponding signal trace (vi) and fluorescence change shown as a heat map 
with synchronicity progression (vii). Chemically induced Ca2+ activity in astroglial satellite cells in the 
DRG by bolus application of 50 µM noradrenaline via a pipette ex vivo (D). In vivo Ca2+ activity in 
spinal astroglia stimulated electrically via surface electrodes by increasing current intensity (500-
1250 µA/0.5 mm2, 50 pulses, 50 µs pulse width; E) respectively repeated constant current intensity 
(750 µA/0.5 mm2; F). Scale Bar = 50 µm. 
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6.3 CELL-SPECIFIC CA2+ ACTIVITY BETWEEN ASTRO-, MICROGLIA AND 

OPCS IS DISTINGUISHABLE BY KEY SIGNAL PARAMETERS IN VIVO 

The activity of the second messenger Ca2+ is essential for a variety of cellular functions and 

communication in glial cells. To identify these cell-specific differences, in vivo spinal Ca2+ 

signals were recorded two weeks after tamoxifen administration via 2P-LSM in astro- 

(hGFAP+), micro- (CX3CR1
+) and NG2+ glia (OPCs) and analyzed by MSparkles. 

In anesthetized mice, spontaneous Ca2+ fluctuations were measured by changes in 

GCaMP3 fluorescence intensity after laminectomy and implantation of a spinal cord window 

for chronic imaging one, two, and seven days after surgery. The GCaMP3 expression 

displayed the highly branched cell structure of astroglia (Figure 10Ai) and was distributed 

among few ROAs (Figure 10Aii-iii) identified by MSparkles. In contrast, larger and more 

ROAs were detected in elongated microglia (Figure 10Aiv-vi). The typical morphology of 

OPCs was evident in their recording with very small ROAs but multiple signals (Figure 

10Avii-ix). Six key parameters were identified to reveal differences in spinal Ca2+signaling 

characteristics between the three glial cell types regarding day seven of the recordings. The 

detected signal density (1) was comparatively high in microglia (8.68 ± 6.97 x 10-3/µm2) and 

OPCs (8.26 ± 4.37 x 10-3/µm2) compared to (p-value = 0.0395) less signals in astrocytes 

(0.59 ± 6.51 x 10-3/µm2; Figure 10B). The highest density of active regions (2) was found 

for microglia (2.87 ± 0.16 x 10-3/µm2) with (p-value = 0.0005-0.0006) approximately tenfold 

fewer ROAs in astrocytes (0.81 ± 0.45 x 10-3/µm2) and OPCs (0.76 ± 0.08 x 10-3/µm2; 

Figure 10C). One would expect that a high signal density and at the same time a high 

density of active regions would also lead to a high coincidence (3) of activity, however, the 

highest coincidence was found in OPCs (0.16 ± 0.01), higher than in microglia (0.10 ± 0.01, 

p-value = 0.0077) and astrocytes (0.03 ± 0.02, p-value = ˂0.0001), with the lowest values 

also showing less coincident signals than microglia (p-value = 0.0053; Figure 10D). For the 

size of automatically detected ROAs ((4) Figure 10E), a similar area was detected for 

astrocytes (157.8 ± 55.0 µm2) and microglia (137.1 ± 27.6 µm2), whereas the smallest area 

was detected by OPCs (24.63 ± 4.68 µm2), that were smaller than that of astrocytes (p-

value = 0.0268). For the signal amplitude ((5) Figure 10F) of the fluorescence change after 

background correction, there were no differences between the Ca2+ signals of the three cell 

types (astroglia: 0.15 ± 0.02 ΔF/F0; microglia: 0.16 ± 0.01 ΔF/F0; OPCs: 0.18 ± 0.02 ΔF/F0). 

Comparable to the ROA area, the signal duration ((6) Figure 10G) between astrocytes 

(8.61 ± 2.18 s) and microglia (7.56 ± 0.98 s) was of similar length, and OPCs exhibited two 

and a half times shorter signals (3.24 ± 0.29 s) that were shorter compared with astrocytes 

(p-value = 0.0232). In addition to the six parameters already described for identifying Ca2+ 

activity, in Supplementary Figure 1 five additional parameters (signal frequency 
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Supplementary Figure 1G, integrated fluorescence Supplementary Figure 1H, mean 

fluorescence Supplementary Figure 1I, signal rise and decay time Supplementary 

Figure 1J-K) were collected and summarized. Furthermore, all recording days (day one, 

two and seven) are listed there. For most additional parameters, no differences were found 

between the individual recording days within the cell types. Only OPCs showed an increase 

in coincidence (d1: 0.13 ± 0.01, d2: 0.11 ± 0.00, d7: 0.19 ± 0.01) and signal frequency (d1: 

1.90 ± 0.13 min-1, d2: 2.14 ± 0.17 min-1, d7: 2.99 ± 0.34 min-1) on day seven compared to 

days one (coincidence p-value = 0.0435, signal frequency p-value = 0.0005) and two 

(coincidence p-value = 0.0107, signal frequency p-value = 0.0044). In addition, the highest 

signal frequency was found in OPCs at all time points and similar to the signal duration, the 

lowest signal rise and decay time was revealed (Supplementary Figure 1G). The 

fluorescence of the signals remained indiscriminate throughout. The remaining days 

performed predominantly similar to the data already shown for day seven and also reflected 

similar differences within the three cell types. 

To summarize in vivo Ca2+ activity in astrocytes, microglia, and OPCs (NG2 glia), it can be 

concluded that Ca2+ signals are cell type specific and only slight changes occur over one 

week. Comparatively high signal density and frequency were found in a few, small ROAs, 

highly coincidental and short in duration for OPCs. Microglia had comparatively large 

number of signals in many ROAs of medium coincidence, area, and length. And for 

astrocytes, relatively few signals revealed in ROAs of medium size, low number, and 

coincidence with medium length. 
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Figure 10: Cell-specific in vivo Ca2+ signaling in astro-, microglia and OPCs.  

Fluorescence changes of the Ca2+ indicator GCaMP3 in hGFAP+, CX3CR1
+ and NG2+ cells 

automatically detected by MSparkles (A). Maximum intensity projection of the image, automatically 
detected ROAs as a color-coded map and the fluorescence change over time of all ROAs as a 
heatmap for astroglia (Ai-iii), microglia (Aiv-vi) and NG2 glia (OPCs; Avii-ix). Six parameters signal 
density (B), ROA density (C), coincidence index (D), ROA area (E), signal amplitude (F) and signal 
duration (G) are used to separate Ca2+ activity seven days after laminectomy between cell types. 
Scale bar = 50 µm. N = 4, the mean or median values ± SEM/IQR from several FOVs (n = 16) are 
shown and compared using ordinary one-way ANOVA or Kruskal-Wallis test. *p <0.05, **p <0.01, 
***p <0.001, ****p <0.0001. 
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6.4 DIFFERENT EX VIVO CA2+ ACTIVITY ONLY IN ASTROGLIA AND OPCS 

BETWEEN WHITE AND GRAY MATTER OF THE SPINAL CORD 

Although the spinal cord with its outer white matter is very suitable for the study of cellular 

conditions in the myelin environment in vivo, for comparative study of glial cells in white and 

gray matter, ex vivo slice preparations have to be relied upon because imaging in the 

deeper gray matter is strongly affected by the light refractive property of the overlying lipid-

containing white matter. 

For this purpose, mice expressing GCaMP3 in astroglia, microglia, or OPCs (NG2 glia) 

were cervically dislocated two weeks after tamoxifen administration. The spinal cord was 

exposed in artificial CSF and fresh sections were prepared. Under continuous 

carbogenization and artificial CSF flow, Ca2+ activity in glial cells was recorded by 2P-LSM 

as described in the previous chapter. Switching between white and gray matter was 

performed using a transmitted light camera, in which the slightly darker gray matter could 

be distinguished from the lighter white matter. The images showed a typical region-specific 

morphology for astroglia, accompanied by distinct finer branching of the cells in the gray 

matter than in the white matter (Figure 11Ai, Bi). The detected ROAs appeared larger and 

were more numerous in the gray matter than in the white matter (Figure 11Aii-iii, Bii-iii). 

The morphology of microglia in both substances was spherical in character with very low 

numbers of ROAs (Figure 11Aiv-vi, Biv-vi). Third, no morphological differences between 

gray and white matter for OPCs was discerned at first sight, with Ca2+ activity distributed 

among a large number of small projections (Figure 11Avii, Bvii). Also, the shape and 

activity of the ROAs appeared the same in the heatmaps, but were characterized by a 

strong initial activation at the beginning of the recordings (Figure 11Aviii-ix, Bviii-ix). 

Automatic analysis of Ca2+ activity revealed relatively similar data distribution in the six key 

parameters as previously shown in vivo. Only for microglia a reduction of Ca2+ activity 

between the two imaging methods could be shown. There were no differences in signal 

density (Figure 12A), ROA density (Figure 12B), signal amplitude (Figure 12E), or signal 

duration (Figure 12F) between the two regions studied (white and gray matter). But for 

OPCs an increased (p-value = 0.0428) coincidence of Ca2+ activity (Figure 12C) could be 

detected in white matter (0.12 ± 0.02) compared to gray matter (0.07 ± 0.01). In contrast, 

for astroglia, a larger (p-value = 0.0422) area of ROAs (Figure 12D) by almost double could 

be identified in gray (37.00 ± 3.47 µm2) than in white matter (19.92 ± 5.67 µm2). No cell type 

specific differences between white and gray matter could be identified in the additional 

parameters signal frequency, integrated fluorescence, mean fluorescence, and signal rise 

and decay time (Supplementary Figure 2). 
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Figure 11: Exemplaric ex vivo Ca2+ activity in acute spinal cord slices.  

Representative illustration of GCaMP3 signal differences in white (A) and gray matter (B) with 
maximum intensity projection, respectively, automatic ROA detection shown as a map and 
corresponding activity distribution as a heatmap for astroglia (i-iii), microglia (iv-vi) and NG2 glia 
(OPCs; vii-ix). Scale bar = 50 µm. 

 

In brief, ex vivo slice preparation revealed Ca2+ activity for astroglia, microglia, and OPCs 

(NG2 glia) in both white and gray matter, and cell type-specific signaling differences were 

identified. Thus, morphological differences in Ca2+ activity in astroglia were found with 

concomitant changes in ROA area to more large-scale signals in gray matter. Furthermore, 

although morphologically identical, there were higher coincidences of signals for OPCs in 

gray matter than in white matter. In general, this preparation method showed good 

feasibility and quality with a morphological change of microglia towards a more activated 

form. For simplicity, differences between cell types were not statistically compared here and 

only differences between regions were highlighted. 
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Figure 12: Ca2+ activity in fresh spinal cord slices differs between white and gray matter in a cell 
type-specific manner.  

Automated activity analysis using MSparkles for the six key parameters signal density (A), ROA 
density (B), coincidence index (C), ROA area (D), signal amplitude (E), and signal duration (F) shows 
reduced coincidence for NG2 glia (OPs) and increased ROA area for astroglia in gray matter. N = 3-
4, the mean or median values ± SEM/IQR from several FOVs (n = 12-16) are shown and the two 
matters per cell type were compared using unpaired t- or Mann-Whitney test. *p <0.05. 

 

6.5 INDUCING AN OPC-SPECIFIC CONDITIONAL GABAB KNOCKOUT TO 

MANIPULATE CELL PHYSIOLOGY 

Since the metabotropic GABAB receptor in OPCs is suspected to affect intracellular Ca2+ 

concentrations via the cAMP signaling pathway or via IP3-mediated internal Ca2+ release 

(Bai et al., 2021), the pathophysiological impact of its loss for cellular Ca2+ activity was 

investigated using a conditional knockout mouse. 

For studying the effects of the conditional GABAB receptor knockout in OPCs, the 

NG2GCaMP3 mouse line presented previously and serving as control (ctl) was crossed with 

the GABAB-floxed mouse line (Haller et al., 2004) in which floxed exons seven and eight of 

the GABAB1 subunit are excised after tamoxifen administration. Hence, subsequent results 

were used synonymously as (GABAB) ctl for OPCs (NG2 glia) expressing GCaMP3 (Figure 

13Ai) and (GABAB) cKO for OPCs expressing GCaMP3 and lacking GABAB1 subunit 
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(Figure 13Aii). After transcardial perfusion of ctl and cKO mice with Hanks' Balanced Salt 

Solution, a spinal cord homogenate was prepared. Magnetic-activated cell sorting (MACS) 

was used to sort spinal cell populations into NG2- (flow) and NG2+ (sorted) cells (Figure 

13B) for subsequent analysis of quantitative mRNA expression of the GABABR1 gene by 

RT-PCR two weeks after five times tamoxifen administration at ten weeks of age (Figure 

13C). Quantitative analysis of the purity of sorted cells was performed by RT-PCR for OPC- 

(CSPG4 = Chondroitin sulfate proteoglycan 4, PDGFRA), astroglia- (AQP4 = Aquaporin-

4), and immune cell-specific genes (ITGAM = Integrin alpha M; Figure 13D). Relative 

mRNA levels normalized to NG2-sorted cells were increased for CSPG4 and PDGFRA in 

sorted cells (CSPG4: 1.00 ± 0.18; PDGFRA: 11.97 ± 1.59) compared with flow cells 

(CSPG4: 0.34 ± 0.03, p-value = 0.0248; PDGFRA: 0.82 ± 0.21, p-value = 0.0001). Whereas 

for the flow cells (AQP4: 3.56 ± 0.30; ITGAM: 21.58 ± 0.87), mRNA levels were increased 

for AQP4 and ITGAM compared to sorted cells (AQP4: 1.30 ± 0.25, p-value = 0.0004; 

ITGAM: 1.22 ± 0.45, p-value = <0.0001). After confirmation of OPC purity, a reduction of 

37 % (p-value = 0.0336) in cKO (0.63 ± 0.09) compared with ctl (1.00 ± 0.11) was found for 

the relative mRNA expression of GABABR1 by RT-PCR analysis (Figure 13E). 

Summarizing this section, a cell type-specific knockout of the metabotropic GABAB receptor 

in OPCs could be induced by tamoxifen administration. The purity of MACS sorted OPCs 

was verified by RT-PCR and a significant forty percent reduction in mRNA encoding the B1 

subunit of the GABAB receptor was detected only two weeks later as cKO. 
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Figure 13: Relative mRNA expression of the metabotropic GABAB receptor subunit B1 is reduced 

in the conditional GABAB knockout.  

The control mouse line (NG2GCaMP3; Ai) was crossed with a GABAB
fl/fl mouse line (Aii). Using 

MACS from spinal homogenate (B), a purity check of sorted NG2 glia (OPCs) was performed by 

RT-PCR two weeks after tamoxifen administration (C-D). A reduction in relative GABABR1 mRNA 

expression in cKO mice was detected by RT-PCR (E). N = 5-6, the mean ± SEM are shown and 

compared using unpaired t-test. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. 

 

6.6 GABAB RECEPTOR LOSS IN OPCS DOES NOT ALTER THEIR 

RECOMBINATION AND DIFFERENTIATION CAPACITY IN SPINAL TISSUE 

To be able to determine the influence of GABAB receptor in OPCs (NG2 glia) on their 

recombination efficiency, specificity, and on oligodendroglial lineage (OL) differentiation, 

quantitative analysis of immunohistochemical staining was performed in white matter spinal 

cord tissue. For this purpose, NG2GCaMP3 (ctl) and NG2GCaMP3 x GABAB
fl/fl (cKO) mice were 

treated with tamoxifen five times at ten weeks of age to induce recombination. At time G1, 

mice were transcardially fixed with PFA, followed by spinal cord dissection and vibratome 

sections immunohistochemically stained. Subsequent quantitative analysis was performed 

by counting stained cells of the OL. 
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For the immunohistochemistry, GFP+ cells (GCaMP3; Figure 14Ai), PDGFRα+ cells 

(OPCs; Figure 14Aii) and MyRF+ cells (mature oligodendrocytes (myelin regulatory factor); 

Figure 14Aiii) were analyzed in order to quantify proportion and cell density of OPCs, 

recombined OPCs (PDGFRα+/GFP+ cells), and mature oligodendrocytes as well as 

recombined mature oligodendrocytes (MyRF+/GFP+ cells). The recombination efficiency in 

OPCs (Figure 14B) in the cKO (81.93 ± 3.48 %) was found to be as high as in the ctl 

(82.33 ± 5.38 %) shown earlier (Figure 8Fii). The recombination specificity (Figure 14C) 

tended to be lower in the cKO (86.10 ± 1.00 %) than in the ctl (90.43 ± 3.96 %). 

Quantification of recombined mature oligodendrocytes also demonstrated no difference 

between ctl and cKO. Thus, the recombination efficiency (Figure 14D) was comparably low 

in ctl (2.69 ± 0.69 %) and cKO (3.08 ±0.91 %), as was the recombination specificity (ctl: 

13.06 ± 4.38 %; cKO: 13.45 ± 2.62 %; Figure 14E). A closer look at the cell density of 

OPCs (ctl: 45.65 ± 2.95 cells/10-3 mm3; cKO: 47.57 ± 2.30 cells/10-3 mm3; Supplementary 

Figure 3A), recombined OPCs (ctl: 37.48 ± 2.96 cells/10-3 mm3; cKO: 

38.68 ± 2.55 cells/10-3 mm3; Supplementary Figure 3B), mature oligodendrocytes (ctl: 

184.50 ± 9.64 cells/10-3 mm3; cKO: 213.70 ± 20.43 cells/10-3 mm3; Supplementary Figure 

3C), and recombined mature oligodendrocytes (ctl: 5.05 ± 1.38 cells/10-3 mm3; cKO: 

6.17 ± 1.32 cells/10-3 mm3; Supplementary Figure 3D) also revealed no differences 

between ctl and cKO mice. 

In summary, the loss of the GABAB receptor in OPCs has no effect on recombination 

efficiency and specificity for the OL. The cell number of OPCs and mature oligodendrocytes 

was also unchanged in the cKO. The number of mature oligodendrocytes was fourfold 

higher than for OPCs (ctl and cKO) but in total showed a higher ratio for recombined OPCs 

than mature oligodendrocytes. 
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Figure 14: Recombination efficiency and specificity of OL remains unchanged by GABAB cKO in 

OPCs.  

Three weeks after tamoxifen-induced recombination, cell type-specific staining by 
immunohistochemistry is shown for GCaMP3 (Ai), PDGFRα+ OPCs (Aii), MyRF+ mature 
oligodendrocytes (Aiii), and as an overlay (Aiv) to identify recombination for OPCs (yellow arrow) 
and nonrecombined mature oligodendrocytes (blue arrow) in white (wm) and gray matter (gm). The 
recombination efficiency and specificity percentages of white matter are shown for ctl and cKO in 
OPCs (B-C), as well as for mature oligodendrocytes (D-E). N = 4, n = 32 ROIs from 16 slices showing 
mean ± SEM. Scale bar = 50 µm. 

 

6.7 THE GABAB RECEPTOR LOSS IN OPCS ALTERS MYELIN STRUCTURE IN 

THE SPINAL CORD 

OPCs are seen as a reservoir for mature oligodendrocytes. As they can differentiate and 

serve as a pool for a livelong myelination, the formation of myelin characteristic of white 

matter was compared between ctl and cKO mice. Here, the spinal cord of ctl and cKO mice 

was immunohistochemically stained at 12 weeks of age (G1) as previously described. In 

this case, myelin, degraded myelin, and axon markers were used and their fluorescence 
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intensity was measured. In addition, not only overview images were obtained with the slide 

scanner but also magnified images with a cLSM to determine the level of the myelin 

sheaths. 

To assess myelin levels, one of the major myelin proteins myelin basic protein (MBP; 

Figure 15Ai-ii) was stained and combined with neurofilament, the key structure-

determining protein for axons (NF; Figure 15Aiii), comparing ctl (Figure 15Ai-iv) and cKO 

(Figure 15Av-viii) mice. First, immunohistochemistry in overview images of transverse 

spinal cord sections by fluorescence intensity analysis normalized to DAPI showed no 

change between ctl and cKO for NF in white (ctl: 3.74 ± 0.18; cKO: 3.24 ± 0.20; Figure 

15B) and gray matter (Supplementary Figure 4B). Second, analysis of the MBP 

fluorescence intensity in white matter (Figure 15C) showed a reduction (p-value = 0.0206) 

in cKO (4.98 ± 0.10) compared with ctl (5.98 ± 0.23) mice indicating impaired myelin 

formation in the cKO. For further analysis of myelin quality, fluorescence intensity of 

degraded MBP (dMBP) was quantified (Supplementary Figure 4A), with no difference 

between ctl and cKO in contrast to MBP. Next, the quality of the myelin sheaths was 

investigated (Figure 15D). For this purpose, higher resolution images of the ventral white 

matter were acquired with cLSM. These were then overlaid with a grid (10 x 10 µm2) and 

random myelin sheaths that were under a coordinate overlay were selected for analysis. 

The ratio was finally calculated from the area of the inner myelin ring and the outer myelin 

ring, but no difference between ctl (0.25 ± 0.02) and cKO (0.21 ± 0.01) was detected. 

The results provided information about the amount of myelin three weeks after induction of 

the GABAB cKO in OPCs maturing to myelinating oligodendrocytes, leading to reduced 

MBP in cKO mice that was not degraded and did not affect myelin sheath quality. 

Furthermore, axons were not affected by cKO in either white or gray matter. 
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Figure 15: MBP reduction in GABAB cKOs.  

Myelin amount by MBP as overview image (Ai/Av), along with cLSM and magnification image of 
ventral white matter (Aii/Avi) combined with axonal NF (Aiii/Avii) and superimposed (Aiv/Aviii) in 
transverse spinal cord sections of ctl (Ai-iv) and cKO mice (Av-viii). Fluorescence intensity analysis 
normalized to DAPI showed no difference between ctl and cKO for NF (B), but a reduction for MBP 
in cKO (C) and no difference in myelin sheath thickness (D). N = 4-8, n = 96 ROIs from 48 slices in 
case for fluorescence intensity and n = 128 ratios from 32 slices in case for g-ratio measurements. 
The mean ± SEM are shown and compared using unpaired t-test. *p <0.05. Scale bar = 200 µm (v) 
and 50 µm (viii). 

 

6.8 GABAB RECEPTOR LOSS DOES NOT INFLUENCE CELL PROLIFERATION 

OF RECOMBINED OPCS AND GLIOSIS 

To investigate the effect of the GABAB loss in OPCs on their cell physiology and neighboring 

glial cells in the white matter of the spinal cord, the proliferation of the recombined OPCs, 

as well as the response of microglia and astroglia, was further examined. 

For this purpose, cKO mice were collected at time G1 compared with ctl as previously 

described and evaluated by immunohistochemistry. To determine the proliferation rate, 

recombined cells (as already shown, OPCs in the majority (Figure 14)) were labeled with 

GFP (Figure 16Ai) and proliferating cells with Ki67 (Figure 16Aii), which is expressed 
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during the cell cycle in every phase except the resting phase. For analysis of immune 

response by microglia, Iba1 (Figure 16D1) was stained as a marker and cell number was 

determined. 

The fluorescence intensity for GFAP (Figure 16Dii) was determined to quantify astrogliosis. 

The number of recombined proliferating OPCs (Figure 16B) was not significantly increased 

in the cKO (1.59 ± 0.13 cells/10-3 mm3) than the ctl (1.12 ± 0.32 cells/10-3 mm3). Similarly, 

the ratio of recombined proliferating OPCs among all proliferating cells (Figure 16C) also 

tended to be higher in the cKO (ctl: 49.19 ± 11.10 %; cKO: 60.67 ± 12.00 %). The cell 

numbers of Iba1+ microglia (Figure 16E), collected as another assay, also revealed no 

difference between ctl (30.11 ± 3.21 cells/10-3 mm3) and cKO (29.07 ± 1.38 cells/10-3 mm3). 

Fluorescence intensity measurement of the astroglial marker GFAP normalized to DAPI 

(Figure 16F) likewise showed only a tendency toward increased fluorescence intensity in 

cKO (ctl: 1.26 ± 0.08; cKO: 1.57 ± 0.17). 

In conclusion, the GABAB receptor loss in OPCs had no effect on the proliferation of 

recombined OPCs and the proportion of these in all dividing cells in the spinal cord was not 

changed in cKO mice. The effect of the receptor loss on the other glial cells showed no 

change in the number of microglia and likewise no change in astroglia, indicating 

unchanged physiological interplay of these three glial cells without evidence of gliosis. 

 

 

 

 

 

 

 

 

Figure 16: Induction of GABAB receptor loss in OPCs does not lead to altered proliferation in 
recombined OPCs, nor to gliosis.  

Shown are recombined GFP+ cells (Ai), proliferating Ki67+ cells (Aii) in combination with DAPI (Aiii) 
and as an overlay (Aiv; yellow arrow), the number of recombined and proliferating OPCs (B), as well 
as the ratio of those to all dividing cells (C) between ctl and cKO. Iba+ microglia (Di) and GFAP+ 
astroglia (Dii) with DAPI (Diii) as an overlay (Div) to analyze microglia number (E) and astrogliosis 
by fluorescence intensity (F) with no difference between ctl and cKO. N = 4-8, n = 32 ROIs from 16 
slices for cell counting and n = 96 ROIs from 48 slices for fluorescence intensity measurement, 
showing mean ± SEM. Scale bar = 20 µm. 
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6.9 CA2+ SIGNALS ARE ATTENUATED BY GABAB RECEPTOR LOSS IN OPCS 

As the GABAB receptor is thought to influence the intracellular Ca2+ balance of OPCs, the 

GCaMP3 data from NG2CaMP3 ctl mice were compared with in vivo 2P-LSM data from 

NG2GCaMP3 x GABAB
fl/fl cKO mice to investigate the influence of GABAB receptor loss on 

several parameters of spontaneous Ca2+ fluctuations. 

For this purpose, mice were treated with tamoxifen to induce recombination and cKO, as 

previously described at 10 weeks of age. Two weeks later and one week after placement 

of the spinal cord window (at time point G1, d7), spontaneous Ca2+ activity in ctl and cKO 
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mice was recorded by 2P-LSM and analyzed with MSparkles. The cell morphology revealed 

by GCaMP3 was of finely structures and cell typical in both conditions. The detected ROAs 

appeared to be larger in cKO, the activity in the heat maps was comparable (Figure 17A). 

Analysis of Ca2+ activity revealed a reduction (p-value = 0.0034) in signal density in cKOs 

(ctl: 8.05 ± 0.91 x 10-3 µm2; cKO: 2.00 ± 0.53 x 10-3 µm2; Figure 17B), as well as decreased 

(p-value = 0.0416) ROA density (ctl: 0.76 ± 0.08 x 10-3 µm2; cKO: 0.41 ± 0.11 x 10-3 µm2; 

Figure 17C) and a lower (p-value = 0.0030) coincidence index (ctl: 0.16 ± 0.01; cKO: 

0.09 ± 0.10; Figure 17D). For the area of the ROAs (ctl: 24.63 ± 4.68 µm2; cKO: 

22.11 ± 4.35 µm2; Figure 17E), the signal amplitude (ctl: 0.18 ± 0.02 ΔF/F0; cKO: 

0.17 ± 0.03 ΔF/F0; Figure 17F) and signal duration (ctl: 3.24 ± 0.29 s; cKO: 3.90 ± 0.45 s; 

Figure 17G) no differences between ctl and cKO could be detected. The additionally 

collected signal parameters for signal frequency, integrated fluorescence, mean 

fluorescence, and signal rise and decay time showed no difference between ctl and cKO 

(Supplementary Figure 5). 

Thus, compared to the ctl, cKO mice have fewer signals in less active regions that are also 

less coincidentally active. In parallel, the temporal parameters such as signal duration, 

frequency and amplitude, as well as the spatial extent were not affected. 

GABAB receptor deletion in OPCs resulted in a reduction of the GABAB mRNA level, with 

no effect on recombination, proliferation, or surrounding cells such as axons or gliosis. 

Nevertheless, a reduction of the myelin protein MBP as well as a decreased Ca2+ activity 

could be detected in cKO mice, which has been considered in more detail in both cases 

hereafter. 
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Figure 17: In vivo Ca2+ signaling of OPCs is impaired in GABAB cKO mice.  

Fluorescence changes of GCaMP3 in NG2GCaMP3+ (ctl) and NG2GCaMP3 x GABAB
fl/fl (cKO) cells 

detected by MSparkles (A; ctl: i-iii; cKO: iv-vi) at G1. Maximum intensity projection of the image (i/iv), 
automatically detected ROAs as a color-coded map (ii/v) and the fluorescence change over time of 
all ROAs as a heatmap (iii/vi). Six parameters signal density (B), ROA density (C), coincidence index 
(D), ROA area (E), signal amplitude (F) and signal duration (G) show six parameters of the software 
to separate Ca2+ activity seven days after laminectomy between conditions. Scale bar = 50 µm. N = 
3-4, the mean or median values ± SEM/IQR from several FOVs (n = 12-16) are shown and compared 
using ordinary one-way ANOVA or Kruskal-Wallis test. *p <0.05, **p <0.01. 
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6.10 WEIGHT LOSS IN MICE WITH GABAB DEPRIVATION AFTER CPZ 

OPCs mature into myelinating oligodendrocytes whose myelination capacity is Ca2+ 

dependent and a reducing effect in myelin quality, as well as Ca2+ activity, has previously 

been shown in OPCs with GABAB receptor deprivation in the spinal cord. Comparative 

studies using a demyelination model have been performed subsequently to be able to 

elaborate a possible influence on myelin loss. 

Cuprizone (CPZ) is used as a toxic demyelination model in mice and leads to weight loss 

when fed as a diet, which is a definite sign of myelin loss in the CNS (Steelman et al., 2012; 

Toomey et al., 2021). To verify whether GABAB cKO in OPCs affects demyelination, ctl and 

cKO mice were fed CPZ for three weeks two weeks after being treated with tamoxifen five 

times at ten weeks of age. The diet was provided as a powder and body weight was 

measured every other day during the diet (Figure 18). The mice were fed a dose of 0.3 % 

CPZ during the first week of the diet, followed by 0.2 % for two weeks and then back to 

standard chow. Baseline weight before the start of the diet was taken as 100 % for 

comparison. There was a steeply declining weight loss of more than 10 % already at the 

beginning of the diet, which stagnated at the end of the first week. This was equally 

observed for ctl and cKO mice. During the diet phase with 0.2 % CPZ, weight increased 

slightly in the ctl, whereas it hardly increased in the cKO. On days 13 (ctl: 89.49 ± 0.98 %; 

cKO: 83.65 ± 3.92 %), 15 (ctl: 89.13 ± 1.25 %; cKO: 81.04 ± 4.07 %), 17 (ctl: 

90.88 ± 1.06 %; cKO: 85.12 ± 3.69 %) and 19 (ctl: 91.86 ± 1.04 %; cKO: 84.75 ± 3.06 %), 

the weight of the cKO remained below (p-value = d13: 0.0235, d15: 0.0019, d17: 0.0257, 

d19: 0.0061) that of the ctl mice (Figure 18A). Separating the ctl animals and looking at 

weight loss in a sex-specific manner, there were no differences between the sexes (Figure 

18B). Except for loss of weight, no obvious changes in animal behavior were noted during 

daily monitoring while on the CPZ diet. 

The diet with CPZ for three weeks resulted in weight loss in all mice, which was clearly 

greater at the beginning in the first third than in the last two thirds. Although weight loss 

stagnated after the first week, the cKO mice lagged behind the ctl in weight, which would 

suggest a stronger demyelination effect by GABAB receptor deletion in OPCs. No sex-

related differences were observed. 
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Figure 18: Weight loss due to cuprizone diet is stronger in GABAB cKO mice.  

Shown is baseline weight as 100 % and weight loss measured every other day in percentage while 
on the diet with CPZ powder one week at 0.3 % followed by two weeks 0.2 % for ctl and cKO mice 
(A), and by sex separated for ctl (B). N = 4-10, the mean values ± SEM from 11 days are shown and 
compared using 2way ANOVA test. *p <0.05, **p <0.01. 

 

6.11 UNCHANGED RECOMBINATION IN OPCS DURING DEMYELINATION 

Furthermore, the recombination efficiency and specificity, as well as the distribution of OL 

cells in the spinal cord, were examined under influence of the demyelination model in ctl 

and cKO mice. 

For this, two time points were chosen for analysis. As already established, the mice 

received tamoxifen five times at ten weeks of age and then one group of ctl and cKO mice 

was treated with CPZ for three weeks starting at 12 weeks of age (G2*) and the other group 

continued to receive normal chow (G2). Both groups were perfused at 16 weeks of age to 

evaluate immunohistochemically the effect of demyelination on OL (Figure 19A-B). For the 

recombination efficiency of PDGFRα+ OPCs (Figure 19C), similarly high values were found 

for ctl (77.07 ± 24.44 %) and cKO (86.29 ± 17.78 %) at time point G2 as at time point G2* 

(ctl: 81.38 ± 10.14 %; cKO: 64.70 ± 19.87 %). Similarly, for ctl and cKO at time point G2 

(ctl: 75.62 ± 4.95 %; cKO: 88.20 ± 2.08 %) and G2* (ctl: 78.30 ± 5.33 %; cKO: 

83.92 ± 2.07 %) for recombination specificity (Figure 19D). No differences were detected 

in either case. Also very low and without difference remained the number of recombined 

mature oligodendrocytes (MyRF+; Figure 19E) at time point G2 (ctl: 5.18 ± 1.31 %; cKO: 

2.43 ± 0.49 %) and G2* (ctl: 3.97 ± 1.04 %; cKO: 2.77 ± 0.32 %), as well as the OL 

differentiation level (Figure 19F) at time points G2 and G2* for ctl (G2: 18.44 ± 1.30 %; G2*: 

16.56 ± 3.79 %) and cKO mice (G2: 10.28 ± 1.02 %; G2*: 14.65 ± 1.86 %). Considering cell 

numbers, there was an increased (p-value = 0.0074) number of mature oligodendrocytes 

of about 32 % in the cKO at time point G2 (ctl: 198.90 ± 14.89 cells/10-3 mm3; cKO: 
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278.40 ± 29.69 cells/10-3 mm3; Supplementary Figure 6A). This was consistent between 

ctl and cKO after CPZ treatment (G2*) and was increased (p-value = 0.0252) for ctl 

compared to G2 (G2: 198.90 ± 14.89 cells/10-3 mm3; G2*: 262.00 ± 5.08 cells/10-3 mm3) of 

about 28 %. The number of recombined mature oligodendrocytes, the number of OPCs, 

and the number of recombined OPCs remained unchanged (Supplementary Figure 6B-

D). 

Taken together, neither ctl, nor cKO showed any effect on recombination efficiency or 

specificity in OPCs and mature oligodendrocytes by doubling the waiting time after 

tamoxifen-induced recombination or demyelination by CPZ. By contrast, the number of 

mature oligodendrocytes increased with longer waiting time in the cKO, as well as their 

number during demyelination in the ctl. 
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Figure 19: Recombination efficiency and specificity of OL remains unchanged by CPZ induced 
demyelination.  

Six weeks after tamoxifen-induced recombination, cell type-specific staining by 
immunohistochemistry for GCaMP3 (i), PDGFRα+ OPCs (ii), MyRF+ mature oligodendrocytes (iii), 
and as an overlay (iv) to identify recombination for OPCs (yellow arrow) and nonrecombined mature 
oligodendrocytes (blue arrow) in white (wm) and gray matter (gm) without (A) and with (B) CPZ 
treatment. The recombination efficiency and specificity percentages of white matter are shown for 
ctl and cKO in OPCs (C-D), as well as the subsequent differentiation to mature oligodendrocytes (E-
F). N = 4, n = 32 ROIs from 16 slices showing mean or median ± SEM/IQR. Scale bar = 50 µm. 
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6.12 OPC SPECIFIC DELETION OF GABAB RECEPTOR WITH PROTECTIVE 

EFFECT ON SPINAL DEMYELINATION 

To examine the rate of demyelination in the white matter of the spinal cord and the direct 

effect of CPZ on myelin levels, axons and myelin were quantitatively evaluated by 

immunohistochemistry as previously described. 

Two groups at 16 weeks of age, treated as G2 without and G2* with CPZ, were stained with 

antibodies against NF and MBP at the age of 16 weeks (Figure 20A-B), and fluorescence 

intensity normalized to DAPI in white matter was evaluated. In addition, cLSM recordings 

of transversal sections were again used to evaluate the thickness of myelin sheaths also in 

the demyelination phase here. Fluorescence intensity measurement of the axon marker NF 

(Figure 20C) did not reveal differences between ctl and cKO in either G2 (ctl: 3.25 ± 0.32; 

cKO: 3.47 ± 0.20), or G2* (ctl: 2.62 ± 0.18; cKO: 3.32 ± 0.43). But for MBP evaluation 

(Figure 20D), a reduction in the fluorescence intensity of ctl mice by 1.5-fold could be found 

(p-value = 0.0009) between G2 (ctl: 6.30 ± 0.50; cKO: 6.02 ± 0.71) and G2* (ctl: 

4.18 ± 0.20; cKO: 5.08 ± 0.37), whereas cKO barely changed. The myelin sheaths recorded 

by cLSM were then measured for their area and to be able to calculate the ratio between 

inner and outer ring (Figure 20E). The ratio between ctl and cKO was unchanged at time 

point G2 (ctl: 0.20 ± 0.01; cKO: 0.18 ± 0.01), but increased for ctl versus cKO (p-value = 

0.0222) at time point G2* (ctl: 0.29 ± 0.03; cKO: 0.22 ± 0.02). Also, increased was the ratio 

of ctl comparing G2 and G2* (p-value = 0.0070). No difference was observed in the 

fluorescence intensity of degraded MBP or NF in gray matter between ctl or cKO with and 

without CPZ treatment (Supplementary Figure 7). 

In conclusion, axons in neither white nor gray matter were affected by demyelination and 

only in ctl mice a strong MBP reduction was detected, whereas the mice with cKO of the 

GABAB receptor in OPCs hardly underwent MBP loss. The additional determination of 

myelin sheath thickness, using high magnification confocal images, showed a marked 

increase in the area ratio between the inner and outer rings in ctl mice due to demyelination, 

indicating thinner myelin sheath ring, which was not the case in cKO. 

 



65 
 

 

Figure 20: MBP reduction in CPZ demyelination is rescued by GABAB receptor loss in OPCs.  

Myelin quality by MBP as overview image (i/v), along with cLSM and magnification image of ventral 
white matter (ii/vi) combined with axonal NF (iii/vii) and as superimposed (iv/viii) in transverse spinal 
cord sections of ctl (i-iv) and cKO mice (v-viii) for G2 (A) and G2* (B). Fluorescence intensity analysis 
normalized to DAPI with no difference between ctl and cKO for NF (C), but a reduction for MBP in 
ctl by demyelination (D) and loss in myelin sheath thickness (E). N = 4-8, n = 96 ROIs from 48 slices 
in case for fluorescence intensity and n = 128 ratios from 32 slices in case for g-ratio measurements. 
The mean ± SEM are shown and compared using one-way ANOVA. *p <0.05, **p <0.01, 
***p <0.001. Scale bar = 200 µm (v) and 50 µm (viii). 
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6.13 CUPRIZONE INDUCED DEMYELINATION DOES NOT AFFECT 

PROLIFERATION OF RECOMBINED OPCS OR GLIOSIS 

Further, the influence of demyelination by CPZ on the proliferation of recombined OPCs 

was subsequently investigated and evaluated by immunohistochemistry using the 

proliferation marker Ki67 as previously described. Gliosis due to demyelination was also 

investigated with the markers Iba1 for microglia and GFAP for astroglia. 

For both groups G2 and G2*, the recombined GFP+ cells and proliferating Ki67+, as well as 

DAPI+ cells were quantified, respectively (Figure 21A-B). No difference was detected for 

either ctl or cKO mice at time points G2 (ctl: 2.88 ± 6.80 cells/10-3 mm3; cKO: 

1.87 ± 1.60 cells/10-3 mm3) and G2* (ctl: 3.37 ± 3.85 cells/10-3 mm3; cKO: 

1.53 ± 1.18 cells/10-3 mm3) in the number of recombined and proliferating OPCs (Figure 

21C). Furthermore, no difference was detected in the proportion of recombined dividing 

OPCs among all proliferating cells at time points G2 (ctl: 33.27 ± 12.43 %; cKO: 

30.63 ± 7.94 %) and G2* (ctl: 24.27 ± 7.64 %; cKO: 44.69 ± 10.03 %; Figure 21D). Of note, 

the data distribution was very variable in both cases. 
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Figure 21: Demyelination does not lead to altered proliferation in recombined OPCs.  

Recombined GFP+ cells (i), proliferating Ki67+ cells (ii) in combination with DAPI (iii) and as an 
overlay (iv; yellow arrow) for G2 (A) and G2* (B) treated mice respectively. No difference in 
recombined and proliferating OPCs (C), as well as the ratio of those to all dividing cells (D) between 
ctl and cKO after demyelination. N = 4, n = 32 ROIs from 16, showing mean or median ± SEM/IQR. 
Scale bar = 20 µm. 

 

To verify whether demyelination in the spinal cord leads to gliosis, the cell number of Iba1+ 

microglia and the fluorescence intensity of GFAP+ astroglia were evaluated (Figure 22A-

B). Here, as for proliferation rate, no clear differences for ctl and cKO mice at time points 

G2 (ctl: 48.05 ± 16.98 cells/10-3 mm3; cKO: 35.40 ± 10.57 cells/10-3 mm3) and G2* (ctl: 

42.76 ± 8.65 cells/10-3 mm3; cKO: 43.72 ± 16.34 cells/10-3 mm3) for the number of microglia 

(Figure 22C) could be found. Whereas sporadic accumulation clusters of microglial cells 

(Figure 22Ai) could be identified. However, also for the fluorescence intensity of GFAP 

normalized to DAPI no difference could be detected (Figure 22D), only a tendency for the 

fluorescence intensity was found in astroglia of ctl compared to cKO for G2 (ctl: 1.95 ± 1.02; 

cKO: 1.451 ± 0.33) and G2* (ctl: 1.83 ± 1.47; cKO: 1.42 ± 1.15). 
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Therefore, demyelination did not affect the proliferation rate of recombined OPCs or the 

proportion of all dividing cells in the white matter of the spinal cord. And an immune 

response induced by demyelination through microglia accumulation could not be confirmed, 

nor could an activation of astroglia induced by CPZ. 

 

 

Figure 22: Demyelination does not lead to gliosis by microglia or astroglia in the spinal cord.  

Recombined Iba1+ microglia (i), GFAP+ astroglia (ii) in combination with DAPI (iii) and as an overlay 
(iv; yellow arrow) for G2 (A) and G2* (B) to analyze microglia number (C) and astrogliosis by 
fluorescence intensity (D). N = 4-8, n = 128 ROIs from 64 slices for cell counting and n = 176 ROIs 
from 88 slices for fluorescence intensity measurement, showing median ± IQR. Scale bar = 20 µm. 
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6.14 CA2+ SIGNALS IN OPCS ARE LESS AFFECTED BY DEMYELINATION THAN 

BY LOSS OF THE GABAB RECEPTOR 

As a final point, Ca2+ activity in OPCs with and without reduction of the GABAB receptor 

was examined in the context of demyelination in the spinal cord to give an indication of their 

cellular activity. For this purpose, a spinal cord window was implanted at 15 weeks of age 

and spontaneous Ca2+ activity was recorded by 2P-LSM, CPZ-ctl group G2 and 

immediately after CPZ treatment in group G2* for one week. Analyzed was the end point 

one week after diet. 

The images of the G2 and G2* groups each showed different Ca2+ activity after detection 

with MSparkles and a variable dispersion of activity distributed over the active regions 

(Figure 23A-B). Signal density (Figure 23C) was increased in the cKO (p-value = 0.0051) 

at time point G2 (ctl: 3.03 ± 0.79 x 10-3 µm2; cKO: 10.71 ± 2.02 x 10-3 µm2), whereas at time 

point G2* this only trended (ctl: 7.64 ± 1.83 x 10-3 µm2; cKO: 11.33 ± 1.59 x 10-3 µm2). The 

result was similar for the ROA density (Figure 23D), where a difference (p-value = 0.0462) 

was only present within G2 (ctl: 0.53 ± 0.09 x 10-3 µm2; cKO: 1.02 ± 0.11 x 10-3 µm2), but 

not at G2* (ctl: 0.76 ± 0.04 x 10-3 µm2; cKO: 1.15 ± 0.18 x 10-3 µm2). The coincidence index 

(Figure 23E) was also increased in cKO (p-value = 0.0146) at time point G2 (ctl: 

0.10 ± 0.02; cKO: 0.18 ± 0.02), whereas no difference between cKO and ctl at time point 

G2* (ctl: 0.18 ± 0.02; cKO: 0.17 ± 0.02), but an increase for ctl compared to G2 (p-value = 

0.0206) were found. The sizes of the ROA area (Figure 23F) were highest in the ctl in G2 

(ctl: 52.41 ± 17.92 µm2; cKO: 19.04 ± 1.87 µm2), but without significance and without 

difference to G2* (ctl: 17.33 ± 2.33 µm2; cKO: 17.16 ± 1.38 µm2). The signal amplitude 

(Figure 23G) was highest in the ctl (p-value = 0.0167) at time G2 (ctl: 0.26 ± 0.04 ΔF/F0; 

cKO: 0.15 ± 0.01 ΔF/F0) and again no difference for G2* (ctl: 0.15 ± 0.01 ΔF/F0; cKO: 

0.15 ± 0.01 ΔF/F0) was found, but a reduction for the ctl compared to G2 (p-value = 0.0155). 

For the duration of the signals (Figure 23H), the ctl tended to be highest in G2 (ctl: 

4.14 ± 0.88 s; cKO: 2.81 ± 0.08 s) and G2* (ctl: 3.42 ± 0.96 s; cKO: 2.64 ± 0.10 s) only. No 

demyelination-related difference in signal frequency, integrated fluorescence, mean 

fluorescence, signal rise and decay time could be detected in the additional parameters 

collected (Supplementary Figure 8). 
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Figure 23: In vivo Ca2+ signaling of GABAB ctl and cKO OPCs after demyelination. 

Fluorescence changes of the Ca2+ indicator GCaMP3 in NG2GCaMP3+ (ctl) and NG2GCaMP3 x GABAB
fl/fl 

(cKO) cells automatically detected by MSparkles at G2 (A; ctl: i-iii; cKO: iv-vi) and G2* (B; ctl: i-iii; 
cKO: iv-vi) one week after CPZ treatment and six weeks after tamoxifen administration. Maximum 
intensity projection of the image (i/iv), automatically detected ROAs as a color-coded map (ii/v) and 
the fluorescence change over time of all ROAs as a heatmap (iii/vi). The key parameters signal 
density (C), ROA density (D), coincidence index (E), ROA area (F), signal amplitude (G) and signal 
duration (H) show six parameters of the software to separate Ca2+ activity between conditions. Scale 
bar = 50 µm. N = 3-4, the mean values ± SEM from several FOVs (n = 12-16) are shown and 
compared using ordinary one-way ANOVA. *p <0.05, **p <0.01. 



71 
 

The Ca2+ activity examined in the last part showed predominantly differences between ctl 

and cKO in the CPZ untreated group G2, which was inversed to the results shown 

previously (Figure 17) but recorded at a three-week later time point. Signal and ROA density 

and coincidence index were increased in cKO and signal amplitude was decreased. For the 

CPZ-treated group, the only differences in ctl compared to the untreated group were shown 

for the coincidence and amplitude of the signals, which comparatively changed in the 

opposite direction. There were no differences for cKO between untreated and treated 

group, Ca2+ activity and active regions was similar. 
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7 DISCUSSION 

Glial cells do not use electrical excitability as their main communication pathway like 

neurons, but predominantly Ca2+ as a second messenger to process intra- and extracellular 

information. This signaling pathway of communication within glial cells is cell type specific 

and can be influenced by GABAergic stimulation of the metabotropic GABAB receptor and 

has already been shown for astrocytes and is also suspected for oligodendrocyte precursor 

cells. The investigation of glial Ca2+ activity under physiological conditions in the spinal cord, 

as well as the influence of GABAB receptor loss in oligodendrocyte precursor cells and 

associated effects on toxic demyelination by cuprizone was performed by in vivo two-

photon Ca2+ imaging and immunohistochemical analysis in the spinal cord using transgenic 

mice and resulted in the following key findings of this thesis: 

 

• Glial Ca2+ activity is cell type specific in the spinal cord for oligodendrocyte precursor 

cells (OPCs), astro- and microglia while region dependent for OPCs and astroglia 

but not microglia. 

 

• Deletion of the metabotropic GABAB receptor in oligodendrocyte precursor cells 

reduces their Ca2+ activity and alters myelin formation. 

 

• Cell-type specific GABAB receptor loss in oligodendrocyte precursor cells results in 

a myelin-protective effect during toxic demyelination with less altered Ca2+ activity. 
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The spinal cord (medulla spinalis) is a major part of the central nervous system and at the 

same time the link between the body and the brain. This is because afferents with sensory 

information of the skin, skeletal muscles, joints as well as the viscera enter via the posterior 

roots of the spinal nerves, while spinal nerve roots exit at its front and conduct information 

to the periphery as efferents - to the skeletal muscles, the viscera, for instance. For this 

purpose, spinal cord circuits between and within neurons and glia are indispensable for 

sensory information processing and controlling reflexes and adaptive behaviors in 

physiology as well as pathophysiology; an intermezzo that can effect cellular and regional 

differences between spinal segments or gray and white matter (Shekhtmeyster et al., 2023). 

 

7.1 GLIAL CA2+ ACTIVITY IS CELL TYPE SPECIFIC IN THE SPINAL CORD FOR 

OPCS, ASTRO- AND MICROGLIA WHILE REGION DEPENDENT FOR OPCS 

AND ASTROGLIA BUT NOT MICROGLIA 

To analyze in detail Ca2+ activity in different glial cell types in the spinal cord under 

physiological conditions, two-photon Ca2+ imaging was performed in transgenic mice 

expressing the Ca2+ indicator GCaMP3 in astroglia, microglia, or NG glia (oligodendrocyte 

precursor cells (OPCs; Figure 8)), and the images were analyzed using MSparkles, a fully 

automated Ca2+ analysis software (Stopper et al., 2022). 

This fully automated software was developed to obtain unbiased detection as well as 

analysis of fluorescence change with background subtraction. Furthermore, this application 

allows a method detached from the morphology of the otherwise mostly manually selected 

regions of interest and reflects regions of activity (ROAs) as automatically recognized areas 

for Ca2+ activity. The applied software enables, by feeding with the recordings generated 

by means of 2P-LSM, besides the ROA detection also an overview of the signal traces, 

additionally a visual illustration of the activity as heatmap and a synchronicity trace of the 

Ca2+ activity (Figure 9). In addition to spontaneous Ca2+ activities in astroglia, chemical and 

electrical stimulation can also be performed, allowing intracellular Ca2+ changes to be 

observed. The results show different synchronicity or reinforced coincidence considering 

that these signals, especially when spontaneously recorded, are more coincidental than 

synchronously caused by a trigger. Synchronicity in this case would mean a concrete 

coordination of the signals, whereas coincidence would indicate a random temporal 

relationship of the signals. The duration and amplitude magnitude, as well as the number 

of the signal and distribution gives information about the relative activity of the cells. Ca2+ 

is the main and critical signaling pathway of non-electrically excitable glial cells for intra-

/extracellular communication (Clapham, 2007). Nevertheless, it is hardly described in the 
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literature that astroglia in an electrically excited environment can positively influence critical 

neurological and psychiatric diseases, especially of the brain. Astroglia, like neurons, are 

also electrically excitable and, unlike neurons, do not show a sustained constant excitability 

in their Ca2+ response, which is consistent with the results previously shown here by 

stimulations and should be considered when using complex electrical neuromodulation 

(Cirillo et al., 2012; Ma et al., 2021). Similarly, via adrenergic α1 and β1 receptors, distinct 

Ca2+ responses to noradrenergic stimulations were also shown here for astrocytes 

(Delumeau et al., 1991; Horvat et al., 2016; Nuriya et al., 2017). 

Regarding the structural properties of the individual Ca2+ signals, no differences between 

astroglia and microglia could be identified in vivo nor ex vivo and differences were only 

found for the signal amplitude and signal duration of the OPCs, which were predominantly 

manifested in a time shortening in vivo (Supplementary Figure 1). This suggests common 

mechanisms underlying Ca2+ homeostasis and may be exclusively faster in time for the 

OPCs, indicating that faster signal paths are required here. Exclusively key parameters 

identified in this work, such as ROA density, ROA area, signal density, signal frequency, 

and coincidence, provide the ability to distinguish glial Ca2+ signals spatial and temporally 

and thus these cell types from each other and occur differently ex vivo in slices than in vivo 

in sleeping mice (Rieder et al., 2022). A detailed comparison between astroglia and 

microglia has already been published and is attached as an appendix. This work is 

extended here to include OPCs which Ca2+ signals can be evoked by axons and astrocytes 

releasing ATP and glutamate (Hamilton et al., 2010). Looking more closely at spontaneous 

recordings of Ca2+ activity and comparing astroglia and microglia, with OPCs by six key 

parameters (signal and ROA density, coincidence index, ROA area, signal amplitude and 

duration; Figure 10), in vivo reveals high signal density and frequency of signals in a few, 

small ROAs for OPCs, which appear highly coincident with short duration. For the 

developing OPCs, Ca2+ and its controlled intracellular oscillation is important for 

proliferation. This can be disturbed in case of continuously high Ca2+ concentration and 

integrate synaptic inputs with Ca2+ changes globally and in their fine dendrites (Sun et al., 

2016; Seidman et al., 2022). A similar high signal density is shown for microglia Ca2+ activity 

distributed over a high number of ROAs with moderate coincidence, area and signal 

duration. Contrary to literature, where microglia show increased Ca2+ signaling only in 

response to inflammation and injury and otherwise lag behind astroglia in Ca2+ activity in 

vivo, the results in this work show relatively high spontaneous Ca2+ activity in microglia 

compared to other glial cells (Eichhoff et al., 2011; Pozner et al., 2015). In addition, it is 

known that high Ca2+ activities are required for the surveillance function of the microglial 

projections that constantly scan the environment (Umpierre et al., 2020); inflammatory 

reaction is excluded here (Rieder et al., 2022). Comparatively few signals are detectable in 
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astroglia, which are low coincidentally active in a few ROAs of intermediate extent and 

signal duration. This is consistent with the fact that astroglial Ca2+ signals, which can 

otherwise be diverse and extend across multiple astroglia, are attenuated under anesthesia 

(Thrane et al., 2012; Fujii et al., 2017; Taheri et al., 2017). Only in the signal amplitude all 

three cell types are indistinguishable. In every other measured parameter, the three 

different cell types always show pairwise similarities in parameters to different pairs. Thus, 

OPCs and microglia are similar in signal density, and OPCs and astroglia are similar in 

ROA density. Only in two parameters, ROA area and signal density, astroglia and microglia 

resemble each other in their Ca2+ activity. It is worth mentioning that chronically studied 

over a week, Ca2+ activity hardly changes between days. This is not true for OPCs, whose 

signal incidence and frequency are highest on day seven compared to the other days before 

(Supplementary Figure 1). Looking at the differences between the white and gray matter 

ex vivo (Figure 11 & Figure 12), already known morphological differences for astroglia can 

be seen, which can also be reflected in the Ca2+ activity by a different ROA area, which is 

more extensive in the gray matter. Microglia show no regional difference in any of the 

parameters. For OPCs, on the other hand, the coincidence of the signals shows a strong 

increase in the white matter. Both results can be explained by the different features of the 

cell types. For astrocytes by their enormous heterogeneity and for OPCs by their special 

task in the myelinated white matter as monitor and maintainer of the function of fast axonal 

excitation propagation (Bayraktar et al., 2014; Dimou and Gallo, 2015; Parolisi and Boda, 

2018). Finally, the differences between in vivo and ex vivo should not be ignored. These 

were particularly evident for microglia compared to the other glial cells, but also point in 

particular to regional specifications for astroglia and OPCs when looking at the signal area 

and its coincidence. This complicates future interpretations of responses to chemical 

stimuli, which can only be studied ex vivo in fresh slices. 

In summary, differently stimulated Ca2+ signals in astrocytes could be compared for their 

properties and physiological differences between astroglia, microglia and OPCs could be 

identified, which are intrinsic to the different tasks and natures of the cell types. OPCs 

showed a signal density similar to microglia and a density of active regions comparable to 

astroglia. These results were consistent when examined chronically over one week. 
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7.2 DELETION OF THE METABOTROPIC GABAB RECEPTOR IN 

OLIGODENDROCYTE PRECURSOR CELLS REDUCES THEIR CA2+ ACTIVITY 

AND ALTERS MYELIN STRUCTURE 

Cell type-specific reduction of the metabotropic GABAB receptor in OPCs (NG2 glia) was 

detected by quantitative RT-PCR in the NG2GCAMP3 x GABAB
fl/fl mouse line, an already 

established method (Fang et al., 2022b). Here, already two weeks after tamoxifen 

administration, a reduction was clear after checking the purity of the sorted cells (Figure 

13). With the confirmation of the GABAB receptor loss, further analysis revealed no changes 

in recombination or cell numbers in the populations of OPCs or mature oligodendrocytes 

between ctl and cKO mice (Figure 14). Thus, the deletion of the GABAB receptor does not 

lead to a change of differentiation in the adult oligodendrocyte lineage, whereas in the 

developing CNS, functional expression of the receptor stimulates proliferation and migration 

of precursor cells in in rat primary cerebral culture (Luyt et al., 2007). But it is the control of 

myelination by OPCs and their GABAergic control shown for cerebral interneurons that 

makes them key players in functional brain function, myelination right up to the adjustment 

of cognitive abilities (Fang et al., 2022b). Furthermore, a high heterogeneity was shown for 

OPCs varying in age, myelination capacity and location (Dimou and Simons, 2017; Foerster 

et al., 2019; Boshans et al., 2020; Sherafat et al., 2021). And for example important for a 

subgroup of OPCs, belonging to the OL (2-26 %), which remain in a precursor stage as 

soon as a disturbance of brain physiology occurs (Fang et al., 2022a). Myelin analysis after 

induction of GABAB receptor loss showed MBP reduction, whereas myelin thickness, 

degenerated MBP, and neurofilament (in white and grey matter) did not change (Figure 

15). This revealed a quantitative change in myelin with one of its major components MBP, 

analyzed by fluorescence intensity measurement before a morphological change in myelin 

structure is apparent upon ring formation. This result confirms the potential contribution of 

the GABAB receptor to myelination, through loss there is a reverse effect of myelination 

potency due to receptor activity (Serrano-Regal et al., 2019). The change shown here is 

probably not due to the change in differentiation, since only about 2 % recombined mature 

oligodendrocytes were counted. Much more, a mechanism via the neurons with which 

OPCs form synapses seems possible. It is the interplay between neurons and 

oligodendrocytes that is important for myelination capacity, as discussed at the beginning. 

Thus, impaired and reduced Ca2+ activity in OPCs could passively affect myelination. 

Interestingly, and underscoring this, not only is the metabotropic GABAB receptor 

responsible for intact myelination, impaired remyelination was also shown by the loss of 

voltage-dependent Cav1.2 channel (Santiago González et al., 2017). Whether this myelin 

change is accompanied by a proliferation change of the recombined OPCs and whether 
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there is an activation of microglia and astroglia could not be confirmed. Consequently, the 

measured MBP loss and thus myelin change was not related to a change in the cell cycle 

of recombined OPCs and were not accompanied by microgliosis or astrogliosis (Figure 16). 

MBP levels reduced by manipulation and loss of the GABAB receptor could be 

supplemented by live Ca2+ analysis. This showed decreased activity in signal density, 

number of active regions, and coincidence of signals compared with ctl mice in vivo (Figure 

17). Thus, loss of the GABAB receptor also showed a change with reduced Ca2+ activity in 

OPCs due to decreased reactivation of intracellular Ca2+. This proves that reduction of 

GABAB receptor mRNA leads to a functional change affecting cell physiology. Despite fewer 

signals that appeared less synchronous and occurred in less active regions, the areas and 

signal parameters of amplitude and length remained unchanged. In general, this can be 

interpreted as reduced cell activity that triggers less myelination by the surrounding 

oligodendrocytes. And it is known that myelin is different between the brain and the spinal 

cord. For example, the myelin sheaths produced by oligodendrocytes in the brain are 

shorter than those produced by oligodendrocytes in the spinal cord and thus presumably 

have different resilience (Bechler et al., 2015). 

Losing the GABAB receptor in OPCs thus resulted in a change in spinal myelin structure 

but no shift in OL composition or gliosis. Ca2+ activity was attenuated, raising the question 

of how this would be the case with active manipulation of myelination and is answered in 

the next part of this work. 

 

7.3 CELL-TYPE SPECIFIC GABAB RECEPTOR LOSS IN OLIGODENDROCYTE 

PRECURSOR CELLS RESULTS IN A MYELIN-PROTECTIVE EFFECT DURING 

TOXIC DEMYELINATION WITH LESS ALTERED CA2+ ACTIVITY 

Multiple sclerosis is known to cause damage to myelin, which can only be repaired to a 

limited extent by remyelination by oligodendrocytes if chronic, or can be worsened by 

defective OPCs (Jäkel et al., 2019; Lassmann, 2019; Yeung et al., 2019). The model used 

here to induce myelin loss is a toxic, systemic demyelinating one. It was chosen to study 

the effect of myelin alteration and Ca2+ activity reduction due to GABAB receptor loss in 

OPCs. The diet with Cuprizone (CPZ) leads to a weight loss that has been described before 

and is commonly known (Steelman et al., 2012; Toomey et al., 2021). This weight loss is 

clinically the only external effect observed during the course of the experiment and is a sure 

sign that demyelination is progressing; far less aggressively than in an inflammatory 

demyelination model. The CPZ diet resulted in the expected weight loss with first a steep 
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and then a stable progression, which in combination with the GABAB receptor loss was 

distinctly stronger than without (Figure 18). No gender-specific differences were observed 

in the response to the diet, which makes an analysis purely concerning the GABAB receptor 

possible. 

As before, the proportion of OPCs and mature oligodendrocytes was determined here with 

a longer interval to induction of cKO and in combination with demyelination. Again, there 

was no change due to receptor loss in OL composition and this was also true at the time 

point after demyelination (Figure 19). Over time, the number of mature oligodendrocytes 

changed and was greater in the cKO group while it was increased by CPZ treatment in the 

ctl group, but this was not evident in the mice with GABAB receptor deficit (Supplementary 

Figure 6). This is contrary to the hypothesis that stimulation of the GABAB receptor can 

lead to potentiation of OPC differentiation and might be region-specific. 

For the expression of MBP, there was no difference at the later time point due to the extent 

of the diet, but there was a clear demyelination-related loss in the group with functional 

GABAB receptor. MBP was not affected by loss of the GABAB receptor here. Demyelination 

could also be confirmed by measuring the ring thickness of myelin and was clearly evident 

for the ctl group but had no effect on the receptor-deficient mice. Despite myelin ring 

thickness impairment, axons in gray and white matter remained unchanged (NF) and the 

level of degraded MBP did not change but was quite high over all (Figure 20 & 

Supplementary Figure 7). The protective effect of GABAB receptor loss in the CPZ model 

reflects its crucial role in myelination. Conversely, targeted stimulation of this receptor by 

its agonist baclofen promoted myelination (Serrano-Regal et al., 2022). 

Demyelination showed no change in the proliferation rate of the recombined OPCs, but the 

data sets were scattered probably because of the limited field of observation in the spinal 

cord. Also, no gliosis could be detected by Iba1 or GFAP activation, suggesting only a mild 

demyelination model in the spinal cord by cuprizone (Figure 21 & Figure 22) compared to 

forebrain data from literature (Zirngibl et al., 2022). This is accompanied by the undetected 

change of the degenerated MBP and suggests an onset of demyelination at the observed 

time point, in which there are already qualitative impairments that can be protected by a 

GABAB receptor deficit and appear without showing structural effects. 

Looking at the Ca2+ signals of the OPCs at the later time point with 15 weeks, they were 

inverted compared to the data at 12 weeks (chapter 7.2). Due to the GABAB receptor loss, 

an increased Ca2+ activity was shown by increased signal density, ROA density and 

coincidence of the signals with reduced amplitude excursion. For the demyelination group, 

the GABAB receptor loss was without changes and only the control group showed increased 
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coincidence with decreased amplitude compared to the untreated group. Thus, it can be 

said that at this time point, Ca2+ activity was increased by receptor loss and is not altered 

in intensity by demyelination (Figure 23). As increased Ca2+ activity coincides with 

increased cell stress (Ermak and Davies, 2002; Cerella et al., 2010), this indicates that the 

receptor-deficient OPCs already exert increased activity of their cellular functions and this 

decelerates the demyelination process and has protective effects. 

Here, the complexity of OPCs and oligodendrocytes becomes apparent. If at an earlier time 

point Ca2+ activity is decreased by GABAB receptor loss and loss of MBP has been shown, 

at a later time point and by the toxic demyelination model a protective effect is evident 

(5 weeks later), but Ca2+ activity is increased by receptor loss. Presumably, at the later time 

point, the new mature oligodendrocytes are able to form better myelin, which brings a 

protective effect. Thus, the loss of the receptor may have a negative effect at the early time 

point and a positive effect later on. Already in zebrafish it was shown that low Ca2+ 

amplitudes are beneficial for myelin sheath formation, whereas short and high frequency 

amplitudes can be detrimental (Baraban et al., 2018; Paez and Lyons, 2020). This is due 

to the fact that Ca excess per se can be cytotoxic and due to a rapid increase and high 

cytoplasmic concentration changes the cells cannot react fast enough to mitigate it. 

Especially a constant amplitude ratio over all groups after CPZ showed this and could argue 

for a better myelin quality after the diet (Figure 23G). Electron-microscopic images should 

be used for a more precise quantification. Several publications showed that the myelination 

capacity of oligodendrocytes depends not only on their own Ca2+ homeostasis but also on 

the Ca2+ signals released from the axons to be myelinated (Krasnow et al., 2018; Miller, 

2018). Furthermore, the ability of MBP as one of the main components of myelin to establish 

its membrane integrity is influenced by protein zero (P0) and the given cellular Ca2+ 

concentration (Raasakka et al., 2019), in this case shown for peripheral nerves. Moreover, 

there are differences between rodent and human OL responses to demyelination and from 

which cells or concomitant circumstances demyelination originates (Jäkel et al., 2019). The 

increasing importance of investigating transcriptional influences in the course of a 

degenerative disease also shows how complex it is when multiple pathways have to be 

illuminated and how for example in this work a manipulation of the GABAergic GABAB 

receptor has an effect on myelinating OL cells not directly affected but probably via an OPC, 

neuron, oligodendrocyte interaction. 

If we now combine the effect of the receptor loss and its impact on reduced Ca2+ activity 

and myelination and a myelin protection in case of demyelination (chapters 7.2 and 7.3), 

considering that GABAB receptor activation in OPCs leads to intracellular Ca2+ increase 

released from the ER, there is an active network effect within the glial syncytium probably 
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involving neurons. Hence, the initially reduced Ca2+ activity due to loss of the receptor may 

be compensated in the later course and an increased Ca2+/cell activity may result in a 

protective effect against demyelination. Further myelin proteins such as MAG and MOG or 

PLP would need to be investigated for precise clarification, as well as targeted chemical 

GABAA and GABAB receptor stimulation during the course of demyelination. 
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8 CONCLUSION AND OUTLOOK 

In the first part of the present study, cell type-specific Ca2+ activities were revealed using a 

genetically encoded Ca2+ sensor in glial cells of the spinal cord in vivo and ex vivo, which 

are characteristic depending on cell function and, in the case of astroglia, can be stimulated 

in different ways. In some cases, differences in methodology were identified that led to 

possible artifacts or changes in signal parameters ex vivo and were represented in the 

publication attached to this work. In the second part, the conditional knockout of the 

metabotropic GABAB receptor in oligodendrocyte precursor cells was demonstrated and its 

reducing effect on myelin and Ca2+ activity was shown. In the subsequent and final part, the 

myelin-protective effect caused by GABAB receptor loss was demonstrated in a toxic 

demyelination model. 

The protective effect demonstrated is promising, especially because the understanding and 

treatment of demyelinating diseases such as multiple sclerosis requires urgent research 

and action. Especially for the second messenger Ca2+, which is used as main 

communication in glial cells, the underlying mechanisms reveal a complexity, which 

becomes even more extensive by the manifold modifiable differentiation of the 

oligodendroglial lineage. Nevertheless, Ca2+ activity could be a key factor for therapy, 

because agonists acting via GABA signaling pathways are already therapeutic options for 

spasticity. But the regional heterogeneity of the nervous system and different cell response 

could become a difficulty here. 

Future research goals may include ultra-high-resolution microscopy of myelin structures 

and their individual components up to molecules, as well as the interplay of different 

signaling pathways and their changes over time in a demyelinating disease. Thus, 

inflammatory cascades are just as interesting as acute cellular stress responses, which can 

change as shown here, and which can be of particular interest in the relapsing course of 

multiple sclerosis. 
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9 APPENDIX 

9.1 SUPPLEMENTARY FIGURES 
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Supplementary Figure 1. In vivo Ca2+ signaling in astro-, microglia and OPCs is cell-specific and 
mostly time-independent as well as surgery independent. 

MSparkles analysis depicts signal density (A), ROA density (B), coincidence index (C), ROA area 
(D), signal amplitude (E) and signal duration (F) as six key parameters of the software to separate 
Ca2+ activity one, two and seven days after laminectomy. Signal frequency (G), Integrated 
fluorescence (H), mean fluorescence (I), Signal rise (J) and decay time (K). N = 4, the mean or 
median values ± SEM/IQR from several FOVs (n = 16) are shown and compared using ordinary one-
way ANOVA or Kruskal-Wallis test. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. 
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Supplementary Figure 2: Ca2+ activity in acutely isolated spinal cord slices. 

Automated activity analysis using MSparkles for additional parameters signal frequency (A), 
integrated fluorescence (B), mean fluorescence (C), signal decay (D), and rise time (E) to analyze 
2P-LSM recordings from white and grey matter. N = 3-4, the mean or median values ± SEM/IQR 
from several FOVs (n = 12-16) are shown and the two matters per cell type were compared using 
unpaired t- or Mann-Whitney test. 
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Supplementary Figure 3: Cell numbers of OL remains unchanged by GABAB receptor loss in 

white matter OPCs. 

Three weeks after tamoxifen-induced recombination, cell type-specific staining by 
immunohistochemistry shows equal cell numbers for PDGFRα+ OPCs (A), recombined PDGFRα+ 
and GFP+ OPCs (B), MyRF+ oligodendrocytes (C) and MyRF+ and GFP+ oligodendrocytes (D) in ctl 
and cKO mice. N = 4, n = 32 ROIs from 16 slices showing mean ± SEM. 
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Supplementary Figure 4: No change of dMBP and NF after GABAB receptor depletion in 

OPCs. 

Fluorescence intensity analysis normalized to DAPI shows no difference between ctl and cKO for 
dMBP (A) in the white matter and no difference in gray matter NF (B). N = 4-8, n = 96 ROIs from 48 
slices in case for fluorescence intensity, the shown mean ± SEM were compared using unpaired t-
test. 
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Supplementary Figure 5: In vivo Ca2+ signaling of OPCs in the GABAB cKO. 

Recordings of the Ca2+ indicator GCaMP3 in NG2GCaMP3+ (ctl) and NG2GCaMP3 x GABAB
fl/fl (cKO) 

automatically detected by MSparkles two weeks after five times tamoxifen administration (G1) does 
not show differences in the parameters signal frequency (A), integrated fluorescence (B), mean 
fluorescence (C), signal rise (D) and decay time (E) between ctl and cKO. N = 3-4, the mean or 
median values ± SEM/IQR from several FOVs (n = 12-16) are shown and compared using unpaired 
t- or Mann-Whitney test.  
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Supplementary Figure 6: More OL in demyelination and in mice with GABAB receptor loss. 

Six weeks after tamoxifen-induced recombination, changes in cell numbers for MyRF+ 

oligodendrocytes (A) but not for MyRF+ and GFP+ oligodendrocytes (B), PDGFRα+ OPCs (C) and 
PDGFRα+ and GFP+ OPCs (D) were found. N = 4, n = 32 ROIs from 16 slices showing mean or 
median ± SEM/IQR. 
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Supplementary Figure 7: No changes in dMBP in white and NF in grey matter by GABAB cKO 
or ctl in demyelination. 

Fluorescence intensity analysis normalized to DAPI shows no difference between ctl and cKO or 
between CPZ untreated (G2) and treated group (G2*) for dMBP (A) in white and NF (B) in gray 
matter of the spinal cord N = 4-8, n = 96 ROIs from 48 slices showing the mean ± SEM and compared 
using one-way ANOVA.  
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Supplementary Figure 8: In vivo Ca2+ signaling of GABAB ctl and cKO OPCs in demyelination. 

Fluorescence changes of the Ca2+ indicator GCaMP3 in NG2GCaMP3+ (ctl) and NG2GCaMP3 x GABAB
fl/fl 

(cKO) cells automatically detected by MSparkles at G2 and G2* one week after CPZ treatment and 
six weeks after tamoxifen administration. Signal frequency (A), integrated fluorescence (B), mean 
fluorescence (C), signal rise (D) and decay time (E) to separate Ca2+ activity between conditions. N 
= 3-4, the mean or median values ± SEM/IQR from several FOVs (n = 12-16) are shown and 
compared using ordinary one-way ANOVA or Kruskal-Wallis test. 
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9.2 SUPPLEMENTARY TABLES 

Supplementary Table 1: MSparkles analysis parameters for automated Ca2+ analysis. 

Pre-processing 

PURE-LET denoise  

Temporal median filter Kernel half-size: 2 

Stack registration Reference frame: 1 

F0 computation 

Smoothing Kernel half-size: 5; Sigma 2 

Outlier removal (mean + SD) Order: 3; Sigma factor: 2.00 

Guidance signal Order: 6; Optimizer: min. error 

F0 fit Order: 5 

ROA detection & analysis 

Detrending (F-F0)/F0 

Segmentation method: correlation Threshold: 0.5 

Range image smoothing Sigma: 3; Medial filter size: 7 

ROA detection threshold Guided threshold; Detector sensitivity: 90 % 

Minimum ROA area 50 pixels 

Sanity bounds Min: -1; Max: 20 

Signal filtering Order: 3; Size: 7 

Signal duration height preference 50 % full width at half maximum 

Minimum peak prominence 0.1 

Maximum signal duration 50 s 

Classification thresholds 0.1; 0.25; 0.5; 1; 1.5 

Synchronicity duration reference 50 % 

Synchronicity threshold 0.5 
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9.3 SUPPLEMENTARY PUBLICATION 
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