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III Summary 

Multiple Sclerosis (MS) is a severe autoimmune disease, characterized by demyelination and 

neurodegeneration of the central nervous system (CNS). The cause of the disease is still debated 

with theories claiming that it is either initiated by autoreactive T cells invading the CNS 

(outside-in hypothesis) or by events within the CNS followed by infiltration (inside-out 

hypothesis). While the exact mechanisms of the disease development are unclear, disease 

progression has been demonstrated to be driven by the crosstalk of the adaptive and innate 

immune system. The present thesis is focused on the crosstalk between astrocytes and microglia 

in CNS damage and a modulation of their interaction by encephalitogenic T cells. A focal laser 

injury model was established producing a consistent and reproducible non-inflammatory injury 

in intact organotypic hippocampal slice cultures (OHSCs). A distinct temporal response pattern 

was observed for both microglia and astrocytes, with microglia being the first responders 

towards the damage and subsequently driving the ensuing astrocyte reaction. The astrocytic 

response consisted either in parts of the formation of a glial scar entirely through spatial 

rearrangements in the absence of microglia or aided by cellular proliferation driven by 

microglia signalling. Infiltration of pro-inflammatory Th17 cells increased astrogliosis and 

astrocytic proliferation, underlining the role of immune cell invasion in modulating glial 

activation. In a next step, the chemogenetic Designer Receptor Exclusively Activated by 

Designer Drugs (DREADD) model – as a non-invasive way to chronically activate cells in their 

intact cellular environment – was successfully established in microglia in OHSCs. Stable 

expression of the modified receptor hM3Dq under the CSF1R promotor could be shown in 

Iba1+ microglia. DREADD-mediated activation led to a significant increase in microglia 

displaying a rod-like morphology potentially signifying a primed microglia phenotype. Overall, 

the present thesis underlines a prominent role of microglia in driving astrocytic activation and 

proliferation under both inflammatory and non-inflammatory conditions. Furthermore, it 

demonstrates the occurrence of an elusive microglia phenotype after chemogenetic 

manipulation. 
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IV Zusammenfassung 

Multiple Sklerose (MS) ist eine schwerwiegende Autoimmunerkrankung, die durch 

Demyelinisierung und Degeneration von Nervenzellen des zentralen Nervensystems (ZNS) 

gekennzeichnet ist. Die Ursache der Erkrankung wird bis heute debattiert und es wird vermutet, 

dass es zwei mögliche Auslöser gibt. Der Erste sind autoreaktive T Zellen, die in das ZNS 

Parenchym einwandern („outside-in“ Hypothese). Der Zweite, dass Vorgänge im ZNS selbst 

dafür verantwortlich sind und die T Zell Infiltration nachgeschaltet passiert („inside-out“ 

Hypothese). Während die Entstehung der Erkrankung bis heute unklar ist, konnte gezeigt 

werden, dass das Zusammenspiel des angeborenen und adaptiven Immunsystems für das 

Fortschreiten der Krankheit maßgeblich verantwortlich ist. Die vorliegende Arbeit beschäftigt 

sich mit der Interaktion zwischen Astrozyten und Mikroglia und deren Modulation durch ZNS-

reaktive T Zellen im Kontext von ZNS Schädigung. Hierfür wurde in organotypischen 

hippokampalen Schnittkulturen (OHSCs) ein fokales Laser-Schaden-Modell entwickelt, 

welches eine konsistente und reproduzierbare nicht-inflammatorische Schädigung des Gewebes 

hervorruft. Astrozyten und Mikroglia zeigten ein klares zeitliches Reaktionsmuster in Bezug 

auf die Gewebsverletzung. Mikroglia reagierten als erstes auf den Schaden und steuerten die 

anschließende astrozytäre Antwort. Neben anderen Mechanismen ist das Bilden einer Glia 

Narbe ein wichtiger Teil der astrozytären Reaktion auf Schädigungen des ZNS Gewebes. Dies 

geschah hier in Abwesenheit von Mikroglia vollständig durch eine Neuanordnung der 

Astrozyten in räumlicher Nähe zur Verletzung und in Anwesenheit der Mikroglia zusätzlich 

durch Zellteilung der involvierten Astrozyten. Die Infiltration peripherer pro-inflammatorischer 

T Zellen trug zur starken Erhöhung des Anteils sich teilender Astrozyten bei. Somit konnte 

gezeigt werden, dass das Eindringen von Immunzellen einen großen Einfluss auf die 

Modulation der Aktivierung von Gliazellen hat. Im nächsten Schritt wurde das 

chemogenetische DREADD Modell erfolgreich in Mikroglia in OHSCs etabliert. Diese 

Technik erlaubt es, Zellen auf eine nicht-invasive Art in ihrem intakten Zellverbund chronisch 

zu aktivieren. Der modifizierte hM3Dq Rezeptor zeigte unter der Kontrolle des CSF1R 

Promotors eine stabile Expression in Iba1+ Mikroglia. Die Aktivierung der Mikroglia über das 

DREADD Konstrukt führte zu einem signifikanten Anstieg einer stäbchenförmigen 

Morphologie, welche möglicherweise eine Form prä-aktivierter (primed) Mikroglia darstellen. 

Insgesamt unterstreicht die hier vorliegende Arbeit eine wichtige Rolle von Mikroglia in der 

Steuerung der Aktivierung und Proliferation von Astrozyten unter inflammatorischen und 

nicht-inflammatorischen Bedingungen.  
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Weiterhin konnte eine bislang wenig erforschte Mikroglia Morphologie im Zusammenhang mit 

chemogenetischer Manipulation nachgewiesen werden. 
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VI Acute Focal Micro Injury induces microglial driven 

activation and proliferation in CNS astrocytes 

1 Introduction 

1.1 Multiple Sclerosis 

Multiple sclerosis (MS) is a chronic autoimmune disease, characterized by inflammation, 

demyelination, and neuronal degeneration in the central nervous system (CNS) 1,2. It affects 

mostly people with disease onset between 20 and 40 years and is one of the major causes of 

disability in younger patients 3. Disease course as well as manifestation of clinical symptoms 

are very heterogenous and dependent largely on where the inflammatory lesions occur. About 

85 % patients display a relapsing-remitting (RRMS) disease course where phases of disease 

progression (relapse) and recovery (remission) alternate in varying intervals. Over time, 

remission becomes more and more incomplete and a substantial proportion of patients 

transition into a secondary progressive (SPMS) disease course, where symptoms and disability 

gradually worsen. Clinical symptoms include visual and sensory disturbances, muscle 

weakness, vertigo, ataxia as well as fatigue and depression 3-5.  

Hallmarks of the disease are infiltration of autoreactive T cells, breakdown of the blood-brain 

barrier (BBB), de- and remyelination as well as neurodegeneration, axonal loss and gliosis. 

The interplay of these events results in typical demyelinated lesions surrounded by a glial scar 

that occur within white and grey matter areas throughout the CNS 5-7. The CNS is capable of 

restoring the myelin sheath and even repairing damaged axons to a certain extent, which 

explains the phases of remission seen in RRMS patients 8. With increasing numbers of lesions 

(“lesion load”) and more extensive damage to axons and neuronal soma, repair mechanisms 

become insufficient, thus resulting in disability progression 9-11.  

The factors contributing to MS pathogenesis are as heterogeneous as the disease course and 

symptoms displayed by patients. These range from environmental factors to genetic 

predispositions as well as previous viral infections 12-15. Several pathways and cellular 

processes have been identified in connection with MS neurodegeneration so far, like 

mitochondrial dysfunction, accumulation of intracellular calcium, sodium and potassium 

channels, and glutamate excitotoxicity 3,9,10,16-20. Most of these findings have been made in 

animal models of MS that mimic different parts of the disease depending on the exact model.  
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Figure 1: Interplay of CNS resident and invading peripheral immune cells in MS. Infiltration of autoreactive 

T cells into the CNS via the BBB and reactivation by antigen presentation. Mediation of demyelination and axon 

damage by T cells and microglia. Colour coding; grey: oligodendrocytes; yellow: neurons; green: T cells; blue: 

macrophages; orange: astrocytes; red: endothelial cells; purple: antigen-presenting cells, turquoise: B cells/plasma 

cells. Adapted from Bittner et al., 2013 18. 

The most common is experimental autoimmune encephalomyelitis (EAE), in which 

autoreactivity is induced against one of the main proteins of the myelin sheath (myelin 

oligodendrocyte glycoprotein (MOG), myelin basic protein (MBP) or proteolipid protein 

(PLP)) 21,22. 

1.1.1 From the “outside in” or from the “inside out” – where does it all start? 

While it is undisputed that CNS demyelination and oligodendrocyte injury are at the core of 

the MS pathology, it is unclear whether they are the cause or the consequence of 

neuroinflammation.  
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A long-standing hypothesis postulates the infiltration of autoreactive cluster of differentiation 

(CD) 4+ T cells primed in the periphery, breaching into the CNS via the BBB where they are 

reactivated to perpetrate neuroinflammatory damage. Thereby recruiting the innate immune 

system, causing oligodendrocyte injury, demyelination and subsequently axonal loss 23. The 

fact that focal inflammatory lesions are observed predominantly early in the disease indicates 

that MS develops from an outside attack.7,24,25. This “outside-in” hypothesis is further 

supported by both the current disease-modifying treatments (DMTs), which reduce 

demyelinating lesions through modification of peripheral immunity and by genome-wide 

association studies 26,27. 

Another theory is that the initial damage occurs years before manifestation of symptoms from 

within the CNS directed to oligodendrocytes and possibly neurons. Resulting myelin debris is 

transported into the periphery, where it is used for antigen-presentation and priming of myelin-

specific autoreactive T cells 28,29. These T cells then enter the CNS, inflicting an inflammatory 

attack on oligodendrocytes and the myelin sheath resulting in neurodegeneration and axonal 

loss 30. Evidence for this “inside-out” hypothesis is the occurrence of oligodendrocyte and 

axonal degeneration before inflammation in some types of MS lesions 31, in the absence of an 

adaptive immune response 32-34 and the continuing disease progression under treatment with 

immunomodulatory drugs 35. 

Both hypotheses are linked to a number of theories suggesting a first and second hit 

phenomenon, where either a viral infection of the thymus 13,36 or a direct trauma to the brain 

37,38 are considered a first hit that leads to immune cell activation and development of MS. 

Those theories are still controversial and have partially been refuted 39-41. However, one could 

argue that especially the “inside-out” hypothesis represents a form of first and second hit.  

Both theories are supported by independent lines of evidence and are to this day extensively 

debated 27,42-44. However, there is still no conclusive answer to the question of what initially 

causes MS.  
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1.2 Astrocytes 

1.2.1 Homeostasis – CNS maintenance 

Astrocytes (named by Camillo Golgi for their stellar appearance) represent a heterogeneous 

group that fulfils many functions within the CNS network 45-47. They can be derived from either 

neural progenitor cells, nerve/glial antigen (NG) 2 cells that also give rise to oligodendrocyte 

progenitor cells (OPCs) or radial glia 48-50. Astrocytes typically possess several branched 

processes organized around the cell soma. They form tightly regulated non-overlapping 

domains and are interconnected creating the astrocytic syncytium 46,51-54. Within the syncytium, 

astrocytes are connected via gap junctions and transport molecules from one astrocyte to 

another. Through their extensive processes astrocytes are capable of contacting and enveloping 

all synapses within the CNS to ensure regular neuronal functioning 46. They take up and release 

molecules like glutamate, adenosine triphosphate (ATP) and γ-aminobutyric acid (GABA) in 

response to synaptic activity and modulate neuronal excitation and transmission. This function 

is called the tripartite synapse and is considered crucial for information processing and 

integration in the neuronal network 55-57. Glutamate uptake by astrocytes via the excitatory 

amino acid transporters (EAAT) -1 and -2 serves several functions, like the supply of glutamine 

converted from glutamate to the neurons to ensure proper network function, but also the 

prevention of glutamate excitotoxicity by removing excess glutamate from the extracellular 

space 58. Besides regulating neuronal signalling, astrocytes have been shown to aid axonal and 

dendritic growth by direct physical contact 59.  

Astrocytes perform further essential roles in the homeostatic brain such as maintaining the 

BBB and providing metabolic support for neurons, as well as modulation of myelination 58,60,61.  

The BBB is a physical barrier that restricts the entrance into the CNS parenchyma via the blood 

vessels. It is formed by endothelial cells, perivascular pericytes and the astrocytic endfeet 62-64. 

While astrocytes are not strictly necessary for BBB formation they play a crucial role in its 

maintenance 64. Furthermore, their contact with the vasculature serves a second purpose as they 

can take up glucose from the blood, distribute it along the syncytium and store it in glycogen 

granules. Upon hypoglycaemic conditions or high neuronal activity, astrocytes have been 

shown to supply glucose metabolites to neurons to ensure proper neuronal function 65-68.  

Astrocytes facilitate oligodendrocyte function from OPC proliferation and differentiation 69-71, 

to maturation of oligodendrocytes 72 and enhancement of myelination 73-75. 
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1.2.2 Damage and Disease – The spectrum of reactive astrogliosis 

Astrocytes show a distinct reactivity towards CNS damage and disease, called reactive 

astrogliosis, that has long been believed to be functionally passive and merely an indicator of 

diseased tissue 46. Extensive research has proven astrogliosis to contribute to numerous diseases 

and pathologies from traumatic injury to neurodegeneration and has shown that it is far from a 

homogeneous all or nothing response 76-81. It represents a spectrum of changes on molecular, 

cellular and functional levels that depend on the form and severity of the injury and is regulated 

by various internal and external signalling molecules 82. The definitions of reactive gliosis as 

well as the related terminology, while generally defined, have been used in a broad sense and 

inconsistently over the years 83. This can be attributed to the complex nature of astrocytes and 

the diversity of triggers they encounter in different diseases and from different cell types 

(Figure 2). On the basic molecular level, reactive astrogliosis is often defined by an increase 

in expression of the intermediate filaments vimentin or glial fibrillary acidic protein (GFAP). 

 

Figure 2: Diversity of astrocytic triggers and responses. Astrocyte reaction is modulated and shaped by a 

plethora of factors secreted by a variety of cell types from the CNS and the periphery. In turn, astrocytes 

themselves interact with those cell types shaping their reaction. Adapted from Sofroniew, 2020 84. 

The latter being the most commonly used marker to identify reactive astrocytes although it is 

not expressed uniformly by all astrocytes 85. It marks mild to moderate astrocyte reaction and 

is observable in MS both around lesions and in normal-appearing white and grey matter 86.  
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The consequences of reactive astrocytes in the context of MS have been linked to disease 

progression over the expression of the key inflammatory pathway nuclear factor κ-light-chain-

enhancer of activated B cells (NF-κB) leading to myelin damage and impaired remyelination, 

breakdown of the BBB and the increased expression of lipocalin2 (LCN2) in EAE. This has 

also been shown in other disease models to increase microglia activation and recruitment of 

peripheral immune cells via C-C motif chemokine ligand (CCL) -2 and C-C motif chemokine 

receptor (CXCL) -10 79,80,87,88.  

The factors secreted by various cell types of the innate and adaptive immune system drive the 

astrocytes towards a more severe reaction marked by elongation of the cells and the formation 

of a glial scar around the lesion site. This is accompanied by proliferation and only occurs in a 

subset of astrocytes on the lesion border. Therefore, within the spectrum of astrocyte reactivity 

a new concept for reactive astrocyte subtypes has been proposed 84. Classifying astrocytes into 

specific subtypes has been tried numerous times starting with the first differentiation into 

protoplasmic and fibrous astrocytes based on morphological characteristics that has been long 

standing 46,89, but in recent years found to be outdated 2,47. Later years saw a rise in classification 

of astrocytes into neuroprotective vs neurotoxic, culminating in the A1 and A2 classifications 

based on transcriptomic analysis 90,91, which was found to be too simplistic and has now been 

widely rejected by astrocyte researchers 92. The new proposed classification is based on the 

proliferation or absence thereof and separates reactive astrocytes into proliferative, border-

forming reactive astrocytes and nonproliferative reactive astrocytes. While the function of 

proliferative reactive astrocytes seems rather clear and will be discussed in more detail in the 

next section, nonproliferative astrocytes are described as maintaining their position and exhibit 

variable levels of molecular changes in response to injury. Their activation can be transient and 

has the potential to be resolved in acute injury 84. 

1.2.3 The glial scar – Dr. Jekyll or Mr. Hide? 

As mentioned before, astrocytes around the lesion site undergo morphological and functional 

changes by forming a dense and permanent glial scar or border to separate the damaged and 

inflamed from the healthy tissue 82,93,94. This is closely associated with proliferation of the 

astrocytes involved and it appears that a substantial number of border-forming astrocytes stems 

from cell division 94,95. As proliferation rarely occurs in healthy tissue 76,95,96, it can be 

considered a marker for reactive astrogliosis and an astrocytic subtype 84.  
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Several molecules have been characterized that induce astrocytic proliferation including the 

trophic factors fibroblast growth factor (FGF), brain-derived neurotrophic factor (BDNF), 

glial-cell line-derived neurotrophic factor (GDNF), epidermal growth factor (EGF) and 

vascular endothelial growth factor (VEGF), as well endothelin-1 (ET-1) and ATP 96-102 secreted 

by various cell types. Astrocytes forming the glial border also undergo changes with increased 

expression of adhesion molecules, antigen presentation molecules, cytokines, growth factors 

and other molecules that modify the composition of the extracellular matrix (ECM) 61,84. 

The prevailing opinion on glial scar formation, especially in the context of demyelinating 

disease, is that it is detrimental and exacerbates neurodegeneration and axonal loss. While 

reactive astrocytes on the edge of MS lesions show increased expression of chemoattractant 

molecules like CXCL1, CXCL8 and CXCL10 that induces OPC migration towards the 

demyelinated lesion, the glial scar presents a physical barrier that the OPCs cannot overcome 

103-107. Furthermore, reactive astrocytes are capable of secreting ECM-modifying molecules 

like chondroitin sulfate proteoglycans (CSPG), which inhibits OPC differentiation and 

adhesion via rho-associated kinase (ROCK) and anosmin-1, thereby inhibiting oligodendrocyte 

differentiation 108,109. Moreover, an indirect effect of reactive astrocytes on oligodendrocyte 

and neuronal damage is excitotoxicty. In EAE, glutamate transporters along with enzymes 

needed to convert the glutamate into glutamine are downregulated leading to accumulation of 

extracellular glutamate and excitotoxic injury 110.  

This view has, however, been challenged as the glial scar formation also aids in reforming the 

BBB and prevents further immune cell invasion into the CNS. Inhibition or attenuation of the 

glial scar in vivo have been shown to have detrimental consequences with spreading of 

inflammation, increased lesion size, reduced demyelination, neuronal loss, and prevention of 

axonal regrowth 76,77,95,111-113. Therefore, astrocytes and the glial scar aid in protecting the 

healthy tissue from secondary degeneration by released excitotoxic molecules, nitric oxide 

(NO) and reactive oxygen species (ROS) 114,115. In a recent study, reactive scar-forming 

astrocytes were found to aid regenerative efforts by preventing premature OPC differentiation 

in demyelination via fibronectin (FN) -1 as well as supporting OPC survival and proliferation 

during remyelination by secretion of insulin-like growth factor (IGF) 116. 
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Overall, it can be said that glial scar formation is not inherently detrimental but represents a 

beneficial mechanism aimed at protecting the uninjured tissue and facilitating repair and 

regeneration. However, it is a complex system that depends on the expression of different 

factors at precise time points to exert its neuroprotective functions properly 116. The increasing 

lesion load as well as the crosstalk between astrocytes, invading T cells and microglia likely 

disturbs this balanced mechanism resulting in the detrimental outcome of reactive astrogliosis 

that is observed in MS and EAE. Gaining a better understanding of glial scar formation and the 

influence of astrocytic interactions in the context of neuroinflammatory injury still presents a 

valuable research topic for therapeutic targets in the future.  
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1.3 Microglia 

1.3.1 Homeostasis – CNS surveillance 

From their first discovery in the 20th century microglia have been found in a number of 

pathological conditions and to be a heterogeneous group of cells involved in many CNS 

functions. In contrast to astrocytes, microglia do not originate from the neuroectoderm but from 

mesodermal progenitors in the yolk sac 117. During homeostatic conditions they mostly exhibit 

a surveying or ramified phenotype with a small soma and many fine processes that dynamically 

extend or retract and form transient protrusions. Through this behaviour, microglia are 

constantly scanning their environment clearing metabolic products and degrading tissue 

components by phagocytosis 118,119. As part of their surveying functions, microglia also exhibit 

short (~5 minutes) but frequent contacts with other CNS elements such as astrocytes, neurons 

and blood vessels 118. 

They play a key role in shaping neuronal circuits and networks by removing synapses and 

dendritic spines in a process termed synaptic stripping. Microglia respond to neuronal activity 

in a bimodal manner with contacts increasing in neuronal hypo- as well as hyperexcitability 

accompanied by increased microglial calcium (Ca2+) signalling 120-123.  

Microglia Ca2+ signalling is mediated by the internal Ca2+ storage release by both ryanodine 

receptors (RyRs) and inositol triphosphate receptors (IP3Rs) 124. The intracellular Ca2+ release 

is followed by an influx of extracellular Ca2+ via the store operated calcium entry (SOCE) 

mechanism 125. Since spontaneous Ca2+ signalling is nearly absent in surveying/ramified 

microglia its increase is considered an activation mechanism signifying a change in microglial 

state 126-128.  

Their role in myelination under homeostatic conditions has not been analyzed extensively as 

most studies focus on their involvement in neuroinflammatory pathologies, which will be 

discussed in the next section. Microglia-oligodendrocyte co-cultures have shown that microglia 

stimulate expression of MBP and PLP in oligodendrocytes 129. Several studies using 

conditioned medium from non-activated microglia demonstrated a positive effect on OPC 

survival and maturation through platelet-derived growth factor (PDGF) -α and NF-κB, as well 

as OPC differentiation through galactin-1 and oligodendrocyte survival via IGF-2 130-132. 
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It should be noted however, that similar to astrocytes, the extraction of microglia from the 

tissue network elicits a change in their state of activation making the claim of non-activated 

microglia questionable 84,133. Furthermore, the term “activated microglia” can be misleading as 

surveying microglia also present a dynamic and activated state 121,134.  

1.3.2 Damage and disease – Fire fighter or fire starters? 

Through their constant surveillance of the environment and ability to recognize a broad range 

of molecules, microglia are prepared to respond to any type of pathological stimulus classified 

as damage-associated molecular patterns (DAMPs) or pathogen-associated molecular patterns 

(PAMPs) and shift towards an active or reactive phenotype 134. Since microglia encounter 

cellular debris or intracellular components as part of their homeostatic surveillance and this 

does not elicit a change in activation, it has become clear that the microglial response is very 

finely regulated. Microglia possess a specific array of receptors called the sensome 135 and react 

to intracellular components if they are present in an unusually high amount. Furthermore, they 

are also equipped to react towards unknown stimuli like microbial components, abnormal 

structures like protein aggregates or stimuli indicative of a specific functional state like 

immunoglobulin-antigen complexes 134,136,137.  

 

Figure 3: Diversity of microglia morphologies found in the human CNS. Microglia shapes even within 

classified descriptions are variable and cells are able to shift between them. Adapted from Karperien et al., 2013 

138.  
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Depending on the stimulus encountered, activation of microglia results in diverse phenotypes 

and diverse functionality 134. Common microglia functions associated with a reaction towards 

injury include antigen-presentation, phagocytosis and secretion of both pro- and anti-

inflammatory factors 139.  

Upon encountering a DAMP or PAMP, microglia extend more processes to the site of the 

damage before starting to reshape their morphology and moving towards the damage 118,119. 

Morphological changes often consist of processes thickening and retracting to the point of them 

adopting an ameboid shape, which is considered a stereotypical response 124,140. However, there 

are many more morphological shapes that have been described, as well as the ability of 

microglia to shift between them 141. Described morphologies include bushy, activated, hyper-

activated, hyper-ramified and rod-like microglia 138,142. Those classifications are used 

inconsistently and researchers frequently fail to disclose the exact phenotypic characteristics 

they associate with the morphological definition 138. Bushy, activated and hyper-activated 

microglia are often used interchangeably to describe the intermediate stages between ramified 

and ameboid microglia, characterized by a larger cell body and shorter processes 124. Hyper-

ramified microglia on the other hand show a more extensive number of branched processes and 

have, for example, been linked to stress responses 143. Rod-like microglia still present a mystery 

as they have been described very early on in the context of infectious diseases, but little is 

known about their function 141,144. They possess an elongated cell body and a bipolar 

distribution of their processes 145 and have over time been linked to a variety of CNS diseases 

and injuries as well as ageing 141. While morphological changes in microglia have been 

consistently linked to pathological conditions, it is unclear to what extent they associate with 

microglia function and changes on a molecular level 146. Moreover, a study in individuals 

without history of neurological, psychiatric or neuroinflammatory disease found the presence 

of ramified as well as ameboid and other reactive phenotypes 147.  

The emergence of molecular technologies like ribonucleic acid (RNA) sequencing and other 

omic methods have increased the understanding of microglial heterogeneity and function in the 

context of neuroinflammatory disease and MS. Single cell mass cytometry identified a 

homeostatic gene signature for microglia that undergoes disease-specific changes in EAE and 

APP-PS1, a murine model of Alzheimer’s disease (AD) 148. 
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Comparing the genetic phenotypes of microglia from APP-PS1, EAE and mSOD1, a murine 

model for amyotrophic lateral sclerosis (ALS), mice revealed common homeostatic genes like 

P2RY12, TMEM119, CSF1R, HEXB, MERTK and CX3CR1 that are lost during disease and 

identified a disease-associated microglia (DAM) gene signature with shared upregulation of 

inflammatory genes such as APOE, ITGAX, CCL2, CLEC7a and AXL 149. 

 

Figure 4: Microglia function under homeostatic conditions and MS. In homeostasis, microglia provide support 

to neurons and remove cellular debris by phagocytosis. In MS pathology, they lose their homeostatic signature 

and adopt a DAM phenotype dependent on TREM2-APOE pathways. Adapted from Voet et al., 2019 150. 

Generally, microglia exhibit many functions considered detrimental in MS disease progression. 

Reactive microglia are found in MS lesions as well as normal-appearing white matter 

(NAWM), where they can form clusters. These clusters are associated with damaged axons 

without demyelination and T cell infiltration and are considered pre-active lesions 151. 

Microglia in early active and chronic lesions show a phagocytic phenotype associated with 

tissue damage. Furthermore, they express pro-inflammatory cytokines as well as chemokines 

relevant for antigen-presentation, T cell recruitment and reactivation as well as oxidative injury 

150-152. On the other hand, they have also been shown to secrete anti-inflammatory cytokines 

inducing protective Th2 and regulatory T cells (Tregs) or enhancing oligodendrogenesis.  
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Their phagocytotic capabilities also have a beneficial role in clearance of myelin debris and 

remyelination as well as capture of living pro-inflammatory T cells 153-156. Many pathogens 

contain a mannosyl motive and are recognized and removed via the microglial mannose 

receptor. Expression levels of the mannose receptor are upregulated after anti-inflammatory 

interleukin (IL) -4 and downregulated after pro-inflammatory interferon (IFN) -γ signalling 

further underlining a supportive role for microglial phagocytosis 157. 

1.3.3 Microglia priming 

A concept that is often brought up and discussed in relation to development and progression of 

neurodegenerative disease is microglia priming. It is defined as an exaggerated response to a 

pathological stimulus that exceeds the reaction of naïve ramified microglia. While there are 

conflicting reports about morphological differences compared to ramified microglia, 

differences on the molecular level include expression of MHCII, CD68, AXL, CD11C and 

LGALS3 142,158,159. Neuronal damage is considered a trigger that transiently activates microglia 

and leaves them in a primed state after the damage has been resolved. A secondary stimuli then 

triggers the enhanced response characterized by synthesis of pro-inflammatory cytokines 159. 

Interestingly the cluster of microglia found in MS NAWM considered to be pre-active lesions 

have been shown to represent a primed phenotype connecting this phenomenon to disease 

progression in MS 160.  
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1.4 Focal laser injury 

A tool that has been widely used to study microglial responses in live cell imaging is the focal 

laser injury, where a two-photon laser beam with a high intensity is focused on small tissue 

area to create a localized damage resembling traumatic CNS injury. There are several 

advantages of using laser injury in comparison to mechanical injury. First, it allows for almost 

continuous live cell imaging before and after the damage at the exact same site without the 

need for moving the tissue to perform a mechanical injury. Second, it creates a more stable and 

consistent injury as the targeted area and injury depth can be set precisely, therefore reducing 

variability between different experiments. Lastly, when applied in vivo it can be used via a 

thinned skull window, which prevents an initial microglia activation through craniotomy, 

making the study of surveying microglia and the rapid changes that occur when facing damage 

possible. Developing this technique, Nimmerjahn and colleagues were the first ones to 

demonstrate the highly dynamic behaviour of surveying microglia previously called resting 

microglia and their rapid response upon CNS damage 118. Further studies were able to show 

that microglia chemotaxis depends on purinergic P2Y12 receptors responding to adenosine 

diphosphate (ADP) or ATP released from neurons 119,161. Moreover, it was shown that the laser 

injury-induced reaction was similar to mechanical injury further solidifying the method 119. 

Purinergic receptors were also demonstrated to mediate intracellular increases in Ca2+ in 

microglia processes during movement 128.  

Table 1: Laser injury model parameters in published literature. – indicates missing information. The 

publication from Haynes and colleagues did not specify any parameters but referred to both the Nimmerjahn and 

Davalos papers, therefore, it is assumed their parameters aligned with theirs.  

Publication Targeted area  Injury size  Laser power  Laser time  

Nimmerjahn et al 2005 118 6 – 13 µm - 20 – 60 mW 20 – 40 s 

Davalos et al, 2005 119 ~1 µm 15 – 20 µm 60 – 80 mW 1 – 3 s 

Haynes et al 2006 161 - - - - 

Pozner et al 2015 128 8 µm 10 – 15 µm 80 – 100 mW 90 s 
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1.5 Astrocyte and microglia crosstalk in neuroinflammation 

Astrocyte and microglia both perform crucial functions in the CNS under homeostatic 

conditions and are in constant communication, not only with neurons, but also with one 

another. This finely balanced, bidirectional crosstalk becomes especially clear when having a 

look at how it contributes to neuroinflammation and -degeneration.  

Microglia are the first responders to any CNS damage through their constant surveillance of 

the parenchyma and their reaction subsequently drives the astrocytic response. They secret 

transforming growth factor (TGF) -α acting via the ErbB1 receptor and VEGF-B initiating 

FLT-1 signalling in astrocytes during EAE pathogenesis. Both signalling pathways regulate 

NF-κB in astrocytes. Knock-down of TGF-α on microglia exacerbated, while VEGF-B knock-

down attenuated EAE suggesting a tight regulation of pro-inflammatory astrocyte responses 

depending on microglia signalling 97. Combined secretion of IL-1α, tumor necrosis factor 

(TNF) -α and complement 1q (C1q) induces upregulation of pro-inflammatory signalling in 

astrocytes as well as loss of phagocytotic capabilities and leads to cell death of neurons and 

oligodendrocytes 91,162. Microglia-derived IFN-α/β has been shown to lead to a downregulation 

of astrocytic chemokine signalling and subsequent immune cell infiltration, signifying a 

protective mechanism 163. 

While pro-inflammatory signalling from microglia mostly drives an equally pro-inflammatory 

reaction in astrocytes, it can also induce the expression and secretion of orosomucoid2 

(ORM2). ORM-2 acts upon the microglia C-C-motif receptor (CCR) -5 blocking microglial 

activation and migration thereby exerting anti-inflammatory effects 164. Contrasting this 

mechanism, microglia are also capable of inducing LCN2, which opposes ORM2 function and 

has been discussed earlier as a pro-inflammatory modulator of EAE 87. What determines the 

expression of either ORM2 or LCN2 in astrocytes after microglia signalling has so far not been 

answered. Reactive astrocytes are able to recruit microglia to CNS lesion sites via CXCL10 

signalling for removal of myelin debris. A process that is beneficial for remyelination and 

regeneration as discussed earlier 165.  

In summary, the question if astrocyte-microglia crosstalk is detrimental or beneficial is not 

easily answered as it is a highly complex conversation that can be both depending on the 

context.  
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To dissect how one cell type influences the response of the other it is often necessary to be able 

to selectively trigger activation in only one cell type. The bacterial endotoxin 

lipopolysaccharide (LPS) has long been thought to be a selective activator of microglia and has 

been used extensively in experimental paradigms. It acts via the Toll-like receptor (TLR) -4, 

that is expressed on both microglia and astrocytes and was shown to also activate astrocytes 

166,167.  
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1.6 Designer Receptor Exclusively Activated by Designer Drugs 

The need for specific and selective activation/deactivation of cell types or a subpopulation of 

cells have led to the development of chemical genetic or chemogenetic models using 

engineered proteins (for an overview of chemogenetic models in general see 168). Of those, the 

Designer Receptor Exclusively Activated by Designer Drugs (DREADD) model is the most 

commonly used 169. Here, ligand-dependent G-protein-coupled receptors (GPCRs) are 

modified to only respond to specific pharmacologically inert compounds creating a lock-and-

key system 170. Several different DREADDs have been engineered so far, that can broadly be 

categorized into four categories: Gq-, Gi and Gs- and β-Arrestin-DREADDs 169.  

 

Figure 5: Available DREADD constructs and their ligands. Adapted from Roth, 2016 169. 

Gq-DREADDs are excitatory constructs used to intrinsically activate cells by increasing 

intracellular Ca2+ 170. They are modified human muscarinic receptors and of the three originally 

created only human muscarinic receptor 3 (hM3Dq) is frequently used 169.  
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Gi-DREADDs are inhibitory constructs used to intrinsically deactivate or silence cells by using 

G-protein inwardly rectifying potassium channels (GIRKs) 170. There are three types available, 

of which two are modified human muscarinic receptor with hM4Di being the most commonly 

used one. The third uses the κ-opoid-receptor DREADD (KORD) 169. Gs-DREADDs are based 

on rat muscarinic receptor 3 171, while the β-Arrestin-DREADD signals exclusively via β-

arrestin 172. 

Gq-, Gi-, Gs- and β-Arrestin-DREADDs are all able to be targeted by the inert compounds 

clozapine-N-oxide (CNO), perlapine and compound 21, while KORDs are only activated by 

salvinorin B. CNO is the most widely used ligand for DREADDs shown to be effective even 

in small doses and able to penetrate the BBB. It has potential for back-metabolism to clozapine 

but the rate and consequences of that are still debated 169,173. Compound 21 or perlapine present 

alternatives to CNO use. Compound 21 has been shown to be a potent agonist for both hM3Dq 

and hM4Di 173,174, while perlapine has so far only been tested on hM3Dq 174.  

The majority of studies have used DREADDs to enhance or silence neuronal activity of specific 

subpopulations or in specific regions of the CNS 169,175, but there is an increasing number of 

publications on astrocytes 176 and microglia 123,177 in recent years.  
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1.7 Project aim 

The present thesis aims to investigate the crosstalk of astrocytes and microglia as well as their 

interactions with encephalitogenic T cells in CNS damage. More specifically, it is focused on 

how the microglial activation influences the astrocytic response towards a CNS insult and how 

this is modified by invading T cells. 

The first step was to analyze the extent and time frame of responses of both astrocytes and 

microglia to a non-inflammatory injury. Therefore, a focal laser injury model was established 

to obtain consistent and reproducible results. Utilizing this model in vitro in OHSCs, 

parameters for astrocyte and microglia activation like upregulation of specific markers and 

morphological changes, as well as cell migration and proliferation were analyzed at different 

time points after the injury.  

The next step was to investigate how the innate immune system modulates the responses and 

interactions of astrocytes and microglia. Therefore, different types (pro- and anti-

inflammatory) of CNS-antigen specific CD4+ T cells were introduced to OHSCs after focal 

laser injury and glial responses were analyzed.  

Lastly, a microglia-specific DREADD model was established within the framework of this 

thesis to further investigate how microglia influence and modulate astrocytic functions and 

responses.  
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2 Material & Methods 

2.1 Material 

2.1.1 Laboratory equipment 

Table 2: Laboratory equipment 

Instrument Company 

Analog Vortex Mixer VWR International GmbH, Darmstadt (Germany) 

Autoclave Heraeus Thermo Fisher Scientific, Waltham (USA) 

BD FACS Canto II BD Bioscience, Franklin Lakes (USA) 

Cell Counting Chamber Neubauer improved Brand, Wertheim (Germany) 

Cell Culture Incubator Binder GmbH, Tuttlingen (Germany) 

Centrifuge Heraeus Fresco 21 Thermo Fisher Scientific Inc., Waltham (USA) 

Centrifuge Multifuge Heraeus XIR Thermo Fisher Scientific Inc., Waltham (USA) 

Dissection tools Fine Science Tools Inc., Heidelberg (Germany) 

Eppendorf Research Adjustable-Volume 

Pipettes 

Eppendorf GmbH, Wesseling-Berzdorf (Germany) 

Gammacell Irradiator 2000 Institute for Virology, University Medical Center Mainz 

Horizontal Laminar Flow Hood Heraguard Thermo Fisher Scientific Inc., Waltham (USA) 

IKAMAG® REC-G Magnetic Stirrer IKA-Werke, Staufen im Breisgau (Germany) 

Magnetic stand MACS Miltenyi Biotec GmbH, Bergisch Gladbach (Germany) 

McIlwain Tissue Chopper Campden Instruments LTD, Loughborough (UK) 

MidiMACS and QuadroMACS Separators Miltenyi Biotec GmbH, Bergisch Gladbach (Germany) 

Pipetus Hirschmann Laborgeräte GmbH & Co.KG, Eberstadt 

(Germany) 

Vertical Laminar Flow Hood SAFE 2020 Thermo Fisher Scientific Inc., Waltham (USA) 

Vibratome Microm HM 650V Thermo Scientific 

Water bath Aqualine AL18 Lauda GmbH & CO. KG, Lauda-Königshofen (Germany) 

 

2.1.2 Microscopes 

Table 3: Microscopes 

Instrument Company 

Binocular Microscope Leica 56D Leica Mikrosysteme Vertrieb GmbH, Wetzlar (Germany) 

Keyence BZ-X710 all-in-one fluorescence 

microscope 

Keyence Corporation, Osaka (Japan) 

SP8 Confocal Microscope 6000 DM CS Leica Mikrosysteme Vertrieb GmbH, Wetzlar (Germany) 

 



 
21 

 

Table 4: MP5 two photon microscope set up 

Instrument Company 

HCX IRAPO L 25×/0.95 W, FWD 2.5 mm 

objective 

Leica Mikrosysteme Vertrieb GmbH, Wetzlar (Germany) 

Ludin enclosure Leica Mikrosysteme Vertrieb GmbH, Wetzlar (Germany) 

TCS-MP5 upright multi-photon system Leica Mikrosysteme Vertrieb GmbH, Wetzlar (Germany) 

 

2.1.3 Consumables 

Table 5: Laboratory consumables 

Product Company 

6, 12, 24, 48-Well Multiwell Culture Plate Greiner Bio-one GmbH, Frickenhausen 

(Germany) 

Coverslips 24x60mm, 24x50mm Thermo Fisher Scientific Inc., Waltham (USA) 

Eppendorf tubes 0.5, 1.5, 2 ml Eppendorf GmbH, Wesseling-Berzdorf 

(Germany) 

Centrifuge Tubes, polypropylene (PP), 15 mL + 50 mL Greiner Bio-one GmbH, Frickenhausen 

(Germany) 

Microscope glass slides Thermo Fisher Scientific Inc., Waltham (USA) 

Filter pipette tips 10 μl,100 μl 200 μl, 1000 μl Starlab, Hamburg (Germany) 

Serological pipettes 5, 10, 25, 50 ml Starlab, Hamburg (Germany) 

Razor Blades Wilkinson 

Cell strainer, nylon mesh 100 µm BD Bioscience, Franklin Lakes (USA) 

MACS LS Columns Miltenyi Biotec GmbH, Bergisch Gladbach 

(Germany) 

Cling film Carl Roth GmbH, Karlsruhe (Germany) 

Gloves Size S, M Starlab, Hamburg (Germany) 

Nalgene Rapid-Flow Filter Unit, 250 ml, 500 ml Thermo Fisher Scientific Inc., Waltham (USA) 

Pipette tips VWR International GmbH, Darmstadt (Germany) 

Pre-Separation Filters, 30 μm Miltenyi Biotec GmbH, Bergisch Gladbach 

(Germany) 

Millicell Cell Culture Insert, 30 mm, hydrophilic 

PTFE, 0.4 μm 

Merck Millipore, Billerica (USA) 

Scalpels B. Braun AG, Melsungen (Germany) 

Netwell Inserts 74 μm, Ø 15 mm Sigma-Aldrich Corp., St Louis (USA) 

Cell Culture Dish, polystyrene, Ø 60 mm + 100 mm Greiner Bio-One GmbH, Frickenhausen 

(Germany) 
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2.1.4 Chemicals and reagents 

Table 6: Chemicals and reagents 

Chemical/ reagent Company 

4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) Thermo Fisher Scientific, Waltham (USA) 

Albumin bovine fraction V (bovine serum albumin, BSA) Serva Electrophoresis GmbH 

Ammonium chloride (NH4Cl) Sigma-Aldrich Corp., St Louis (USA) 

Aqua bi. dest. sterile B. Braun AG, Melsungen (Germany) 

Brefeldin A Sigma-Aldrich Corp., St Louis (USA) 

Clozapine-N-oxide (CNO) Sigma-Aldrich Corp., St Louis (USA) 

D-Glucose Carl Roth GmbH, Karlsruhe (Germany) 

Dimethylsulfoxide (DMSO) Carl Roth GmbH, Karlsruhe (Germany) 

EDTA disodium salt dehydrate (Na2EDTA) solution (0.5 M) Sigma-Aldrich Corp., St Louis (USA) 

Ethanol 70 % (v/v) (EtOH) AppliChem GmbH, Darmstadt (Germany) 

Foetal Bovine Serum, heat inactivated (FBS) Biochrom AG, Berlin (Germany) 

Histoacryl B. Braun AG, Melsungen (Germany) 

Horse Serum, heat inactivated Thermo Fisher Scientific, Waltham (USA) 

L-Glutamine (200 mM) Sigma-Aldrich Corp., St Louis (USA) 

Low melt agarose Carl Roth GmbH, Karlsruhe (Germany) 

Minimum essential medium (MEM) Thermo Fisher Scientific, Waltham (USA) 

Normal Goat Serum (NGS) Vector Laboratories, Burlingame (USA) 

Paraformaldehyd (PFA) Carl Roth GmbH, Karlsruhe (Germany) 

Penicillin / Streptomycin (P/S) (10,000 units penicillin and 10 

mg streptomycin per ml) 

Sigma-Aldrich Corp., St Louis (USA) 

Pexidartinib (PLX3377) Plexxikon Inc., Berkeley (USA) 

Potassium bicarbonate (KHCO3) Carl Roth GmbH, Karlsruhe (Germany) 

ProLong Gold Antifade Mountant Thermo Fisher Scientific, Waltham (USA) 

Saponine Carl Roth GmbH & Co. KG, Karlsruhe 

(Germany) 

Sodium bicarbonate (NaHCO3) Carl Roth GmbH, Karlsruhe (Germany) 

Sodium dihydrogen phosphate dihydrate (NaH2PO4*2H2O) Carl Roth GmbH & Co KG 

Sodium phosphate dibasic dihydrate (Na2HPO4*2H2O) Carl Roth GmbH & Co KG 

Sulforhodamine 101 (SR101) Thermo Fisher Scientific, Waltham (USA) 

Triton X-100 Sigma-Aldrich Corp., St Louis (USA) 

Type F Immersion Liquid Leica Mikrosysteme Vertrieb GmbH, 

Wetzlar (Germany) 

β-Mercaptoethanol (β-ME) Sigma-Aldrich Corp., St Louis (USA) 
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2.1.5 Buffers, solutions and media 

Table 7: Commercially obtained buffers, solutions and media  

Buffer/ Media Company 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Life Technologies Corp., Carlsbad (USA) 

Basal Medium Eagle (BME) Life Technologies Corp., Carlsbad (USA) 

Dulbecco’s Phosphate-buffered saline without Ca2+ & Mg2+ 

(PBS [-]) 

Sigma-Aldrich Corp., St Louis (USA) 

RPMI 1640 medium Life Technologies Corp., Carlsbad (USA) 

 

Table 8: Custom made buffers, solutions and media 

Buffer/ Solution Ingredients 

Blocking solution 5% serum (NGS)+ 1% BSA in PBSTx (0.5%) 

BSA (10%) 1 g BSA in 10 ml PBS 

CNO (2mM) 5 mg CNO, 36.45 µl DMSO in 7.29 ml PBS 

DAPI stock solution 5 µl in 49.5 ml Aqua dest. sterile 

EdU reaction cocktail (for one sample, 

modified for free floating OHSC 

staining) 

1329 µl 1x Click-iT™ reaction buffer + 20 µl CuSO4 + 1 µl Alexa 

Fluor® azide 647 + 150 µl 1x reaction buffer additive 

FACS Buffer 0.5 % BSA in PBS 

Glucose solution (20%) 20 g D-Glucose in 100 ml Aqua dest. sterile 

Lysis buffer 8.29 g/l NH4Cl, 1 g/l KHCO3, 37.2 mg/l NA2EDTA in dH20 

MACS buffer 0.5 % BSA, 0.5 M EDTA in PBS 

MEM (2x) 160.93 g MEM, 0.35 g NaHCO3 in 5 L dH2O 

Mouse Medium (MM) 10 % FCS, 1 % P/S, 1 % L-Glutamine, 0.1 % β-mercaptoethanol, 1 

% HEPES in RPMI 

NH4Cl (50 mM) 0.133 g NH4Cl in 50 ml PBS 

PB 810 ml of solution A (Na2HPO4*2H2O in 2 L dH2O) + 190 ml of 

solution B (NaH2PO4*2H2O in 1 L dH2O) in 1 L dH2O, pH 7.35-7.4 

PBSTx (0.5%) 500 μl Triton-X 100 ml in PBS 

Saponine buffer  25 ml Saponine in 475 ml FACS buffer 

Slice culture medium 50 ml 2x MEM + 41.8 ml Aqua dest. sterile + 50 ml BME + 50 ml 

heat inactivated horse serum + 2 ml 200 mM L-Glutamine + 6.25 

ml 20 % Glucose, pH 7.2 

Slice preparation medium 100 ml 2x MEM + 98 ml Aqua dest. sterile + 1 ml 200 mM L-

Glutamine, pH 7.35 

Wash Medium (WM) 5 % FCS, 1 % P/S, 1 % HEPES in RPMI 
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2.1.6 Kits and magnetic beads 

Table 9: Commercial kits 

Kit Company 

Click-iT™ EdU Cell Proliferation Kit for Imaging, 

Alexa Fluor® 647 dye 

Thermo Fisher Scientific, Waltham (USA) 

CD4 T cell isolation kit Miltenyi Biotec GmbH, Bergisch Gladbach 

(Germany) 

eBioscience™ Foxp3 / Transcription Factor Staining 

Buffer Set 

Invitrogen, Carlsbad (USA) 

 

Table 10: Magnetic beads 

Kit Isotype Company 

CD62L MicroBeads rat-α-mouse monoclonal 

IgG2a 

Miltenyi Biotec GmbH, Bergisch Gladbach 

(Germany) 

CD90.2 MicroBeads rat-α-mouse monoclonal 

IgG2b 

Miltenyi Biotec GmbH, Bergisch Gladbach 

(Germany) 

 

2.1.7 Cytokines 

Table 11: Cell culture cytokines 

Cytokines Company 

human TGF-β R&D Systems, Minneapolis (USA) 

IL-12 BioXCell, West Lebanon (USA) 

IL-18 MBL, Woburn (USA) 

IL-2 R&D Systems, Minneapolis (USA) 

IL-23 R&D Systems, Inc., Minneapolis (USA) 

IL6 R&D Systems, Minneapolis (USA) 

αCD28 BD Bioscience, Franklin Lakes (USA) 

αCD3 BD Bioscience, Franklin Lakes (USA) 

αIFNy BioXCell, West Lebanon (USA) 

αIL12 BioXCell, West Lebanon (USA) 

αIL4 BioXCell, West Lebanon (USA) 
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2.1.8 Antibodies 

Table 12: Immunohistochemistry – primary antibodies 

Antibody Species Dilution Company 

αGFAP rabbit 1:1000 Merck Millipore, Billerica 

(USA) 

αGFAP mouse 1:1000 Sigma-Aldrich Corp., St Louis 

(USA) 

αGFP mouse 1:1000 Synaptic Systems GmbH, 

Göttingen (Germany) 

αIba1 rabbit 1:500 FUJIFILM Wako Pure 

Chemical Corporation, Osaka 

(Japan) 

 

Table 13: Immunohistochemistry – secondary antibodies 

Antibody Species Dilution Company 

αMouse Alexa Fluor® 488 goat 1:1000 Invitrogen, Carlsbad (USA) 

αMouse Alexa Fluor® 488 donkey 1:1000 Invitrogen, Carlsbad (USA) 

αMouse Alexa Fluor® 568 goat 1:1000 Invitrogen, Carlsbad (USA) 

αMouse Alexa Fluor® 647 goat 1:1000 Invitrogen, Carlsbad (USA) 

αMouse Alexa Fluor® 647 donkey 1:1000 Invitrogen, Carlsbad (USA) 

αRabbit Alexa Fluor® 488 goat 1:1000 Invitrogen, Carlsbad (USA) 

αRabbit Alexa Fluor® 488 donkey 1:1000 Invitrogen, Carlsbad (USA) 

αRabbit Alexa Fluor® 568 goat 1:1000 Invitrogen, Carlsbad (USA) 

αRabbit Alexa Fluor® 568 donkey 1:1000 Invitrogen, Carlsbad (USA) 
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Table 14: FACS antibodies 

Antibody Clone Isotype Concentration Company 
 

αCD16/ αCD32 (FC-block) 2.4G2 rat-α-mouse 

monoclonal 

IgG2b, κ 

0.5 mg/ml BD Bioscience, Franklin 

Lakes (USA) 

αCD4-PECy7 RM4-5 rat-α-mouse 

polyclonal 

IgG 

0.2 mg/ml BD Bioscience, Franklin 

Lakes (USA) 

αCD62L-APC MEL-14 rat-α-mouse 

monoclonal 

IgG2a, κ 

0.2 mg/ml BD Bioscience, Franklin 

Lakes (USA) 

αFoxP3-PECy7 FJK-16s rat-α-mouse 

monoclonal 

IgG2a, κ 

 

0.2 mg/ml Thermo Fisher Scientific, 

Waltham (USA) 

 

αIFN-γ-Horizon (V450) XMG1.2 rat-α-mouse 

monoclonal 

IgG1, κ 

0.2 mg/ml BD Bioscience, Franklin 

Lakes (USA) 

αIL-17A-APC eBio17B7 rat-α-mouse 

monoclonal 

IgG2a, κ 

0.2 mg/ml Thermo Fisher Scientific, 

Waltham (USA) 

αTNF-α-AF700 MP6-

XT22 

rat-α-mouse 

monoclonal 

IgG1, κ 

0.2 mg/ml BD Bioscience, Franklin 

Lakes (USA) 

αVβ11-FITC RR3-15 rat-α-mouse 

monoclonal 

IgG2b, κ 

0.1 mg/ml BD Bioscience, Franklin 

Lakes (USA) 
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2.1.9 Mouse strains 

Table 15: Laboratory mouse strains 

Strain Genetic modification Origin Reference 

C57BL/6 None (wildtype) Janvier Labs, Laval 

(France) 

- 

B6.Tg(Aldh1l1-EGFP,-

DTA)D8Rth/J (Aldh1l1-

eGFP) 

Astrocyte specific expression of 

eGFP 

Jackson Laboratory 

(#026033) 

Tsai et al., 

2012 178 

B6.2D2 MOG35-55 specific CD4+ T cells in house breeding Bettelli et 

al., 2003 179 

B6.2D2.RFP MOG35-55 specific CD4+ T cells 

labeled with red fluorescent 

protein 

in house breeding B6.2D2 x 

B6.acRFP 

C57BL/6-Tg(Csf1r-

cre)1Mnz/J 

Expression of Cre recombinase 

under the Csfr1 promotor 

Jackson Laboratory 

(#029206) 

Loschko et 

al., 2016 180 

B6N;129-Tg(CAG-CHRM3*,-

mCitrine)1Ute/J 

Floxed HA- and mCitrine-tagged 

hM3Dq mutant receptor  

Jackson Laboratory 

(#026220) 

Zhu et al., 

2016 181 

CSF1RCre x 

DREADDGq.mCitrine 

Expression of a mutant hM3Dq 

construct under the CSF1R 

promotor 

in house breeding Loschko et 

al., 2016 180, 

Zhu et al. 

2016 181 
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2.1.10 Software 

Table 16: Software 

Software Application Company 

Adobe Illustrator CS 6 Figure layout Adobe Systems Inc. 

Endnote X7 Citation management Clarivate, Boston (USA) 

FACS Diva FACS analysis BD Bioscience, Franklin Lakes (USA) 

Fiji (ImageJ) 182 

 

Image analysis* National Institutes of Health, Bethesda 

(USA) 

GraphPad Prism 9 Statistical analysis GraphPad Software, Inc., La Jolla (USA) 

Keyence BZ-X710 

software 

Keyence image aquisition Keyence Corporation, Osaka (Japan) 

LAS-X Two-photon and confocal image 

aquisition 

Leica GmbH, Wetzlar (Germany) 

Office 2016 Document and table writing Microsoft Corp., Redmond (USA) 

 

*The following FIJI plugins were used for image analysis: Colocalization threshold, Particle 

Analysis, Cell counter. 
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2.2 Methods 

2.2.1 Mice  

All experiments were conducted under the German Animal Welfare Law, approved by local 

authorities and in accordance with the guidelines of the Federation for Laboratory Animal 

Science Associations (FELASA). Animals were kept under specifically pathogen free (SPF) 

conditions in the animal housing facility of the Translational Animal Research Center (TARC) 

Mainz and the University Medical Center of the Johannes Gutenberg University Mainz. Mice 

were housed in groups of 2-5 animals in ventilated cages with food and water ad libitum. A 

stable 12 h dark/ light cycle was maintained.  

Generation of the CSF1RCre x DREADDGq.mCitrine mouse line 

The CSF1RCre x DREADDGq.mCitrine was genererated by crossbreeding of two mouse lines: 

the C57BL/6-Tg(Csf1r-cre1)Mnz/J mouse line, which expresses a Cre recombinase protein 

under the colony stimulating factor 1 receptor (CSF1R) promotor, and B6N;129-Tg(CAG-

CHRM3*,-mCitrine)1Ute/J, a mouse line, that has a floxed modified hM3Dq (also called 

CHRM3*) together with a mCitrine fluorescent tag. The hM3Dq receptor was modified from 

the wildtype human muscarinic 3 receptor (CHRM3) by targeted mutagenesis of two amino 

acids. The mutation resulted in complete abolishment of affinity for acetylcholine (ACh, 

natural ligand) and introduced a new affinity for the small molecule CNO, which has no 

endogenous target within the organism. This effectively creates a receptor that can only be 

activated by a molecule that is normally inert within the body or more specifically a “Designer 

Receptor Exclusively Activated by Designer Drug” (DREADD) as the construct has been 

named by its developers 183. Crossbreeding of the two mouse lines results in the removal of the 

floxed stop cassette by the Cre recombinase and expression of the hM3Dq receptor in CSF1R 

expressing myeloid cells. 

2.2.2 Organotypic hippocampal slice culture (OHSC) 

OHSCs were prepared using a modified version of the protocol developed by Gogolla et al., 

184,185. For all experiments, mouse pups between the postnatal age of 3 to 7 days (p3-7) were 

used. Before tissue collection, 6-well culture plates were prepared by placing cell culture inserts 

in each well containing 1.2 ml slice culture medium (SCM). Culture plates were placed in the 

incubator for pre-warming of the medium and to ensure CO2 saturation. Small petri-dishes were 

filled with 5 ml slice preparation medium (SPM) and kept at 4 °C. Two petri-dishes per animal 

were prepared.  
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To avoid contamination all tissue collection was performed under a horizontal laminar flow 

semi-sterile hood. A Leica 56D binocular microscope was used for magnification. Dissection 

tools were sterilized using dry heat (200 °C for 2 h) between slice culture preparations and 

cleaned with 70 % EtOH during preparation. Pups were sacrificed and their brains collected in 

a petri dish with cold SPM. Brain hemispheres were cut along the longitudinal fissure and 

separated from the midbrain. After removal of the meninges, hippocampi with parts of the 

entorhinal cortices were extracted and put on to a McIlwain tissue chopper. Hippocampal tissue 

was cut into 300 µm thick slices and transferred into a fresh petri dish with cold SPM. Slices 

being intact, showing clear hippocampal structures and having some entorhinal cortex attached 

were transferred to the previously prepared cell culture membranes. Depending on the 

experiment, different numbers of slices per membrane were cultured: 6 for immunohistological 

stainings and 3 for two-photon microscopy. All slice preparation steps were performed in 15 

minutes or less to avoid tissue degeneration and cell death. Slices were cultured at 37 °C with 

95 % humidity and 5 % CO2. SCM was changed 24 hours after slice preparation and every two 

to three days after that.  

2.2.3 Astrocytic labelling for live cell imaging in OHSCs 

For ex vivo slice imaging of astrocytes, a counterstaining was used to ensure sufficient 

astrocytic labelling in cultures from heterozygous Aldh1L1-eGFP litters. Counterstaining was 

performed using the live cell fluorescent dye SR101, which is a widely used compound for in 

and ex vivo astrocytic labelling 186-190. After applying SR101, the dye is taken up by astrocytes 

and transported via gap junctions throughout the astrocytic syncytium 191,192. SR101 stock 

solution (1 mM) was diluted in SCM to a working concentration of 1 µM and added on top of 

and under the slice culture insert to ensure uniform coverage. OHSCs were incubated for 20 

minutes and washed with fresh SCM for 8 minutes before two photon microscopic imaging. 

OHSCs from homozygous Aldh1L1-eGFP litters were not labelled with SR101. 

2.2.4 Acute Focal Micro Injury (AFMI) on OHSCs 

Cell culture inserts from OHSCs were transferred to a small cell culture dish (60 mm) filled 

with pre-warmed SCM and placed into the specimen stage of the TCS MP5 two photon 

microscope. The microscope enclosure was heated (37 °C), humified and gas perfused (95% 

O2, 5% CO2) to ensure survival of cells and tissue sections during the procedure. The selected 

area of the hippocampus was the CA1 region. Upper and lower limits of the slice were 

determined and the focal plane was set to the middle of the slice.  
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A laser beam with a wavelength of 850 nm was focused on an area 30x30 μm and the photon 

multiplier tube (PMT) shutters were closed to prevent them from being damaged. Laser power 

intensity and duration of laser application were varied to determine optimal parameters (see 

results 3.1). To make sure the injury procedure worked, a z-stack of the entire slice was taken 

and checked for appearance of a typical bright autofluorescent sphere at the injury site. Control 

slices were handled the same way as AFMI slices except for the laser injury. After performing 

laser injury on all slices present on the cell culture inserts, they were placed back into their cell 

culture well containing fresh, pre-warmed SCM or used immediately for further experimental 

steps. 

2.2.5 Two-photon microscopy 

AFMI development over time was analyzed by longitudinal two-photon microscopy. Slices 

that received an AFMI and control slices were transferred to the MP5 two-photon microscope 

as described above (see methods 2.2.4) and z-stacks covering the entire slice were acquired at 

850 nm using a HCX IRAPO L 25×/0.95 W, FWD 2.5 mm objective. Z-stacks were obtained 

1 and 7 days post injury (dpi). 

2.2.6 Murine T cell cultures 

For all T cell cultures used in the experiments, naïve T cells and antigen presenting cells (APCs) 

were obtained using magnetic activated cell sort (MACS) and co-cultured as follows. 

Centrifugation steps were performed at 550 G for 5 minutes at 4 °C unless specified otherwise. 

Isolation of APCs 

C57BL/6J mice (6-12 weeks old) were sacrificed by cervical dislocation. Spleens were 

collected and transferred to 5 ml WM in a 15 ml falcon tube. To create a single cell suspension, 

spleens were meshed through a 100 µm cell strainer. After centrifugation, 10 ml lysis buffer 

was added to the cells to break down the erythrocytes present in the cell suspension. Lysis was 

stopped with 5 ml of WM and cells were centrifuged. The cell pellet was resuspended in an 

appropriate amount of MACS buffer and cells were counted manually using a Neubauer 

counting chamber to determine the necessary reagent volume for the bead-based MACS. 

Another centrifugation step was performed, cells were resuspended in 95 µl MACS buffer and 

5 µl CD90.2 magnetic beads for every 107 cells and incubated for 15 minutes at 4 °C. The 

CD90.2 beads were used to label splenic lymphocytes, which possess no antigen presenting 

capacities and were subsequently fixated in the magnetic field between magnet and LS column 

and removed during the magnetic cell sort.  
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Unlabelled APCs collected in the flow-through of the sort were centrifuged and resuspended 

in 10 ml sterile filtered MM. APCs were irradiated with 3000 rad using a gamma irradiator to 

prevent their proliferation in the co-culture. After irradiation, cells were centrifuged, 

resuspended in an appropriate amount of MM and cell numbers were determined. 

Isolation of naïve CD4+ T cells 

B6.2D2 or B6.2D2.RFP mice (6 to 12 weeks old) were sacrificed by cervical dislocation. 

Spleens were collected and transferred into 5 ml WM in a 15 ml falcon tube. To create a single 

cell suspension, spleens were meshed through a 100 µm cell strainer. After centrifugation 10 

ml lysis buffer was added to the cells to break down the erythrocytes present in the cell 

suspension. Lysis was stopped with 5 ml of WM and cells were centrifuged. The cell pellet 

was resuspended in an appropriate amount of MACS buffer and cells were counted manually 

using a Neubauer counting chamber to determine the necessary reagent volume for the bead-

based MACS. Magnetic cell sort was performed using the Miltenyi CD4 isolation kit to obtain 

CD4+CD62Lhi cells according to manufacturer’s instructions. After centrifugation, untouched 

cells were resuspended in 40 µl MACS buffer and 10 µl CD4 T cell biotin antibody for every 

107 cells and incubated for 10 min at 4 °C. Next, 30 µl MACS buffer, 20 µl anti-biotin 

microbeads and 5 µl CD8.Ly2 microbeads were added and incubated for 5 min at 4 °C. CD8 

microbeads were used to reduce CD8+ T cell contamination in the culture. After the untouched 

sort, CD62L magnetic beads were used to perform a positive sort on the CD4+ T cells. 960 µl 

MACS buffer and 40 µl CD62L beads were added to the cells and incubated for 10 min at 4 

°C. Efficacy of the T cell isolation was assessed by flow cytometry. For this, small sample was 

stained with αCD4-PeCy7 (1:1000), αCD62L-APC (1:200) and αVβ11-FITC (1:100) 

antibodies. 

CD4+ T cell differentiation 

Naïve T cells were differentiated into T helper cell (Th) -17, -1 or Treg cells by co-culturing 

them in 2 ml MM with irradiated CD90.2-depleted APCs and stimulation with specific 

cytokines in a 24-well plate.  

Th17 cells were differentiated using a 1:10 T cell to APC ratio and adding 2 μg/ml αCD3e, 3 

ng/ml huTGF-β, 20 ng/ml IL-23, 20 ng/ml IL-6, 10 μg/ml α-IL-4 and 10 μg/ml α-IFNy. Cells 

were split and fed on day 3 of the culture (d3) with 50 U/ml 10 ng/ml IL-23. 
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Th1 cells were differentiated using a 1:5 T cell to APC ratio and received 2 μg/ml αCD3e, 25 

μg/ml IL-18, 10 μg/ml IL-12 and 10μg/ml α-IL-4. Cells were split and fed on d2 and d4 with 

100 U/ml IL-2.  

Treg cells were differentiated using a 1:5 T cell to APC ratio and received 2 μg/ml αCD3e, 3 

ng/ml huTGF-β, 10 μg/ml α-IFNy and 10 μg/ml α-IL-12. Cells were split and fed on d2 and d4 

with 100 U/ml IL-2. 

All T cell cultures were used d5 or d6 for co-culturing experiments with OHSCs. 

Assessment of cytokine production 

Quality of culture was checked by assessing the cytokine production of the T cell cultures 

before harvesting for co-culture experiments. Prior to the cytokine check, a 48-well plate was 

coated with αCD3e and αCD28 antibodies in PBS. For each culture, one well was coated with 

120 µl PBS, 3 µg/ml αCD3e and 2.5 µg/ml αCD28 and the plate was wrapped in cling film 

decontaminated by 70 % ethanol before incubation at 4 °C overnight. T cells were stimulated 

by removing the αCD3e/ αCD28 coating and adding 1 ml of cell suspension to the well. The 

remaining 1 ml of the same T cell culture well was transferred to an uncoated well and used as 

a control. To prevent secretion of cytokines, 5 µg/ml of Brefeldin A, which blocks the Golgi 

complex, was added to each well and cells were incubated for 4 h at 37 °C with 95 % humidity 

and 5 % CO2. Cells were washed with FACS buffer and centrifuged (600 G, 5 min, 4 °C) before 

performing extracellular staining of surface antigens. All incubation steps were performed at 4 

°C in the dark. Th17 and Th1 cells were stained with 100 µl CD4-PECy7 (1:1000) in PBS for 

10 min, while Treg cells were stained with 100 µl CD4-Horizon (1:400) and CD25-APC (1:200) 

in permeabilization buffer (eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set) 

for 10 min. To stain intracellular markers, cells were fixated using either 2 % PFA (500 µl of 

4 % PFA in 500 µl PBS) for 20 min (Th17 and Th1) or with eBioscience Fixation/ 

Permeabilization Concentrate and Diluent for at least 30 min (Tregs). Cells were washed and 

centrifuged (1000 G, 5 min, 4 °C) with either saponine buffer (Th17/ Th1) or permeabilization 

buffer (Tregs). Th17 and Th1 intracellular staining was performed with IL17-APC (1:200), 

TNFα-AF700 (1:200) and IFNγ-V450 (1:200) in saponine buffer for 20 min. Treg intranuclear 

staining was performed with FoxP3-PECy7 (1:200) in permeabilization buffer for 20 min. Cells 

were analyzed using flow cytometry.  
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2.2.7 OHSC and T cell co cultures 

OHSCs were co-cultured with MOG-specific 2D2 or 2D2.RFP CD4 T cells after 11 days in 

vitro (DIV). T cells were harvested after 5 to 6 days in culture, counted and 10 µl MM 

containing 100.000 T cells were added on top of each slice. For control slices, 10 µl of MM 

were added. OHSCs were incubated with T cells for 2 days before fixation.  

2.2.8 Microglia depletion in OHSC 

OHSCs were treated with 10 µM of Pexidartinib (PLX3377, hereafter referred to as PLX) after 

3 DIV to deplete microglia by inhibiting CSF1R signalling upon which microglia rely for 

survival 193-195. PLX stock solution (20mM in DMSO) was diluted to working concentration in 

SCM. Medium in culture wells was removed and replaced by SCM with PLX. Control wells 

received DMSO in SCM. After 72 hours of incubation, medium was replaced by fresh SCM.  

2.2.9 Cell proliferation assay in OHSC 

OHSCs were treated with 20 µM of 5-ethynyl-2 ́-deoxyuridine (EdU), a nucleoside analog of 

thymidine containing an alkyne group. EdU stock solution (10 mM in DMSO) was diluted to 

working concentration in SCM. Slices were treated either directly after AFMI or together with 

T cell treatment and incubated for 20 hours to label the astrocytes that begin proliferation after 

treatment, since the astrocytic cell cycle has been determined to last approximately 20 h 196. 

Slices treated with cytosine arabinoside (ara-C) instead of AFMI and/ or T cell treatment were 

used as a negative control as ara-C inhibits cell proliferation by inhibiting DNA synthesis 197,198 

(Figure 6). Medium was exchanged after incubation and slices were either fixated or kept in 

culture for 1 to 7 more days depending on the experimental set up. After fixation with 4% PFA 

and sectioning of the slices (see methods 2.2.11), tissue was washed with 3% BSA in PBS and 

pre-treated for 20 minutes with PBSTx (0.5%) for permeabilization. EdU reaction cocktail was 

modified (see Table 8) from the Click-iT™ EdU Imaging Kit (stock solutions were prepared 

according to manufactures instructions). Slices were incubated for 30 minutes in the dark to 

label EdU that integrated into the DNA of proliferating cells. The fluorescent dye contains an 

azide group that binds to the alkyne group of the EdU, catalyzed by Copper(II) sulfate (CuSO4) 

199. After EdU labelling, slices were stained for astrocytes via immunohistochemistry (see methods 

2.2.11). 
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Figure 6: Ara-C inhibits cell proliferation in all cells in OHSCs. OHSCs were generated from p3 – 5 mouse 

pups (Aldh1L1 or B6 mice) and treated with ara-C as a negative control on 5 and 11 DIV. Slices were incubated 

with EdU (20 µM) for 20 h on 11 DIV, before fixation and IHC with GFAP (green), EdU (cyan) and DAPI (blue). 

Untreated control slices show normal expression of EdU, while ara-C negative controls display no EdU signal. 

GFAP+ astrocytes appear normal in number and morphology. Scale: 75 µm. 

2.2.10 Chemogenetic activation of microglia in OHSC  

OHSCs from CSF1RCre x DREADDGq.mCitrine pups and B6 pups (control slices) were treated 

with 1 µM CNO after 7 DIV. CNO stock solution (2mM in 0.5% DMSO and PBS) was diluted 

to working concentration in SCM. Medium in culture wells was removed and replaced by SCM 

with CNO. Control wells received 0.5% DMSO (in PBS) in SCM. Slices were incubated for 6 

h and then fixated with 4% PFA (see methods 2.2.11).  

2.2.11 Immunohistochemistry 

To prepare the OHSCs for free-floating immunofluorescent staining, hippocampal slices were 

fixed using cold PFA (4 %). SCM was removed from culture wells and replaced by 2 ml of 

PFA with 1 ml over and under the cell culture insert respectively. Slices were fixated for an 

hour during which the PFA was changed every 20 minutes. Fixed cultures were washed with 

PB and either processed immediately or kept in PB at 4 °C.  

To ensure optimal staining quality throughout the tissue, slices had to be cut into thinner 

sections using a method referred to as re-slicing. Membranes were cut out of the cell culture 

inserts and glued on to an agarose block.  
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Tissue was sectioned into 50 µm thick slices using a vibratome. Re-sliced sections were 

transferred into a 12-well plate with netwell inserts in PB using a fine brush. All incubation 

steps were performed in the dark on an orbital shaker. Washing steps were performed with 

PBSTx (0.5 %) in between all incubation steps except between blocking and primary antibody 

incubation. As a first step antigen demasking was performed with NH4Cl (50 mM) for 10 min 

at room temperature, followed by incubation for 1 hour at room temperature with a blocking 

solution containing 5 % NGS, 1 % BSA and 0.5 % Triton-X, to block non-specific binding 

sites. Primary antibodies were diluted in blocking solution and re-slices were incubated 

overnight at 4 °C. Secondary antibody labelling with fluorphore-conjugated antibodies was 

performed for 1 – 2 hours at room temperature. Nuclear staining was achieved by incubation 

with DAPI for 12 minutes at room temperature before mounting re-slices on microscopic slides 

using Prolong Gold. Slices that were only stained with secondary antibodies were used as an 

internal control to exclude signals originating from unspecific attachment.  

2.2.12 Microscopy 

Keyence microscopy 

Astrocyte and microglia images used for mean fluorescent intensity (MFI) analysis were 

acquired on the Keyence BZ-X710 fluorescence microscope using 20X/0.75 NA dry objective. 

Slices were imaged as mosaics using the XY stitching function. Exposure time was set for each 

fluorochrome and kept consistent over all experiments, except for DAPI. 

Table 17: Keyence microscope settings 

Fluorescent dye Emission [nm] Exposure time [s] 

Alexa Fluor® 488 487 1/30 

Alexa Fluor® 568 568 1/35 

DAPI 405 1/300 – 1/600 
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Confocal microscopy 

Cell proliferation and DREADD+ microglia images were acquired on the SP8 confocal 

microscope using the HC PL APO 20x/0.75 CS2 dry objective. Image resolution was 1024 x 

1024 pixel at a frequency of 400 Hz. A frame average of 3 frames per channel was chosen to 

improve signal-to-noise ratio and image quality.  

Table 18: Confocal microscope settings 

Fluorescent dye Emission Absorbance min - max 

Alexa Fluor® 488 487 513 – 534  

Alexa Fluor® 568 568 592 – 631  

Alexa Fluor® 647 647 667 – 688  

DAPI 405 444 – 454  

 

2.2.13 Image analysis 

Images were processed and analyzed with Fiji using base functions, plugins and self-written 

custom macros. 

Longitudinal whole field MFI analysis 

Maximum projections were created from the z-stacks obtained with the MP5 two-photon 

microscope. The injured area was manually marked with the free hand tool and added to the 

region of interest (ROI) manager. Aldh1L1.eGFP MFI was measured and injured area was 

excluded using the XOR function. 

Astrocyte and microglia MFI analysis 

For analyzing the MFI of astrocytes and microglia, multichannel images were split, maximum 

projection from z-stacks were obtained, processed with the Subtract Background function 

(rolling ball radius: 15 pixel) and converted into 8bit format. 8bit grayscale images were 

converted into binary by using thresholding and binary function Open was used to further 

separate the cell signals. The analyze particle function was used to add the separated cells to 

the ROI manager. Particle size was set to 40 – 1000 µm2 for astrocytes and to 30 – 1000 µm2 

for microglia to exclude false positive signals. Cell ROIs were then redirected to the original 

RGB maximum projected image and MFI was measured.  
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Astrocyte proliferation analysis 

Astrocyte cell counts were obtained using the same processing steps as just described (see 

Astrocyte and microglia MFI analysis), except for the MFI measurements. Maximum projected 

images of GFAP and EdU channels were merged, and the cell counter tool was used to 

manually count double positive cells. The GFAP+ EdU+ cell count was divided by the total 

count of GFAP+ cells to give the amount in percent of GFAP+ astrocytes. Furthermore, the total 

number of GFAP+ EdU+ cells was divided by the size of the field of view to determine the 

number of cells per mm2. 

Colocalization analysis 

Iba1 and GFP z-stacks were processed with the Subtract Background function (rolling ball 

radius: 15 pixels) and analyzed with the colocalization threshold plugin. The resulting output 

displaying the colocalized pixels between both channels was used for further analysis. After 

creating a maximum projection, the binary image of the colocalized pixels was processed using 

the binary function Close and the particle analysis tool. Particle size was set to 10 – 1000 µm2 

to exclude false positive signals. The total amount of Iba1+ microglia was determined as 

described in the two previous paragraphs (see Astrocyte and microglia MFI analysis and 

Astrocyte proliferation analysis). The number of colocalized cells was then divided by the total 

number of Iba1+ microglia. Slices with a percentage of colocalized cells higher than 100% were 

excluded from the analysis. 

Microglia morphology analysis 

Binary images created during cell number determination of Iba1+ microglia (see Colocalization 

analysis) were further processed with the noise reduction function Despeckle and used to 

extract the shape descriptor roundness (R) as a parameter to analyze microglia morphology. 

The roundness scale ranges from 0 (no roundness) to 1 (perfect roundness). Cells were 

classified as rod-like (R: 0.1 – 0.3), ramified (R: 0.4 – 0.7) or ameboid (R: 0.8 – 1) and 

roundness distributions of treatment groups were analyzed.  
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2.2.14 Statistics 

All data analysis was performed using GraphPad Prism version 9. Outliers were identified and 

excluded using the ROUT method with a Q of 1%. Data was tested for normality using Shapiro-

Wilk or D’Agostino & Pearson normality test with an α of 0.05. Parametric data was analyzed 

using student’s t-test (two-tailed), one-way ANOVA or Welch test one-way ANOVA with 

Tukey’s test, Dunnett’s test or Dunnett’s T3 test for multiple comparisons, as appropriate. Non-

parametric data was analyzed using Mann-Whitney U test or Kruskal-Wallis test with Dunn’s 

test for multiple comparisons. Data with more than one dependent variable was analyzed with 

two-way ANOVA or repeated measures (RM) two-way ANOVA with Šídák's test or Tukey’s 

test for multiple comparisons. The exact statistical test used for any dataset is given in the figure 

legend. All data is displayed as mean and standard error of the mean (SEM) unless otherwise 

specified. Significance was defined as p<0.05.  
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3 Results 

3.1 Development of a laser injury model to study glial cell reaction under non-

inflammatory conditions 

The first aim of the project was to establish a small and sterile focal injury to model non-

inflammatory damage in the CNS. OHSC were used for this injury model as the system 

provides a cellular network of neurons and glial cells that resembles the in vivo situation 

184,185,200. Additionally, it allows for studying CNS-immune system interactions as immune 

cells (e.g. T cells) can be easily introduced into the tissue due to the absence of the BBB. 

However, OHSC composition changes over the course of culture, therefore time points for 

treatments and analysis must be chosen carefully. As the initial preparation of the slices 

presents a tissue damage there is a strong microglia activation in the first three days in vitro 

(DIV) subsiding around 5 DIV, while the astrocytic activation increases around 7 DIV 201. 

OHSCs from hemizygous Aldh1L1.eGFP pups (p3-5) stained with SR101 were used to 

conduct the experiments. 

Key parameters were decided upon after reviewing the literature regarding laser injury models 

118,119,128,161 (Table 1). A target area of 30 x 30 µm was chosen, as ~1 – 13 µm was deemed too 

small, especially in the context of longitudinal imaging over the course of several days. The 

laser power settings used in the literature corresponded to 1 – 3 % of total laser power on the 

MP5 two photon laser, which was lower than the output used for imaging on the MP5 setup. 

Therefore, it was decided to test 20 – 50 % of total laser power for this model. For duration of 

laser injury 20, 30 and 60 seconds were chosen which corresponded to literature settings. 

First, the different laser power intensities were tested with a duration of 60 seconds to determine 

the optimal settings for generating a consistently sized injury. Using a laser beam with a 

wavelength of 850 nm on the target area resulted in localized autofluorescent tissue damage 

(Figure 7 A) that has been described before 119,128. As laser output power varied between and 

within experimental sessions, it was closely monitored (Figure 8) and power intensities were 

carefully set to keep conditions consistent. Tested laser power intensities of 20, 30, 40 or 50 % 

of the total laser power (3526 mW in this experiment), corresponded to 705, 1058, 1411 and 

1764 mW. 
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The orthogonal views show the propagation of the tissue damage through the slice in the xz 

and yz axis to be rather similar across all tested power levels, which is confirmed by the 

measurements yielding no significant difference between the mean injury depths of all groups 

(Figure 7 B).  

 

Figure 7: Injury size but not depth varies between different laser power settings. Two-photon imaging of 

laser injuries to establish optimal settings. A. Astrocytes in OHSCs from Aldh1L1.eGFP pups p3 – 5 were stained 

with the live cell dye SR101 (red). A localized injury was created by focusing a two-photon laser beam on a 30 x 

30 µm area in the middle of the slice. Images and orthogonal views show larger autofluorescent injuries with 

increasing laser power. B-C. Injury depth measured in the yz plane (B) and injury size measured in the xy plane 

(C) in µm for the different laser powers. Data was analyzed with one-way ANOVA (α<0.05); n = 6 for all groups; 

Main effect: F(3,20)=0.36, ns (p=0.79) (B); Main effect: F(3,20)=11.91, *** (p<0.001) (C). D. Differences in 

mean injury size between 705 and 1058 mW for different laser times. Data was analyzed using two-way ANOVA 

(α<0.05), n = 6 for all groups; Main effects: Laser power: F(1,30)=15.45, p=0.0005, 17.88% of total variation, 

Laser time: F(2,30)=18.58, p<0.0001, 42.98% of total variation; followed by Šídák's multiple comparisons test, p 

is reported as multiplicity adjusted p-value: ns (p > 0.05), ** (p<0.01). Scale bar: 75 µm (A). 
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Next, the injury size was compared by measuring across the widest part of the injury in the xy 

plane of the maximum projected image showing a significant impact of laser power on mean 

injury size (Figure 7 C). 1411 and 1764 mW showed larger in-group variance (1411 mW: 

53.67 ± 3.60; 1764 mW: 69.28 ± 4.88), than 705 and 1058 mW (705 mW: 42.13 ± 1.68; 1058 

mW: 52.20 ± 1.64). Furthermore, 1058 and 1411 mW showed only a small difference in mean 

injury size, therefore additional testing was limited to 705 and 1058 mW laser power.  

 

Figure 8: Fluctuation in MP5 laser power output over the experimental time course. Laser power output was 

tracked for each experiment as it varied between as well as within experimental sessions. Power fluctuations 

mostly occurred between 3300 and 3500 mW but due to cooling system issues output power dropped to 2500 mW 

in experimental session 40 and slowly recovered in later sessions. Percentage of laser power used for AFMI 

(~1000 mW) was determined according to initial laser output power. 

To test if a shorter laser time would influence injury size and consistency, 705 mW and 1058 

mW laser power were tested using 20, 30 and 60 seconds of exposure (Figure 7 D). While both 

laser power and laser time have a significant effect on injury size, multiple comparisons testing 

only showed a significant difference between 705 and 1058 mW at 60 s of laser time.  
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Between both laser time conditions 1058 mW showed higher consistency of injury size (20 s: 

38.87 ± 1.32; 30 s: 39.97 ± 1.19; 60s: 52.20 ± 1.64) than 705 mW (20 s: 33 ± 2.91; 30 s: 37.4 

± 2.24; 60 s: 42.13 ± 1.69). Therefore, the parameters for inducing AFMI were set to ~1000 

mW laser power and 60 seconds of laser time. Due to the software constraints, laser power 

regulation was limited to 1% increments. Thus, the percentage of total laser power output was 

set to be as close to 1000 mW as possible for each experimental session and ranged from 28 – 

40% (Table 19). Mean laser power over all experiments was 1002 mW.  

After successfully implementing an AFMI technique to model non-inflammatory tissue 

damage, the next step was to test the extent of the glial response towards the injury. 

Table 19: Laser power intensities used in AFMI experiments. The total laser output was carefully recorded 

for each experimental session to calculate the % of total power needed to achieve an injury laser power as close 

to 1000 mW as possible. 

AFMI experiment Total laser power output [mW] % of total power Injury laser power [mW] 

2 3530 28 988.4 

5 3416 29 990.64 

6 3377 30 1013.1 

7 3346 30 1003.8 

9 3391 29 983.39 

10 3380 29 980.2 

11 3408 29 988.32 

12 3396 29 984.84 

13 3407 29 988.03 

14 3426 29 993.54 

15 3440 29 997.6 

16 3401 29 986.29 

17 3400 29 986 

20 3381 30 1014.3 

21 3405 30 1021.5 

22 3426 29 993.54 

23 3394 30 1018.2 

24 3447 29 999.63 

25 3465 29 1004.85 

26 3428 29 994.12 

28 3469 29 1006.01 

29 3419 30 1025.7 

30 3419 30 1025.7 

31 3441 30 1032.3 

32 3432 30 1029.6 

33 3441 30 1032.3 
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34 3347 29 970.63 

35 3405 30 1021.5 

36 3473 29 1007.17 

37 3440 29 997.6 

38 3447 29 999.63 

39 3494 29 1013.26 

40 2500 40 1000 

40 2900 32 928 

41 2957 34 1005.38 

42 3273 31 1014.63 

43 3383 30 1014.9 

44 3410 30 1023 

44 3445 29 999.05 
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3.2 Astrocytes and microglia show different temporal reaction patterns in 

response to an acute focal laser injury 

As described earlier, prior damage to CNS tissue can lead to priming of both microglia and 

astrocytes and result in the cells remaining in a more activated state. This continuous elevation 

of activation leads to an exaggerated response to future insults and is a possible mechanism by 

which chronic neuroinflammation and -degeneration is promoted 142,159,202. To investigate this 

idea, the established AMFI method was used as a model to create an initial injury or first hit, 

since it is a consistent and reproducible method for creating tissue damage. Therefore, the first 

step for this experimental paradigm was to analyze the extent of glial response to AFMI. 

Longitudinal two-photon imaging of OHSCs prepared from Aldh1L1.eGFP mouse pups 

(Figure 9 A) revealed a decrease in injury size and an increase in Aldh1L1.eGFP fluorescence 

(Figure 9 B) over time, signifying a possible resolution of the insult by the glial cells. Both 

groups, control and AMFI, displayed an increase in fluorescence intensity over time, which 

was expected due to the general increase of astrocytic reactivity in OHSCs 201. Aldh1L1.eGFP 

MFI was also increased by AFMI both 1 and 7 dpi, although the increase was only significant 

at 7 dpi (Figure 9C). Due to the low resolution, it was not possible to analyze the astrocytic 

response on a more cellular level. Therefore, OHSCs prepared from either Aldh1L1.eGFP or 

B6 mouse pups were stained with GFAP, and cellular MFI was analyzed. As expected, 

astrocytes reacted with formation of a glial scar at the injury site (Figure  9D), although 

surprisingly already at 1 dpi, as astrocytic scar formation is often reported to start at day 4 – 6 

after injury 203-205. This is however, not reflected in their GFAP reactivity measured as 

fluorescence intensity on a single cell level, with there being no significant difference in MFI 

between control and injured slices (Figure 9 E). More in line with previous findings is the 

significant increase in GFAP MFI in injured slices at 7 dpi (Figure 9 F).  

The microglia response is much faster with what appears to be migration or reorientation of 

Iba1+ microglia towards the injury site occurring only minutes after AFMI (Figure 9 G). This 

initial reaction is also reflected in a pronounced significant increase in Iba1 MFI (Figure 9 H). 

At 1 dpi microglia have already dispersed again and MFI levels do not differ significantly from 

the control group (Figure 9 I), which was also observed at later time points (data not shown). 
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Figure 9: Glial activation increases in response to AFMI in OHSCs. A. Schematic overview of experimental 

set up 206. OHSCs were generated from p3 – 5 mouse pups (Aldh1L1 or B6 mice) and cultured for 5 days before 

laser injury was performed. Slices were put back into culture for either longitudinal two-photon-imaging or 

fixation and IHC staining at 1 dpi or 7 dpi. B. Longitudinal two-photon imaging of Aldh1L1.eGFP (green) slices 

at 1 and 7 dpi. Laser injury is marked by white outlines. C. Analysis of Aldh1L1.eGFP whole field MFI for control 

and injured slices at 1 and 7 dpi shows increase of Aldh1L1.eGFP MFI over time and after injury. Two-way RM 

ANOVA (α<0.05), n = 5 for each group; Main effects: Injury: F(1,8)=13.54, p=0.0062, 8.79% of total variation, 

dpi: F(1,8)=209.9, p<0.0001, 82.65% of total variation; followed by Šídák's multiple comparisons test, p is 

reported as multiplicity adjusted p-value: ns (p >0.05), ** (p<0.01). D. OHSCs were stained for astrocytes with 

GFAP (green). Laser injury is marked by white outlines. Left panels show overview images of GFAP stained 

slices with boxed areas being enlarged in the middle panels. GFAP+ astrocytes 1 dpi (middle) and 7 dpi (right) 

showing scar formation in response to the laser injury (white outlines, lower panels). MFI of all GFAP+ astrocytes 

in a 300 µm radius around the injury site was assessed and used to calculate MFI for each slice. E. No difference 

in mean GFAP MFI between control and injured slices was detected 1 dpi. Two-tailed unpaired t test (α<0.05); 

control n = 12, injured n = 17, ns (p>0.05). F. Significant increase in mean GFAP MFI between control and injured 

slices at 7 dpi. Two-tailed unpaired t test (α<0.05), control n = 23, injured n = 17, ** (p<0.01). G. OHSCs were 

stained for microglia with Iba1 (red). Laser injury is marked by white outlines. Left panels show overview images 

of Iba1 stained slices with boxed areas being enlarged in the middle panels. Iba1+ microglia presence is heavily 

increased around the injury site shortly after the injury (0 dpi, lower middle) and subsides at 1 dpi (lower right). 

MFI of all Iba1+ microglia in a 300 µm radius around the injury site was assessed and used to calculate MFI for 

each slice. H. Iba1 MFI increased significantly between control and injured slices 0 dpi. Two-tailed unpaired t 

test (α<0.05), control n = 13, injured n = 7, **** (p<0.0001). I. No significant difference in Iba1 MFI was detected 

between control and injured slices at 1dpi. Mann-Whitney U (α<0.05), control = 7, injured = 13, ns (p>0.05). 

Scale bars: 50 µm (A), 200 µm (D & G, left panels), 75 µm (D & G, right panels). 

Curiously, a large portion of microglia migrating towards the injury site appear to originate 

from the border region of the slice as evident by the large group of cells between slice border 

and injury, as opposed to the much smaller group of cells on the other side of the injury (Figure 

G, lower middle panel). Despite having largely dispersed, remnants of this trend can also be 

observed at 1 dpi (Figure 9 G, lower right panel). 

Since the microglia only react to the injury within a short period of time (<24 hours) and appear 

to return to a more homeostatic phenotype, this indicates that the injury alone is a damage that 

can be resolved by the astrocytes, but with the potential of serving as a primer for the microglia. 

Therefore, a next step was to introduce a second insult or second hit to investigate this 

hypothesis. But before that, the astrocytic response was further characterized to investigate 

severity of astrogliosis and proliferative capacities of the astrocytes. 
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3.3 Astrocytic proliferation is increased within and around the glial scar 7 days 

after AFMI 

After demonstrating that astrocytes react to AFMI with increased activation and typical glial 

scar formation at the site of injury, the next aim was to explore whether astrocytic proliferation 

plays a role in their reaction to AFMI. Depending on the severity of a CNS insult, astrocytic 

proliferation might occur as normally quiescent astrocytes begin to enter the cell cycle 46,207.  
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Figure 10: AFMI induces glial scar formation and increases astrocytic proliferation. A. Schematic overview 

of experimental set up 206. OHSCs were generated from p3 – 5 mouse pups (Aldh1L1 or B6 mice) and cultured 

for 5 days before laser injury was performed. Slices were placed back into culture and incubated with EdU (20 

µM) for 20 h, before slices were fixated and fluorescently labelled with IHC at 1 and 7 dpi. B. OHSCs were 

stained for EdU (cyan), GFAP (green) and DAPI (blue). Top panels depict control slices, lower panels depict 

injured slices at 1 dpi (left) and 7 dpi (right). Injured slices show glial scar formation with increase of proliferating 

cells in the scar area especially at 7 dpi. Laser injury is marked by white outlines. C-D. Proliferating astrocytes 

(GFAP+/EdU+) increase over time and after injury both in relation to the number of GFAP+ cells in general (C) 

as well as cells per mm2 (D). Data was analyzed using two-way RM ANOVA (α<0.05), control 1 dpi n = 8, control 

7 dpi n = 20, injured 1 dpi n = 8, injured 7 dpi n = 13; Main effects: Injury: F(1,44)=10.02, p=0.0028, 13.90% of 

total variation; dpi: F(1,44)=14.36, p=0.0005, 19.92% of total variation; followed by Šídák's multiple comparisons 

test, p is reported as multiplicity adjusted p-value: ns (p > 0.05), *** (p<0.001) (C); Main effects: Injury: 

F(1,44)=10.29, p=0.0025, 18.17% of total variation, dpi: F(1,44)=3.027, p=0.089, 5.343% of total variation; 

followed by Šídák's multiple comparisons test, p is reported as multiplicity adjusted p-value: ns (p > 0.05), * 

(p<0.05) (D). Scale bar: 75 µm (B). 

OHSCs treated with EdU after inducing AFMI were used for IHC stainings at 1 and 7 dpi 

(Figure 10 A). EdU is taken up by proliferating cells and incorporated into their DNA, where 

it can be fluorescently labelled and imaged. Cells continuing to proliferate after the initial EdU 

pulse has been washed out can also be identified through this method. Both control and injured 

slices show cell proliferation, with control slices exhibiting an even distribution throughout the 

slice and increased EdU signals over time (Figure 10 B, top panels). Injured slices show a 

more localized distribution concentrated around the injury, which is especially pronounced at 

7 dpi where a lot of EdU+ cells are located next to and within the glial scar present at the injury 

site (Figure 10 B, lower panels). 

Both time and AFMI had a significant effect on the increased percentage of proliferating 

astrocytes (Figure 10 C). Control slices showed a small increase from 1 to 7 dpi with mean 

percentage being under 10 % in both groups. AFMI slices on the other hand displayed a two-

fold increase from 1 to 7 dpi. While the injured slices have a higher percentage of proliferating 

astrocytes than the control slices, at 1 dpi this difference is not significant. However, at 7 dpi 

the difference is much more pronounced and highly significant. This reveals a much larger 

portion of astrocytes continuing to proliferate over time in response to the injury, aiding in the 

formation of the glial scar. Looking at the abundance of GFAP+/ EdU+ cells it shows that only 

AFMI has a significant effect on proliferating astrocytes per mm2 (Figure 10 D). Although 

injured slices show a higher abundance of proliferating astrocytes then control slices, this 

difference is only significant for 7 dpi.  
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Generally, EdU+ cells significantly increase over time in the slices, but when having a closer 

look at differences between groups only the mean difference between control slices at 1 dpi 

and AFMI slices at 7 dpi is significant (Figure 11 A). 
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Figure 11: EdU+ cells increase in injured slices at 7 dpi. A. Total numbers of EdU+ cells in OHSCs were 

analyzed and show no significant differences except between control 1 dpi and AMFI 7 dpi. Data was analyzed 

using two-way ANOVA (α<0.05), control 1 dpi n = 8, control 7 dpi n = 20, injured 1 dpi n = 8, injured 7 dpi n = 

13; Main effects: Injury: F(1,44) = 4.050, p = 0.0503, 7.681 % of total variation; dpi: F(1,44) = 5.397, p = 0.0249, 

10.23% of total variation; followed by Tukey’s multiple comparisons test, p is reported as multiplicity adjusted 

p-value: ns (p>0.05), * (p<0.05). B. Proliferating astrocytes (GFAP+/EdU+) and other cell types displayed as 

percent of EdU+ cells. The number of GFAP+/EdU+ cells was divided by the total number of EdU+ cells and 

multiplied by 100. Number of proliferating other cell types was determined by subtracting the percent of 

proliferating astrocytes from 100 %. The fraction of proliferating astrocytes is consistent overall groups with a 

slight increase in the injured 1 dpi group, that is however, not significant. Data was analyzed using two-way 

ANOVA (α<0.05), control 1 dpi n = 8, control 7 dpi n = 20, injured 1 dpi n = 8, injured 7 dpi n = 13; Main effects: 

Cell type: F(1,88) = 125.9, p < 0.0001, 46.14 % of total variation; Treatment: F(1,88) = 6.376 x e -30, p >0.9999, 

7.008 x e-30 % of total variation; followed by Šídák's multiple comparisons test, p is reported as multiplicity 

adjusted p-value: ns (p>0.05). 

This demonstrated that while cells in OHSCs show a trend towards higher levels of 

proliferation over time, injury plays a crucial role in elevating proliferative responses. 

Interestingly, no significant difference could be observed when analyzing the percent of 

proliferating astrocytes and other cell types from the total amount of EdU+ cells in the different 

groups (Figure 11 B). This raises the question of which other cell types are proliferating within 

the tissue and if one of those types is responsible for the significant increase at 7 dpi and AFMI. 

However, this question is beyond the scope of this thesis.  

Interestingly, it appears that while there are a lot of proliferating astrocytes in the glial scar 

around the AFMI only a few of them are found in the glial scar at the border of the slice (Figure 

10 B, right lower panels). This may be because those cells have already stopped proliferating 

at the time of EdU labelling or because the glial scar at the slice border is rather formed by 

migration and expansion than proliferation of astrocytes in that area. 

The presence and increase of proliferating astrocytes in AFMI slices points towards a more 

severe stage of astrogliosis. Furthermore, EdU labelling of proliferating cells presents a stable 

read out and was therefore used to analyze the potential effect of primed microglia on the 

astrocytes. 
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3.4 Astrocytic response is further elevated by inflammatory injury 
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Figure 12: Influence of microglia depletion and T cell infiltration on astrocytic proliferation after AFMI. 

A. Schematic overview of experimental set up 206. OHSCs were generated from p3 – 5 mouse pups (Aldh1L1 or 

B6 mice) and cultured for 3 days before treatment with PLX or a vehicle. Laser injury was performed after 3 days 

and slices were placed back into culture for 5 days, before incubation with EdU (20 µM, 20h) and treatment with 

T cells for 2 days. OHSCs were fixated and stained with IHC. B. OHSCs were stained for EdU (cyan), GFAP 

(green) and DAPI (blue). Slices show reduced proliferative capacities after microglia depletion via PLX, while 

Th17 and Th1 cells increased overall number of EdU+ cells. Laser injury is marked by white outlines. C-D. 

GFAP+/ EdU+ cells counts (C), and abundance (D) were analyzed. AFMI treatment was set as baseline and used 

to normalize proliferating astrocyte (GFAP+/EdU+) counts of treatment conditions (C). PLX treatment drastically 

reduced EdU+ astrocyte numbers, while Th17 significantly increased them. Data was analyzed using Welch test 

one-way ANOVA (α<0.05), AFMI n = 24, AFMI+PLX n= 8, AFMI+17 n = 17, AFMI+Th1 n = 13, AFMI+Tregs 

n = 17; Main effect: W(4,34.25)=47.00, p<0.0001, followed by Dunnett’s T3 multiple comparisons test, p is 

reported as multiplicity adjusted p-value: ns (p>0.05), * (p<0.05), **** (p<0.0001) (C); Main effect: 

W(4,33.91)=50.41, p<0.0001, followed by Dunnett’s T3 multiple comparisons test, p is reported as multiplicity 

adjusted p-value: ns (p>0.05), * (p<0.05), **** (p<0.0001) (D). Scale bar: 75 µm (B). 

To investigate the possibility of AFMI acting as primer for microglia and their potential in 

elevating astrocytic response two strategies were used. The first was to deplete microglia from 

the tissue to see if this would lead to a decrease in astrocytic proliferation. The second was to 

introduce different types of T cells with either inflammatory (Th17 and Th1) or anti-

inflammatory (Tregs) properties into the culture. For microglia depletion, slices were treated 

with PLX for 72 hours before AFMI was performed. T cells were introduced 5 days after AFMI 

and co-cultured with OHSCs for 2 days (Figure 12 A). As a quality control, only experiments 

with a higher number of proliferating astrocytes in AFMI than in untreated control were used 

for the analysis. PLX treatment appears to have no adverse side effects on astrocytes numbers, 

appearance (Figure 13 A) or glial scarring (Figure 13 B). In vivo, CNS tissue depleted of 

microglia is repopulated by infiltration of peripheral macrophages; in OHSCs, which lack a 

periphery, repopulation has been observed by proliferation of remaining microglia cells as early 

as day 4 after depletion 208. However, in the control experiments conducted to confirm 

depletion and to analyze influence of PLX on astrocytes there were only a few microglia 

present in the culture at 7 dpi (Figure 13 B, lower middle panel) comparable to the situation 

immediately after depletion (Figure 13 A, lower middle panel).  

While PLX appears to have no apparent effect on astrocytes, it significantly reduces the 

abundance of EdU+ cells (Figure 12, Figure 14) as well as the number and abundance of 

proliferating astrocytes (Figure 12 C and D) 7 days after AFMI.  
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Figure 13: Astrocytes are not affected by PLX mediated microglia depletion. A. OHSCs were generated from 

p3 – 5 B6 mouse pups and treated with PLX 1 DIV for 72 h before fixation. IHC stainings were GFAP (green), 

Iba1 (red) and DAPI (blue). Top panels show a control slice containing a larger number of Iba1+ microglia, while 

lower panels show a PLX-treated slice containing only a few Iba1+ cells. GFAP+ astrocyte numbers are not 

affected by the treatment. B. OHSCs were generated from p3 – 5 B6 mouse pups and treated with PLX 1 DIV for 

72 h. AFMI was conducted at 5 DIV and OHSCs were fixated at 7dpi. IHC stainings were GFAP (green), Iba1 

(red) and DAPI (blue). Top panels show an injured slice with occurrence of glial scarring and a large number of 

Iba1+ microglia distributed throughout the slice. Lower panels show an injured slice treated with PLX displaying 

glial scarring and a few Iba1+ microglia within that scar. Scale bar: 75 µm (A – B). 

Infiltration of Th17 cells used as a second hit induces a significant increase in overall 

abundance of EdU+ cells (Figure 14), but more importantly significantly increases the number 

and abundance of proliferating astrocytes when compared to AFMI alone (Figure 12 C and 

D). A large number of GFAP+/ EdU+ cells are found in the glial scar surrounding the injury 

(Figure 12 B) pointing towards a negative impact of immune-mediated inflammation on 

astrocyte activation and glial scar formation.  
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Figure 14: EdU+ cells are increased by Th17 cells and decreased by PLX treatment in OHSCs. OHSCs were 

generated from p3 – 5 B6 mouse pups and treated with PLX 1 DIV for 72 h. AFMI was conducted at 5 DIV and 

OHSCs were fixated at 7dpi. PLX treatment significantly reduced abundance of proliferating cells within the 

slices, while Th17 significantly increased them. EdU+ cells per mm2 did not differ between AFMI and Th1/ Tregs 

although both groups show a bimodal distribution. Data was analyzed using Kruskal-Wallis test (α = 0.05), AFMI 

n = 24, AFMI+PLX n= 8, AFMI+17 n = 17, AFMI+Th1 n = 13, AFMI+Tregs n = 17, Main effect: p<0.0001, 

followed by Dunn’s multiple comparisons test, each group’s mean rank was compared to the mean rank of the 

AFMI group, ** (p<0.01), * (p<0.05). 

Th1 cells infiltrating into the tissue appear to have a similar effect on astrocytic proliferation 

as Th17 cells. This is however not significant, due to the large variation within and bimodal 

distribution of the dataset (Figure 12 C and D). 

Surprisingly, treatment with Tregs has no impact on number and abundance of proliferating 

astrocytes (Figure 12 C and D) and the slices also display regular formation of glial scarring 

around the injury site (Figure 12 B). This may be because the astrocytes are not a target cell 

type for the Tregs in this model. 

The decrease of proliferative activity in astrocytes after microglia depletion further strengthens 

the idea that microglia are the driving force behind the astrocyte response towards injury. Even 

though PLX appeared to have no discernible effect on the appearance of astrocytes within 

OHSCs, no statement can be made about functional consequences of the treatment. 
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3.5 DREADD-activated microglia display a shift towards a rod-like phenotype 

Since the depletion of microglia had such a profound effect on astrocyte activation, it stood to 

reason that the continuous activation of microglia is likely to further exacerbate astrogliosis. A 

stable way to activate and prime microglia is treatment with the bacterial endotoxin LPS 142. 

However, LPS – which works via the TLR-4 – also activates astrocytes 166,167. To clearly dissect 

the crosstalk between both cell types and the role microglial activity plays on astrocytes, one 

needs a model where microglia can be intrinsically activated or deactivated. Therefore, the next 

aim of the project was to establish the genetically encoded chemogenetic tool DREADD in 

microglia cells.  

 

Figure 15: Characterization of a chemogenetic DREADDGq construct expressed under a CSF1R promotor. 

A. OHSCs prepared from p7 mouse pups (B6 or CSF1RCre x DREADDGq.mCitrine) were treated with CNO (1 

µM) for 6 h and stained for Iba1 (red) and GFP (green) after fixation. B. Iba1+/GFP+ cells shown as percent of 

total amount of Iba1 cells. In a few Cre- DREADDGq (DREADD-) slices GFP signals and colocalization with Iba1 

were observed, which are considered artifacts and not relevant, Slices prepared from B6 pups displayed no signals. 

Cre+ DREADDGq (DREADD+) exhibit consistent GFP staining ranging from 11 to almost a 100% colocalization 

with Iba1. Control n = 11, DREADD- n = 5, DREADD+ n = 33. No statistical analysis was performed due to 

large differences in sample size. Scale bar: 75 µm (A). 
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OHSCs were prepared from mice expressing the activating DREADD hMD3q under the 

CSF1R promotor. To ensure correct expression of the DREADD construct in microglia cells 

and determine the level of expression, OHSCs from CSF1RCre x DREADDGq.mCitrine mouse 

pups were treated with CNO and stained for Iba1 to visualize the microglia as well as GFP to 

relabel the mCitrine tag of the construct, as fluorescent tags often degrade due to PFA fixation. 

Colocalization analysis of Iba1 and GFP revealed that all slices from Cre+ DREADD mice 

(DREADD+) expressed the construct, albeit in varying degrees ranging from 11 to almost a 

100 %, with mean expression level being ~54% of Iba1+ microglia (Figure 15 A and B). Low 

expression rates are likely due to some mice having been hemizygous as the genotyping of the 

mice does not allow for distinction of hemi- and homozygous animals. Some of the slices from 

Cre- DREADD mice (DREADD-) also displayed rare GFP signals and colocalization with Iba1 

(Figure 15 B), these are however, considered artifacts through poor staining quality and high 

background fluorescence. Regular B6 mouse pups were used as a negative control and did not 

display any GFP fluorescent signals (Figure 15 B). Although levels of chemogenetically 

activatable microglia differed between slices, the generation of the model was successful and 

presents a valuable tool to study microglia activation and interaction with astrocytes in future 

experiments. 

Interestingly, when taking a closer look at the DREADD+ and CNO-activated microglia a 

distinct morphological feature becomes apparent. Compared to the DREADD- and B6 slices 

treated with CNO that show mostly ramified and ameboid microglia, the DREADD+ slices 

appear to have a high number of microglia with an elongated cell body bipolar process 

morphology (Figure 15 A). This morphology is called rod-like microglia and still presents a 

mystery as very little is known about them despite their widespread occurrence in 

neuropathological conditions 141,145,209. To examine this phenomenon, distributions of 

microglia shapes were compared between the control, DREADD- and DREADD+ slices 

treated with CNO as well as DREADD+ slices treated with DMSO (DREADD+ DMSO). 

Consistent with control and DREADD- slices, DREADD+ DMSO slices appeared to only have 

sporadic occurrence of rod-like microglia (Figure 16 A), thus rejecting the idea that the 

expression of the DREADD construct or the CNO alone leads to the observed morphological 

change in microglia. Those findings rather support the hypothesis that the change is a 

consequence of the microglial activation by the DREADD construct via CNO.  
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Figure 16: Morphological changes in DREADD-activated microglia after CNO treatment. A. Left panel: 

OHSC from p7 Cre+ DREADDGq pup treated with CNO (1 µM, 6 h) and stained for Iba1 (red). Microglia were 

categorized morphologically into ameboid, ramified or rod-like microglia (middle panels) and roundness R was 

determined via particle analysis (right panels). B. Frequency distributions of cell roundness for DREADD+ slices 

treated with DMSO (DREADD+ DMSO) as well as control, DREADD- (DREADD- CNO) and DREADD+ slices 

treated with CNO (DREADD+ CNO). Cell roundness is given from 0 (not round) to 1 (perfectly round). Black 

line represents fitting of non-linear gaussian regression. Dotted vertical red line represents median. C. Box plot 

displaying minimum, maximum and distribution of cell roundness with each dot representing one individual cell 

and black line showing the median. Data was analyzed using Kruskal-Wallis test (α<0.05), DREADD+ DMSO n 

= 1856, control n = 2732, DREADD- CNO n = 1141, DREADD+ CNO n =5300; Main effect: p<0.0001, followed 

by Dunn’s multiple comparisons test, each group’s mean rank was compared to the mean rank of the DREADD+ 

CNO group, **** (p<0.0001). D. Cumulative frequency distribution of cell roundness. DREADD+ CNO curve 

displays a shift to the left compared to all other curves. Scale bar: 75 µm (A). 

To support these findings, based solely on visual examination of the slice images, quantity and 

distribution of microglia morphology were analyzed in all four groups. Microglia were 

classified into three morphologically distinct categories: ameboid, having a round cell body 

with little to no processes; rod-like, having a long cell body and a few mostly bipolar processes 

and ramified, having a roundish cell body and processes of varying numbers and configurations 

(Figure 16 A).  

Table 20: DREADD microglia morphology frequencies. Cell counts and cumulative frequencies of roundness 

factor R for all groups. Categorization of R ranges into microglia morphologies: 0.1 – 0.3 rod-like, 0.4 – 0.7 

ramified, 0.8 – 1 ameboid. 

  DREADD+ DMSO Control CNO DREADD- CNO DREADD+ CNO 

 R Cell 

counts 

Cumulative 

frequency 

Cell 

counts 

Cumulative 

frequency 

Cell 

counts 

Cumulative 

frequency 

Cell 

counts 

Cumulative 

frequency 

 0 0 0.00 0 0.00 0 0.00 0 0.00 

ro
d

-l
ik

e 0.1 3 0.16 1 0.04 3 0.26 44 0.83 

0.2 48 2.75 62 2.31 25 2.45 411 8.58 

0.3 180 12.45 257 11.71 119 12.88 909 25.74 

ra
m

if
ie

d
 

0.4 280 27.53 463 28.66 199 30.32 1037 45.30 

0.5 365 47.20 585 50.07 244 51.71 963 63.47 

0.6 356 66.38 526 69.33 218 70.82 805 78.66 

0.7 298 82.44 426 84.92 162 85.01 567 89.36 

a
m

eb
o

id
 0.8 217 94.13 267 94.69 112 94.83 373 96.40 

0.9 97 99.35 131 99.49 53 99.47 165 99.51 

1 12 100.00 14 100.00 6 100.00 26 100.00 
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Cell roundness (R) was used as a measure to reflect the morphological shapes and was defined 

for the three groups as follows: rod-like microglia, R 0.1 – 0.3, ramified R 0.4 – 0.7, ameboid 

R 0.8 – 1 (Table 20). While control, DREADD- and DREADD+ DMSO slices displayed 

similar distributions of cell roundness, a clear left shift of the distribution was observed in the 

DREADD+ CNO slices (Figure 16 B). Those differences in distributions were also reflected 

in a lower median for the DREADD+ CNO slices which differed significantly compared to the 

medians of all other groups (Figure 16 C). To correct for the varying numbers of cells in the 

different groups, cell roundness was also displayed as relative frequency of all cells revealing 

a higher occurrence of rod-like and ramified microglia in DREADD+ CNO slices compared to 

the other groups (Figure 16 D, Table 20). Taken together these findings underline the 

hypothesis that chemogenetic activation of microglia leads to a shift in microglia morphology 

towards a more rod-like phenotype. 
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4 Discussion 

The concept that glial cells within the CNS communicate with neurons (neuron-glia 

interaction) but also among each other (glia-glia communication) both under homeostatic and 

pathological conditions has long been established 2,61,109,210-212. Astrocytes and microglia both 

influence the differentiation of OPCs into myelinating oligodendrocytes depending on their 

level of activation. Especially in demyelinating diseases like MS these interactions play a 

critical role in either ameliorating or exacerbating disease progression (for comprehensive 

reviews see references 61,210 and 2).  

The crosstalk between astrocytes and microglia leading to neuropathological disturbances 

happens within distinct spatial and temporal patterns. Although the interaction is bidirectional, 

astrocyte activation is initially driven by microglia, which are quicker to respond to an insult 

210. Activated microglia are able to secrete a plethora of molecules like TNF-α, NO, IFN-α/β, 

H2O2, IL1-α, C1q, TGF-α, VEGF-B 91,97,163,213-215 and many more 210. The astrocytic response 

and differential activation depend in part on the factors secreted by the microglia, with some 

factors inducing a more neurotoxic reactivity, while others have been linked to induction of 

neuroprotection 210. However, there are other mechanisms that influence astrocytic activation 

by microglia like the presence and recruitment of other cell types and the ability of astrocytes 

to downregulate the inflammatory response by inhibiting the microglia. Several factors 

secreted by astrocytes are crucial in regulating microglia activation and thereby the outcome 

of the inflammatory injury. ORM2 164 and TGF-β 216 have both been implicated in 

downregulating microglia activation, with ORM2 binding to microglial CCR5 and thereby 

blocking the CXCL4-CCR5 axis that is crucial for microglia activation. LCN2 on the other 

hand, counteracts ORM2 functions and increases microglial activation 87. The increase in 

ORM2 secretion by astrocytes is mediated by pro-inflammatory factors from microglia and 

builds up over a course of 24 hours after occurrence of CNS damage 210 164.  

Therefore, a major aim of this thesis was the development of a stable and reproducible laser 

injury model in an intact tissue environment to study glial responses to a non-inflammatory 

and controlled damaging CNS insult. After successfully establishing the AFMI model in 

OHSCs microglial and astrocytic responses towards the injury were observed that fit the 

timeline of interaction described above. The microglia response characterized by increase of 

Iba1 and increased microglial presence occurred within minutes after the injury, while the 

astrocytic activation characterized by increased GFAP reactivity manifested itself at day 7.  
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It can be hypothesized that in the absence of invading immune cells microglia react towards an 

injury by increasing their presence and activating the astrocytes in the vicinity of the injury. 

The activated astrocytes likely proceed by downregulation of microglial activation as 24 hours 

after injury the Iba1 levels are back to control and microglia have dispersed again. Astrocytes 

continue to slowly increase their level of activation and begin to form a glial scar around the 

injury site. 

In contrast to the microglia, whose increase in numbers around the injury site is due to 

migratory behaviour, as cell proliferation cannot take place within mere minutes, the increase 

in astrocytes and the forming of the glial scar relies in part on proliferation.  

The capability of astrocytes to form glial scars at the site of injury is a highly debated topic in 

terms of beneficial or detrimental outcomes on CNS damage and repair. The glial scar functions 

as a barrier separating the lesion from the healthy tissue 93. It has been described as having a 

negative impact on regeneration/remyelination by preventing OPCs to enter demyelinated MS 

lesions 104,106,107,109,217. However, it has also been described as neuroprotective by taking up 

excessive levels of glutamate, containing the spread of invading immune cells and reforming 

the BBB 112,114,116. Disruption of glial scar formation in EAE has been linked to widespread 

inflammation and worsening of symptoms 113. While the precise impact of glial scar formation 

depends on the circumstances and possibly the type of injury, it is well described that the 

occurrence of a compact glial scar in conjunction with proliferating astrocytes is a hallmark of 

severe astrogliosis 46,82. At 1 dpi, the forming of a glial scar can already be observed although 

without a significant increase in proliferating cells signifying a reorientation and possible 

migration of the astrocytes in the immediate surroundings of the injury. At 7 dpi, the glial scar 

has extended in size and contains numerous proliferating astrocytes. Depletion of microglia 

does not ablate glial scar formation but reduces the number of proliferating cells in general as 

well as proliferating astrocytes specifically. The reduced numbers of proliferating astrocytes 

shows that their proliferation is dependent on microglia presence and signalling, while glia scar 

formation is not.  
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Figure 17: Influence of microglia and astrocyte crosstalk on immune cell invasion and de- remyelination. 

Glial crosstalk in the context of demyelinating and inflammatory disease is highly complex. Adapted from 

Domingues et al., 2016 61. 
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Mature astrocytes are normally quiescent with a low turnover and rate of proliferation but are 

able to re-enter the cell cycle during scar formation 76,96,207. Molecular signalling that has been 

characterized to induce astrocytic proliferation includes trophic factors like FGF, BDNF, 

GDNF, VEGF 98,99, as well as EGF 100 and ET-1 96. Factors like FGF, BDNF, GDNF 101,102 and 

especially VEGF 97 have been shown to be secreted by microglia. VEGF-B secreted by 

microglia has been demonstrated to shift astrocytes towards a more neurotoxic phenotype and 

contributes to EAE pathogenesis 97. This could indicate a detrimental role of glia scar formation 

through proliferation after AFMI in the presence of microglia, while scar formation through 

migratory behaviour without microglia represents a beneficial mechanism protecting the 

healthy tissue.  

The return of microglial cells towards a seemingly surveying phenotype observed 1 day after 

AFMI hypothesized to be mediated by astrocytic downregulation of activity might be reflective 

of a primed phenotype rather than a complete return to a surveying state. Microglia residing in 

a primed state after previous injury are characterized by increased CD68 and MHCII expression 

and display an exaggerated response towards a second inflammatory stimulus (second hit 

hypothesis) resulting in hyperactivation 142,159. After introducing invading pro-inflammatory T 

cells into the tissue, a further increase of astrocytic proliferation especially within the glial scar 

was observed. This supports the idea of an exaggerated microglia response driving an 

exacerbation of astrogliosis and scar formation, which can have both detrimental and beneficial 

aspects as discussed earlier.  

Another explanation for the increased astrocytic reactivity and proliferation is the direct 

interaction of astrocytes and pro-inflammatory T cells. Especially since the main effect on 

proliferation found here is by Th17 cells and some studies presented evidence that they are not 

targeting microglia but only astrocytes in the CNS 218,219.  

Astrocytic interaction with CNS-invading T cells still presents a challenge as it is a highly 

complex dynamic. Pro-inflammatory NF-κB signalling on astrocytes induces pro-

inflammatory T cell phenotypes such as Th17 or Th1 88, while also possessing the capability 

of differentiating them into Treg cells 220. The presence of Th17 and Th1 cells in CNS tissue 

induces an upregulation of a pro-inflammatory response in astrocytes marked by increased 

expression of inflammatory cytokines like IL6 and chemokines like CCL2, CCL20 and 

CXCL10 219.  
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This presents a mechanism by which astrocytes are further recruiting inflammatory T cells as 

well as activated microglia, largely considered to exacerbate neuroinflammation 219,221,222. 

Although recruitment of microglia can also be associated with increased clearance of debris 165 

and CXCL10 expression on astrocytes has also been linked to recruitment of OPCs towards 

demyelinated areas 103 (Figure 17).  

Chemically targeting CNS cells either for depletion or activation cells always suffers from 

unintended side effects. First, because the complete removal of a cell type profoundly disturbs 

the cellular network and is almost guaranteed to have unintended effects. Second, as mentioned 

earlier, while the depletion of microglia does not appear to affect astrocytes, consequences on 

astrocyte function have not been investigated to date.  

Selectively activating a cell type within the CNS network proves to be even more difficult. 

Most studies that investigate the effect of microglia priming and activation use LPS. As 

mentioned before, LPS also activates astrocytes making it unusable when investigating the 

influence of microglia activation on astrocytes.  

Therefore, the usage of chemogenetic models is a useful tool in investigating astrocyte-

microglia crosstalk. The DREADD model that utilizes modified receptors, which can only be 

activated by specific normally inert small molecules, has mostly been used to target specific 

populations of neurons and modulate their activity (for a review see 169). However, the usage 

of DREADDs to investigate the influence of microglia activation or inhibition in vitro and in 

vivo has been slowly increasing over the last years.  

Several studies used microglia-specific DREADDs in the context of neuropathic pain, 

demonstrating that inhibition of microglia activation by hM4Di DREADDS prevents the 

development of chronic pain in different models 177,223,224. Furthermore, it could be shown that 

activation of spinal microglia through hM3Dq DREADDs alone was sufficient to induce hind 

paw allodynia in rats 177. 

Global expression and activation of hM3Dq under the CX3CR1 promotor resulted in an increase 

of pro-inflammatory cytokines in the CNS; primary microglia cultures prepared from these 

mice displayed increased phagocytosis upon activation. Curiously, the combination of 

continuous DREADD-activation over 4 days resulted in a decreased response towards an 

inflammatory LPS stimulus 225.  
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While it is possible that a prolonged DREADD activation results in a habituation of the 

microglia, another explanation might be the regulatory effect of astrocytes to counteract 

microglia activation.  

Lastly, a very recent study demonstrated that inhibiting microglial activation via hM4Di 

DREADDs in OHSC has the same effect on prevention of pro-inflammatory responses in 

alcohol-induced neuroinflammation as depletion via PLX 208. Thus, the hM4Di DREADD 

model is a useful tool to study the astrocytic response without microglial activation and without 

disrupting the entire cellular network. 

All studies utilizing DREADD vector constructs expressed them under the CD68 promotor 

177,208,223, while studies using DREADD mouse models opted for the CX3CR1 promotor 225,226. 

In the present study, the hM3Dq DREADD construct was expressed under the CSF1R 

promotor, since it shows a more selective targeting in the CNS than the CD68 promotor 

158,227,228. For the constitutive CX3CR1 Cre-line, evidence has accumulated that expression of 

the floxed allele can also occur in neurons 229,230, while the inducible CX3CR1 Cre-line presents 

the caveat of having to treat the OHSC with tamoxifen for DREADD expression thereby 

prolonging the time in culture and increasing glial responses. 

None of the existing studies utilizing hM3Dq DREADDs in microglia have reported unusual 

morphological changes, therefore this study presents the first evidence that DREADD-

activated microglia display an increased occurrence of rod-like morphology. 

Microglia morphology and its functional consequences are a highly debated topic. Under 

homeostatic conditions, microglia display a surveying/ramified phenotype characterized by a 

small cell body and several highly branched processes 118,231. Upon encountering DAMPs or 

PAMPs, microglia react by gradually thickening and retracting their processes, while the cell 

body enlarges. Depending on the extent of those changes, they are classified as bushy, hyper-

ramified, active or hyper-active microglia. In their most extreme form, microglia display an 

ameboid morphology where the processes have completely retracted and only a large round 

cell soma remains 118,134,232-234. Morphological changes in microglia are reversible and allow 

them to shift between states in response to changes in their surroundings (Figure 18). While 

the classifications surveying/ramified and ameboid microglia have been widely accepted and 

are used consistently, as of yet no uniform system has been established to classify the 

intermediate ramified microglia states.  
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Therefore, microglia that displayed neither a rod-like nor an ameboid morphology where 

collectively classified as ramified microglia in the present study. 

 

 

 

Figure 18: Schematic representations of microglia morphologies observed in health and disease 206. 

Microglia shift from their homeostatic surveying/ ramified morphology to different phenotypes depending on the 

activation. Description of phenotype also depends on the classification system used. Morphological shifts do not 

represent static non-reversible events, but rather fluid changes in state in response to the surroundings. Question 

marks represent possible events that have not yet been observed and need clarification. Modified from Holloway 

et al., 2019 141. 

Rod-like microglia were described as early as 1899 but received sparse attention, since they 

only appeared infrequently. So far this morphology, which is characterized by an elongated 

cell body with few bipolar processes, has been linked to infectious diseases, ageing, traumatic 

brain injury (TBI) and neuroinflammation 145,209,235-238 (for a review see 141). Rod-like microglia 

have been observed to form so called trains, which are several cells aligning end-to-end, often 

appearing to be interconnected.  
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This has been observed in vivo after TBI 145,236,237 and in vitro in response to scratched culture 

plates 239,240, and is believed to represent an alignment with neuronal structures 241. Here, 

neither trains of rod-like microglia nor a specific orientation of the cells, indicative of an 

alignment with other cell structures, is observable.  

Activation via DREADDs presents a stable model to induce a large increase in microglia 

displaying a rod-like morphology and allows for future analysis of rod-like microglia function. 

Tentative analyses so far have observed MHCII expression, signifying a role in antigen-

presenting and CD68, which is often used as a marker for phagocytosis 236. Both markers have 

also been implicated in the characterization of primed microglia 142. The DREADD hM3Dq 

exerts its effect by increasing intracellular Ca2+ 169. While it has been shown that Ca2+ plays a 

role in microglia activation, most of the work so far has been done in vitro in microglia cell 

culture 242-245 with some studies reporting the absence of spontaneous Ca2+ signalling in 

surveying/ramified microglia in vivo 126-128. About 4 % of microglia display spontaneous Ca2+ 

transients in both soma and processes, which increases to 34 % after LPS treatment and 42 % 

after a focal laser injury in vivo. Pre-treating the mice with LPS and performing focal laser 

injury resulted in 67 % of microglia displaying Ca2+ transients leading the authors to the 

conclusion that the cells are primed by LPS and display an exaggerated response towards a 

second hit represented by the laser injury 128. As discussed previously, LPS is not exclusively 

acting upon microglia, therefore it cannot be excluded that astrocytes play a role in the observed 

microglial reaction. However, the study presents further evidence for the second hit model in 

the development of neurodegenerative pathologies as well as compelling evidence for a role of 

intracellular Ca2+ increase in primed microglia.  

Taken together, the findings that primed microglia exhibit CD68 and MHCII expression and 

increased intracellular Ca2+ and that the increase of Ca2+ in microglia via hM3Dq DREADDs 

leads to a rod-like morphology, which has also been linked to CD68 and MHCII expression, 

hint at the possibility that the rod-like microglia phenotype represents a form of primed 

microglia.  

Overall, it could be shown that astrocytes and microglia have different timelines of activation 

in response to a consistent and stable model of laser injury and that the astrocytic response is 

likely to be driven by microglia. It could be demonstrated that formation of the glial scar is not 

dependent on microglia as it also occurred in absence of microglia, but the increased formation 

through proliferating astrocytes is orchestrated by microglia signalling.  



 
70 

 

Invading pro-inflammatory T cells further increase astrogliosis by elevating astrocytic 

proliferation. This escalation in astrogliosis is a possible indicator for the switch from a 

beneficial astrocytic response towards a detrimental one.  

Besides establishing a stable model for non-inflammatory CNS injury in intact cellular 

networks, a second model for chemogenetic activation of microglia could successfully be 

demonstrated here. The DREADD model provides a way to intrinsically activate microglia for 

further dissection of glial crosstalk in the CNS. Furthermore, the present study was the first to 

show that the activation of microglia via elevation of intracellular Ca2+ leads to a reproducible 

expression of the largely uncharacterized rod-like phenotype. 

There are some questions that remain to be investigated in future studies like what factors are 

expressed by astrocytes and microglia in the different experimental conditions, as well as the 

consequences on myelination and axon damage to gain a deeper understanding of the functional 

ramifications. The successful implementation of the hM3Dq DREADD model provides a 

powerful tool to further study not only the functional properties of rod-like microglia, but also 

their role as potentially primed cells as well as the influence on astrocytes in CNS 

inflammation. Furthermore, it paved the way to implement the hM4Di DREADD model to 

study the inhibition of microglial activation on astrocytes without profoundly disturbing the 

cellular network.  
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