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1 Introduction 

1.1 Neurodegenerative diseases 

In a still older growing society neurodegenerative diseases gain considerable influence 

since their incidence rates increase in age. More than 500 of them are known so far [37], 

each with its own pathology and the number still rises every year. In this thesis, two 

common neurodegenerative diseases have been further investigated: Parkinson’s disease 

and amyotrophic lateral sclerosis. 

1.1.1 Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease of the upper and 

lower motor neurons. Even though it only affects very few people, it keeps raising public 

awareness and interest by famous diseased persons like Stephen Hawkings or by fund 

raising activities like the ice bucket challenge [147, 259]. ALS is believed to be first de-

scribed and classified by the famous neurologist Jean Martin Charcot in the late 19th cen-

tury. He was also the one naming the disease sclérose latérale symétrique amyotrophique 

or amyotrophic lateral sclerosis [50]. 

1.1.1.1 Epidemiology 

ALS is classified as a rare disease, with an annual incidence rate of 2.7 per 100,000 person 

years in Europe [170]. Even though this number seems quite low, it is not rarer than other 

neurological diseases as, for example, multiple sclerosis (MS) with an incidence rate of 

3.6/100,000 in women and 2.0/100,000 in men [5]. Around 90% of all ALS cases are spo-

radic while 10% of the cases have a known genetic background. In ALS, males are affected 

slightly more often than females (3.1 vs 2.2 /100,000 person years) and also the median 

age at diagnosis of ALS is with 65.2 years for men a bit lower than 67.0 years for women 

[170]. Life expectancy from diagnosis until death is three to five years on average. With 

an average life expectancy in Germany without ALS of 79.1 years for men and 84.1 for 

women nowadays, ALS reduces the lifetime of the patients a lot [257]. For those affected, 

diagnosis is often devastating especially because no cure for ALS exists. The treatment is 
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mainly supportive and palliative. Riluzole is the only available drug so far and is believed 

to prolong survival for some months, but only if taken early enough [180].  

Taken together, ALS remains a severe disease affecting mostly “young” and otherwise 

quite healthy people. Until today, many mechanisms behind the disease remain unclear. 

Further investigation is still needed urgently for understanding the exact causes and 

eventually for developing an effective treatment. 

1.1.1.2 Pathology 

Patients with ALS show a progressive weakness of muscles with fasciculations, cramps 

and more prominent reflexes. Eventually, the disease leads to a complete paralysis of the 

muscles. These symptoms are caused by the degeneration of the upper and lower motor 

neurons. Symptoms usually initialize in the extremities but can also start in the bulbar 

region [35]. The exact reasons for the degeneration of motor neurons still remain un-

known. Several mechanisms have been proposed so far and in total it seems as if ALS is a 

disease of multifactorial origin. There are many factors that were identified to play a role 

in the course of the disease. Mostly these were discovered by finding and studying dis-

ease causing mutations: The first one discovered in ALS was the mutation of superoxide 

dismutase 1 (SOD1) in 1993. This protein is normally involved in the reduction of oxygen 

radicals in the oxidative chain [234]. It was shown that motor neurons in ALS show signs 

of oxidative damage, which can be mediated by SOD1 mutations [80]. Due to its early 

discovery, SOD1 mutated mice have been one of the major animal models to study ALS. 

However, the oxidative chain does not necessarily play a major role in all cases of ALS. 

Thus, there is a number of other disease models. Other factors which were discussed to 

be important for the disease are the disruption of axonal cell trafficking [154, 220], accu-

mulation of prion like proteins like Tar-DNA binding protein 43 (TDP43) and protein fused 

in sarcoma (FUS) [12, 152], changes in the innate immune system, for example, with 

TANK binding kinase 1 (TBK1) being affected [127, 290], and excitotoxicity [177, 236]. In 

the end, these changes lead to the death of motor neurons. Still, they are not the only 

cells affected, but also glial cells change in the course of the disease, promoting motor 

neural death or -survival. These roles can change, depending on the state of the disease, 

but also depending on the mutations involved.  
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1.1.1.3 ALS associated mutations 

More than 20 ALS causing mutations have been found so far [7] and still more mutations 

are being discovered every year. The most common mutations are depicted in Table 1. In 

this thesis, two of these mutations and their effect on the course of the disease have 

been looked at more closely: A heterozygous loss of function mouse model of TBK1, a 

knock in mouse model of human TDP43 with a G298S mutation and a combination of 

both models. 

Table 1. Common mutations found in familial ALS: table excerpt from [7], licensed under CC BY-NC 3.0, 
www.creativecommons.org/licenses/by-nc/3.0/ 

C9ORF72 (chromosome 9 orf72), fALS (familial ALS), FUS (fused in sarcoma), OPTN (optineurin), SOD1 (superoxide dis-
mutase 1), SQSTM1 (sequestosome 1), TBK1 (TANK binding kinase1), TDP43 (Tar-DNA binding protein 43) 

Mutation in Frequency 

in fALS (%) 

Publication gene effects 

C9ORF72 39.3 Renton et al 2011 [225] autophagy 

FUS 4.1 Kwiatkowski et al 2009 [153] Formation of aggregations 

OPTN 2.6 Maruyama et al 2010 [184] autophagy 

SOD1 12 – 23.5 Rosen et al 1993 [234] Degradation of radicals 

SQSTM1 1.8 Fecto et al 2011 [78] autophagy 

TBK1 5.2 Freischmidt et al 2015 [84] autophagy 

TDP43 5.0 Arai et al 2006 [12] Formation of aggregations 

1.1.1.3.1 TBK1 

TANK-binding Kinase 1 or tumour necrosis factor (TNF) associated nuclear factor kappa B 

(TANK) binding kinase 1 (TBK1) was first discovered in 1999 as a kinase which is important 

for the activation of the nuclear factor kappa B (NFκB) via Toll like receptors [219]. One of 

the activators of TBK1 is TNF receptor associated factor 3 (TRAF3) [224], and via its down-

stream signalling cascade it has many different functions. It phosphorylates p65, which 

then leads to activation of NFκB [44], hence its name. It is also important for the innate 
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immune system by preventing bacteria from entering into the cytosol and by maintaining 

the integrity of microbe containing vacuoles [223]. Furthermore, it is crucial in defending 

the cells from DNA-viruses [194] as the activation of stimulator of interferon genes 

(STING) and subsequently TBK1 leads to interferon production [123]. This makes TBK1 a 

target for common viruses such as herpes simplex and varicella to block [60, 129, 174, 

274]. Additionally, TBK1 is important for autophagy: the physiological process in starva-

tion periods and the pathological autophagy of bacteria, which is mediated by interleukin 

(IL) -1β [217], as well as mitophagy by phosphorylating molecules such as optineurin 

(OPTN) and p62 and thereby enhancing their ability to ubiquitinate mitochondria [187, 

228]. This connection also works vice versa, as phosphorylated OPTN is important for the 

activation of TBK1, creating a powerful self-enhancing feedback loop [97]. The various 

pathways TBK1 is involved in are depicted in Figure 1. 

 

Figure 1. Signalling pathways of TBK1: TBK1 is activated by DNA viruses via TLR4 and STING and by bacteria via TLR3 
and IL-1β. Vice versa some DNA viruses can also block TBK1 directly. Upon activation, TBK1 phosphorylates NFκB, inter-
acts with AQP1 and IRF3 and mediates activating effects on autophagosomes and mitophagy via the phosphorylation of 
OPTN and interaction with NDP52, TAX1BP1 and p62, which in turn mediate ubiquitination. ALS (amyotrophic lateral 
sclerosis), AQP1 (aquaporin), DNA (deoxyribonucleic acid), IFN (interferon), IL (Interleukin), IRF (interferon regulatory 
factor), LPS (lipopolysaccharide), NDP (Calcium-binding and coiled-coil domain-containing protein2), NFκB (Nuclear 
factor kappa B ), OPTN (optineurin), p62 (sequestosome-1), STING (stimulator of interferon genes), TANK (TNF receptor 
associated NFkB), TAX1BP1 (Tax1-binding protein 1), TBK1 (TANK-binding kinase 1), TLR (toll like receptor), TRAF (TNF 
receptor associated factor). 
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In the context of ALS, TBK1 first appeared in 2015 when several studies performed ge-

nome wide exon sequencing in order to find new genes which increase the risk of devel-

oping ALS. One of the findings was a mutation, or a heterozygous loss of TBK1 [56, 84], 

marking it a rare cause of ALS [84, 293], with the mutations impairing, for example, the 

interaction of TBK1 with TANK and OPTN [293]. More frequently, mutations in TBK1 have 

been found in frontotemporal dementia (FTD) [94], a disease closely linked to ALS due to 

its common genetic background, or mixed cases of ALS/FTD [156]. Furthermore, as seen 

in Figure 1, several members of the downstream signalling cascade of TBK1 are also loca-

tions for ALS mutations, like OPTN and p62 [6, 155, 184]. P62 is also a part of TDP43 con-

taining inclusions [13, 195], so the whole pathway might be more important for the de-

velopment of ALS than expected so far. Besides, TBK1 is also important for glial cells and 

especially for the reactions of microglia [186] on pathologic stimuli, with an upregulation 

of STING mediating the amount of neuroinflammation depending on whether this is hap-

pening in an acute or chronic setting of neurodegeneration [186, 199]. Additionally, the 

pathway TBK1 is involved in for innate immunity, is one, which is knocked out by a lot of 

viruses [129, 194, 243, 274], and could therefore also be affected in sALS patients. In oli-

godendrocytes TBK1 is an important factor for the in vitro maturation of myelin [285]. 

Taken together, the diverse roles TBK1 has within glial cells raises the question how glial 

cells behave in a heterozygous knockout model of TBK1, to changes happening within the 

glial cells but also within neurons. 

1.1.1.3.2 TDP43 

Trans activation region-DNA binding protein 43kDa (TDP43) was first described in the con-

text of human immunodeficiency virus (HIV) transcription modification, where it blocks 

DNA transcription complexes made by the virus [207]. Later on, it was discovered that the 

nuclear protein TDP43 could not only bind DNA but also certain RNA sequences, where 

TDP43 is important for the splicing process and exon skipping [41, 42]. It contains two 

RNA recognition motifs (RRM) and one glycine rich domain [41, 42, 207]. The homology of 

TDP43 within different species and taxa is very high, particularly in the two RRMs. This 

speaks for a highly preserved protein and therefore for a highly preserved function of 

TDP43 as well [283]. Furthermore, TDP43 has a lot of alternatively spliced isoforms and 



6 

 

even several pseudogenes, further supporting its important role and diverse functions in 

the cell nucleus [283], even though until today these functions are not entirely clear. 

In the context of ALS TDP43 first drew attention in 2006, when it was shown for the first 

time, that it forms cytosolic inclusions in neurons and glial cells in the grey and white mat-

ter of frontal, parietal and temporal lobes, in the brainstem and in the cerebellum of ALS 

and FTD patients [12]. Consequently, because of these findings it was suggested for the 

first time, that ALS and FTD actually belong to the same disease entity. Following this pub-

lication, several fALS cases and familial FTD as well as mixed forms (ALS/FTD) and sporadic 

ALS and FTD were all found to have TDP43 inclusions in common [149]. Furthermore, a lot 

of fALS cases have been found with mutations in the TDP43 gene [149]. 

In aberrant neurons of ALS patients, TDP43 is mainly found in the cytosol of cells [13, 

204], opposed to its localization within the nucleus of neurologically healthy control per-

sons. But how does TDP43 form cytoplasmic inclusions, if it is a nuclear protein? In 2008, 

Ayala et al. showed that TDP43 actually shuttles between the nucleus and the cytoplasm, 

with ongoing transcription being one of the major drivers into the nucleus. Furthermore, 

the C-terminal region and RRM1 seem to be important for the localization and the for-

mation of inclusion bodies [16]. This finding would explain how TDP43 can be present in 

the cytoplasm, but not why it forms inclusions. In the formation of inclusions, mainly the 

C-terminal end and the adjacent glycine rich region as well as parts of RRM2 are im-

portant [120, 131, 201, 288], with parts of the aggregate even unfolding prion like fea-

tures [288]. The reasons for the actual aggregate formation still have to be elucidated. 

Explanations offered comprise a range of multifactorial causes, such as cell stress [14], 

binding of zinc ions [90], dysfunction of heat shock proteins (HSP) [143], chronic inflam-

mation [57], or that the TDP43 protein is simply prone to form inclusions [130, 132]. The 

amount of inclusions correlates with the mediated toxicity [19], but until now it remains 

unclear, why motor neurons are especially prone to apoptosis mediated by TDP43 inclu-

sions. Since glial cells could mediate beneficial or harmful effects in the process as well, it 

would be interesting to also study their reactions on TDP43 associated neuronal death.  
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1.1.2 Parkinson’s disease 

Parkinson’s disease or shaking palsy was first described officially by Sir James Parkinson 

more than 200 years ago, even though the disease was already known to physicians long 

before, as for example doctors like Galen referred to it as well [89]. Sir Parkinson charac-

terised the disease as an “involuntary tremulous motion, with lessened muscular power, 

in parts not in action and even when supported; with a propensity to bend the trunk for-

wards, and to pass from a walking to a running pace: the senses and intellects being unin-

jured” (p. 223, [211]). Since then, not a lot changed in the description, but a lot was dis-

covered. 

1.1.2.1 Epidemiology 

Parkinson’s disease (PD) is the second most common neurodegenerative disease apart 

from Alzheimer’s dementia. In the general population the prevalence is around 1-2/1000 

in contrast to this number, approximately 1% of the over 60 years old is being affected. 

This number increases to up to 5% in 95-99 year old people [64]. Men have a higher risk 

to develop PD compared to women (2:1), this number reverses in subgroups older than 

75 [64]. Annual incidence rates range from 5-26/100,000 in the general population to 

346/100,000 being 65 and older [277]. Thus, PD is a disease of the elderly, which is gain-

ing considerable influence in an aging society. It has a huge impact on the private life of 

diseased and also on society as a whole, since all the medication available so far is not 

able to stop disease progression and loses its effect in average 8 - 10 years after initiation. 

1.1.2.2 Pathology 

Parkinson himself thought that the origin of the disease was a defect of the medulla spi-

nalis [211], only a century later it was discovered that destruction of the substantia nigra 

actually caused the same symptoms as PD and could thus be the responsible structure. It 

still needed more time for this hypothesis to be accepted by scientists [161]. Nearly 80 

years later α-synuclein mutations were found in families with inherited PD [218] and Lewy 

bodies, the pathological hallmark of PD, were found to be α-synuclein positive [280], thus 

making α-synuclein aggregation another disease defining pathological hallmark, which is 

also sufficient to kill neurons [73]. Braak et al. showed in 2003, that α-synuclein pathology 

is spreading in the brain in a very specific way, always using the same pathways and not 
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only affecting the substantia nigra, but also nearly every other part of the brain [33]. Still, 

it remains unclear why exactly α-synuclein inclusions begin to form and how they lead to 

neurodegeneration and neuronal death. In particular but not only dopaminergic neurons 

of the substantia nigra are affected. Even less attention has been paid to glial cells and 

their role in disease formation and progression. 

1.1.2.3 α-synuclein  

α-synuclein is a protein which was first described in 1994 in the context of Alzheimer’s 

dementia [126]. Soon afterwards it became evident that a common mutation found in 

families with inherited PD [197, 218] was actually located in the α-synuclein gene and that 

α-synuclein itself is also a major component of Lewy bodies. Lewy bodies are one of the 

pathological hallmarks of PD [253, 254], but also of other neurodegenerative diseases like 

multiple system atrophy [278, 281] and dementia with Lewy bodies [253, 254]. α-

synuclein under physiological conditions was first described to be found in synaptic vesi-

cles of the presynaptic terminals of neurons [125] and the nucleus [182]. Later on it was 

also found to be associated with mitochondria [75, 196], as well as the soma of neurons 

[196]. Further, astrocytes and oligodendrocytes showed clear α-synuclein staining in 

normal human brain tissue [196]. Even though a lot of research has been carried out, the 

exact function of α-synuclein still remains unclear. During development it seems to be 

expressed first in the cell soma and later on mainly at nerve terminals [20, 116]. For its 

occurrence at synapses, α-synuclein is therefore thought to play a regulative role at the 

synapses, even though this could not be proven until today [43]. It might furthermore be 

important for the energy metabolism of the cell, since it colocalizes with mitochondria 

[196] and increases ATP production when given to completely synuclein depleted mice 

[173] and if mice are depleted only for α-synuclein they exhibit problems in the oxidative 

chain [75]. Besides, α-synuclein might exhibit other functions, which are still unclear until 

today. 

There might be several pathways in which α-synuclein is involved and which in the end 

lead to neuronal and specifically dopaminergic neuronal cell impairment and death. One 

way could be the simple overexpression of α-synuclein in these cells, which seems to be 

neurotoxic [237], most likely by the formation of aggregates, which might still be partially 
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physiological [164, 169] but in the further process leads to insoluble filaments deposited 

as Lewy bodies [17]. Possible reasons for aggregation are numerous and still subject to 

discussion, since part of them have been only proven in vitro so far. They include oxida-

tive stress [109, 110], simple overexpression [92, 237] or reduced degradation, for exam-

ple caused by mutations [24], traumatic brain injuries [203, 260] or high dopamine levels 

[48, 83] amongst others. Also some of the medications which are available for PD partially 

work in diminishing the production of fibril formation [51, 66]. A second reason for the 

disease could be its prion like character [262] and that α-synuclein aggregates can be se-

creted by neurons and taken up by other cells [61], including glia. Evidence for this would 

be that PD always propagates itself in the brain through the same pathways and orders, 

always starting in the medulla oblongata and then propagating itself over the pontine 

(nuclei of nerves IX/X), tegmentum, midbrain (substantia nigra), basal prosencephalon 

and mesocortex to the neocortex [33]. Newer studies have shown, that PD might not ini-

tiate in the brain after all, but that primarily structures like the gut are affected [238] and 

that misfolded α-synuclein can spread throughout the whole body [271]. Unlike these 

hypothesises, little is known so far on the role glial cells in general play in the spreading of 

α-synuclein, and whether their reaction towards the protein differs depending on the 

brain region. 

1.2 Glial cells 

In 1856 Rudolf Virchow was the first one to propose that the brain not only contained 

neurons, but also neuroglia or Nervenkitt (nerve patty). Virchow thought of them as a 

purely stabilizing cell group for neurons, albeit important for the understanding of neuro-

logical diseases [276]. Meanwhile this view has changed. It is now clear that there are 

four major types of glia: astrocytes, microglia, oligodendrocytes and NG2-glia; each group 

with their own distinct functions and associated pathologies. A part of their reaction in 

defined neurodegenerative contexts shall be elucidated further here. 

1.2.1 Astrocytes 

After the first descriptions of neuroglia in 1856, the term astrocyte was first used by Mi-

chael von Lenhossék in 1895. He ascribed to astrocytes the function of a stabilizing cell 

group for neurons (“Stützzellen”) [162]. Since then, a lot has been found out about astro-
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cytes and it became evident that astrocytes fulfil multiple roles in the central nervous 

system (CNS). 

1.2.1.1 Physiological role of astrocytes 

Functions of astrocytes in the brain are various and new important roles are discovered 

every year. Their functions include the support of neurons with nutritious molecules like 

lactate [291], the buffering of potassium [21] and the maintenance of the neuronal cell 

homeostasis and their surrounding by internalizing neurotransmitters like glutamate and 

others [9]. The importance of this function is reflected by the tripartite synapse, meaning 

that every synapse is not only formed of neurons but always involves astrocytes, which 

not only maintain the synaptic function but also process and modulate the information 

obtained through the synapse [214]. This happens for example by the release of different 

substances like glutamate [212] or peptides [148, 189]. In accordance with this function, 

some studies have also shown that astrocytes are important for learning [107], thus they 

not only help to keep neurons and the brain functioning, but also improve these func-

tions. Apart from their role in neuronal maintenance, they are also involved in maintain-

ing the blood brain barrier by stimulating endothelial cells [62] and they are important for 

a relatively new discovered waste clearance system in the brain: the glymphatic system. 

Failure of astrocytes in the maintenance of this system might also be an important factor 

in the development of neurodegenerative diseases [128]. Apart from their physiological 

roles, astrocytes are also important when the brain is confronted with pathologic stimuli 

such as infections, injuries, or ischemia but also neurodegenerative diseases. They can 

respond to these stimuli with various reactions like reactivity, astrogliosis or the secretion 

of different substances [141, 151, 215, 249] and can form a glial scar in order to protect 

the brain from further harm [10]. An example of physiological astrocytes is shown in Fig-

ure 2. 
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Figure 2. Example of physiological astrocytes: in the picture astrocytes in the grey matter of the motor cortex of a 
healthy adult mouse are depicted. Blue = DAPI (Cell nuclei), white = glial fibrillary acidic protein (GFAP) (astrocytes), 
scale bar = 50µm 

1.2.1.2 Reactions of astrocytes in neurodegenerative diseases 

Astrocytes are reacting in basically all neurodegenerative diseases investigated so far. Still 

more thorough investigation has only started relatively recent. One of the main astrocytic 

reactions towards pathologic stimuli is (astro)gliosis, which is defined by an upregulation 

of glial fibrillary acidic protein (GFAP) as well as cell process hypertrophy in mild to mod-

erate cases and additional proliferation in severe cases. An astrocyte expressing some or 

all of these changes is called reactive astrocyte [252]. Still, the reactions mediated by as-

trocytes can be various and whether all these responses are helpful [10] or harmful [167] 

is still discussed controversially and might depend a lot on the context and time frame in 

which damages are taking place. In this thesis, two neurodegenerative diseases have 

been studied: ALS and PD. 

1.2.1.2.1 Astrocytes in ALS 

Astrogliosis in the brain of ALS patients has already been investigated quite early in the 

1990s and was thought to resemble astrogliosis mediated by cerebral infarction [151]. 

Only little later, it was also described in the spinal cord of ALS patients [239] leaving the 

question whether it was a cause of-, or a reaction to the disease. Before, not a lot of at-

tention had been paid to the role of astrocytes or glial cells in general in ALS. Further-

more, the research on astrocytes so far has been mostly concentrated on SOD1 mouse 

models, as they were the first ones accessible. Here, selective deletion of the SOD1 muta-

tion in astrocytes delayed disease onset and progression in the early phase of the disease 

therefor showing an important role of astrocytes in the initiation of ALS, but had no influ-

ence on disease progression during later phases [286, 296]. Another study supporting 
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these results showed that astrocytes of fALS patients co-cultured with normal motor neu-

rons cause motor neuron death [104, 192] and likewise astrocytes derived from sALS pa-

tients can induce motor neuron degeneration [221], all leading to the speculation that 

astrocytes play an important role in the disease. The mechanisms behind this phenome-

non still remain largely unknown. Aspects involved could be the release of neurotoxic 

factors by astrocytes, predominantly being toxic to motor neurons [198]. Furthermore, it 

seems as if an anti-inflammatory pathway for astrocytes mediated by injured motor neu-

rons is blocked in astrocytes carrying the SOD1 mutation [270]. Another pathomechanism 

astrocytes are involved in is an increase in excitotoxicity mediated by glutamate which 

was already shown to be increased in the cerebrospinal fluid (CSF) of ALS patients [236]. 

This mechanism might be mediated by the impairment of astroglial excitatory amino acid 

transporter 2 (EAAT2), which is a major transporter for glutamate in the CNS [38]. Exten-

sive glutamate in turn is toxic for neurons [172] and glial cells [106, 295]. Still, astrocytes 

in vitro seem to modify the response of motor neurons to an excess of glutamate and 

other amino acids in a neuroprotective way [177]. Nonetheless, they also tend to de-

crease autophagy in motor neurons [176, 268], a mechanism which can be impaired in 

ALS and seems to be involved in motor neuron death. Furthermore, lactate shuttling, a 

mechanism which motor neurons depend on in order to maintain their metabolism, is 

decreased in astrocytes under ALS conditions [178]. Additionally, reactive astrocytes con-

tribute to microgliosis in ALS [286, 296]. In contrast, astrocytes also seem to play a pro-

tective role in the course of the disease, for example the activation of NFκB within astro-

cytes can be beneficial or detrimental depending on the stage of the disease [208]. How-

ever, clinical trials aiming at improving the course of the disease via influencing astrocytes 

in ALS so far failed to show success [27, 59, 191]. In general, more about the behaviour of 

astrocytes in ALS has to be found out, not only validating the principles mentioned above, 

but also in order to discover further mechanisms involved in the emergence and course of 

the disease and to better characterise the interaction of astrocytes with other cell types. 

Furthermore, a focus should be laid on different disease models since the investigation of 

astrocytic reactions there could be a key feature in understanding the diversity of astro-

cytic reactions in the disease in general. 
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1.2.1.2.2 Astrocytes in Parkinson’s disease 

In the brain of patients with PD, reactive astrocytes mostly appear in the same areas as 

Lewy bodies and degenerating neurons [34]. It was hypothesized that astrocytes are im-

portant for the uptake and degradation of the α-synuclein protein [158, 159] and play a 

potential role in the spreading of α-synuclein, by taking it up and passing it on [49, 235], 

even though it is still discussed controversially, whether α-synuclein can spread from as-

trocytes to neurons [49, 171]. Still, the exact role which astrocytes play in the disease and 

whether it is beneficial or detrimental is not quite clear, yet. Expression of mutated α-

synuclein in astrocytes alone is enough to cause a PD like phenotype [102]. However, the 

other way round when transgene expression is confined to neuronal cells alone and as-

trocytic cells are spared, this is still sufficient to cause the disease [241]. Thus, astrocytes 

are not the solely responsible cell group. Furthermore, the role astrocytes play in combi-

nation with other glial cell types still needs to be further investigated. In this thesis, it 

should be thus further elucidated how astrocytes change with ongoing disease progres-

sion, whether they react towards α-synuclein stimuli the same in every part of the brain 

and how other glial cells react in combination with astrocytes. 

1.2.2 Microglia 

Microglia were first described by Pio del Rio Hortega in 1919, who hypothesized them to 

be cells of mesodermal origin, but also highlighted their role in brain pathologies, where 

they become very prominent [247]. 90 years later, it could be proven that these cells ac-

tually do originate from the mesoderm and enter the brain very early during brain devel-

opment [95]. 

1.2.2.1 Physiological role of microglia in health and disease 

Not like other brain cells, microglia, as seen in Figure 3 derive from macrophages but en-

ter the brain very early during brain development [95]. In the brain they express a very 

specific phenotype and fulfil a huge variety of tasks, which go far beyond the sole repre-

sentation of the innate immune system within the brain. During brain development, they 

are, for example, important for guiding neurons [256]. Postnatally, they help in the for-

mation of functioning synapses by pruning synapses of developing neurons [209]. Also in 

later phases, they assist to maintain the brain equilibrium by phagocyting apoptotic neu-
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rons [248]. Microglia are important in the innate immune system and therefore express a 

huge variety of receptors enabling them to recognize pathogen-associated molecular pat-

terns (PAMPs) as well as tissue damage associated molecular patterns (DAMPs) [18, 39, 

45, 82], allowing them to react to a huge variety of pathologic stimuli like inflammation, 

trauma, ischemia or neurodegeneration [54, 117, 282]. The reaction of microglia to 

pathologic stimuli is expressed by the term “activation” and eventually results in micro-

gliosis. Microglial activation is very specific to the stimulus and can include upregulation 

of phagocytosis, secretion of chemokines, proliferation and the mediation of neuropro-

tective or neurotoxic features amongst others [45, 85, 96, 144, 184, 185]. Microglia are 

not only influenced by external stimuli, but also interact with other glial cells. During brain 

development they are important for the survival of NG2-glia in the white matter as well 

as oligodendrocyte formation in the whole brain. In the adult brain they help to maintain 

the NG2-glia equilibrium [103]. Astrocytes seem to be important in pathological condi-

tions where they downregulate excessive inflammation in microglia [4, 193]. 

 

Figure 3. Example of microglia under physiological conditions: In the picture microglia in the grey matter of the motor 
cortex of a healthy adult mouse are depicted.  Blue = DAPI (Cell nuclei), white = Iba1 (microglia), scale bar = 50µm. 

1.2.2.2 Role of microglia in neurodegeneration 

Microglia are important in neurodegenerative diseases, but the role they are playing is 

not clear yet. On the one hand they react to harmful stimuli by the release of neurotoxic 

factors [96], and by changing their state of activation [11, 230], and on the other hand 
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they promote neuroprotective features, even more so, when neurons have to deal with 

excitotoxicity [136, 184, 185] or in neurodegenerative diseases [54] and aging brains 

[114]. 

1.2.2.2.1 Microglia in ALS 

In ALS patients, microglia are broadly activated in affected brain regions [137] and micro-

gliosis constantly worsens in the course of the disease of SOD1 caused ALS in mice, in con-

trast to astrocytes, where astrogliosis peaks before end stages and afterwards decreases 

again [105]. In general, microglia are activated in many known ALS-models, including mu-

tations in C9orf, TDP43 and OPTN amongst others [157, 181, 206, 255]. They seem to be 

more important in the later stages of the disease [30]. This also correlates with another 

finding: p38 mitogen activated protein kinase (MAPK) a marker protein involved in neu-

ronal degeneration but also expressed in glial cells, is upregulated in ALS-microglia, par-

ticularly in the later stages of the disease [267]. But do microglia actually harm motor 

neurons in the course of the disease or are they just reacting to a stimulus and may even 

try to protect the neurons? And if they are harmful, how do they exert their toxic effects? 

When only microglia carry the SOD1 mutation in otherwise healthy animals they are not 

sufficient to cause ALS. But vice versa, healthy microglia seem to be important, since 

wildtype (WT) microglia in otherwise diseased SOD1 animals slow down the advancement 

of a pathologic phenotype [22]. Furthermore, the activation and increased proliferation of 

microglia in diseased animals is enough to further accelerate disease progression [100]. 

The mechanisms by which microglia mediate these effects can be various. One possible 

explanation is that microglia increase oxidative stress which is toxic to motor neurons. 

Hints pointing towards this hypothesis are that many oxidative stress causing agents 

known to be secreted by microglia are elevated in the CSF of ALS patients [242, 265]. Still, 

it is not yet clear what kind of roles proinflammatory agents like TNFα, which is increased 

in activated microglia, play: On the one hand making them more toxic in some ALS mod-

els [292], on the other hand other studies showed that the absence of TNFα does not 

have any effect on disease progression [99]. Controversially, microglia nevertheless not 

only seem important for disease progression, but also help motor neurons with the clear-

ance of aggregated toxic proteins like TDP43 [255]. In summary, the role of microglia in 
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the disease remains unclear and further investigation is still needed. For a further elucida-

tion of microglial reactions other mouse models than SOD1, for example, the ones used 

here with mutations in TDP43 and TBK1 might be helpful. 

1.2.2.2.2 Microglia in α-synuclein pathology 

Microglia are important for the process of neurodegeneration in the course of PD. Acti-

vated microglia are found in many different affected brain regions in PD and other Lewy 

body diseases [121, 122], and attenuation of the activated state prolongs the disease 

[258]. Harms et al showed in 2017 that microglia and other immunocompetent cells mi-

grate towards α-synuclein [108] even before the onset of neurodegeneration. Additional-

ly, α-synuclein makes microglia more prone to react towards a proinflammatory pheno-

type [8], with a higher production of IL-1β and TNFα [115]. Furthermore, also proinflam-

matory stimuli like lipopolysaccharides (LPS) have a more severe effect on microglia 

primed with α-synuclein solution administered directly to the brain, even when LPS is 

only administered peripherally [58]. Still, microglia seem to need α-synuclein, as a knock-

out of α-synuclein in these cells leads to an increased activation but a decreased phago-

cytic ability and alterations in the cell morphology [15]. Furthermore, microglia are in-

volved in the uptake and degradation of α-synuclein fibrils, which is impaired by their 

activation [158]. To summarize, the role of microglia in synucleinopathies seems to be the 

one of a vicious circle with an increase of α-synuclein causing increased inflammation 

which in turn leads to exceeding depositions of α-synuclein and the combination of both 

leading to increased cell death. Still, it is not clear whether microglia only have a detri-

mental, or also a positive role. This might be particularly interesting in a setting of aging, 

which naturally causes slight neuroinflammation [133]. Besides, most of the experiments 

mentioned above have not taken other cell groups than microglia into consideration, 

which might further influence and modulate some of the microglial reactions. 

1.2.3 NG2-glia 

In contrast to other glial cell types, NG2-glia were discovered and first thought of as a 

distinct cell population only quite recently in 2002 [47]. Over the last years, they have 

acquired a lot of different names of which NG2-glia and oligodendrocyte progenitor cells 

(OPCs) are the most commonly used ones. 
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1.2.3.1 Physiological role of NG2-glia 

As the name oligodendrocyte progenitor cell indicates NG2-glia do proliferate and differ-

entiate into functional oligodendrocytes [163]. Yet, this is only half the truth. At least in 

the developing brain they can also become astrocytes in a region and time restricted 

manner [118]. However, this ability seems to be completely lost in the adult brain [135]. 

Throughout the brain they form direct glutamatergic and GABAergic synapses, as well as 

postsynapses, with neurons, even though the function of these synapses is not complete-

ly understood until now [26, 150, 168, 302]. One hypothesis is that glutamate, which is 

mainly secreted by less myelinated axons, is an important regulator of NG2-glia prolifera-

tion and differentiation [87]. Depending on the brain region, NG2-glia have different 

properties, as for example in the white matter (WM) they show more proliferation and 

differentiation than in the grey matter (GM) [69, 298]. Additionally, their distribution 

changes with a 1.5 times higher cell density of NG2-glia in the WM compared to the GM 

but otherwise it is relatively even all over the CNS as seen for example in Figure 4. NG2-

glia comprise around 2-3% in the GM and 8-9% in the WM of all CNS cells [63]. They also 

react to pathologic stimuli such as (traumatic) brain injury by proliferation and migration 

towards the wound, being part of an early response [69]. Likewise, in neurodegenerative 

diseases, they react, for example, with proliferation [179]; nonetheless, not a lot of stud-

ies have been performed so far on the role of NG2-glia in ALS and PD. 

 

Figure 4. Examples of NG2-glia: In the picture NG2-glia in the grey matter of the motor cortex of an 18 months old adult 
mouse are depicted. NG2-glia are distributed evenly throughout the area.  Blue = DAPI (cell nuclei), white = NG2 (NG2-
glia), scale bar = 50µm 
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1.2.3.2 NG2-glia in ALS 

NG2-glia in ALS seem to be mainly a reserve pool for the replacement of dying oligoden-

drocytes. Some studies already show proliferation of NG2-glia even before the onset of 

disease symptoms [134], others with the onset of disease [179]. In all of the cases, NG2-

glia proliferation increases in the disease course peaking at the end stages with an eleva-

tion of proliferation of up to 20 times compared to WT animals and subsequent differen-

tiation to replace dying oligodendrocytes [134, 179, 216]. Proliferation seems to be for 

the purpose of replacing dying oligodendrocytes, even though the newly generated oli-

godendrocytes do not manage to become fully myelinating oligodendrocytes and have 

diminished capacities to metabolically support axons [134, 216]. Whether NG2-glia only 

react to the stimuli of dying oligodendrocytes is not clear yet. At least the death of motor 

neurons alone is not enough to trigger proliferation [134]. In any case, NG2-glia seem to 

be important for the course of the disease in some mutations, since the knockdown of 

SOD1 in NG2-glia in sporadic and familial cases of ALS in induced pluripotent stem cells 

(iPSC) is enough to reverse the disease, whereas the same knockdown in mature oli-

godendrocytes does not have an effect on the outcome. The reasons for this effect still 

need to be elucidated [79]. 

1.2.4 Oligodendrocytes 

Oligodendrocytes were first described as a distinct cell type which ensheathes axons by 

Pio del Rio Hortega in 1921 [65]. Three years later, it was proposed that the myelin, which 

is wrapping around the axons for electrical insulation, is actually produced by oligoden-

drocytes [213] and in 1968 it was finally accepted that the myelin sheaths were actually 

part of the oligodendrocytes [40], thereby marking their main functions: the electrical 

insulation and metabolic support of axons. 

1.2.4.1 Physiological role of oligodendrocytes 

Oligodendrocytes ensheath axons with myelin and thereby insulate them electrically, 

contributing to the rapid transmission of nerve signals in the CNS. Since the axons of neu-

rons can grow very long and need a lot of energy, axons vitally depend on oligodendro-

cytes for their maintenance, for example by shuttling of energy metabolites like lactate 

[86, 160]. One of the main transporters for this is monocarboxylate transporter 1 (MCT-



19 

 

1). But they can not only donate but also take up metabolites from the environment 

[229]. Also, neurons seem to be able to communicate with oligodendrocytes via GABAer-

gic and glutamatergic receptors [25], promoting, for example, an increased myelin pro-

duction [93, 190]. It is not surprising that oligodendrocytes are also affected in neurologi-

cal diseases like ALS and PD.  

1.2.4.2 Pathological role of oligodendrocytes 

Oligodendrocytes have not been the focus of research for neurological diseases so far. 

One exception might be multiple system atrophy (MSA), another synucleinopathy. Here, 

oligodendrocytes are the mainly and primarily affected cells, with their affection second-

arily causing neurodegeneration [210]. Besides, in other neurodegenerative diseases oli-

godendrocytes are affected, but whether they are primarily or secondarily affected still 

needs to be elucidated. 

1.2.4.2.1 Oligodendrocytes in ALS 

Oligodendrocytes seem to be important in the course of the disease. Still, so far they have 

not been investigated thoroughly. Oligodendrocytes carrying the SOD1 mutation alone 

are enough to cause the death of healthy motor neurons [79]. TDP43, which is also 

known to form aggregates in the disease and within oligodendrocytes [231], is physiologi-

cally needed for oligodendrocyte function and survival [284]. But how do oligodendro-

cytes contribute to disease progression? It has been shown so far for patients and SOD1 

mouse models, that one of the major mechanisms involved, is the diminished expression 

of the lactate transporter MCT-1, which is needed for motor neuron survival [160]. In 

models of ALS patient derived iPSC motor neurons, the enrichment of the cell medium 

with lactate could partially save the phenotype [79]. Furthermore, oligodendrocytes are 

so severely affected in the disease that most of them as a reaction become apoptotic 

[216]. Apoptotic cells are replaced by differentiating NG2-glia, even though these new 

oligodendrocytes never gain the functionality of normal mature cells, since the expression 

of myelin basic protein (MBP) is diminished and MCT-1 is blocked directly by SOD1 [216]. 

The downregulation of MCT-1 might not be the only mechanism by which oligodendro-

cytes are affected, since rescue mechanisms targeting oligodendrocytes via potassium 

channel blockers but not MCT-1 also seem to have a positive outcome on the motoric 
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phenotype of diseased animals [142]. Still, the function of oligodendrocytes in models 

other than SOD1 should be investigated further, since the role this cell type plays in the 

onset and course of the disease still remains largely unclear. 

1.2.4.2.2 Oligodendrocytes and NG2-glia in α-synuclein pathology 

Even though oligodendrocytes play an important role in MSA, another α-synucleinopathy, 

not a lot of attention has been paid to NG2-glia or oligodendrocytes in the context of PD. 

In MSA, α-synuclein inclusions are commonly found in oligodendrocytes [269] and ex-

pression of α-synuclein in oligodendrocytes alone is enough to trigger a disease like phe-

notype in mice [246, 297]. Also in PD brains oligodendrocyte inclusions are found [279]. 

The question whether α-synuclein is generated in oligodendrocytes directly or can be 

passed on from neurons and taken up by oligodendrocytes is still discussed controversial-

ly, with only in vitro studies confirming the uptake hypothesis so far [226]. For NG2-glia, 

α-synuclein seems to only have a minor effect on their numbers in PD [1]. α-synuclein 

seems to be generally downregulated when NG2-glia start their differentiation into oli-

godendrocytes [70, 77] and the expression of human α-synuclein in rat oligodendrocytes 

leads to shorter processes and diminished amounts of MBP in the beginning. These reac-

tions are only transiently and vanish completely with maturation [70, 77]. What kind of 

effect long term exposure has on the behaviour of NG2-glia and oligodendrocytes and 

particularly NG2-glia proliferation is not yet fully understood and elucidation of this sub-

ject was one of the aims of this thesis. 

1.3 Aim of the project 

Glial cells have been the long forgotten partner in neurodegenerative diseases and only 

recently, they have gained more attention and have moved further into the focus of neu-

roscientific research. Still, a lot of studies so far have each only taken one group of glial 

cells into account and thus missed out on depicting the vast interactions of different 

groups of glial cells with each other and with neurons in the context of disease. Further-

more, in most of the studies, only defined brain regions and the reactions of cells therein 

have been looked at, but seldom was the reaction of different glial cell groups in different 

brain regions compared with each other. This thesis aims at adding one piece of the puz-

zle by describing the changes of numbers of the different types of glia in different brain 
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regions in neurodegenerative diseases, uncovering the behaviour of glial cells in partially 

new disease models of ALS and PD and also showing the interactions of different cell 

types with each other.  
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2 Materials and methods 

2.1 Materials 

All materials that have been used in this thesis are mentioned in the tables below. 

2.1.1 List of materials 

Table 2. List of materials: 

Product Company Catalogue number 

15ml High-clarity polypropylene 

conical tube 

Falcon 352096 

24 well cell culture cluster Costar 3524 

50ml Polypropylene conical tube Falcon 352070 

Adhesive crepe tape without in-

dicator, blue 

Interlock  

Medizintechnik 

01508 

Aluminium foil Toppits 6948150571133 

Cellstar tubes 50ml Greiner bio-one 227280 

Cover slips, square or rectangular ROTH 1871.2 

Disposable hypodermic needle 

G26 

Braun 4657683 

Disposable hypodermic needle 

G27 

Braun 4657705 

Disposable pasteur pipettes, 

graduated (3ml) 

ROTH EA65.1 

Disposal bags ROTH E706.1 

Filtering half mask Silv-Air 3310 Uvex 8733310 

Insuline U-100 syringes with ster-

ile interior 0.5ml 

BD Micro-Fine 324825 

Kimtech Science 100 Kimberly Clark KIMB 7102 

Kombi-Rack 4 in 1 ROTH KO85.1 

Light protection tubes, brown ROTH KL46.1 

Table to be continued on page 23 
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Continuation of Table 2. List of materials. 

Product Company Catalogue number 

Measuring cylinder 1000ml Schott Duran  

Measuring cylinder 100ml Schott Duran  

Measuring cylinder 500ml Schott Duran  

Microscope slides  ROTH H870 

Mini scissor FST by Dumont 9150009 

Multi-Safe seal tubes, natural 

0.5ml 

ROTH 7060.1 

Multi-Safe seal tubes, natural 

1.5ml 

ROTH 7080.1 

Multi-Safe seal tubes natural 

2.0ml 

ROTH 7083.1 

Original Perfusor line Braun 8722862 

Parafilm M Biozym 743310 

Pincette curved Wironit/ Hammacher 11110 

Pincette with curved ends FST by Dumont 1125240 

Pincette with straight ends  FST by Dumont 9115020 

Pipette 0.2-2µl Gilson ML53175 

Pipette 1-10µl Gilson MM50007 

Pipette 10-100µl Gilson NG51941 

Pipette 100-1000µl Gilson NN50887 

Pipette 2-20µl Gilson NM53066 

Pipette 20-200µl Gilson MM51270 

Pipette tip 10µl, neutral Sarstedt 701130600 

Pipette tip 200µl Sarstedt 70760502 

PTFE stirring bar 20x6mm Cowie 001120 

PTFE stirring bar 25x8mm Cowie 0012925 

Quality pipette tips 100-1000 µl Sarstedt 70762100 

Table to be continued on page 24 
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Continuation of Table 2. List of materials. 

Product Company Catalogue number 

Safe-lock tubes 0.5ml, amber Eppendorf 0030121155 

Scissor medium FST by Dumont 9146011 

Scissor small FST by Dumont 1409109 

Sekuroka-waste disposal bins ROTH YK90.1 

Serological pipette 10ml Sarstedt 861254001 

Serological pipette 25ml Sarstedt 861685001 

Serological pipette 5ml Sarstedt 861253001 

Sterile surgical blades Braun BB510 

Steriplan petridishes  Duran Group 237554608 

TC Plate 48 Well, standardF Sarstedt 833923005 

Tissue tek Sakura Finetek 4583 

TSA Fluorescein kit PerkinElmer NEL701A001KT 

Tubes 5.0ml Nerbeplus 042521000 

Vasco nitril blue S gloves Braun 9209817 

Weight boat Heathrow scientific 6110094 

Wipers WypAll 7301060 

 

Table 3. List of machines: 

Product Company number 

Accu-jet pro BRAND 17L42063 

Axiovert 200M Zeiss 3820005558 

Centrifuge Sunlab SU1550 

Chemical scale Kern PBS PBS4200-2M 

Comfort freezer Liebherr GS318324 

Comfort fridge Liebherr  

Confocal microscope Leica Dmi8 CS SPE 

Digital pH-meter WTW 34272199 

Table to be continued on page 25 
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Continuation of Table 3. List of machines. 

Product Company number 

Hood labcontrol Trox Technik  

Icemachine Scotsman AF156 

Keyence microscope Biorevo BZ-9000 

Magnetic stirrer Heidolph 5030300000 

Magnetic stirrer, Type RCTEB IKA Labortechnik 872230 

Microscope Zeiss Axiovert 200M Zeiss 200M 

Microtome Leica CM1900 

Polymax 1040 shaker Heidolph 54342210003 

Pulse free flow peristaltic pump Gilson 61010112 

Thermo mixer F1.5 Eppendorf 5384FQ703845 

Timer ROTH TR118 

Vortex Genie 2 Scientific Industries G56OE 

Water bath Julabo 10185144 

2.1.2 List of chemicals 

Table 4. List of chemicals and medications: 

Name Brand Catalogue number 

5-Bromo-2-deoxyuridine (BrdU) Sigma B50021006 

Aqua-poly/mount Polysciences Inc. 186065 

Borax anhydrous Sigma 71996 

Bovine serum albumin Sigma A2153100G 

D(+)Saccharose  ROTH 46211 

di-Sodium hydrogen phosphate dihydrate Prolabo 28029.292 

Ethanol 70% ROTH T913.3 

Ethylenglycol Honeywell 102466-1L 

Glycerol Honeywell 15523-1LR 

Hydrochlorid acid solution Honeywell 35328-1L 

Hydrogen peroxide 30% Otto Fischer GmbH 55760 

Table to be continued on page 26 
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Continuation of Table 4. List of chemicals and medications. 

Name Brand Catalogue number 

Ketamin 10% Ketaminhydrochlorid WDT FS1670044WDD 

Paraformaldehyde (PFA) Sigma P6148 

Potassiumchloride Merck, Milipore 1049360500 

Potassiumdihydrogenphosphate Merck, Milipore 1048731000 

Rompun 2% Xylazin(hydrochlorid) Bayer 85677594 LV1701 

Sodium hydroxide solution Honeywell 35256-1L 

Sodium phosphate monobasic dihydrate Sigma 71505-1KG 

Sodiumchloride Sigma 53014-1KG 

Tri sodium citrate (dihydrate) Sigma 71405-1KG 

Triton-x 100% 4-1,1,3,3 Tetramethyl-

butylphenyl-polyethyleneglycol, t-Octylphen-

oxypolyethoxyethanol, Polyethylene glycol 

tert-octaphenylether 

Sigma 1002324354 

Tween 20, Polyoxyethylene-20-sorbitan 

monolaurate 

ROTH 9127.1 

 

 

2.1.3 Antibodies 

All antibodies used for staining are listed in the tables below. Primary antibodies were 

used first for directly marking antigen sites on the tissue, whereas secondary antibodies 

were used afterwards for the staining of primary antibodies. 
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2.1.3.1 Primary antibodies 

Table 5. List of primary antibodies: 

Antibody host Company Catalogue 

number 

Dilution Stains for 

Anti-α-

synuclein 

(15G7) 

rat Enzolifescience ALX-804-

258-L001 

1:100 α-synuclein 

Anti-APC 

(CC1) 

Mouse 

IgG 2b 

Calbiochem 

(Millipore) 

OP80 1:50 Oligodendrocytes 

Anti-BrdU Rat Abcam ab6326 1:250 Proliferating cells 

Anti-CD 45 Rat IgG2b BD Pharmigen 550539 1:250 Monocytes 

Anti-CD 68 Rat Abcam ab53444 1:250 Phagocytic mi-

croglia 

Anti-GFAP Mouse 

IgG 

Sigma-Aldrich G3893 1:300 Reactive astro-

cytes 

Anti-GFAP Rabbit Dako Z 0334 1:500 Reactive astro-

cytes 

Anti-Iba1 Goat Abcam Ab107159 1:300 Microglia 

Anti-Iba1 Rabbit Wako 019-19741 1:300 Microglia 

Anti-NG2 Rabbit Millipore AB5320 1:500 NG2-glia 

Anti-S100β Mouse 

IgG1 

Sigma-Aldrich S2532 1:500 Astrocytes 
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2.1.3.2 Secondary Antibodies 

Table 6. List of secondary antibodies: 

Antibody host Company Catalogue 

number 

Dilution 

Anti-α-goat IgG Alexa 

647 

Chicken Invitrogen (Thermo 

Fisher Scientific) 

A21469 1:250 

Anti-α-mouse IgG 

Alexa 647 

Goat Dianova (Jackson 

ImmunoResearch) 

115-606-072 1:250 

Anti-α-mouse IgG1 

Alexa 647 

Goat Invitrogen (Thermo 

Fisher Scientific) 

A21240 1:250 

Anti-α-mouse 

IgG2bAlexa 647 

Goat Invitrogen (Thermo 

Fisher Scientific) 

A21242 1:250 

Anti-α-mouse IgM 

Alexa 594 

Goat Invitrogen (Thermo 

Fisher Scientific) 

A21044 1:250 

Anti-α-rabbit Cy 5 Donkey Dianova (Jackson 

ImmunoResearch) 

711-157-152 1:250 

Anti-α-rat  Alexa 647 Goat Invitrogen (Thermo 

Fisher Scientific) 

A21247 1:250 

Anti-α-mouse IgG1 

Alexa 488 

Goat Invitrogen (Thermo 

Fisher Scientific) 

A11029 1:250 

Anti-α-rabbit Alexa 

488 

Donkey Invitrogen (Thermo 

Fisher Scientific) 

A21206 1:250 

Anti-α-rat Alexa 488 Donkey Invitrogen (Thermo 

Fisher Scientific) 

A21208 1:250 

Table to be continued on page 29 



29 

 

Continuation of Table 6. List of secondary antibodies:. 

Antibody host Company Catalogue 

number 

Dilution 

Anti-α-mouse IgG 

Cy3 

Goat Dianova (Jackson 

ImmunoResearch) 

A21208 1:250 

Anti-α-goat IgG Cy3 Donkey Dianova (Jackson 

ImmunoResearch) 

705-165-003 1:250 

Anti-α-rabbit Cy3 Donkey Dianova (Jackson 

ImmunoResearch) 

711-165-152 1:250 

Biotin polyclonal an-

tirat IgG (multiple 

adsorption) 

Goat Pharmigen 559286 1:250 

 

 

2.2 Mice 

Mouse experiments were performed in accordance with provisions of the German Animal 

Welfare Act (Tierschutzgesetz) and in line with the local guidelines of the Animal Research 

Center, Ulm University under the license numbers 0.190-9.TschB:w and 35/9185.81-

3/1343. 

2.2.1 Animal conditions 

Animals were kept at the Animal Research Centre, Ulm University. They were kept under 

standardized conditions with food and water ad libitum and a 14/10 h light/dark cycle. 

2.2.2 ALS mice 

8 weeks prior to their sacrifice, the mice got 2 weeks of BrdU, delivered to them via their 

drinking water (for the preparation of the solution see 2.3.1.2). BrdU was given to them in 
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order to mark proliferating cells during this 2 weeks period and is incorporated into their 

DNA [72, 74]. After a pause of 6 weeks, the animals were sacrificed at the age of 18 

months (17.1 – 19.6 months) (Figure 5). This was kindly executed by colleagues of the 

Dimou working group. After the sacrifice, mouse brains were collected and stored in 

storing solution. The procedure is explained in detail in 2.3.2. 

 

Figure 5. Experimental design: 8 weeks prior to the sacrifice, animals were given 2 weeks of BrdU and were sacrificed 
after a six weeks break. w (week). 

2.2.2.1 TBK1 mice 

Heterozygous B6.129P2-Tbk1tm1Aki mice (hereafter referred to as “TBK1 mice”) 

(http://www.informatics.jax.org/allele/key/29752); germline transmission first cited in 

Hemmi et al. 2004 [111] were used. Mice were kindly provided by the AG Weishaupt 

(Prof. Dr. Jochen H. Weishaupt Neurology Department, Ulm University, Albert-Einstein-

Allee 11, 89081 Ulm, Germany). 

2.2.2.2 TDP43 mice 

B6SJL-Tg (Thy1-TARDBP*G298S) S97Pcw/J. mice were used. They are also known as: 

Thy1.2-TDP43*G298S line S97. Transgenic mice expressing full-length mutant (G298S) 

human TARDBP under the Thy1 promotor and thus mostly in projection neurons [52]. 

These mice exhibit a late onset motor neuron disease and are further characterised in 

(https://www.jax.org/strain/017589). Mice were kindly provided by the AG Weishaupt 

(Prof. Dr. Jochen H. Weishaupt Neurology Department, Ulm University, Albert-Einstein-

Allee 11, 89081 Ulm, Germany). Hereafter they are referred to as “TDP43 mice”.  

2.2.2.3 TBK1/TDP43 mice 

B6SJL-Tg (Thy1-TARDBP*G298S)S97Pcw/J x B6.129P2-TBK1<tm1Aki> mice. Mice were 

kindly provided by the AG Weishaupt (Prof. Dr. Jochen H. Weishaupt Neurology Depart-

ment, Ulm University Albert-Einstein-Allee 11, 89081 Ulm, Germany). Hereafter referred 

to as “TBK1/TDP43 mice” 
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2.2.2.4 List of ALS mice used 

Table 7. List of ALS mice: f (female), ID (identifier), mo (months), sac (sacrificed), WT (wildtype). 

Animal ID Gender TBK1 TDP43 

G298S 

Date of 

birth 

sac Age (mo) BrdU 

WT        

486 f +/+ -/- 24.3.16 9.10.17 18m15d + 

581 f +/+ -/- 11.4.16 9.10.17 17m28d + 

603 f +/+ -/- 17.4.16 9.10.17 17m22d + 

605 f +/+ -/- 17.4.16 12.10.17 17m25d - 

609 f +/+ -/- 18.4.16 12.10.17 17m24d - 

TBK1         

342 f +/- -/- 22.2.16 9.10.17 19m17d + 

343 f +/- -/- 22.2.16 9.10.17 19m17d + 

344 f +/- -/- 22.2.16 9.10.17 19m17d + 

345 f +/- -/- 22.2.16 9.10.17 19m17d + 

350 f +/- -/- 26.2.16 9.10.17 19m13d - 

374 f +/- -/- 1.3.16 9.10.17 19m9d - 

485 f +/- -/- 24.3.16 9.10.17 18m15d - 

487 f +/- -/- 24.3.16 9.10.17 18m15d - 

Table to be continued on page 32 
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Continuation of Table 7. List of ALS mice. 

Animal ID Gender TBK1 TDP43 

G298S 

Date of 

birth 

sac Age (mo) BrdU 

TDP43        

363 f +/+ +/- 25.2.16 9.10.17 19m14d + 

375 f +/+ +/- 1.3.16 9.10.17 19m9d + 

447 f +/+ +/- 20.3.16 9.10.17 18m19d + 

568 f +/+ +/- 9.4.16 9.10.17 17m29d + 

591 f +/+ +/- 16.4.16 9.10.17 17m23d - 

636 f +/+ +/- 25.4.16 9.10.17 17m14d - 

682 f +/+ +/- 6.5.16 9.10.17 17m3d - 

683 f +/+ +/- 6.5.16 9.10.17 17m3d - 

TBK1/TDP43        

366 f +/- +/- 25.2.16 9.10.17 19m14d + 

373 f +/- +/- 1.3.16 9.10.17 19m9d + 

426 f +/- +/- 15.3.16 9.10.17 18m24d + 

428 f +/- +/- 15.3.16 9.10.17 18m24d + 

446 f +/- +/- 20.3.16 9.10.17 18m19d + 

492 f +/- +/- 27.3.16 12.10.17 18m15d - 

579 f +/- +/- 11.4.16 12.10.17 17m29d - 
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2.2.3 Parkinson mice 

8 weeks prior to their sacrifice, the mice got 2 weeks of BrdU, delivered to them via their 

drinking water (for the preparation of the solution see 2.3.1.2). After a pause of 6 weeks, 

the animals were sacrificed at the age of 10 months (10.1 mo) and 15 months (14.7 - 15.2 

mo) (Figure 5). This was kindly executed by colleagues of the Dimou working group. After 

the sacrifice, mouse brains were collected and stored in storing solution. The procedure is 

explained in detail in 2.3.2. 

2.2.3.1 α-synuclein mice 

B6.Cg-Tg(Camk2a-tTA)1Mmay/DboJ mice, obtained from Jackson laboratory, which ex-

press S1, S2, V1S and SV2 (described in Danzer et al., 2011 [61]), and thus human 15G7 α-

synuclein (hereafter referred to as “α-synuclein”) under a tretracycline transactivator 

(TRE) (and therefore a Tet-off System) under the control of the Calcium/calmodulin-

dependent protein kinase II α (CaMKIIα) promoter. Described in detail in Kiechle et al 

[140]. Transgene expression was not needed to be turned off by Doxycycline, as all con-

trol animals were wildtype for α-synuclein. Mice were kindly provided by AG Danzer (apl. 

Prof. Dr. Karin Danzer Department of Neurology Ulm university, AG Danzer, Albert-

Einstein-Allee 11, 89081 Ulm, Germany). Hereafter referred to as “α-synuclein mice”. 

2.2.3.2 List of α-synuclein mice 

Table 8. List of mice of the α-synuclein cohort: f (female), ID (identifier), m (male), mo (months), sac (sacrificed), tg 
(transgenic), wt (wildtype). 

Animal 

ID 

Gender α-synu-

clein  

born sac Age (mo) BrdU  

1386 f wt 9.2.2017 15.5.2018 15mo6d 20.3.18-3.4.18 

1387 f tg 9.2.2017 15.5.2018 15mo6d 20.3.18-3.4.18 

1437 f wt 23.2.2017 15.5.2018 14mo22d 20.3.18-3.4.18 

1438 f tg 23.2.2017 15.5.2018 14mo22d 20.3.18-3.4.18 

Table to be continued on page 34 
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Continuation of Table 8. List of mice of the α-synuclein cohort. 

Animal 

ID 

Gender α-synu-

clein  

born sac Age (mo) BrdU  

1439 f wt 23.2.2017 15.5.2018 14mo22d 20.3.18-3.4.18 

1501 m wt 31.5.2017 3.4.2018 10mo3d 5.2.18-19.2.18 

1502 m wt 31.5.2017 3.4.2018 10mo3d 5.2.18-19.2.18 

1503 m tg 31.5.2017 3.4.2018 10mo3d 5.2.18-19.2.18 

1504 m wt 31.5.2017 3.4.2018 10mo3d 5.2.18-19.2.18 

1506 f tg 31.5.2017 3.4.2018 10mo3d 5.2.18-19.2.18 

1508 f wt 31.5.2017 3.4.2018 10mo3d 5.2.18-19.2.18 

1514 f tg 31.5.2017 3.4.2018 10mo3d 5.2.18-19.2.18 

2.3 Methods 

All materials and chemicals used are listed in the tables of the material part. 

2.3.1 Preparation of solutions 

All solutions if not noted down differently were prepared and stored at room tempera-

ture. 

2.3.1.1 Blocking solution 

2.3.1.1.1 Bovine blocking solution 

 10ml PBS-T 0.5%/10ml  

 0.2g bovine serum albumin (BSA)/10ml 

Solution was stored at 4°C. 
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2.3.1.1.2 Goat blocking solution 

 9ml PBS-T 0.5%/10ml  

 1ml goat serum/10ml 

Solution was stored at 4°C 

2.3.1.2  BrdU-water 

BrdU was delivered to the animals via their drinking water. 

 1l autoclaved H₂O/l 

 1g BrdU/l 

 10g sucrose/l 

The solution was left to dissolve and covered from light at all times. 

Final concentrations: 

 1% sucrose 

 1mg/ml BrdU 

2.3.1.3 Citrate buffer  

10mM Citric acid, 0.05% Tween 20, pH 6.0 

 Citric acid (anhydrous) 1.92g 

 Distilled water 1l 

The pH of the solution was adjusted to 6.0 with 1N NaOH, then 0.5ml Tween 20 were 

added. The solution was stored at 4°C. 

2.3.1.4 DAPI 

 diluted 1:1000 in 1x PBS 

2.3.1.5 HCl 

 2N HCl 

2.3.1.6 H₂O₂ 

 1% H₂O₂ diluted in 1x PBS 
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2.3.1.7 Natriumboratebuffer (Na₂B₄O₇) pH=8.58 

 0.1 M  

 1l H₂O/l 

 20.122g Borax/l 

The pH was adjusted to 8.58 by using 2N HCl or NaOH. 

2.3.1.8 PBS 10x 

 1l H₂O/l 

 87.65g/l NaCl 

 11.7 g/l Na₂HPO₄ 

 2.4 g/l NaH₂PO₄ 

 2g/l KCl 

pH = 7.3 

2.3.1.9 PBS 1x 

 900 ml H₂O 

 100ml PBS 10x 

2.3.1.10 PBS-T 0.5% 

 500ml pH adjusted 1x PBS/500ml 

 2.5ml of 100% Triton-x/500ml 

2.3.1.11 PFA 20 %, pH=7.4 

67g/l Na₂HPO₄x2H₂O were dissolved in 800ml/l H₂O and heated to 60°C. Then 200g PFA 

powder/l were dissolved in the solution and 32% Sodium hydroxide solution was added 

until the PFA was completely dissolved (ca 5ml). Next, the solution was cooled down in 

ice and the pH was corrected with concentrated 2N HCl to 7.4. 

The solution was filtered with filter papers and stored at -20°C. 

2.3.1.12  PO₄ Buffer 10x 0,25M pH 7.2-7.4  

 NaH₂PO₄x2H₂O 65g 

 NaOH 15g 
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 5N HCl (pH 7.2-7.4) to adjust pH (ca 2ml) 

Filled up with H₂O to 400ml. 

2.3.1.13  Storing solution for floating sections 

 Glycerol 300ml/l 

 Ethylenglycol 300ml/l 

 H₂O bidest 300ml/l 

 PO₄ Buffer 10x 100ml/l 

2.3.2 Preparation of brains 

2.3.2.1 PFA perfusion 

Perfusions were kindly performed by colleagues of the Dimou working group. For the per-

fusion, the animals were deeply anaesthetized with Ketamin/Rompun, and then perfused 

to the heart with 6min of 1x PBS, followed by 22min of PFA (4%). Brain and spinal cord 

were collected and put into 4% PFA for one hour for post fixation. Afterwards, they were 

transferred into 30% sucrose overnight. 

For storing, brains were washed 3x10mins in 1x PBS and then put into storing solution 

and stored at -15°C. If they were used directly, they were also washed 3x10 mins in 1x 

PBS and then left in 1x PBS for further processing, e.g. cutting. 

2.3.2.2 Cryosections 

To prepare the brain for cryosections, they were transferred into 1x PBS for rehydration if 

they were previously stored in storing solution. Following this procedure, they were pre-

pared for freezing in the microtome (Leica microsystems GmbH, Wetzlar, Germany) and 

cut when frozen. The cryostat chamber was put at 0°C, the table at -25°C. The cutting 

thickness was 30µm. Olfactory bulbs were cut and stored separately from the rest of the 

brain for the α-synuclein mice and their wildtype controls. The cut brains were kept in 1x 

PBS for further processing or were put into storing solution for storing at -15°C. 
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2.3.3 Staining and image acquisition 

Brains were first stained by using primary and secondary antibodies as described in the 

sections below and afterwards images were taken with different microscopes depending 

on the purpose for which the image was used. 

2.3.3.1 Staining of free floating section 

All steps, if not noted down differently took place at room temperature and the slices 

were kept shaking on a shaker.  

The brain slices were washed 3x 10 min in 1x PBS if they were stored in storing solution. If 

they were already in 1x PBS, this step was left out. For the blocking of unspecific binding 

sites, slices were put into blocking solution for 1h (the preparation of blocking solution 

depended on the antibodies used, and is noted in 2.3.1.1). Afterwards, they were incu-

bated at 4°C overnight with primary antibodies, which were diluted in blocking solution. 

The antibody concentration is noted in Table 5. Afterwards, the slices were washed 3x 

10min in 1x PBS and then incubated in secondary antibodies for 2h at room temperature. 

The antibodies were diluted in blocking solution, for antibody concentration see Table 6, 

and matched the primary antibodies. In case of need, after this step it was proceeded 

with the antigen retrieval, which is noted in 2.3.3.2. If not or afterwards, slices were put 

1x 5min into DAPI (1:1000 in 1x PBS) for nuclear staining and washed 3x 10min in 1x PBS 

to dispose of excessive staining material. Following the staining, the slices were mounted 

on an objective slide, left to dry and covered with Polymount and a cover slip. In order to 

prevent bleaching, slices were covered from light at all times as soon as the incubation 

with the secondary antibodies started. 

2.3.3.2 Antigen retrieval 

2.3.3.2.1 HCl treatment (here used for BrdU staining) 

Any stainings as noted in 2.3.3.1 preceded the antigen retrieval. 

All steps, if not noted down differently, took place at room temperature and the slices 

were kept shaking on a shaker and covered from light at all times.  

As noted in 2.3.3.1, antigen retrieval started after the incubation with the secondary anti-

bodies. Slices were washed 3x 10min in 1x PBS to dispose of excessive staining material. 
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Then, the tissue was fixated in 4% PFA (diluted in 1x PBS) for 4min. After this treatment, 

the slices were washed 3x 10min in 1x PBS and in the following step put into 2N HCl for 

1h for antigen retrieval. Afterwards, slices were washed 3x 10min in 1x PBS. For buffering, 

they were transferred into Natriumboratebuffer for 2x 15min and subsequently washed 

3x 10min in 1x PBS. For the binding of the new antigen sites, the slices were incubated 

with primary antibodies at 4°C overnight, this time including the antibody which the anti-

gen retrieval aimed at (here BrdU). For the blocking of unspecific binding sites the primary 

antibodies were diluted into blocking solution. The antibody concentration is noted in 

Table 5. Following this treatment, the slices were proceeded in the same way as men-

tioned in 2.3.3.1 after the incubation with primary antibodies. 

2.3.3.2.2 Citrate treatment (here used for α-synuclein stainings) 

Any stainings as noted in 2.3.3.1 preceded the antigen retrieval. 

All steps, if not noted down differently, took place at room temperature and the slices 

were kept shaking on a shaker and covered from light at all times.  

As noted in 2.3.3.1, antigen retrieval started after the incubation with the secondary anti-

bodies. Slices were washed 3x 10min in 1x PBS to dispose of excessive staining material. 

Then the tissue was fixated in 4% PFA (diluted in 1x PBS) for 4min. After this treatment, 

the slices were washed 3x 10min in 1x PBS. For the retrieval of antigen sites, the slices 

were put into citrate buffer for 20 min at 95°C. Afterwards, they were left to cool down at 

room temperature for 15 min and subsequently washed 3x 10 min in 1x PBS. For the 

binding of the new antigen sites, the slices were incubated with primary antibodies at 4°C 

overnight, this time including the antibody which the antigen retrieval aimed at (here α-

synuclein). For the blocking of unspecific binding sites, the primary antibodies were dilut-

ed into blocking solution. The antibody concentration is noted in Table 5. Following this 

treatment, the slices were proceeded in the same way as mentioned in 2.3.3.1 after the 

incubation with primary antibodies or further processed, if an antibody amplification as 

seen in 2.3.3.2.3 was used. 

2.3.3.2.3 Antibody amplification (here used for alpha-synuclein) 

For the antibody amplification, a TSA Fluorescein kit (PerkinElmer, NEL701A001KT) was 

used. The first two days were the same for the antigen retrieval by citrate treatment and 
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the antibody amplification and can be read in 2.3.3.2.2. As with the antigen retrieval, any 

stainings for other antibodies preceded the antigen retrieval.  

Following the second incubation with primary antibodies, the slices were washed 3x 

10min in 1x PBS and afterwards incubated in secondary antibodies for 2h at room tem-

perature. The antibodies were diluted in blocking solution, for antibody concentration see 

Table 6 and matched the primary antibodies. The secondary antibodies were chosen in a 

manner that the third channel (laser with 564 nm) was left free and instead of a second-

ary antibody for α-synuclein, α-biotinylated rat antibody was used. After the incubation, 

the slices were washed 3x10min in 1xPBS to dispose of excessive staining material. Then 

the slices were transferred into 1% H₂O₂ (diluted in 1x PBS) for 30 minutes, and again 

washed 3x10min in 1x PBS. Following that, they were incubated in Streptavidin- horserad-

ish peroxidase (HRP) 1:100 in 1xPBS overnight at 4°C. Afterwards, the slices were washed 

3x 10min in 1x PBS and subsequently incubated for 8min in fluorophore tyramide 1:50 

diluted in amplification diluent (of the HRP kit). Following this step, slices were put 1x 

5min into DAPI (1:1000 in 1x PBS) for nuclear staining and proceeded as described in 

2.3.3.1.  

2.3.3.3 Antibodies used 

The most commonly used antibodies for staining were: GFAP, for reactive astrocytes in 

the grey matter and all astrocytes in the white matter [76, 183, 202]. Iba1, which stains all 

sorts of microglia [124] and CD68, for phagocytic microglia [112]; NG2, for NG2-glia [46]; 

CC1, for mature oligodendrocytes [29]; and BrdU, which stains because of its administra-

tion 8 - 6 weeks prior to the animals sacrifice, former proliferating cells [28, 101]. 

2.3.3.4 Image acquisition 

For the acquisition of α-synuclein staining overview pictures, a Keyence microscope was 

employed (Keyence Deutschland GmbH, Neu-Isenburg, Germany). For quantifications, 

images were taken at a confocal microscope using fluorescence lasers (Leica microsys-

tems GmbH, Wetzlar, Germany). Laser intensity and gain was adapted for each staining, 

e.g. DAPI/NG2/BrdU/CC1, but was not changed within the same staining and different 

pictures and animals of it. The images taken were multi-layered with a layer thickness of 

0.6µm and a total thickness of 15µm. Regions for image acquisition were chosen accord-
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ing to the reference of Allens brain atlas of the mouse [2]. When several pictures of one 

brain region were taken, per side and slice a maximum of one picture was taken.  

2.3.4 Quantifications 

Quantifications were made with the computer program Fiji, which was used for loading 

and quantifying the images [240]. Cells were quantified if they showed the cell type typi-

cal-, or staining typical cell morphology, contained a nucleus and were traceable in more 

than one layer of the image. If the cells were at the border of the image, they were 

counted if located either at the upper-, or at the left rim of the image. A cell was counted 

as BrdU positive, if the nucleus was completely BrdU positive, while only lightly spotted 

nuclei were not counted as BrdU positive. A cell was recognised as CD68 positive if more 

than 50% of the visible cell soma (excluding the processes) showed a CD68 signal, com-

pared to the Iba1 signal. The person quantifying was blinded concerning the different 

groups. Every second picture was quantified twice to confirm the liability of the quantifi-

cations made. 

2.4 Statistics 

Statistics was performed using the program Graph Pad Prism 6 (GraphPad Software, San 

Diego, California, USA). Due to the limited number of brains, three separate quantifica-

tions per brain were made in order to perform the statistics. Whenever possible, these 

results were backed up by statistics performed with the mean of the three quantifica-

tions. Data were presented as average + standard error of the mean (SEM). Since the dif-

ferent groups were not paired, and a non-Gaussian distribution was assumed, as a statis-

tical test Mann-Whitney test was chosen, which compares ranks with each other. Signifi-

cant data were reported as *p<0.05, **p<0.01 and ***p<0.001. 
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3 Results 

3.1 ALS mouse models 

In the ALS mouse models, the motor cortex as shown by the dark purple area in Figure 6A 

and the adjacent white matter were chosen to be analysed, since ALS is a disease where 

mainly motor neurons degenerate. For analysis, the motor cortex was further split into 

upper and lower layers. The upper layers represent the upper half of the grey matter, 

which eventually touches the brain surface and the lower layers the lower half of the grey 

matter, which is adjacent to the white matter. Upper and lower layers were separated by 

taking the middle of the whole length of the grey matter as the separation line as shown 

in Figure 6B. Grey and white matter were separated by the different arrangement of the 

nuclei. 

 

Figure 6. Representative images of the motor cortex: Coronal section of a mouse brain (A), the motor cortex is depict-
ed by the dark purple area. Picture from Allen Mouse Brain Atlas, mouse.brain-map.org and atlas.brain-map.org, [2]. 
Coronal confocal section of an adult healthy mouse (B): an example how the different layers of the motor cortex were 
separated is shown: the white matter (in the picture on the bottom), which is recognized by the arrangement of the cell 
nuclei in a pearl string form and the grey matter, separated into upper and lower layers. Magnification = 40x, Scale 
bar = 100µm, white = DAPI (cell nuclei). 

3.1.1 Higher reactivity of astrocytes in the grey matter of TBK1/TDP43 mice 

Reactive astrocytes were stained by using the marker GFAP and images were then quanti-

fied (cells/mm²). In the upper layers of the GM, no significant differences were found be-

tween the different groups (Figure 8A, D, G, J), even though there was a slight trend to-

wards an increase of reactive astrocytes in TBK1 and TBK1/TDP43 mice (Figure 7A) com-

pared to WT and TDP43 mice. In the lower layers, a general increase of reactive astro-

cytes was counted in average compared to the upper layers of the motor cortex and the 
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differences between the four mouse groups became increasingly prominent (Figure 8B, E, 

H, I). Still, the numbers between WT, TBK1-, and TBK1/TDP43 mice remained similar. In 

contrast to that, there were significantly less reactive astrocytes in TDP43 mice compared 

to TBK1/TDP43 mice (p=0.0305) (Figure 7B). Lastly, the WM was analysed. There were no 

significant differences between none of the four groups (Figure 7C) and an increase in the 

total numbers of GFAP positive cells, since GFAP in the WM stains all astrocytes and not 

just reactive ones (Figure 8 C, F, I, L). In order to detect a probable higher cell turnover of 

astrocytes, costainings of BrdU, which detects cell proliferation, and GFAP, which stains 

reactive astrocytes, were performed. However, no BrdU and GFAP double positive cells 

could be detected in any of the four groups (Figure 9). 

A summary of this data is shown in Table 9. 
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Figure 7. Quantification of astrocytes in the motor cortex of ALS mice: Counting of GFAP positive astrocytes in the 
different motor cortex regions upper layers (A), lower layers (B) and white matter (C) cells were counted in 17-19 
months old animals. Data are expressed as mean + SEM and were analysed by Mann-Whitney test. Significant differ-
ence is indicated by * = p<0.05. n = number of slices (3 per brain): WT=6, TBK1 mice=18, TDP43 mice=18, TBK1/TDP43 
mice=15. Mc (motor cortex) WM (white matter) WT (wildtype). 
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 Upper layers Lower layers White matter 

WT 

   

TBK1 

   

TDP43 

   

TBK1/ 

TDP43 

   

Figure 8. GFAP positive astrocytes in the motor cortex of 18 months old ALS mice: Examples of GFAP positive astro-
cytes in the motor cortex of the four different animal strains WT (A,B,C), TBK1 mice (D,E,F), TDP43 mice (G,H,I) and 
TBK1/TDP43 mice (J,K,L). Examples are from the upper (A,D,G,J) and lower layers (B,E,H,K) of the grey matter as well as 
the white matter (C,F,I,L). Scale bar = 100µm, magnification = 40x; blue = DAPI (cell nuclei), white = GFAP ((reactive) 
astrocytes); WT (wildtype) 
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TBK1 mouse TBK1/TDP43 mouse 

  

Figure 9. Examples of GFAP and BrdU positive cells in the lower layers of the motor cortex of adult mice: with white 
arrows indicating reactive astrocytes and green arrows BrdU positive cells. No double positive cells could be observed in 
the examples of TDP43 mice (A) and TBK1/TDP43 mice (B) here and in none of the other pictures. Blue = DAPI (cell 
nuclei), green = GFAP (reactive astrocytes), white = BrdU (proliferating cells) scale bar = 100µm, magnification = 40x.  

 

 

 

3.1.2 Lower numbers of microglia in TBK1 and TBK1/TDP43 mice 

Microglia, indicated by Iba1 staining, behaved differently than the astrocytes analysed 

before. In the upper and lower layers of the GM, numbers of Iba1 positive cells stayed 

roughly the same in WT animals and TDP43 mice, as seen in Figure 11. But there was a 

highly significant decrease in TBK1 mice compared to TDP43 mice (p=0.0006) as well as 

between TBK1/TDP43 mice and TDP43 mice (p=0.0003) (Figure 10A) for the upper layers. 

Because of a high variability among the WT animals, there was no significant difference 

between WT and TBK1-, and TBK1/TDP43 mice. In the lower layers these differences were 

still significant with p=0.0158 between TDP43-, and TBK1mice and p=0.0066 for 

TBK1/TDP43-, and TDP43mice (Figure 10B). 

Microglia were further analysed in the GM by using CD68, a marker for an activated 

phagosome, for the identification of phagocytic microglia (Iba1+, CD68+) (Figure 12). 

Numbers of CD68 positive microglia were comparable throughout all the groups in the 
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upper and lower layers of the GM as well as the WM and no significant differences have 

been found (Figure 10). 

In the WM again no significant difference between transgenic groups and WT mice was 

detected, but there was a significant decrease in microglia in TBK1 mice compared to 

TDP43 mice (p=0.016) (Figure 10C). 

The cell morphology did not change between the different groups (Figure 11). 

The results are summarised in Table 9. 

 

 

 

Figure 10. Quantification of microglia in the motor cortex of ALS animals: Iba1 was used as a marker for microglia 
quantification and the costaining between Iba1 and CD68 indicated the presence of phagocytic microglia in the upper 
layers of the grey matter (A) as well as in the lower layers (B) and in the white matter (C). Cells were counted in 17-19 
months old animals. Data are expressed as mean + SEM and were analysed by Mann-Whitney test. Significant differ-
ence as * = p<0.05, ** = p≤0.01, *** = p≤0.001. n = number of slices (3 per brain): WT=6, TBK1 mice=18, TDP43 
mice=18, TBK1/TDP43 mice=15. Mc (motor cortex), WM (white matter) WT (wildtype).  
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 Upper layers Lower layers White matter 

WT 

   

TBK1 
mice 

   

TDP43 
mice 

   

TBK1/ 

TDP43 
mice 

   

Figure 11. Microglia in the motor cortex and corpus callosum of different ALS mouse strains: Examples are from the 
four different animal genotypes: Wildtype (A,B,C), TBK1 mice (D,E,F), TDP43 mice (G,H,I) and TBK1/TDP43 mice (J,K,L) 
and the three different areas analysed: upper (A,D,G,J) and lower layers (B,E,H,K) of the grey matter as well as the white 
matter (C,F,I,L). Scale bar = 100µm, magnification = 40x, blue = DAPI (all cell nuclei), red = Iba1 (microglia).  

 

 

 

B C 

D E F 

G H I 

J 

A 

K L 



48 

 

Iba1 Iba1/CD68 

  

Figure 12. Example of wildtype Iba1 and Iba1/CD68 positive microglia: Magnification of an image section of Figure 11 
A. Iba1 staining (A) and CD68 staining (B) are depicted with the arrow indicating an Iba1/CD68 double positive cell. Scale 
bar = 100µm, magnification = 40x, blue = DAPI (all cell nuclei), red = Iba1 (microglia), white = CD68 (phagocyting micro-
glia) 

 

3.1.3 Decreased proliferation and differentiation of NG2-glia in TBK1 mice 

Cells from the oligodendrocyte lineage were analysed last. NG2-glia was used as marker 

for the quantification of oligodendrocyte progenitors. 

Numbers of NG2-glia showed no differences between WT and transgenic mice in all areas 

analysed (Figure 13 A-C) and likewise the morphology of NG2-glia did not change 

throughout the different groups (Figure 16). A characteristic of NG2-glia is that through-

out their life they can proliferate and differentiate into oligodendrocytes. To address 

NG2-glia proliferation, BrdU was administered to the animals for a total of 2 weeks, 8 

weeks prior to their sacrifice. BrdU was costained with NG2 for NG2-glia or CC1, a marker 

for mature and myelinating oligodendrocytes (Figure 15). When counting the total num-

bers of BrdU positive cells, no significant differences were seen throughout all the groups 

and areas (Figure 14). However, when analysing BrdU/CC1 double positive cells, that re-

semble newly generated oligodendrocytes, significantly less BrdU/CC1 double positive 

cells in the TBK1 mice compared to WT animals (p=0.0216) and TDP43 mice (p=0.0426) 

were observed in the upper layers. The same trend was seen for TBK1/TDP43 mice but 

was not significant towards neither WT nor TDP43 mice (p=0.0557) (Figure 14A). 
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In the lower layers of the GM, a significant increase of NG2/BrdU double positive cells in 

TDP43 mice compared to TBK1 mice (p=0.0296) was counted, with the same trend seen 

towards TBK1/TDP43 mice (p=0.0559) (Figure 14B). No difference was found when com-

pared to WT animals. In contrast to the upper layers, numbers of BrdU positive oligoden-

drocytes remained constant (Figure 14B). 

As a last step, numbers of BrdU positive cells in the WM were analysed. When prolifera-

tion of NG2-glia was quantified, significantly less cells in TBK1 mice (p=0.0390) and in 

TBK1/TDP43 mice compared to WT animals (p=0.0028) were observed. Lastly, prolifera-

tion and subsequent differentiation of NG2-glia into oligodendrocytes was analysed and 

here, as in the lower layers of the GM numbers of CC1/BrdU positive oligodendrocytes 

remained constant throughout the different groups (Figure 14C). 

There was also a small proportion of BrdU only positive cells, not costained for either NG2 

or CC1. The number of these cells was relatively low in WT animals, not being more than 

5% of the total number of BrdU positive cells, but increased in the mutant animals, being 

nearly 30% in all the brain areas looked at of TBK1 mice, and 10-15% in TDP43-, and 

TBK1/TDP43 mice (Figure 14A-C). 

The most important results are depicted in Table 9. 

 

Figure 13. Quantification of NG2-glia in the grey matter of the motor cortex and the adjacent WM of different ALS 

animal models: Counting of NG2-glia in the different motor cortex regions, the upper layers (A), lower layers (B) and 
WM (C). Cells were counted in 17-19 months old animals. Data are expressed as mean + SEM and were analysed by 
Mann-Whitney test. n = number of slices (3 per brain); WT=6, TBK1 mice=6, TDP43 mice=9, TBK1/TDP43 mice=9. Mc 
(motor cortex), WM (white matter), WT (wildtype). 
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Figure 14. Quantification of BrdU positive cells in the motor cortex of ALS animals: Distribution of BrdU and NG2-, or 
CC1/BrdU double positive cells, in the upper (A) and lower layers (B) of the grey matter and the adjacent WM(C). Cells 
were quantified in 17-19 months old animals. Data are expressed as mean + SEM and were analysed by Mann-Whitney 
test. Significant differences are indicated by * = p<0.05, ** = p≤0.01. n = number of slices (3 per brain) with WT=6, TBK1 
mice=6, TDP43 mice=9, TBK1/TDP43 mice=9. mc (motor cortex), WM (white matter), WT (wildtype). 

NG2/BrdU CC1/BrdU merge 

 

Figure 15. Stainings of BrdU positive NG2-glia and oligodendrocytes in the white matter of WT: Examples show NG2 
and BrdU staining (A), CC1 staining for oligodendrocytes with BrdU (B) and a merge of both pictures with additional 
DAPI staining for cell nuclei (C). Green = NG2, white = BrdU (proliferating cells), red = CC1 (oligodendrocytes), 
blue = DAPI (cell nuclei), white arrows = NG2/BrdU double positive cells, red arrows = CC1/BrdU double positive cells, 
yellow arrows = BrdU only positive cells; scale bar = 100µm, magnification = 40x. 
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WT TBK1 mice 

  

TDP43 mice TBK1/TDP43 mice 

  

Figure 16. Staining of NG2-glia and BrdU positive cells in the upper layers of the motor cortex of ALS animals: Exam-
ples show the four different animal genotypes: WT (A), TBK1 mice (B), TDP43 mice (C) and TBK1/TDP43 mice (D). 
Green = NG2, white = BrdU (proliferating cells), white arrows = NG2/BrdU double positive cells, red arrows = CC1/BrdU 
double positive cells (CC1 (for oligodendrocytes) staining is not shown for a better overview of the picture), yellow 
arrows = BrdU only positive cells; scale bar = 100µm, magnification = 40x; WT (wildtype). 
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3.1.4 Summary of results in ALS mouse models 

In the table below, the significant results of 3.1 are depicted in an overview. Differences 

in cell morphology are not shown. It shall be noted, that the significances depicted are 

not necessarily towards WT, but always between the two coloured fields. 

Table 9. Summary of results in ALS animals: Levels of significance not towards WT, but towards respective other col-
our. Green/+ (significantly more), red/- (significantly less), olive green/ (+) (trend towards more, but not significant) pink 
/(-) (trend, towards less, but not significant). mc (motor cortex), WM (white matter), WT (wildtype). 

  WT TBK1 TDP43 TBK1/TDP43 

Upper layers mc         

Astrocytes       (+) 

Microglia   - + - 

NG2-glia         

NG2/BrdU         

CC1/BrdU + - + (-) 

Lower layers mc         

Astrocytes     - + 

Microglia   - + - 

NG2-glia         

NG2/BrdU   - + (-) 

CC1/BrdU         

WM         

Astrocytes         

Microglia   - +   

NG2-glia         

NG2/BrdU + -   - 

CC1/BrdU         
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3.2 Parkinson mouse models 

In order to confirm the α-synuclein knock in, staining with a human 15G7 α-synuclein spe-

cific antibody was performed in different brain regions. These brain regions were later on 

analysed for their content of glial cells. Clear α-synuclein staining was observed in all α-

synuclein transgenic mice in the caudoputamen (CP) (Figure 17B) and dentate gyrus 

(Figure 17D). Less but still clear staining was present in the motor cortex of transgenic 

mice (Figure 17F). In comparison, in WT animals no α-synuclein staining could be ob-

served in either of the brain regions (Figure 17 A, C, E). 

 Wildtype  α-synuclein mouse 

Caudo-

puta 

men 

  

Dentate 

gyrus 

  

Motor 

cortex 

  

Figure 17. α-synuclein staining of different brain regions in 15 months old wildtype and α-synuclein mice: Pictures are 
from the caudoputamen (A,B), the dentate gyrus (C,D) and the motor cortex (E,F). The staining is only visible in trans-
genic α-synuclein mice (B,D,F). Scale bar = 1000µm, Magnification 4x; Blue = DAPI, (cell nuclei), red = human α-synuclein 
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In total, four groups have been looked at: two ten and two 15 months old animal groups. 

In each age group, one mouse group contained WT and the other transgenic α-synuclein 

mice (Figure 18). With 10 months, α-synuclein mice are still asymptomatic for a typical 

Parkinson like phenotype, whereas with 15 months they are already displaying typical 

disease symptoms. 

  

  

10 months 15 months 

WT α-synuclein WT α-synuclein 

Figure 18. Different mice groups in the a-synuclein cohort: 4 groups have been looked at: 10 months old WT (A) and α-
synuclein mice (B) and 15 months old WT (C) and a-synuclein mice (D). WT (wildtype). 

3.2.1 Reactions of glial cells in the caudoputamen 

The caudoputamen (Figure 19) was chosen to be further examined because it receives 

fibers originating in the substantia nigra, one of the most affected brain areas in sporadic 

PD. In fact, a strong α-synuclein staining could be observed in the CP (Figure 17B). 

 

Figure 19. Illustration of the caudoputamen in the mouse brain: Confocal image of a coronal section of an adult 
wildtype mouse brain. The caudoputamen is depicted by the area inside the white circle. Scale bar = 1000 µm, magnifi-
cation 4x; blue = DAPI (cell nuclei). 
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3.2.1.1 Increase of GFAP positive astrocytes in the caudoputamen of 15 months 

old α-synuclein mice 

In the CP, first reactive astrocytes have been analysed by using the marker GFAP. While 

no differences could be observed in 10 months old animals, there was a highly significant 

increase in the number of reactive astrocytes in 15 months old α-synuclein mice com-

pared to their WT littermates (p=0.0052) as well as the 10 months old α-synuclein mice 

(p=0.0072) (Figure 20), with averagely two times as much reactive astrocytes than in the 

other three groups (Figure 21). Consequently the next question was whether the changes 

seen in astrocytes were confined to this cell group, or whether other cell types reacted as 

well. Table 10 shows the most important results. 

 

 

 

Figure 20. Quantification of GFAP positive astrocytes in the caudoputamen: Quantification of GFAP positive astrocytes 
in the caudoputamen of 10 and 15 months old WT and α-synuclein mice. Data are expressed as mean + SEM and were 
analysed by Mann-Whitney test. Significant differences are indicated by ** = p≤0.01. n = slices analysed (3 per brain); 
WT 10 months=12, α-synuclein mice 10 months=9, WT 15 months=9, α-synuclein mice 15 months=6. a-syn (α-synuclein 
mice), CP (caudoputamen), WT (wildtype). 
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 Wildtype α-synuclein mouse 
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old 

mouse 
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Figure 21. Staining of GFAP positive astrocytes in the caudoputamen of wildtype and α-synuclein mice: Examples are 
from 10 months old WT (A) and α-synuclein mice (B), as well as 15 months old WT (C) and α-synuclein mice (D). Scale 
bar = 100µm, magnification = 40x; blue = DAPI (cell nuclei), green = GFAP (reactive astrocytes). 

 

 

3.2.1.2 No alterations in the number of microglia 

In contrast to the number of reactive astrocytes, the total number of microglia did not 

change in the caudoputamen of the different animal groups (Figure 22 A). Next, the num-

ber of phagocytic microglia was quantified by using the marker CD68. Notably, the num-

bers decreased in older mice, which became significant for WTs (p=0.0087) (Figure 22B). 

As no significant changes were observed between the numbers of WT and α-synuclein 
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mice a closer look was taken at the cell morphology. There seemed to be fewer ramifica-

tions of microglial processes in α-synuclein mice (Figure 23 B,D) and they thus seemed to 

show an increased activation compared to their WT counterparts (Figure 23 A,C), even 

though this observation has not been quantified. Taken together, these results indicate a 

significant decrease of phagocytic microglia in 15 months old mice. Still, the morphology 

of microglia showed an increased activation in all age groups of α-synuclein mice. A sum-

mary of these results is shown in Table 10. 

 

 

Figure 22. Quantification of microglia in the caudoputamen: Quantification of microglia in the caudoputamen of 10 
and 15 months old mice, with quantified cells being positive for Iba1 (A) or additionally CD68 (B). Data are expressed as 
mean + SEM and were analysed by Mann-Whitney test. Significant difference is indicated by ** = p≤0.01. n = slices 
analysed (2 per brain) WT 10 months=6, α-synuclein mice 10 months=6, WT 15 months= 6, α-synuclein mice 15 
months=4. a-syn (α-synuclein mice), CP (caudoputamen), WT (wildtype). 
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Figure 23. Stainings of Iba1 and CD68 positive microglia in the caudoputamen: Stainings of 10 months old mice (A,B) 
and 15 months old mice (C,D). Blue = DAPI (cell nuclei), cyan = Iba1 (microglia), red/ white = CD68 (phagocyting micro-
glia), red arrows = Iba1/CD68 double positive microglia, magnification = 40x, scale bar = 100µm. WT (wildtype), a-syn 
(α-synuclein). 
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3.2.1.3 Increased differentiation of NG2-glia in 15 months old α-synuclein mice 

NG2-glia in the caudoputamen remained within a comparable number in the 10 months 

old animals. This changed in the 15 months old mice where asignificant age dependent 

decline in the WT was observed which was not seen in the transgenic mice (p=0.0476) 

(Figure 24). No changes in the morphology were observed in NG2-glia (Figure 26). BrdU 

positive cells were then quantified and no significant differences throughout all the 

groups could be observed in the total numbers of BrdU positive cells as well as NG2-glia 

proliferation. Still, there was an increased differentiation of proliferating NG2-glia in 15 

months old α-synuclein mice compared to WT (p = 0.0333), which was not yet visible in 10 

months old mice (Figure 25).Examples of NG2-glia, BrdU and oligodendrocytes are seen in 

Figure 15. Table 10 gives an overview over the most important results. 

 

Figure 24. Quantification of NG2-glia in the caudoputamen: Quantification of NG2-glia in the caudoputamen of 10 and 
15 months old mice. Data are expressed as mean + SEM and were analysed by Mann-Whitney test. Significant differ-
ence is indicated by * = p<0.05. n = slices analysed, (2 per brain); WT 10 months=8, α-synuclein mice 10 months=6, WT 
15 months=6, α-synuclein mice 15 months=4. a-syn (α-synuclein mice), CP (caudoputamen), WT (wildtype). 

 

Figure 25. Quantification of BrdU positive cells in the caudoputamen: Quantification of BrdU, BrdU/NG2 double posi-
tive cells or CC1/BrdU double positive cells. Data are expressed as mean + SEM and were analysed by Mann-Whitney 
test. Significant difference is indicated by *=p<0.05, n = number of slices (2 per brain) WT 10 months=8, α-synuclein 
mice 10 months=6, WT 15 months=6, α-synuclein mice 15 months=4. a-syn (α-synuclein mice), CP (caudoputamen), WT 
(wildtype). 
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Figure 26. Staining of NG2/BrdU positive cells in the caudoputamen: Examples of NG2-glia and BrdU positive cells in 
the caudoputamen of 10 (A,C) and 15 months old animals (C,D) with (B,D) and without (A,C) α-synuclein mutation. For a 
better overview stainings for CC1 and cell nuclei are not depicted. Green = NG2, white = BrdU, white arrows = 
NG2/BrdU double positive cells, red arrows = CC1/BrdU double positive cells, scale bar = 100µm, magnification = 40x. 

 

3.2.1.4 Summary of changes in the caudoputamen 

In the table below, the significant results of 3.2.1 are depicted in an overview. Differences 

in cell morphology, which were only visible in microglia of all α-synuclein mice are not 

shown. It shall be noted, that the significances depicted are not necessarily towards WT, 

but always between the two coloured fields. 
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Table 10. Summary of changes seen in the caudoputamen: Levels of significance not towards WT, but towards respec-
tive other colour. Green/+ (significantly more), red/- (significantly less). A-syn (α-synuclein mice), WT (wildtype). 

WT 10 months a-syn 10 months WT 15 months a-syn 15 months 

Astrocytes   - - + 

Microglia         

NG2-glia     - + 

NG2/BrdU         

CC1/BrdU     - + 

 

 

3.2.2 Changes of glial cells in the dentate gyrus 

After the caudoputamen, the dentate gyrus was chosen for analysis next because in the 

mouse model used, strong α-synuclein staining was observed in this brain region (Figure 

17D) and in earlier studies a huge amount and early accumulation of α-synuclein were 

described in this brain region for sporadic PD patients. For analysis, the region of the den-

tate gyrus was separated into three parts (Figure 27): First, the granule cell layer, which is 

marked by a band of cell nuclei, second, the polymorph layer, which lies within the den-

tate gyrus and is also referred to as “hilus” and third, the molecular layer, which is located 

around the granule cell layer. This was done because the different regions possess differ-

ent qualities; and differences that are obvious in one part of the dentate gyrus might not 

be seen in the other parts. 

 

Figure 27. Coronal section of the dentate gyrus of an adult healthy mouse: The three different regions are depicted by 
the titles: the granule cell layer with a band of cell nuclei, the polymorph layer which is surrounded by the granule cell 
layer and the molecular layer, which in turn surrounds the granule cell layer; scale bar = 100µm, magnification 40x; 
blue = DAPI (cell nuclei) 
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3.2.2.1 Increase of GFAP positive astrocytes in transgenic mice 

Reactive astrocytes were analysed by using the staining marker GFAP. In the granule cell 

layer no changes were seen in the group of ten months old mice, but there were signifi-

cantly more GFAP positive astrocytes in 15 months old transgenic mice compared to the 

10 months old α-synuclein mice (p= 0.0256). The same trend was seen when compared to 

their 15 months old WT littermates but was not significant here (p=0.0663) (Figure 28A). 

In the polymorph layer, cell numbers stayed constant in all four groups analysed (Figure 

28B). In the molecular layer, a significant increase of GFAP positive astrocytes in the 10 

months old α-synuclein mice (p=0.0106) compared to their WT littermates was observed. 

In the 15 months old animals, no significant changes were observed (Figure 28C). Consec-

utively, the cell morphology was further studied. Here astrocytes of 15 months old α-

synuclein mice appeared to have an increased number of ramifications as well as thicker 

processes (Figure 29D, Figure 30B), compared to the 15 months old WT (Figure 29C, Fig-

ure 30A) and the 10 months old animal groups (Figure 29A, B), thus showing a higher 

state of reactivity. Table 11 depicts a compilation of the most important results. 

 

Figure 28. Quantification of GFAP positive astrocytes in the dentate gyrus:. Quantification of GFAP positive astrocytes 
in the different regions of the dentate gyrus: granule cell layer (A), polymorph layer (B) and molecular layer (C). Data are 
expressed as mean + SEM and were analysed by Mann-Whitney test. Significant difference is indicated by * = p<0.05. 
n = number of slices (3 per brain): WT 10 months=9, α-synuclein mice 10 months=9, WT 15 months=9, α-synuclein mice 
15 months=6. a-syn (α-synuclein mice), dg (dentate gyrus), WT (wildtype). 
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Figure 29. Staining of GFAP positive astrocytes in the dentate gyrus: Examples of the dentate gyrus of 10 months old 
(A,B) and 15 months old (C,D) WT and α-synuclein mice are depicted. Blue = DAPI (cell nuclei), green = GFAP (reactive 
astrocytes), scale bar = 100µm, magnification 40x, coronal sections. a-syn (α-synuclein mice), WT (wildtype),. 
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15 months old WT 15 months old α-synuclein mice 

Figure 30. Magnification of GFAP positive astrocytes in the dentate gyrus of 15 months old WT and α-synuclein mice: 

GFAP positive astrocytes in 15 months old WT mice (A) and α-synuclein mice (B). Blue = DAPI (cell nuclei), green = GFAP 
(reactive astrocytes), scale bar = 100µm, magnification 40x. WT (wildtype). 

 

 

3.2.2.2 Constant numbers of microglia in transgenic mice 

When comparing microglia numbers in the granule cell layer, there were significantly less 

microglia in old WT animals (p=0.0078) compared to younger WT. This physiological drop 

of numbers was not seen in α-synuclein mice, where numbers remained constant, even 

though the difference was with (p=0.0879) not significant towards 15 months old WT 

(Figure 31A). When further analysing Iba1/CD68 double positive cells, there also was a 

trend towards more phagocytosing microglia in 15 months old α-synuclein mice com-

pared to their WT littermates. But again it did not reach significance (p=0.0663). Other 

than that, the CD68 cell numbers remained constant in all the regions and mouse groups 

looked at (Figure 31). In the polymorph layer, the number of microglia remained constant 

throughout the different animal groups (Figure 31B), just as in the molecular layer (Figure 

31C). As no changes were seen numberwise in the dentate gyrus, the cell morphology 

was taken into consideration. But just as the cell numbers, no differences could be noted 
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between the different groups (Figure 32) and regions. The results are summarised in Ta-

ble 11. 

 

 

Figure 31. Quantification of microglia in the dentate gyrus: Quantification of microglia (Iba1) and phagocytosing mi-
croglia (Iba1/CD68) in the different regions of the dentate gyrus: granule cell layer (A), polymorph layer (B) and molecu-
lar layer (C). Data are expressed as mean + SEM and were analysed by Mann-Whitney test. Significant difference is 
indicated by ** = p≤0.01. n = number of slices (3 per brain): WT 10 months=9, α-synuclein mice 10 months=9, WT 15 
months=9, α-synuclein mice 15 months=6. a-syn (α-synuclein mice), dg (dentate gyrus), WT (wildtype).  
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Figure 32. Staining of microglia in the dentate gyrus: Staining of microglia in 10 months old WT (A) and α-synuclein 
mice (B), as well as 15 months old WT (C) and α-synuclein mice (D). Blue = DAPI (cell nuclei), white = Iba1 (microglia). 
Magnification = 40x, scale bar = 100µm. 

 

 

3.2.2.3 Increased proliferation but decreased differentiation of NG2-glia in α-

synuclein mice 

The number of NG2-glia in the granule cell layer did not change significantly in any of the 

groups (Figure 33A). With 50-100 cells per mm², the number of NG2 positive cells in gen-

eral was not very high compared to other brain regions already examined earlier in this 
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thesis. Since the numbers did not change significantly, in a next step proliferation and 

differentiation of these cells within an eight weeks period prior to the animals sacrifice 

was analysed by the usage of the proliferation marker BrdU. Just as the numbers for NG2-

glia, the overall number of BrdU positive cells did not change significantly (Figure 34A). 

Still, there was a significant increase in proliferation of NG2-glia in the 10 months old α-

synuclein mice (p=0.0015) compared to the age matched WT. In the 15 months old ani-

mals, this difference was not significant anymore, but still there was a slight trend to-

wards an increased proliferation of NG2-glia in the 15 months old α-synuclein mice com-

pared to their aged matched WT controls. Furthermore, there were significantly less 

CC1/BrdU double positive cells and therefore newly generated mature oligodendrocytes 

in the 10 months old α-synuclein mice compared to 10 months old WT animals 

(p=0.0235). In the older mice, this difference could still be seen, but was not significant 

(Figure 34A).  

Next, the polymorph layer was analysed. Here, numbers of NG2-glia remained constant 

within the groups of age matched WT and α-synuclein mice in the 10 and 15 months old 

animals, even though at a higher level than in the granule cell layer (Figure 33B). But 

when comparing 10 and 15 months old WT animals, there was a significant decrease of 

NG2-glia in 15 months old WT (p=0.0147), which was not seen in the transgenic mice. Just 

as in the granule cell layer, in the next step proliferation and differentiation of NG2-glia 

was analysed. Here, as in the granule cell layer no significant difference was found in the 

overall number of proliferating cells. This changed, when analysing different proliferating 

cell types. Numbers of NG2/BrdU double positive cells remained without significant dif-

ferences in 10 months old mice. However, in 15 months old animals there was a signifi-

cant increase of NG2/BrdU double positive cells in 15 months old α-synuclein mice com-

pared to their age matched WT controls (p=0.0190). The BrdU/CC1 double positive cells in 

the older animals showed significantly less CC1/BrdU double positive cells in the α-

synuclein mice compared to their age matched controls (p=0.028). In the younger mice, 

this difference was not yet detectable (Figure 34B). 

Lastly, the molecular layer was quantified, where numbers of NG2-glia remained constant 

throughout the different genotypes and ages (Figure 33C). A comparable amount of NG2 

positive cells was also found in the GM of the motor cortex and the caudoputamen. For 
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the overall number of BrdU positive cells, no differences between the four groups were 

found. In general, in the molecular layer of the dentate gyrus less BrdU positive cells than 

in the polymorph-, or the granule cell layer were quantified. Numbers of proliferating 

NG2-glia in 15 months old animals remained constant. However, there was a significant 

increase in proliferation of NG2-glia in the 10 months old α-synuclein mice in comparison 

to their age matched controls (p=0.0409), which followed the changes already seen in the 

granule cell layer. In contrast to that, the number of CC1/BrdU double positive cells 

stayed constant in the different genotypes and ages (Figure 34C). 

Likewise, the morphology of NG2-glia did not change in the three areas analysed (Figure 

35). Table 11 gives an overview over the most important results. 

 

Figure 33. Quantification of NG2-glia in the dentate gyrus: Quantification of NG2-glia in the different regions of the 
dentate gyrus: granule cell layer (A), polymorph layer (B) and molecular layer (C). Data are expressed as mean + SEM 
and were analysed by Mann-Whitney test. Significant difference is indicated by * = p<0.05. n = number of slices (3 per 
brain): WT 10 months=9, α-synuclein mice 10 months=9, WT 15 months=9, α-synuclein mice 15 months=6. a-syn (α-

synuclein mice), dg (dentate gyrus), WT (wildtype). 
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Figure 34. Quantification of BrdU positive cells in the dentate gyrus: Quantification of BrdU positive cells and NG2-, or 
CC1/BrdU double positive cells in the different regions of the dentate gyrus: granule cell layer (A), polymorph layer (B) 
and molecular layer (C). Data are expressed as mean + SEM and were analysed by Mann-Whitney test. Significant dif-
ference is indicated by * = p<0.05 and ** = p≤0.01. n = number of slices (3 per brain): WT 10 months=9, α-synuclein 
mice 10 months=9, WT 15 months=9, α-synuclein mice 15 months=6. a-syn (α-synuclein mice), WT (wildtype). 
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Figure 35. Stainings of NG2-glia and BrdU positive cells from the dentate gyrus: The cell bands visible correspond to 
the granule cell layer. Blue = DAPI (cell nuclei), green = NG2 (NG2-glia), white = BrdU (proliferating cells), white ar-
rows = NG2/BrdU double positive cells, red arrows = CC1/BrdU double positive cells, yellow arrow = BrdU only positive 
cells. For a better overview CC1 staining is not depicted. Magnification = 40x, scale bar = 100µm. mo (months), WT 
(wildtype).  
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3.2.2.4 Summary of glial changes in the dentate gyrus 

In the table below, the significant results of 3.2.2 are depicted in an overview. Differences 

in cell morphology are not shown. It shall be noted, that the significances depicted are 

not necessarily towards WT, but always between the two coloured fields. 

Table 11. Summary of glial changes seen in the dentate gyrus: Levels of significance not towards WT, but towards 
respective other colour. Green/+ (significantly more), red/- (significantly less). A-syn (α-synuclein mice), WT (wildtype). 

 
WT 10 months a-syn 10 months WT 15 months a-syn 15 months 

granule cell layer         

Astrocytes   -   + 

Microglia +   - (+) 

NG2-glia         

NG2/BrdU - +     

CC1/BrdU + -     

polymorph layer         

Astrocytes         

Microglia         

NG2-glia +   -   

NG2/BrdU     - + 

CC1/BrdU     + - 

molecular layer         

Astrocytes - +     

Microglia         

NG2-glia         

NG2/BrdU - +     

CC1/BrdU         
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3.2.3 Glial reactions in the motor cortex 

As described in 3.1, the motor cortex was split into three parts for further analysis: The 

upper and lower layers of the GM and the adjacent white matter (Figure 6B). 

3.2.3.1 Constant reactivity of astrocytes in the motor cortex 

In the motor cortex, numbers of GFAP positive astrocytes remained constant in the upper 

and lower layers of the GM within all four animal groups (Figure 36). In the WM, an in-

crease of GFAP positive astrocytes was counted in all four groups, due to GFAP staining all 

astrocytes in the WM (Figure 36C). Since the numbers in the previously quantified den-

tate gyrus did not change significantly either but still differences in the cell morphology 

were noticed, this was also analysed in the motor cortex. Indeed a hypertrophy of the cell 

bodies as well as the processes and an increase of ramifications could be seen in α-

synuclein mice (Figure 37). This effect was particularly evident in the WM and was wors-

ening with age.  

A summary of these results is shown in Table 12. 

  

Figure 36. Quantification of GFAP positive astrocytes in the motor cortex of α-synuclein mice and their age matched 

control littermates: Quantification of GFAP positive astrocytes in the different motor cortex regions upper layers (A), 
lower layers (B) and white matter (C) Data are expressed as mean + SEM and were analysed by Mann-Whitney test. 
Significant difference is indicated by * = p<0.05. n = number of slices (3 per brain): WT 10 months=9, α-synuclein mice 
10 months=9, WT 15 months=9, α-synuclein mice 15 months=6. a-syn (α-synuclein), mc (motor cortex), WM (white 
matter), WT (wildtype). 
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White matter 15 months old Wildtype White matter 15 months old a-syn mice 

  

Figure 37. Comparison of GFAP positive astrocytes in the white matter of 15 months old animals: Staining of GFAP 
positive astrocytes in the white matter of 15 months old WT (A) and α-synuclein mice (B). Blue = DAPI (cell nuclei), 
white = GFAP (astrocytes), Scale bar = 100µm, magnification = 40x. a-syn (α-synuclein). 

 

3.2.3.2 Decreased number of microglia in the grey matter of 15 months old α-

synuclein mice 

In contrast to astrocytes, the number of microglia in the motor cortex changed between 

the different groups and areas. In the upper layers of the motor cortex of 15 months old 

mice, a significant decrease of cells was found in α-synuclein mice compared to WT ani-

mals (p=0.0176). In younger animals, no significant changes were seen (Figure 38A). In the 

lower layers, no significant difference between the different groups was seen (Figure 

38B). In the WM, within the 10 months old groups of animals, numbers of Iba1 positive 

microglia were equal, while increasing in 15 months old WT animals, and increasing even 

more in 15 months old α-synuclein mice. This difference also became significant between 

10 and 15 months old α-synuclein mice (p=0.0176) (Figure 38C). Next, a staining with 

CD68 was performed, which stains phagocytic microglia. CD68 and Iba1 double positive 

microglia were found in all the layers of the motor cortex, but partially with different dis-

tributions. In the upper layers of the motor cortex, there were equal numbers of double 

positive cells in the 10 months old WT and α-synuclein mice. Not only the numbers were 

nearly identical in these groups, but also the percentage of Iba1/CD68 double positive 

A B 
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cells with 40 % of all Iba1 positive cells in the GM and the WM analysed. This was differ-

ent in the two groups of 15 months old animals. Here, there was a significant decrease of 

Iba1/CD68 double positive cells in the α-synuclein mice compared to the WT animals 

(p=0.0176) (Figure 38A). In contrast, numbers of Iba1/CD68 double positive cells in the 

lower layers and the WM did not change between the different groups (Figure 38). In all 

areas analysed, a higher percentage of CD68 positive cells in the 15 months old WT ani-

mals was found, with 55%, 47% and 32% in the upper and lower layers of the GM and the 

WM compared to the age matched α-synuclein group with 42%, 37% and 19%. In the 10 

months old animals, this difference was not yet observed. After the analysis of the num-

bers, the morphology was examined further but no obvious changes were found in any of 

the groups compared to the rest (Figure 39).  

Table 12 summarises the most important results. 

 

Figure 38. Quantification of microglia in the motor cortex of WT and α-synuclein mice: Quantification of microglia in 
the different motor cortex regions upper layers (A), lower layers (B) and white matter (C). Data are expressed as mean + 
SEM and were analysed by Mann-Whitney test. Significant difference is indicated by * = p<0.05. n = number of slices 
(3 per brain): WT 10 months=9, α-synuclein mice 10 months=9, WT 15 months=9, α-synuclein 15 months=6. A-syn (α-

synuclein mice), mc (motor cortex), WM (white matter), WT (wildtype). 
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Figure 39. Microglia in the upper layers of the motor cortex: Examples show the four mice groups analysed: WT 10 
months (A), α-synuclein mice 10 months (B), WT 15 months (C) and α-synuclein mice 15 months (D). Blue = DAPI (cell 
nuclei), cyan = Iba1 (microglia), red/white = CD68 (activated microglia), red arrows = Iba1/CD68 double positive cells, 
magnification = 40x, scale bar = 100µm. 

B 

C 

D 
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3.2.3.3 Increased proliferation and differentiation of NG2-glia in 15 months old 

α-synuclein mice 

NG2-glia did not change their number in the upper and lower layers of the GM as well as 

the WM in WT and α-synuclein mice, neither in the 10-, nor in the 15 months old animals 

(Figure 40). In order to detect a probable changed cell turnover of NG2-glia in α-synuclein 

mice, costaining with BrdU was performed. In the NG2/BrdU double positive cells a signif-

icant decrease of proliferating NG2-glia in 15 months old WT compared to 10 months old 

WT (p=0.0144) was found and a significant increase of proliferation was seen in the 15 

months old α-synuclein mice compared to their WT littermates (p=0.0348). After these 

changes in proliferation could be observed, next, proliferation with subsequent differen-

tiation was analysed by counting BrdU positive oligodendrocytes as seen in Figure 42, but 

no significant differences could be detected. The total number of BrdU positive cells as a 

whole, also including cells being only positive for BrdU and for none of the costaining 

markers CC1 and NG2, did not change significantly in the different groups (Figure 41A).  

In the lower layers of the GM of the motor cortex, no significant changes could be ob-

served in the overall number of BrdU positive cells as well as the numbers of newly gen-

erated NG2-glia.There was a trend towards higher numbers of newly generated oligoden-

drocytes in the 15 months old α-synuclein mice compared to age matched WT which be-

came significant when compared to the 10 months old α-synuclein mice (p=0.0252) 

(Figure 41B).  

Lastly, the WM was analysed. Here, a significant increase in the total number of BrdU pos-

itive and thus proliferating cells in 15 months old α-synuclein mice compared to their age 

matched WT littermates (p=0.0256) was noted, but also compared to the 10 months old 

α-synuclein mice (p=0.0496). Compared to 10 months old WTs, numbers in 15 months old 

α-synuclein mice were quite similar. Even though the total number of proliferating cells 

was higher, there were no other significant differences in the numbers of proliferating 

NG2-glia. In 15 months old α-synuclein mice, there was a non-significant trend towards an 

increase of NG2/BrdU double positive cells compared to WT. No significant differences 

were seen in newly generated oligodendrocytes throughout the four groups (Figure 41C).  

A summary of this part is shown in Table 12. 
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Figure 40. Quantification of NG2-glia in the motor cortex of WT and α-synuclein mice: Quantification of NG2-glia in the 
different motor cortex regions upper layers (A), lower layers (B) and the adjacent white matter (C). Data are expressed 
as mean + SEM and were analysed by Mann-Whitney test. Significant difference is indicated by * = p<0.05. n = number 
of slices (3 per brain): WT 10 months=12, α-synuclein mice 10 months=9, WT 15 months=9, α-synuclein mice 15 
months=6. a-syn (α-synuclein mice), mc (motor cortex), WM (white matter), WT (wildtype). 

 

Figure 41. Quantification of BrdU positive cells in the motor cortex of WT and α-synuclein mice: Quantification of 
BrdU positive cells and NG2-, or CC1/BrdU double positive cells in the different motor cortex regions upper layers (A), 
lower layers (B) and adjacent white matter (C). Data are expressed as mean + SEM and were analysed by Mann-Whitney 
test. Significant difference is indicated by * = p<0.05. n = number of slices (3 per brain): WT 10 months=12, α-synuclein 
mice 10 months=9, WT 15 months=9, α-synuclein mice 15 months=6. A-syn (α-synuclein mice), mc (motor cortex), WM 
(white matter), WT (wildtype). 
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Figure 42. Stainings of the corpus callosum: Oligodendrocytes of the white matter of the four different mice groups are 
depicted: 10 months old WT (A), and α-synuclein mice (B) and 15 months old WT (C) and α-synuclein mice (D). 
Blue = DAPI (cell nuclei), red = CC1 (Oligodendrocytes), white = BrdU (proliferating cells), white arrows = NG2/BrdU 
double positive cells, red arrows = CC1/BrdU double positive cells, yellow arrow = BrdU only positive cells, magnifica-
tion = 40x, scale bar = 100µm. 
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3.2.3.4 Summary of glial reactions in the motor cortex 

In the table below, the significant results of 3.2.3 are depicted in an overview. Differences 

in cell morphology are not shown. It shall be noted, that the significances depicted are 

not necessarily towards WT, but always between the two coloured fields. 

Table 12. Summary of glial reactions in the motor cortex: Levels of significance not towards WT, but towards respec-
tive other colour. Green/+ (significantly more), red/- (significantly less) olive green/ (+) (trend towards more without 
significance). A-syn (α-synuclein mice), mc (motor cortex), WM (white matter), WT (wildtype). 

 
WT 10 months a-syn 10 months WT 15 months a-syn 15 months 

Upper layers mc         

Astrocytes         

Microglia     + - 

NG2-glia         

NG2/BrdU +   - + 

CC1/BrdU         

Lower layers mc         

Astrocytes         

Microglia         

NG2-glia         

NG2/BrdU         

CC1/BrdU   -   + 

WM         

Astrocytes         

Microglia   -   + 

NG2-glia         

NG2/BrdU       (+) 

CC1/BrdU         
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4 Discussion 

Over the last years, more attention has been payed to the role of glial cells in the under-

standing of neurodegenerative diseases and their development; still, the exact roles they 

play remain widely obscure. In this thesis, it could be shown that glial cells respond to 

different pathological stimuli with a wide range of reactions, even if these stimuli are only 

confined to neurons, making glial cells another important key figure in the understanding 

of neurodegenerative diseases.  

4.1 Glial changes in mouse models of ALS 

4.1.1 Astrocytic and microglial reactions 

Out of the three ALS models examined, significant astrocytic reactivity was only seen in 

the lower layers of the GM of TBK1/TDP43 mice. Microglia behaved the same in all areas 

of the motor cortex and partially also in the adjacent WM with significantly less microglia 

in TBK1 and TBK1/TDP43 mice compared to TDP43 mice. This difference was also seen 

when compared to the WT animals even though here it was not significant (Table 9). So 

overall, there is a trend towards increased astrocytic reactivity but reduced microglia 

numbers in the motor cortex of certain ALS mouse strains. These results could be ex-

plained by two different hypothesises: First, microglia and astrocytes interact closely and 

regulate each other. It has been shown before, that higher numbers of reactive astro-

cytes, caused through injury lead to a diminished number of microglia, and attenuation of 

GFAP expression actually increases the migration of microglia to the injury site [113, 289]. 

The same effect could also be seen in a mouse model of infantile neuronal ceroid 

lipofuscinosis, where deletion of the GFAP protein led to more prominent microgliosis 

and increased excessive neurodegeneration [175]. Likewise, in a SOD1 ALS mouse model, 

there was an inversed relationship of the numbers of microglial and astrocytic cells, par-

ticularly in older mice [105]. One possible explanation for the inversed relationship ob-

served here and in the examples mentioned above could be the crosstalk of astrocytes 

and microglia via complement factor 3, which is secreted by reactive astrocytes and at-

tenuates microglia when they are chronically exposed to it [165].  
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The second explanation at least for the observed microglial behaviour could be the role, 

TBK1 itself plays in microglia and their reaction to pathogenic stimuli. The homozygous 

TBK1 knockout mouse phenotype is lethal at an early embryonic state [31], whereas mice 

with a heterozygous knockout, which were also used here, did not show an apparent 

phenotype throughout their life [36]. Only when combined with another ALS causing mu-

tation as, for example, SOD1, the expected SOD1-phenotype was aggravated [36]. In glial 

cells, TBK1 is important in microglia [186] as these cells are crucial for the immunological 

response within the brain. Upregulation of STING, an upstream member of the TBK1 

pathway, by ganciclovir leads to less neuroinflammation and a better outcome in mice 

with experimental autoimmune encephalomyelitis (EAE), a mouse model for MS [186]. In 

contrast, a chronic activation of microglia as it is the case in neurodegenerative diseases 

like ALS, leads to increased neuroinflammation and activation of microglia via the STING 

pathway [199]. Since in the TBK1 mouse models TBK1 was heterozygously knocked out, 

this pathway could have thus not been excessively activated in microglia. This could be a 

possible explanation for the diminished cell numbers of microglia in TBK1 mice, since ac-

tivation of microglia facilitates their proliferation [98, 139]. This also fits the observation 

of Brenner et al in 2019, who showed for a similar mouse model by combining a SOD1 

and TBK1 mutation, that animals carrying both mutations had an accelerated start of the 

disease, but later on a slower progression with a diminished number of Iba1 positive cells. 

In contrast to the results presented in this thesis, numbers of microglia in TBK1 mice 

alone did not change significantly [36]. The animals used for this thesis were 18 months 

old and therefore older than the ones used in the study above (3-7 months), but it could 

be that here the same mechanisms apply: A diminished number of microglia is also seen 

here in TBK1/TDP43 mice and might have the same effect as in the younger SOD1/TBK1 

mice. Additionally, due to the high age, changes in microglia numbers might have also 

become visible in the TBK1 mice.  

The results show that a heterozygous knock out of TBK1 actually does affect some types 

of glial cells as a whole and might thus contribute to the formation and progression of 

ALS. But the combination of a heterozygous knock out of TBK1 and a knock in of TDP43 

shows even more effects. This could be due to possible interactions of the two mutations. 

A loss of function mutation in the TBK1 gene is a well-known ALS mutation [56, 272], even 
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though TBK1 is only responsible for a very small proportion of all ALS cases. Still, TBK1 and 

its underlying pathways might be more important than thought of so far, since TBK1 also 

interacts closely with OPTN and p62 as seen in Figure 1. Both molecules are known for 

carrying ALS-causing mutations [6, 155, 184], and p62 is also part of TDP43 containing 

inclusions [13, 195]. Furthermore, OPTN is also involved in the degradation of TDP43 ag-

gregates [244] and with TBK1 being directly upstream of OPTN and closely interacting 

with it, it is likely that also TBK1 is involved in the process.  

Reactive astrocytes are commonly observed in patients and animal models of ALS [151, 

239], so reactive astrocytes as such were expected. Still, the question is why it only oc-

curred in TBK1/TDP43 mice and not in mice with only a TBK1 or TDP43 mutation as it was 

shown in the results. In TBK1 mice, no reactivity of astrocytes was described for this mu-

tation so far [36], so the heterozygous knock out alone might not be strong enough to 

induce a phenotype in astrocytes as well, even though it did so in microglia. In the TDP43 

mice, no apparent reactivity of astrocytes was visible, even though TDP43 in astrocytes 

causes their reactivity and subsequent motor neuron death [266]. Still, when consulting 

literature, TDP43 inclusions are commonly found within neurons [201], but only rarely 

described in glial cells [299]. Since the TDP43-knock in in this animal model was only ex-

pressed under the Thy1 promoter and thus only in neurons, they might have been capa-

ble of degrading the aggregated protein so that astrocytes of TDP43 mice might have not 

had contact with it and did thus not receive a stimulus for reactivity. Only when TBK1 was 

mutated as well, and degradation diminished, neurons might have become apoptotic 

which would also explain the more severe phenotype exhibited in the TBK1/TDP43 mice. 

The failure of the motor neurons to handle both mutations might be explained by the role 

TBK1 has in the degradation of proteins: A diminished activity of TBK1 could also mean a 

diminished activity of OPTN and thus less degradation of TDP43 aggregates and therefore 

a higher accumulation of protein aggregates and increased toxicity of motor neurons. In 

future studies it would be thus very interesting to show whether TDP43 aggregates are 

really elevated in the motor neurons of TBK1/TDP43 mice compared to TDP43 mice. Stud-

ies so far did not show elevated levels of TDP43 aggregates in only TBK1 knockout mice, 

but did not induce TDP43 mutations either [36]. But are the elevated numbers of reactive 

astrocytes actually a sign of the stress or apoptosis of neurons, or do they show their own 
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contact with toxic protein aggregates? Even though neuronal cell death and reactivity of 

astrocytes often appear at similar time points, it is not yet completely clear, which of the 

two actually comes first, particularly when considering the chronic neuroinflammatory 

environment in neurodegenerative diseases. There are certain points which hint towards 

a reaction of astrocytes to neuronal cell death as, for example adenosine triphosphate 

(ATP), triggers reactivity in astrocytes and is released by dying neurons [200]. However, in 

other neurodegenerative diseases, aggregated neurotoxic protein can be taken up by 

astrocytes, like α-synuclein in PD [49] and also triggers reactivity of astrocytes, like Aβ in 

Alzheimer’s dementia [166]. So a mechanism of TDP43 aggregates, which cannot be dis-

mantled properly in motor neurons and are thus secreted and taken up by astrocytes 

which then in turn become reactive, is likewise plausible. Also in literature, there are case 

reports of patients with TBK1 mutations, who also have TDP43 aggregates [146], thus 

making the TBK1/TDP43 mice a mixture of two mutations which could actually promote 

each other. This would also fit the more severe glial phenotype of these mice. 

4.1.2 Reactions of the oligodendrocyte lineage 

Numbers of NG2-glia stayed constant throughout the different animal groups and also 

throughout the different brain areas (Table 9). This is in accordance with the physiological 

role of NG2-glia where they constantly keep balanced cell numbers and tightly control 

them [119]. However, the result of this study is in contrast to observations made in other 

ALS models. For example in SOD1 mice, numbers of NG2-glia increase significantly after 

the onset of symptoms, even though these observations were made in the spinal cord 

and not in the motor cortex of diseased animals [134, 135]. The uniform picture of the 

numbers of NG2-glia changes when considering BrdU as well: In the upper layers of the 

GM, there are significantly less newly formed oligodendrocytes in TBK1 and TBK1/TDP43 

mice, compared to WTs and mice carrying only the TDP43 mutation. In the lower layers of 

the GM, there was significantly less proliferation but not less differentiation of NG2-glia in 

TBK1 and TBK1/TDP43 mice compared to TDP43 mice. In the WM, NG2-glia proliferation 

is significantly lower in TBK1 and TBK1/TDP43 mice compared to WT animals (Table 9). 

Also the numbers of BrdU only positive cells, and thus cells which were not NG2-glia or 

newly generated oligodendrocytes, changed noteworthyly with a significant increase of 
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BrdU only positive cells in TBK1 mice compared to WT animals. Since there is no overlap 

of these BrdU positive cells with GFAP and thus astrocytes, these cells are most likely pro-

liferating microglia, which is particularly interesting, since the overall number of microglia 

in TBK1 mice especially in the WM is lower than in all the other groups compared (Table 

9). This could be due to a higher cell turnover in this group with elevated microglial apop-

tosis and their subsequent replacement. 

But how can the lower numbers of proliferation and differentiation of NG2-glia in TBK1 

and TBK1/TDP43 mice and the, compared to WT, equal number in TDP43 mice be ex-

plained? When consulting literature, all available data show an increase of proliferation 

but also differentiation of NG2-glia: in the spinal cord of SOD1 mouse models [142, 245] 

and zebrafish [142] and also in patient motor cortices without any specific mutations 

mentioned [245]. However, since other regions, model organisms, timepoints, i.e., pre-

symptomatic, symptomatic, post mortem, and mutations, have been used in these exper-

iments, the data cannot be compared easily. For the mouse models used in this thesis, 

there are only limited data available concerning NG2-glia. A possible explanation for the 

lack of differentiation could be that TBK1 is needed for the final differentiation of oli-

godendrocytes. In vitro experiments with a partial knockdown of TBK1 showed a signifi-

cant decrease in the number of differentiating NG2-glia and newly generated mature my-

elinating oligodendrocytes [285]. A lack of newly generated mature oligodendrocytes 

could also be one of the pathomechanisms, by which TBK1 knockdown causes neuro-

degeneration and in the end ALS. So this mechanism could explain the discrepancies ob-

served in the number of differentiating and partially also proliferating NG2-glia in the 

TBK1 and TBK1/TDP43 mice, but it does not explain the constant number of proliferation 

and differentiation in TDP43 mice. Here, it could play a role that the TDP43 knock in mu-

tation was only expressed under the Thy1 promotor and thus nearly exclusively in neu-

rons. Since NG2-glia do not primarily react to changes in neurons, but in oligodendrocytes 

[245], it could be plausible, that oligodendrocytes were not yet affected by neuronal 

changes. 



85 

 

4.2 Glial reactions in a mouse model of Parkinson’s disease 

In the α-synuclein mice, three different brain regions have been analysed, each with their 

own unique features. First, the caudoputamen has been analysed, where expression of 

CamKIIα and thus in this mouse model the exogenous expression of α-synuclein is quite 

high [287]. Additionally, direct tracts from the substantia nigra end there which in sporad-

ic PD is known to be affected quite early [33]. Secondly, the dentate gyrus, which also has 

a high CamKIIα expression [287], but in sporadic PD is only affected in the end stages 5 

and 6 [33], and third, the motor cortex with a lower CamKIIα expression [287] and only 

late affection in PD [33] have been analysed. Male and female mice have been used, 

which is often avoided in order to decrease confounding factors, however, no huge dif-

ferences have been seen between the male and female animals. Furthermore, PD does 

not spare a specific gender and gender does not seem to be a protective factor in patients 

either [64]. 

4.2.1 Astrocytic reactivity 

In the caudoputamen, there was a highly significant increase in the number of reactive 

astrocytes in 15 months old α-synuclein mice. Changes were generally visible, not only 

between WT and mutation carrying animals but also between mutation-carrying animal 

groups of different ages (Table 10). In the dentate gyrus numbers stayed constant but 

cells showed a more reactive phenotype with more ramifications and hypertrophy of cell 

bodies especially in 15 months old α-synuclein mice (Table 11). The same reaction was 

seen in the motor cortex and especially in the WM (Table 12). In other studies, it was 

shown that the α-synuclein mice used here first start to show significant differences in 

their locomotor behaviour at an average age of 11.7 months [140]. The animal groups in 

this study were analysed directly prior to and after the onset of symptoms. It should be 

noted that the BrdU treatment was given to the mice 8 weeks prior to their sacrifice and 

thus at an age of 8 and 13 months. In this period of time a fundamental change has taken 

place within the animals. Since the transgene activation is restricted by the CamKIIα pro-

motor, it is only expressed in neurons [287]. Therefore, it was not clear if glial cells would 

react at all and if so, to what extent. Astroglia mostly reacted to the changed environment 

by becoming reactive and hypertrophic. Since GFAP positive astrocytes did not incorpo-
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rate BrdU, this reactivity is most likely a reaction of already present astrocytes to new 

pathologic stimuli. However, this fits the observation that reactive astrocytes are com-

monly found in the brains of patients with PD, mostly appearing in the same areas as 

Lewy bodies and degenerating neurons [34]. This would explain why reactive astrocytes 

mainly appeared after the onset of symptoms, which follow a presumably prior neuro-

degeneration. Reactive astrocytes are also found in other mouse models of PD [102, 250] 

and seem to be particularly reactive when being in direct contact to α-synuclein [34, 222]. 

However, it is not clear why they become reactive. It is known, that α-synuclein can 

spread from neuron to neuron [61] and in other studies, it was postulated that α-

synuclein can be taken up and degraded by astrocytes [158, 159], but can also spread 

through them [49, 235] and cause damage within these cells [171], which could be plausi-

ble mechanisms for astrocytes to become reactive. Whether α-synuclein can spread from 

astrocytes to neurons is still controversially discussed. Cavaliere et al showed in 2017 in 

vitro that α-synuclein aggregates can be easily taken up by astrocytes and passed on to 

neurons, whereas Loria et al showed in the same year in vitro and ex vivo, that α-

synuclein fibrils are only rarely passed on to neurons, but more often to other astrocytes, 

presumably for degradation [49, 171]. The question remains, why astrocytes react so ex-

tensively in the CP, while numbers remain constant compared to WT in the dentate gyrus 

and motor cortex. There are several possible answers for this question. The CP is very 

closely connected to the substantia nigra. Since the changed motoric phenotype of the 

animals starts at 12 months of age, this could mean that around this time profound 

changes in the substantia nigra start to appear, or that changes already appearing earlier 

cannot be compensated anymore. These changes do not only affect neurons and glial 

cells of the substantia nigra but due to the close interconnection, the CP alike. Another 

hypothesis could be that neurons in the CP are only able to cope with a certain amount of 

α-synuclein and since the CP has more CamKIIα expressing neurons than, for example, the 

motor cortex [287], neurons there die earlier. Thus, the reaction of astrocytes could simp-

ly be a reaction to the dying neurons [200]. Another idea going into the same direction 

could be that primarily neurons of the substantia nigra, which as dopaminergic neurons at 

least in humans are particularly vulnerable in PD [68], die first and in turn excrete neuro-

transmitters, which are transported via the nigrostriatal pathway to the CP and which 
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then activate astrocytes in the CP as well. It was already mentioned that astrocytes do not 

only react to neuronal death, but also to Lewy bodies and α-synuclein depositions in gen-

eral [34, 222]. Since ageing is one of the major risk factors of PD [64, 277], another hy-

pothesis could be that astrocytes simply could not keep up with the degradation of α-

synuclein deposits made by neurons, which were present during the entire life time, but 

with age the reaction of astrocytes towards these deposits changed. At least this seems to 

be the case for microglia [55]. And thus, Lewy bodies could be formed which then again 

triggered astrocytic reactivity. 

In the dentate gyrus GFAP expression in general seems to be a lot higher than in other 

brain regions. This was expected since GFAP in the dentate gyrus is also a stem cell mark-

er and naturally expressed in astrocytes there [71].The compared to the CP less clear re-

sult could be because pathological changes only happen later in the dentate gyrus or be-

cause changes towards more reactive astrocytes are not depicted by an increase of GFAP 

expressing astrocytes but only by changes in hypertrophy and cell morphology 

The changes seen in the motor cortex resembled the ones seen in the dentate gyrus more 

than in the CP. With that statement made, the issue arises why there is no astrocytic re-

action in the GM. According to other studies, exposure to α-synuclein causes elevated 

levels of GFAP in vitro [145] as well as in vivo [222]. Since α-synuclein is not as much ex-

pressed in the motor cortex of the animals used in this study [287], a weaker astrocytic 

reaction could be simply due to less exogenous α-synuclein, especially since astrocytic 

reactions parallel neuronal pathology [34]. Furthermore, also in the brains of sporadic PD 

patients the pathology reaches the neocortex only at late disease stages [33] and since 

spreading was also described for this mouse model [140], the same mechanisms might 

apply. Furthermore, changes in GFAP expression might not be the first ones visible [205]. 

The question remains, why then the WM is more affected, at least hypertrophy-wise, 

than the GM. According to literature, cytoplasmic α-synuclein inclusions of astrocytes are 

more commonly observed in the WM than in the GM [196]. This might also be the case in 

this animal model, where hence more inclusions could lead to an increase of hypertrophy 

[145, 222]. 
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4.2.2 Diverse microglial reactions 

When taking microglia into consideration, in the CP they do not seem to be strongly af-

fected by the mutation. Numbers of microglia stay constant (Table 10) but numbers of 

CD68 positive microglia, which especially mark an activated phagosome, seem to diminish 

with age and increased α-synuclein. Furthermore, the CP is the only region where mor-

phological changes in microglia were noticed. However, the trend seen in the CP seems to 

be reversed in the dentate gyrus with no morphological changes and increased numbers 

of microglia in 15 months old α-synuclein mice (Table 11) and changes again in the motor 

cortex where microglia decreased significantly in the GM compared to their WT litterma-

tes and increased in the WM of 15 months old α-synuclein mice compared to 10 months 

old α-synuclein mice (Table 12). So microglia in general show a huge variety of reactions 

depending on the brain region in this study. In contrast to that, other papers only show a 

strong activation of microglia particularly mediated by α-synuclein [8, 300, 301]. Howev-

er, this activation is not as clear as it seems at first glance. For example, α-synuclein oli-

gomers alone, which are particularly toxic to dopaminergic neurons [301] are not suffi-

cient to trigger microglial activation [115]. Furthermore, the microglial reaction to acute 

depositions of α-synuclein seems to be much stronger than to chronic α-synuclein stimuli 

[263]. Microglia seem to specifically react to extracellular α-synuclein forms [8] and not to 

intracellular ones, which are supposedly present in the model used here. Furthermore, it 

is noteworthy that most of the studies cited above have been carried out under in vitro 

conditions, while the experiments here have been performed in vivo. Already mixed glial 

cultures compared to pure microglial cultures show less neuroinflammatory signals when 

exposed to α-synuclein [232] and as already discussed in 4.1.1 astrocytes are capable of 

cross talking with microglia and regulating their immunoreactivity [105, 175]. Hence, a 

possible explanation for less neuroinflammation as seen in the CP and the GM could be 

that microglia did not get in contact with pathologic stimuli like extracellular α-synuclein 

or dying neurons at all and thus there was no trigger for them to become reactive. In fa-

vour of this hypothesis is that the expression of α-synuclein is solely under the neuron 

controlled CamKIIα promotor. Contrary to it is first, that the reactivity of astrocytes espe-

cially in the CP shows the presence of pathological stimuli in this model and those could 

potentially also affect microglia and second, that neurons are capable to pass on α-
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synuclein and to secrete it [61]. Thus, it is likely, that there is also extracellular α-synuclein 

present that would activate microglia. Another reason for less activation compared to 

other models could be that α-synuclein “primes” microglia for other pathologic stimuli, 

like infections, which can also be in the periphery [58, 88, 233, 261]. Since mice are kept 

under relatively sterile conditions, they are less likely to get additional severe infections 

than PD patients, where more prominent microglia is a common feature [121] and thus 

there might be less activation in general in murine microglia in PD mouse models. How-

ever, in the dentate gyrus a trend towards an increase of microglia was noted. Since mi-

croglia seem to be involved in the regulation of neurogenesis, with the number of micro-

glia being inversely correlated to the number of newly generated neurons [91], this could 

be a possible explanation for memory deficits in other α-synuclein mouse models [81] and 

in PD patients in general [122, 294]. It is noteworthy that the overall numbers of 

CD68/Iba1 double positive microglia in WT as well as in α-synuclein mice in the dentate 

gyrus were a lot lower than those in all the other brain regions observed. Activated mi-

croglia appear to be less capable of degrading α-synuclein even though initially they can 

take up more [158]. Due to the neurogenic environment and the here seemingly lower 

state of activation, degradation might naturally work better in the hippocampus. This 

could also have an influence on reactive astrocytes, since there might be less stimuli by 

extracellular α-synuclein for astrocytes to become reactive, even more so because astro-

cytes seem to respond particularly to extracellular α-synuclein, whereas microglia seem 

to react more to intracellular depositions [264]. This in turn is seen by the numbers of 

reactive astrocytes in WT and α-synuclein mice in the dentate gyrus, but not in their cell 

morphology. This could also be a reason for the different behaviour of microglia in the 

dentate gyrus compared to the CP, since less reactivity of astrocytes could consequently 

mean less inhibition of microglia activation. Furthermore, activation of microglia is also 

generally seen in the hippocampus of PD patients [121]. However, in summary compari-

son with other studies and drawing conclusions of them is quite hard, since a huge variety 

of markers and definitions of activation is used. 
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4.2.3 Reactions of the oligodendrocyte lineage 

NG2-glia numbers in the CP remained constant in younger animals, but a decrease of 

NG2-glia in 15 months old WT animals was not mirrored in the age matched α-synuclein 

mice, where a significant increase was observed (Table 10). One explanation for the de-

crease of NG2-glia in old WT animals could be that numbers of proliferating NG2-glia de-

crease in ageing mice [23], thus the decrease of NG2-glia numbers could be a normal re-

sponse to ageing, while the constantly high number in 15 months old α-synuclein mice 

could be a reaction towards α-synuclein. In contrast to this explanation, as mentioned 

above, NG2-glia keep a very tight control on their cell numbers and additionally are able 

to proliferate in order to replace dying cells. Furthermore, also in other experiments even 

though they were carried out with human brain tissue and mostly for MSA and progres-

sive supra nuclear palsy (PSP), it was seen that numbers of NG2-glia remained relatively 

stable [1]. The results become exceedingly interesting when also taking BrdU into ac-

count. An increase of newly generated oligodendrocytes from former proliferating NG2-

glia in 15 months old α-synuclein mice compared to their WT littermates was seen (Table 

10). The first thing this result shows is that NG2-glia are actually affected in this neuro-

degenerative setting and brain region and react to the changes in their environment. Fur-

thermore, it seems as if particularly oligodendrocytes and here the ones in 15 months old 

α-synuclein mice could be affected. An increase in proliferation and differentiation fits the 

behaviour of NG2-glia in other neurodegenerative diseases like Alzheimer’s dementia [23] 

and ALS [245]. However, differentiation is only seen in the CP and the question remains, 

why NG2-glia start to proliferate and mainly in the CP of 15 months old α-synuclein mice 

start to differentiate as well. The obvious answer would be in order to replace dying or 

apoptotic NG2-glia or oligodendrocytes. A first explanation for the elevated proliferation 

of NG2-glia could be, that NG2-glia themselves are affected by α-synuclein, for example 

by the uptake of α-synuclein and further processing or spreading of the protein. This 

might in turn damage and subsequently lead to apoptosis of NG2-glia, which would then 

need to be replaced by other proliferating NG2-glia, since they attempt to homeostatical-

ly maintain their cell numbers [119]. A second explanation could be that NG2-glia can also 

differentiate into oligodendrocytes without prior proliferation [69] so proliferating NG2-

glia could just try to replace the cells lost due to differentiation. This could point towards 
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a higher cell turnover in oligodendrocytes, since sole neurodegeneration does not seem 

to be sufficient to cause NG2-glial proliferation [251], but demyelination and loss of oli-

godendrocytes are adequate triggers for proliferation and differentiation [138, 227]. So 

where does the loss of oligodendrocytes come from, since PD is not generally known as a 

demyelinating disease? In the brain of PD patients, α-synuclein inclusions are commonly 

found in oligodendrocytes as well [279] and it might be possible that they are actually 

excreted by neurons and afterwards taken up by oligodendrocytes [226]. For PD, only a 

limited number of studies describe the effects of α-synuclein inclusions in oligodendro-

cytes. In contrast, in MSA, another synucleinopathy, where the main findings are oli-

godendrocytical α-synuclein inclusions, these inclusions seem to have a detrimental effect 

on the oligodendrocytes involved [246, 297]. So it is possible that also in the animals here 

and particularly in the older ones, α-synuclein is passed on from neurons to oligodendro-

cytes, leading to detrimental effects within this cell group and subsequently trigger prolif-

eration and eventually differentiation of NG2-glia. 

In the granule cell layer of the dentate gyrus, significant differences in the 10 months old 

animals were observed, but the same trends were seen in the old, with increased prolif-

eration but less differentiation of NG2-glia in the α-synuclein mice. Similar results were 

noted in the polymorph layer, but here with a focus on the 15 months old animals and 

with an increased proliferation in the α-synuclein mice and to a lesser extend in the mo-

lecular layer (Table 11). This behaviour is different to the one seen in the CP or partially 

the motor cortex, where more differentiation of NG2-glia to oligodendrocytes was noted 

(Table 12). There are two applicable hypothesises regarding the reasons for that differ-

ence: It is well known that NG2-glia are capable of forming GABAergic [168] as well as 

glutamatergic [26] synapses with neurons. In the environment of the hippocampus as a 

neurogenic niche, especially α-Amino-3-hydroxy-5-Methyl-4-isoxazole Propionic Acid 

(AMPA) synapses are formed [3] between neurons but could also be increasingly formed 

with NG2-glia, compared to other brain regions. Furthermore, it was recently shown for 

this mouse model that α-synuclein can be transmitted transsynaptically in neurons [140] 

and since NG2-glia do have synapses, it is probable that the protein oligomers could also 

be transmitted to NG2-glia. So how could the effects of α-synuclein on NG2-glia in the 

hippocampus be mediated? First, in several other papers it was shown that α-synuclein 



92 

 

impairs the maturation of NG2-glia to fully myelinating oligodendrocytes [77, 188], and it 

is discussed, whether it also causes increased proliferation of NG2-glia [188]. Further-

more, it was suggested, that α-synuclein might be naturally expressed in NG2-glia, but is 

later on downregulated for maturation [70, 77]. If, in turn, maturation could only proceed 

after diminishing the amount of α-synuclein, maturation would be more problematic and 

take longer in an environment, where α-synuclein is regularly supplied by neurons. Sec-

ondly, α-synuclein might also have a direct effect on AMPA receptors, which together 

with N-Methyl-D-Aspartate (NMDA) receptors are part of a receptor unit for glutamate 

[67]. It was shown for neurons that α-synuclein partially exerts its effects via an NMDA 

receptor subunit and subsequent upregulation of calcium influx [81] so it might also be 

able to mediate effects via the AMPA receptor. In NG2-glia, AMPA receptors are more 

common and it was shown that when upregulating a subunit of the AMPA receptor, with 

a higher calcium influx as a result, the consequence was increased proliferation but de-

creased differentiation of NG2-glia [53], as it was also observed in the hippocampus in 

this study. Whichever of the hypothesises is true, both make it likely that α-synuclein is 

actually taken up by NG2-glia, which then in turn might also be partially responsible for 

the spreading of α-synuclein. However, if there is really an increase in proliferation of 

NG2-glia, the question arises why the numbers of cells remain constant between WT and 

α-synuclein mice. Here, this could be due to increased apoptosis of NG2-glia or because of 

a higher direct transformation of NG2-glia to oligodendrocytes without prior proliferation. 

In the motor cortex, interestingly, just as seen before for the microglia, the upper layers 

seem to be more severely affected than the lower layers (Table 12). This could be, be-

cause CamKIIα is less expressed in layer V of the cortex and more in layers II and III [287].  

Oligodendrocytes seem to be especially prone to α-synuclein pathology, as seen for ex-

ample in MSA [246], but still, the numbers of proliferating and differentiating NG2-glia do 

not show a significant change in the WM (Table 12), where more oligodendrocytes are 

and thus a higher potential for cell damage, than in the equally analysed GM would be 

expected. One part of the answer could lie within the different properties of WM and GM 

NG2-glia. WM NG2-glia seem to be more capable of producing fully maturated and func-

tioning oligodendrocytes than their GM partners [275]. These newly generated WM oli-

godendrocytes might generally be less prone to α-synuclein caused damage than their 
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GM counterparts and thus might not need to be replaced so often, which becomes espe-

cially evident in the older animals. Another explanation could be that the general cell 

turnover in the WM is higher than in the GM, so WM oligodendrocytes might get natural-

ly replaced before becoming dysfunctional due to α-synuclein inclusions. To summarize 

this, NG2-glia seem to be in general but also particularly in a neurodegenerative environ-

ment a highly plastic cell group, which reacts very specifically to changes in its surround-

ing and also behaves differently depending on the different stimuli and environments. 

In the WM, generally more BrdU single positive cells, not staining for either NG2 or CC1, 

have been found. Since there was no overlap between GFAP and BrdU positive cells ei-

ther, they are most likely proliferating microglia, which could also be an explanation for 

the elevated number of microglia in 15 months old α-synuclein mice. 

4.3 General future aspects 

In summary, it could be shown that all types of glial cells do react in a region-, time-, and 

pathology specific manner. Additionally, some glial cell groups also seem to interact with 

each other. For example microglia and astrocytes do seem to influence each other, 

whereas NG2-glia seem to react more independently of these two cell groups. Further-

more, reactions of glial cells which are evident in one brain region might be completely 

different in another. The overview over the four different glial cell types and their specific 

reactions and interactions could be shown, unifying other observations already made in 

different publications, even though these were mostly made with one specific type of glia. 

However, in order to get clearer results, especially since many non-significant trends have 

been observed, an increase of animal numbers would be needed to further confirm these 

trends.  

Many trials targeting only one specific reaction of one specific cell group have failed so far 

to show success [59, 191]. The results presented in this thesis give a possible explanation 

for this failure: It is hard to predict, which glial reaction is actually beneficial and which is 

detrimental to the pathology, and whether these specific effects of glial interventions are 

only restricted to certain brain regions. Even the same reaction at two different time 

points or in two different brain areas might lead to completely different results. For ex-

ample reactive astrocytes seem to be beneficial in early ALS stages and detrimental in 
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later phases [208]. In many studies a specific glial reaction was targeted and then either 

blocked or enhanced and the effect on the outcome afterwards evaluated. This proce-

dure gives valuable information but disturbs the normal cellular interactions. So an effect 

mediated via a disturbance of one cell group might actually show a response in a second 

cell type. This reaction might not be detected if not specifically searched for, which can 

only take place if it is known, that these two cell groups might actually affect each other. 

The brain is not a combination of distinct cell groups but a network of closely interacting 

groups [273]. So a disturbance in this network consequently does not lead to a reaction of 

a single cell type, but of all the groups being involved in this structure. Uncovering a new 

part of this network and to establish a more “gliocentric” view was one of the aims of this 

thesis. To show further results, other diseases but also neurons should be taken into con-

sideration; as well as more time points and brain regions, since most pathologies affect 

more than one region or system and are also detectable in seemingly unaffected or only 

mildly affected brain regions [32]. The importance of also considering working but affect-

ed regions explains itself, since the cell networks there seem to have found a way of cop-

ing with the pathologic agent. Thus, treatments not only targeting partial cell reactions 

but the glial network as a whole should gain more attention. However, in order to devel-

op such therapies, understanding of the diseases and further investigation is still indis-

pensable. 
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5 Summary 

Neurodegenerative diseases such as Parkinson’s disease (PD) and amyotrophic lateral 

sclerosis (ALS) become a growing problem in an aging society. These diseases are charac-

terized by the degeneration of specific neurons and partially by the spreading of prion like 

proteins such as α-synuclein in PD and Tar-DNA binding protein 43 (TDP43) in ALS. Since 

the brain does not only comprise of neurons but of glial cells as well, it is well thinkable 

that also these cells are affected and react in neurodegenerative diseases. In total, there 

are four major glial cell types in the brain: astrocytes, which help to keep the brain equi-

librium by the uptake of excessive neurotransmitters, provide nutritious lactate to neu-

rons and become reactive upon pathologic stimuli; microglia, which are the immunocom-

petent cells of the brain; oligodendrocytes, which electrically insulate axons and provide 

them with energy metabolites; and NG2-glia, which are progenitor cells for oligodendro-

cytes but also form direct synapses with neurons and can react to a wide range of patho-

logic stimuli.  

In this thesis, the behaviour of glial cells in several brain regions of mice with different 

pathologic mutations of different ages was studied. For ALS, a heterozygous knockout of 

TANK-binding kinase 1 (TBK1) and a mutation in TDP43 in 18 months old mice were ana-

lysed, and in PD an α-synuclein knock in mouse model with 10 and 15 months old mice 

was studied. In a first step, glial cell numbers were counted and their state of activation 

was taken into consideration and in a second step the proliferation and subsequent dif-

ferentiation of NG2-glia into oligodendrocytes was evaluated by using the proliferation 

marker 5-Bromo-2-deoxy Uridine (BrdU). 

In ALS, quantification of glial cells was performed in the motor cortex (mc). A significantly 

increased number of reactive astrocytes was observed in the grey matter (GM) of animals 

carrying both, a heterozygous knock out of the TBK1 gene and a knock in mutation of 

TDP43 (TBK1/TDP43 mice) towards TDP43 mice, whereas no differences of cell numbers 

could be observed in the four mice strains in the adjacent white matter (WM). Microglia 

reacted reverse to the astrocytes with significantly less cells in TBK1-, and TBK1/TDP43 

mice in the GM as well as the WM towards TDP43 mice. Numbers of NG2-glia in the mc 

stayed constant but they showed significantly less proliferation and subsequent differen-

tiation into oligodendrocytes in TBK1-, and TBK1/TDP43 mice. 
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In PD mice, the caudoputamen (CP), dentate gyrus (dg) and mc were analysed. In the CP, 

astrocytes of 15 months old mice carrying a mutation in the α-synuclein gene (α-syn mice) 

showed a significant increase of reactivity which was not yet evident in 10 months old α-

syn mice. In contrast to that, numbers of microglia remained constant. Also numbers of 

NG2-glia were constant with the exception of an age dependent decline in the 15 months 

old wildtype mice (WT) which was not observed in the 15 months old α-syn mice. In the 

dg, numbers of astrocytes and microglia remained constant but showed increased activa-

tion in 15 months old α-syn mice. NG2-glia showed an increase in proliferation but less 

subsequent differentiation in all age groups of α-syn mice. In the mc, counting of astro-

cytes again remained constant but significantly less microglia were observed in the GM of 

15 months old α-syn mice compared to WT, whereas in the WM they were significantly 

increased compared to younger α-syn mice. NG2-glia remained constant in the different 

layers but showed increased proliferation in 15 months old α-syn mice compared to WT 

and generation of new oligodendrocytes in 15 months old α-syn mice compared to 10 

months old α-syn mice in the GM. 

In summary, it was shown that the reactions of glial cells are very heterogeneous and 

depend a lot on the brain region observed but also on the age and the mutation studied. 

Therapies generally influencing one group and specific reaction of glia might have a com-

pletely different impact on the course of the disease, depending on when they are admin-

istered and in which region they deploy their major effect. 
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