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1. INTRODUCTION 

1.1 Dementia and Alzheimer’s disease  

Alzheimer’s disease (AD) is the most prevalent form of dementia in elderly individuals and 

accounts for approximately 60-70% of all dementia patient cases (1, 2). AD incidence will 

significantly increase in the upcoming decades given a growing proportion of the elderly 

population worldwide. Based on recent estimates of the Alzheimer’s Disease International 

federation on global prevalence data and other reports, in 2030 the total number of people 

afflicted with dementia will measure approximately 66-76 million and by 2050 reaching 115-

136 million, respectively (2-4). Despite this, it is only recently that AD is treated as a major 

public health priority sparking a marked increase in research funding (5-6). AD as such, is a 

chronic neurodegenerative condition accompanied by progressive and irreversible memory 

decline (i.e. amnestic dementia) and impairment of several cognitive domains (e.g. attention, 

executive functions, visual perception), ultimately interfering with daily activities and 

functioning (5-8). Macroscopically, on autopsy evaluation, gross neuropathologic features 

of brains derived from AD patients are typically suggestive of diffuse and symmetrical 

cerebral cortical atrophy often associated with ventricular enlargement and atrophy of 

subcortical white matter tracts (1, 3). Late-onset AD is a multifactorial disease, whereas 

early-onset AD was found to harbor distinct pathogenic mutations in genes inherited in an 

autosomal dominant fashion, e.g. amyloid precursor protein (APP) or presenilin 1 and 2 

(PSEN1/2) (9-12). Importantly, these alterations inherent to the early-onset form lead to a 

malfunctioning within the APP processing pathway. APP is a protein ubiquitously found in 

the CNS and under physiological conditions converted into the amyloid-β (Aβ) peptide (9-

13). In the context of pathological conditions however, Aβ can aggregate over time as it is 

occurring in AD resulting in accumulation of extracellular Aβ plaques in the neuropil and 

adjacent vasculature (8, 13-15). This laid the foundation for the so-called Aβ hypothesis in 

AD (2, 3, 11-17). Importantly, soluble, non-fibrillar or diffusible Aβ species, known as Aβ42 

oligomers, are believed to play a key role during AD pathogenesis, through modulation of a 

variety of pathophysiological processes through-out the disease course. This implies 

progressive synaptic injury, which is believed to constitute an early event in the disease 

being present in individuals with mild cognitive decline years before clinical diagnosis of AD 

(13-19). For example, loss of synaptic proteins such as Synaptophysin (Syn) in comparison 

to brain sections from cognitive normal controls was demonstrated earlier (15, 16). Similarly, 

specific brain regions such as temporal lobe regions including the entorhinal cortex and the 

CA1 hippocampal region are known to be affected early in AD showing signs of volume loss, 
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followed by adjacent areas such as structures of the limbic system or isocortical areas (18-

20). Notwithstanding, the detailed cellular and molecular mechanisms involved in Aβ-related 

synaptotoxicity remain ill-defined (1, 2, 21-24). Aβ42 species, can act in a ligand-like manner 

and are thought to account for neurotoxic and synaptotoxic effects, e.g. interfering with long-

term potentiation (LTP) in ex vivo studies with hippocampal organotypic slice cultures and 

in in vivo studies with rats, respectively (23, 24). LTP at synapses accounts for synaptic 

plasticity and is regarded as the molecular and electrophysiological underpinning of learning 

and memory (23-26). Experimental data suggest that Aβ42-related effects contribute to 

synaptotoxicity through a vast array of molecular targets and pathways. These include 

membrane lipids, receptor or channel proteins activating downstream signaling events via 

second messengers, resulting in modification of the cytoskeleton, modulation of the 

production of inflammatory mediators and cell death signaling etc. (26-29). In several recent 

in vivo studies direct, low-dose and repetitive orthotopic microinjections of synthetic Aβ 

peptides into rodent brains resulted in learning and memory deficits (30-33). Disease 

features inherent to more progressive AD stages involve chronic deposition of extracellular 

Aβ aggregates (senile plaques) and formation of intra-neuronal neurofibrillary tangle 

conformers, predominantly in the neocortex. Ultimately, aggregation of 

hyperphosphorylated Tau protein results in overt neurotoxicity with concomitant microscopic 

changes including neuronal cell loss (21, 26, 27, 34). Intriguingly, abundant evidence 

including epidemiological, neuropathological as well as pre-clinical observations suggest 

that neuroinflammation could be a disease element promoting AD development and 

progression - independently of the Aβ hypothesis (35-38). Here, in pre-clinical AD models 

both astrocytes and microglia were shown to produce a variety of pro-inflammatory 

cytokines indicating that chronic neuroinflammation is apparent even before full-blown 

disease features develop (38-46).  

 

1.2 Modeling Alzheimer’s disease in vitro 

Given its unknown etiology, accelerated research effort is of paramount importance in the 

light of a rising AD incidence, its significant socio-economic impact and current lack of 

disease-modifying treatment modalities (6, 46, 47). Aside from the abundance of pre-clinical 

studies on AD, there has been a steadily increasing number of clinical trials testing novel 

treatments to tackle AD - though, with a highly unsatisfactory success rate. For instance, 

from 2002 until 2012, in 413 trials a total number of 214 compounds have undergone clinical 
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testing overall resulting in one FDA approval in the year 2003 (46, 47). In addition to that, 

recently published data from several larger phase-III clinical trials probing either Aβ 

immunotherapy (Bapineuzumab, Solanezumab, Aducanumab) or the use of small molecule 

inhibitors (SMIs) directed either against g-secretase (Semagacestat, Tarenflubil) or β-site 

amyloid precursor protein cleaving enzyme 1 (BACE-1) (Verubecestat, Atabecestat, 

Lanabecestat) unequivocally resulted in disappointment results (48-53). Along these lines, 

continuing collaborative effort of both pre-clinical and clinical researchers of the National 

Institute on Aging-Alzheimer’s Association Research Framework intended to define 

diagnostic criteria or a research framework for preclinical stages of AD as well clinical stages 

of AD, i.e. mild cognitive impairment and dementia, emphasizing the fact that AD needs to 

be treated as a continuum with an onset typically decades before overt dementia ensues 

(54-57). Keeping the aforementioned failures in mind, conceptual advances in defining pre-

syndromal AD and apparent limitations of the Aβ hypothesis, future trials will mandate 

careful planning in conjunction with extensive analyses of pre-clinical research data, 

ultimately testing the “right target and right drug at the right stage“ (58). In this regard, 

existing shortages of appropriate pre-clinical models leave the exact disease onset, linearity 

of disease events, involved mechanistic drivers of both disease onset and progression in 

human AD, unknown (14, 26, 27). This in turn, hampers translation of research findings, i.e. 

probing potential targets for disease-modifying therapy or testing biomarkers for preemptive 

diagnosis of AD (14, 59). In vivo AD models include transgenic mouse strains, in which 

human genes are over-expressed, e.g. WT human APP or familial familial AD-associated 

APP or a combination of these (13). To a certain degree, these models mimic specific AD 

features such as Aβ plaque deposition or Aβ-induced synaptotoxicity. Yet, they often fail to 

recapitulate other disease features, e.g. the typical cognitive deficits associated with AD, 

neuronal cell loss or the presence of NFT (13, 60). Conversely, ex vivo and in vitro models 

can complement in vivo experiments based on several aspects which can be listed as 

follows:  

1) Ex vivo and in vitro models recapitulate aspects of disease such as Aβ-mediated 

neurotoxicity in AD. 

2) Reduction in biologic complexity allows to manipulate cells or cell types independently 

of their intricate brain tissue environment encountered in vivo, rendering interpretation 

of experimental results more straightforward. 
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3) The relative control and stability over experimental conditions in in vitro or ex vivo assays 

renders them amenable to experimental manipulations allowing testing of compounds or 

drugs at larger scale and with higher throughput. 

4) Ex vivo and in vitro models show relatively higher cost-effectiveness in comparison to in 

vivo studies. 

5) Use of ex vivo and in vitro models is associated with decreased time to termination of a 

given experiment, i.e. the time to obtain experimental readouts from an experiment. 

6) Ex vivo and in vitro models facilitate reduction of mouse experiments (principle of 3 R’s) 

depending on the experimental set-up and scientific question (13, 59, 60). 

In vitro studies in neuroscience and neurodegeneration frequently involve the use of a variety 

of cell-based systems ranging from established cell lines (e.g. HEK293, SH-SY5Y or PC12 

cells) to primary mouse neurons, 2-D or 3-D co-culture systems, ex vivo organotypic 

hippocampal slice cultures and more recently the use of patient-derived induced pluripotent 

stem (iPS) cells to obtain differentiated CNS cells or even „brain organoids“ (59-62). Cell 

lines derived from tumor tissue such as the neuroblastoma cell line SH-SY5Y or 

immortalized hippocampal neuronal cell lines (e.g. HT4 or HT22 cells) exhibit limited 

neuronal characteristics (i.e. lack of neuronal morphology and differentiation such as well-

defined axons, dendrites or synapses, expression of neuronal markers and presence of a 

post-mitotic cell state) (63-65). Nevertheless, they have been used by numerous groups to 

study certain aspects of molecular and cellular processes related to neurotoxicity and 

neuroprotection in vitro since they are easily available, affordable and simple in handling (59, 

63-65). In parallel, the improvement of in vitro primary dissociated cell culture techniques of 

murine (mouse or rat) hippocampal or cortical neurons throughout the last two decades, 

offered researchers a constant and cost-effective supply of neuronal cells for in vitro studies 

enabling researchers to model aspects of AD at least to a certain degree (59, 66-70) (see 

2.7). As a matter of fact, all aforementioned techniques and methods inherently harbor 

advantages and disadvantages (59, 70, 71). Primary hippocampal or cortical mouse 

neuronal cultures display hallmarks of neuronal morphology and function similarly to those 

observed in vivo (72). Methods such as iPS cells from diseased patients, cell lines or slice 

cultures can all be: 1) relatively costly and time-consuming especially in the case of iPS 

models, 2) prone to bias or variability as in the particularly in the case of iPS cells but also 

established cell lines, which may accumulate mutations and underlie selective pressures or 

reduced sensitivity to toxic insults, or 3) not amenable to higher throughput exploitation and 
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so forth (61, 62, 71). Preparations of primary cells are commonly subjected to low-density 

plating onto glass surfaces (e.g. glass coverslips) where they display some phenotypic 

features of neurons (e.g. well-developed neurites, extensive connections and spines) 

allowing researchers to visualize and investigate processes of subcellular protein 

localization and dynamics as well as protein trafficking, cell signaling pathways, but also 

neurite outgrowth, axon regeneration, synaptogenesis and synaptic plasticity, etc. by either 

using pharmacological, forward and backward genetics as well as electrophysiological 

approaches (66-69, 71-74). At high densities, they usually serve for biochemical analyses 

such as Western blotting (73, 74). 

 

1.3 Aim of the work 

Early alterations in AD remain ill-defined and are likely associated with alterations at the 

level of dendritic spines as well as neuroinflammatory processes. So far, there is a lack of 

simple, yet validated in vitro models to study cellular and molecular events that may be 

relevant in early AD. The goal of this thesis was to establish and optimize an in vitro platform 

of primary mouse neurons following a bottom-up approach to model the process of neuronal 

synaptic degeneration in the context of AD. Based on a relatively well-described protocol 

originally published by Banker et al., our assay offers a facile and reproducible protocol, 

where primary neurons are co-cultured with primary astrocytes providing paracrine support, 

enabling proper in vitro differentiation of neurons (74, 75). Importantly, this model overcomes 

some of the difficulties of complex in vivo studies as it provides separate access to two main 

cell types of the CNS, while it still retains some complexity allowing experimental 

manipulations in a dish. Accordingly, we aimed to characterize our system by modeling 

astrocyte-mediated neuronal changes by addressing the following key aspects: 

1) Characterizing acutely dissected CNS tissue and resulting primary CNS cultures in 

regard to survival and cell-specific marker expression of astrocytes and neurons the co-

culture assay. 

2) Tracking neuronal growth and differentiation in co-cultures, thus determining the optimal 

time window for experimental manipulations. 

3) Comparison of co-cultured neurons with neurons in monocultures in terms of neuronal 

health status and morphometric indices. 
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4) Probing the impact of experimental manipulation - including Aβ42-related effects and 

effects of LPS - on both astrocytes and neurons to model non-cell autonomous effects 

on neurotoxicity and synaptotoxicity. 

 

1.4 Primary in vitro cultures 

1.4.1 Primary astrocyte cell cultures 

1.4.1.1 Functions, morphology and markers of astrocytes  

Astrocytes represent the major class of non-neuronal glial cells within the CNS with a 

species-specific and a brain-region-dependent astrocyte-to-neuron ratio (76, 77). 

Throughout the last decade, a conceptual shift occurred in how astrocytes are viewed. 

Traditionally, astrocytes have been seen as a relatively homogenous cell population acting 

primarily as supporting cells to neurons providing structural and metabolic support 

(classically referred to as „glue cells„) (79). Moreover, it is established that astrocytes contain 

heterogeneous cell subsets endowed with distinct modulatory functions in CNS 

development, regeneration, neuronal circuit function by accounting for tripartite synapse 

formation, synaptogenesis, synaptic remodeling as well as neurovascular coupling, blood-

brain barrier formation and maintenance (78-80). Apart from their physiological roles, 

astrocytes react to virtually any type of CNS insult or injury, playing an important role in 

neurodegenerative diseases, e.g. AD, Parkinson’s disease, amyotrophic lateral sclerosis, 

stroke, subarachnoid hemorrhage, intracerebral hemorrhage, traumatic brain injury and 

spinal cord injury, as well as in primary and secondary brain tumors (81-90). Different 

methodological approaches enabled researchers to further assess morphology, function or 

phenotype of astrocytes, as well as their transcriptional landscape under both physiological 

and pathological conditions (90). Characterization of astrocyte phenotypes in vivo as well 

as in vitro is usually conducted with immunolabelling techniques such as IF and IHC. Here, 

increased expression of the intermediate filament protein and pan-astrocytic marker glial 

fibrillary acidic protein (GFAP) has emerged as a hallmark of reactive astrogliosis (79, 90-

92). Intriguingly, astrocytes can acquire an activated phenotype - generally referred to as 

reactive astrocytes (RAs) - characterized by hypertrophy, marked up-regulation of 

prototypical RA markers, namely GFAP, S100B, expression of various pro-inflammatory 

mediators and axon-repelling extracellular matrix proteins including other features (90-92). 

Nevertheless, GFAP does not meet the criteria of a universal astrocyte marker neither from 
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a physiological, nor a pathological standpoint. Under in vivo conditions in healthy CNS tissue 

astrocytes remain largely undetected by antibodies to GFAP. Moreover, astrocytes display 

heterogeneity and loco-regional differences in GFAP expression (76, 77, 93). Research in 

AD has been shifting steadily from a neuro-central perspective - with the Aβ hypothesis 

taking center stage - towards a more comprehensive picture of the disease incorporating 

other elements such as neuroinflammation, altered lipid metabolism, neurovascular 

processes, neuronal circuit-related derangements. Accordingly, appreciation and interest in 

the contribution of distinct CNS cell subsets such as different types of microglia, astrocytes, 

and other cell types is increasing (27, 39, 93, 94). This goes hand in hand with the 

aforementioned disappointing AD trials (52, 53). Accordingly, growing in vitro and in vivo 

evidence points towards an active role of astrocytes in AD disease progression (27, 93-95). 

On neuropathology specimens of post-mortem human tissue increased astrocytic GFAP 

levels as a sign of astrocyte reactivity appears even before the onset of clinical symptoms, 

and it proportionally increases with Braak stage (96). RAs seem to be focally distributed in 

association with Aβ plaques with signs of engulfed intracellular Aβ deposits, which has been 

thought to pose a neuroprotective barrier compartimentalizing toxic deposits, similarly the 

encapsulation of the damaged tissue mediated by astrocytes in ischemic stroke (97, 98). 

This seems to be in accordance to other observations, where crossing of the AD transgenic 

APP/PS1 mouse model together with a line with a GFAP -/- Vimentin -/- background results 

in disrupted cytoskeleton of RAs without presence of reactive gliosis and a concomitant 

exacerbation of Aβ burden in AP- P/PS1 GFAP -/- Vimentin -/- animals (98). Another 

protective effect is thought to involve one the well-established functions of astrocytes in AD, 

including Aβ catabolism, i.e. the uptake and degradation of Aβ in vitro; a this scavenger 

function was shown to be diminished in the case of ApoE-/- astrocytes (99, 100). The exact 

contribution of astrocytes in AD remains to be defined, as astrocytes likely display a spatio-

temporal and context-dependent spectrum of beneficial and detrimental effector functions. 

Regarding this, research showed that there is no plaque load difference between the 

APPswe/PS1dE9 double-transgenic AD mouse model (APP/PS1), APP/PS1-GFAP -/- and 

APP/PS1-GFAP -/- Vimentin -/- (97, 99). Additionally, several studies indicated that in vitro 

cultured astrocytes derived from AD models or Aβ42-treated astrocytes may lose neuronal 

supporting functions (100-105). In this regard, Lian et al. recently demonstrated that pro-

inflammatory NF-kappaB/complement 3 (C3)/C3 receptor signaling results in neurotoxic and 

synaptotoxic effects due to altered calcium homeostasis in neurons via binding of astrocyte-

secreted molecule C3 on the C3 receptor of neurons, thus accounting for dysregulated 
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neuron-astroglia cross-talk in the context of AD (94). Apart from complement factors, other 

pro-inflammatory cytokines increased in AD specimens of humans and AD mouse models 

are thought to be at least in part secreted by astrocytes including IL-1β, IFN-g, TNF-a and 

TGF-β (104, 105). Although with the advent and continuous improvement of in vitro astrocyte 

cultures, the use of primary astrocytes in vitro to probe the role of their contribution of AD 

has some limitations (106-111). The relative ease and reduction of in vivo complexity by 

means of culturing astrocytes together with other CNS cells (co-culture) can facilitate 

identification of potential pathways and interactions between astrocytes and other cells, such 

as neurons in the presence of Aβ pathology or various different disease situations (106). 

Here, it is worthwhile to mention an important caveat of in vitro culturing of murine astrocytes 

involves non-physiological serum-containing medium as well as 2D-culturing conditions 

which are not encountered by quiescent astrocytes in the brain. Age dependency of murine 

primary cells (prenatal vs. postnatal) and the fact that murine astrocytes were shown to 

harbor distinct genomic and functional traits to human ones are additional factors that have 

to be considered when drawing conclusions f r o m  i n  v i t r o  s t u d i e s  (88, 107, 108). 

 

1.4.1.2 Other glial cells as a potential resource of contamination in primary astrocyte 

cultures 

A  potential problem of primary astrocyte cultures lies in the presence of other cell types 

derived from the same tissue, which have not been depleted during culture. Most 

publications using in vitro primary astrocyte cultures typically follow a protocol where rodent 

astrocytes can be purified from mixed CNS cultures derived from rodent neonatal cortical or 

hippocampal tissue using a mechanical shaking-off approach. This is based on CNS-cell-

type specific and selective adhesive capacities found in vitro (106-108, 112). Thereby, a 

relatively high purity of astrocytes can be achieved devoid of main contaminants, i.e. 

contaminating glial cell types such as microglia, oligodendrocytes, oligodendrocyte 

precursor cells (OPCs) or non-glial meningeal fibroblasts and ependymal cells  (74, 75, 108). 

Several prospective techniques have been introduced to enrich and isolate primary 

astrocytes involving immunopanning or fluorescence activated cell sorting (FACS)-based 

approaches. Resultant neuronal cultures typically contain a much lower fraction of 

contaminating non-neuronal cells (106-108). Additionally, these approaches are not as time-

consuming and allow to avoid some of the supra-physiological culture conditions of the 

regular astrocyte isolation and culture protocol by McCarthy and de Vellis (including 
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activation of astrocytes due to serum, the 2-D-surface with selection and expansion of the 

proliferative astrocytic cell fraction) (74, 75, 106-114). Normally, the majority of 

contaminating cells is deprived by the de Vellis approach using plastic surfaces and simple 

shaking off procedures before experiments based on selective in vitro adhesive capacities 

of astrocytes in comparison to other CNS cells or use of proliferation inhibitors (108, 111, 

112). Astrocyte purity is usually assessed by means of IF co-staining for GFAP while 

Hoechst dye is used for counterstaining of all cell nuclei (79, 113, 114).  

 

1.4.2 Primary neuronal cell cultures 

1.4.2.1 Principles of culturing primary neurons and neuronal markers 

Dispersing cells from CNS tissues such as the rodent hippocampus and seeding cells to 

obtain primary dissociated neurons is a widely used and invaluable tool in various 

neuroscience-related fields. Respective protocols have improved significantly since the 

1970s (113, 115). Since this work is primarily focusing on neurons from mice, primary 

cultures from other species are not covered here. In case of primary hippocampal neurons, 

studies provided a wealth of morphological and physiological information owing to some 

advantages of hippocampal neurons over neurons from other CNS sites (74). Firstly, 

important biological and behavioral functions linked to the hippocampal and 

parahippocampal region including spatial and contextual learning as well as memory are 

based on the well-described connection between molecular and cellular processes in 

hippocampal neurons and their corresponding effects on processes such as neurogenesis 

and behavioral phenomena (116, 117). Secondly, hippocampal neuronal cultures yield a 

relatively homogenous cell population with a simple architecture, yet, well-defined in shape 

reminiscent to neurons in vivo with an axon and numerous dendrites forming synaptic 

connections undergoing five distinct developmental stages in vitro (74, 118). This is in 

contrast to cortical neurons which display by far a more heterogeneous cell population. 

Thirdly, culturing hippocampal neurons represents an economic, easy and simple method 

(74, 75, 119, 120). However, many factors can significantly influence quality and outcome 

of cultures as well as downstream applications and experiments depending on 1) whether 

embryonal or postnatal tissue is dissected, 2) which type of enzymatic tissue digestion 

protocol is used, 3) at which density neurons are seeded, 4) which cell culture media is used, 

5) what type of coating is used for glass coverslip surface and so forth (121, 122). For 

instance, culturing mouse postnatal p0-1 neurons is known to be more challenging than the 
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culture of embryonic mouse or rat neurons given the higher plasticity and resistance of 

immature, embryonal neurons against the harsh conditions during tissue preparation and 

associated axonal shearing damage as embryonal neurons do not express as many 

adhesive molecules as mature, postnatal neurons (68, 74, 75). Herein, some authors argued 

against the use of embryonal neurons to study neuronal phenotypes linked to age-related 

neurodegenerative diseases such as AD, as postnatal tissue more faithfully match these 

conditions which however is more difficult to work with and maintain in vitro (67, 68). Working 

rigorously under defined culture conditions is an additional fundamental aspect of culturing 

neurons where most protocols avoid the use of serum-containing media (122-124). First of 

all, serum-based culture conditions contribute to experimental variability with a myriad of 

undetermined factors that can be found in serum and that differ from batch to batch in their 

concentration (122-125). Moreover, serum-based culture conditions are highly artificial 

given that they contain factors which are normally not present in CNS tissue, whereas 

serum-free media including commercial serum-supplements such as B27 and N2 offer 

chemically more defined conditions for neuronal cultures (88, 107, 124, 125). Apart from 

reducing variability of culture conditions, serum-free cultures avoid potential toxic effects of 

components within the serum (122, 126, 127). Importantly, in the case of single cell 

suspensions that are not subjected to prospective isolation of neurons as with FACS, 

resulting neuronal cultures typically contain a much higher contaminating non-neuronal cell 

fraction (128). Serum-free conditions help to curb expansion of mitotic, non-neuronal cells 

including astrocytes but also other types of glial cells (79, 128-130). In every primary 

neuronal culture, determination of the optimal seeding density poses one of the most 

debated problems and is probably the decisive factor accounting for overall quality and 

maintenance of primary neurons (128). Generally, low-density cultures are used to evaluate 

morphology, neurite outgrowth and dendritic spines or spine-related processes, whereas 

high-density cultures commonly serve for electrophysiological or biochemical analyses (74, 

75, 128-130). For selective identification of freshly dissected and in vitro cultured neuronal 

cells in a non-sorted, mixed CNS culture background, several IF markers have proved to be 

useful. For example, a common marker is microtubule-associated protein 2 (MAP2), which 

is expressed especially in dendrites of both hippocampal and cortical neurons with detailed 

phenotypic characterization of neuronal structures as evidenced by IF using MAP2-specific 

antibodies (74, 75, 130). As delineated above, phenotype and behavior of neurons largely 

depend on plating density and quality of cultures. One reason for this observation is certainly 

that processes such as neuronal maturation, differentiation and synapse formation partly 
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underlie direct cell-cell (juxtacrine) interactions (129). Additionally, neurons in culture 

generally rely on growth factors, metabolites and other soluble factors for survival, proper 

growth, and differentiation, which are largely produced by adjacent glial cells (paracrine 

interactions) (74, 75). Based on some of the pitfalls of primary neurons, several possibilities 

exist to optimize growth and differentiation to model disease in a dish, which will be 

discussed below in more detail. 

 

1.4.2.2 Neuronal Morphology - Dendritic spines, spine classification, and synaptic plasticity  

As stated earlier, primary neuronal cultures can serve as a powerful tool to study isolated 

neurons, out of the context of their complex CNS environment. Since neurons cultured in 

vitro develop some main features reminiscent of neurons in vivo, dissection of molecular 

and cellular processes including dendrite and spine development, synaptogenesis, 

subcellular processes is possible (74, 118). Neurons are composed of a soma (cell body), 

a dendritic arbor with a myriad of extensions (referred to as dendrites or neurites) and an 

axon. Dendritic spines are defined as small protrusions that can be found on neurites 

enabling them to sequester and compartmentalize excitatory signals of the CNS, which 

mostly involve glutamergic excitatory inputs (131-133). Likewise, dendritic spines account 

for the postsynaptic component of excitatory synapses and form approximately one-to-one 

connections with pre-synaptic terminals. Hence, it is believed that spine density reflects 

synapse density (133-135). Dendritic spines contain a scaffold of actin filaments and are not 

static, but inherently dynamic in their 3D structure and volume by virtue of their activation-

dependent synaptic plasticity. Consequently, they are regarded as anatomical correlates for 

synaptic transmission and plasticity, memory storage, motivation and behavioral 

phenomena (69, 135). Along these lines, changes in neuronal morphology, particularly at 

the dendritic spine level are widely accepted as salient functional features of neurons (135). 

In the context of neurodegenerative disorders and other CNS pathologies, morphological or 

numerical (qualitative or quantitative) changes at different levels (i.e. soma, dendrites and 

particularly dendritic spines) are believed to lead to concurrent impairment of neuronal 

function and/or loss of synaptic function, respectively (27, 38, 134, 135). Hence, analysis of 

different morphological neuronal readouts might provide vital insights into the correspondent 

mechanisms and pathways underlying these alterations in disease (136, 137). The basic 

morphological appearance of dendritic spines includes the spine head and neck, which 

connects both shaft and head. Moreover, spines can be sub-classified into thin, stubby and 
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mushroom-shaped spines (116, 130, 131). Novel, more sophisticated imaging modalities 

such as two-photon laser scanning microscopy enabled researchers to visualize 

longitudinally spine transitions, (i.e. spine formation, maintenance and loss phase) and 

assess functions of dendritic spines in relation to factors such as density, maturity and 

distance from the cell soma (116, 131). Exact mechanisms governing spine dynamics and 

its role in neurodegenerative diseases remain to be fully determined. Although, dendritic 

spines can be readily identified by using confocal laser scanning fluorescence microscopy 

the theoretical resolution (diffraction) limit of approximately 200 µm restricts imaging of spine 

plasticity. More sensitive systems such as stimulated emission depletion (STED) microscopy 

provide an improved imaging modality and a more reliable and precise mode of imaging 

(69). Manual analysis and quantification of neuronal morphology is labor-intensive and time-

consuming, but also prone to intra- and inter-observer bias (136). As a consequence, 

different semi-automatic and automatic software tools have been developed to detect spines 

in 2D or 3D and annotate spine characteristics (134, 135). Standard approaches in dendritic 

spine analysis involve either data based on morphological (imaging), molecular or 

biochemical studies (i.e. qRT-PCR, Western blot). Generally, a so-called neuronal cell-fill 

marker is required for imaging of dendritic spines to visualize the whole neuron including its 

dendrites. This can be achieved by transfection of in vitro cultured neurons with a reporter 

gene such as eGFP or tdTomato (68, 74). Alternatively, several groups made use of IF 

staining of neurons with the MAP2 as a selective neuronal dendrite marker, thus avoiding 

transfection of neurons maintaining culture protocols simple and reducing artificial stressors 

and negative consequences on the viability of neurons. Thus, throughout this work, IF 

staining of MAP2 was chosen as an adequate cell-fill marker of hippocampal neurons as 

well as a marker of neuronal health status, similar to previous research (74, 75, 94, 118). 

MAP2 can later serve as a trace marker for analysis of synaptic puncta when using the 

freehand selection tool in the program for synaptic puncta analysis (SynPAnal) (135). 

Synaptophysin (Syn) is an integrated membrane glycoprotein accounting to a major part to 

the structural composition of synaptic vesicles and is a widely used pre-synaptic marker. 

Although Syn harbors neither excitatory, nor inhibitory functions, it was shown to regulate 

activity-dependent synapse formation in in vitro cultured hippocampal neurons. Positivity for 

Syn is apparent when synapses are already established thus serving as a late differentiation 

marker for neurons (136-139). For staining of dendritic spines Syn was used, to obtain 

density and intensity of Syn-positive (Syn+) puncta associated with the MAP2-positive 

(MAP2+) signals corresponding to the dendritic tree, similar to Lian et al. (94). More detailed 
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information on how synaptic puncta were analyzed will be provided in the method section 

below. 

 

1.4.3 Neuron-astrocyte co-cultures 

1.4.3.1 Applications and benefit of co-cultures systems 

Considering the wealth of publications involving primary neurons, it is common that neurons 

subjected to experiments are often not properly differentiated with cells dying-off after 

several days in vitro. This in turn can influence outcome of experiments (74, 75, 116). A 

marked improvement of long-term survival, overall neuronal health, onset of growth and 

differentiation in vitro has been achieved by the use of conditioned medium (CM) derived 

from astrocytes (aCM) or by co-culturing of neurons and astrocytes as compared to neurons 

which were neither treated with aCM, nor co-cultured with astrocytes (124, 141, 142). This 

is based on the observation that neurons under in vitro conditions depend on paracrine 

neurotrophic support, specifically provided by astrocytes, as other cell types do not 

recapitulate the beneficial effect of neuron-astrocyte co-cultures. This system seemingly 

mimics some of the specific reciprocal, interactions in vivo encompassing a wide range of 

different soluble factors such as lipids, thrombospondins, and glypicans (143). Importantly, 

juxtacrine interactions between neurons and astrocytes are not involved, as both are 

separated and cultured in the same media (74, 75). Hence, neuron-glia co-cultures are an 

established in vitro model to probe the reciprocal interactions of these cell types underlying 

neurite outgrowth, synapse formation and transmission (74, 75) (Fig. 1). Co-cultures are of 

value in other fields such as drug and neurotoxicity testing and aid in reducing animal studies 

- whenever feasible (144-147). In fact, seeding density is application-driven. Activity-

dependent changes or biochemical assays are reliant on higher neuron densities, whereas 

morphological and imaging-related studies require low-density cultures to prevent 

overgrowth of primary cultures and fasciculations of neighboring dendrites (75). 
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Particularly, in the latter case, neuronal preparations and culture protocols can be 

associated with insufficient long-term viability and differentiation including misshaped, or 

atrophic neurons) (74, 115, 124, 129, 141, 142). Interestingly, Yang et al. stated in their 

recent study that low-density cultures of neuronal cells could be spurred in their growth and 

development by adding media of older, more mature neuronal cultures (116). Accordingly, 

data from cell culture experiments suggest that not only paracrine support by means of CM 

from astrocyte feeder cells but also autocrine (neuronal) support may provide proper 

environmental cues and factors that enhance proliferation and development of neuronal 

cultures (74, 116). Possible variations of paracrine support cultures avoiding co-cultures with 

direct cell-cell contact have been introduced for in vitro culturing of primary neurons, 

including co-culturing neurons with a) mixed primary co-cultures, b) pure primary astrocyte 

cultures (referred as to astrocyte feeder cells) or c) use of CM derived from mixed primary 

cultures, d) use of aCM or e) CM derived from primary neuronal cultures) (75, 116, 124, 

141-143). In the present work a modified version of the well-known protocol of in vitro 

neuron-astrocyte co-cultures (also referred to as neuron-astrocyte “sandwich” co-cultures) 

was established. This co-culture model is an experimental assay where postnatal (p0-1) 

primary mouse hippocampal neurons are grown in defined, serum-free conditions on the 

underside of a glass coverslip suspended over a layer of primary mouse astrocytes (74, 75). 

Initially, this assay was performed with embryonal rat neurons and first described by Banker 

co-culture

neurons

astrocytes providing paracrine support

• growth
• differentiation
• survival
• synaptic remodeling

Fig. 1 The principle of the Banker sandwich in vitro co-culture assay: Astrocyte feeder cells plated at the bottom of a multi-well plastic dish
containing a glass coverslip is the internal part of the neuron-astrocyte „sandwich“ co-culture model allowing paracrine support of co-cultured neurons
suspended over the feeder cells, resulting in proper neuronal growth and differentiation in vitro.
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and colleagues (74, 112, 117). Neurons cultured in this manner become polarized and 

establish axonal and dendritic arbors, where dendrites are studded with bona fide spines 

and functional synaptic connections, respectively (74). (Fig. 1 and 2). Primary mouse 

neurons plated on a glass coverslip which is inverted and hanged over the astrocyte feeder 

layer - with the wax dots serving as a physical barrier between feeder layer and neurons - 

can be cultured at least two weeks in vitro resulting in properly differentiated dendritic 

projections and dendritic spines (74, 75). Hence, our modified two-coverslip „sandwich„ co-

cultures provides a simple modular assay offering a platform for experimental manipulations 

of neurons and/or astrocytes allowing to study dendritic spine-related neuronal (cell-

autonomous) but also astrocytic (non-cell-autonomous) processes, e.g. impact of astrocytes 

on dendritic spine development and degeneration (74, 75, 144, 145, 148, 149). 

 

1.4.4 Experimental manipulations of primary CNS cultures 

1.4.4.1 Pre-treatment of primary astrocytes for induction of astrocyte reactivity 

Primary neuronal cultures provide a valuable experimental tool in multiple areas of 

neuroscience research including research on AD (75). For example, an experimental set-up 

to probe aspects of the Aβ hypothesis with in vitro primary neurons commonly involves the 

external administration of synthetic Aβ species, particularly solubilized Aβ42 or the use of 

CM with naturally secreted Aβ oligomers derived from established and transfected cell lines 
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(e.g. CHO cells) expressing transgenes such as the human APP (67, 73, 147). Further, 

transgene expression of APP or Tau in primary neurons via viral transfection using 

adenoviral vectors was recently introduced to induce increased Aβ production and secretion 

in neurons in a more efficient and physiological manner with accelerated toxic effects due 

to Tau overexpression (73). In addition to that, multiple pro-inflammatory factors including 

cytokines were shown to be linked to an increase in the APP production in different models 

(i.e. in the mouse brain in vivo, in cell lines as well as primary cultures of astrocytes) (150- 

151). In fact, there is a well-accepted notion that AD is accompanied by chronic inflammation 

involving for instance activation of astrocytes and microglia as well as activation of 

complement factors and inflammasomes. At the same time, low-grade systemic 

inflammatory conditions such as periodontitis represent independent risk factors for AD 

(151, 152). A common practice in research on AD and neuroinflammation is to induce 

chronic inflammation both in the in vivo and in vitro setting with administration of the 

endotoxin LPS activating inflammatory signaling pathways, either via intraperitoneal 

injections in mice or addition of LPS into media of cell cultures. LPS can induce a reactive 

phenotype in astrocytes, often referred to as RAs leading to an increase in APP expression 

(42-45, 151). Furthermore, in their recent study Liddelow et al. described (in analogy to M1 

and M2 macrophages and microglia found in different neuroinflammatory conditions) 

different phenotypes of astrocytes termed A1 and A2 astrocytes with LPS being an inducer 

of A1 astrocytes (79, 83). While A1 astrocytes are believed to exert neurotoxic effects with 

high expression of genes of the complement cascade such as C3, A2 astrocytes have been 

shown to exert neuro-protective effects via upregulation of neurotrophic and synaptogenic 

factors (79, 83). Nevertheless, the classification into A1 and A2 astrocytes is still under 

debate, yet it will promote investigation of disease-specific phenotypes of astrocytes in the 

future (83). In this work, we used Aβ42 (with Aβscr as its correspondent negative control) 

and LPS (with water as its correspondent negative control) to model aspects of AD including 

Aβ- and LPS-mediated effects on astrocytes including indirect effects on neurons. In doing 

so, treatment with Aβ42 or LPS over 24 h served for induction of A1 astrocytes (i.e. induction 

of a RA phenotype). After treatment, media in which astrocytes were cultured, were changed 

to fresh media without LPS or Aβ42. Lastly, differentiated cultured for 14 DIV neurons were 

inverted over pre-treated astrocytes to assess the impact of RAs on neuronal morphology 

and phenotype focusing specifically on synaptic puncta. 
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1.4.5 Methods used for morphological characterization and quantification of co-cultured 

neurons  

Common morphometric measurements of neurons found in publications across sub-

disciplines include different approaches to quantify soma size, neurite length, outgrowth and 

complexity, as well as synaptic puncta density including spine classification. The aim of this 

work was to obtain multiple readouts from a given experiment of the introduced co-culture 

model, offering a simple and fast multi-parametric measurement (multiplexing) of the health 

status of co-cultured neurons in the context of experimental manipulations (153-155). 

 

1.4.5.1 Soma size  

Amongst different readouts of neuronal morphometry, soma size provides an additional 

means through which morphological characterization and quantification of given phenotypes 

of CNS cells is possible, as for instance, in neurodegenerative diseases such as Rett 

syndrome (154). Here, soma size was examined manually in confocal 1024 x 1024-pixel 

images (zoom = 1,2x) by outlining the soma in the red channel visualizing MAP2+ neuronal 

somata and dendrites. As delineated above, MAP2+ is a cell-fill marker of neurons, i.e. 

highlighting soma and dendrites and faithfully depicts neuronal morphology (74). During 

manual outlining of neuronal somata using ImageJ software, dendrites were omitted. 

 

1.4.5.2 Integrated density and corrected total cell fluorescence  

To quantify changes of fluorescence intensity of a given cell marker of interest (e.g. signal 

intensity of MAP2 or synaptic markers such as Syn) relative to the untreated group of 

samples IntDen or corrected total cell fluorescence (CTCF) served as readouts. Color 

threshold was set and maintained constant for each neurons and astrocytes analyzed for 

each of the three independent experiments. Mean gray values per image or outlined area 

were calculated via ImageJ. IntDen could be obtained by measured grey value with outline 

surface area (156-163). According to previous publications, fluorescence intensity values as 

a readout reflect protein content and can be expressed as IntDen or CTCF, where the 

background mean gray value (BMGV) is incorporated resulting in the following calculation: 

CTCF = (integrated density - (area of selected cell * mean fluorescence of background)) 

(162-166).  
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1.4.5.3 Sholl analysis  

In 1953, Sholl developed a technique enabling reliable quantification of indices of axon 

length and neurite branching complexity (164). Sholl analysis is accessible as a plug-in 

either for ImageJ14 programmed in Java and bundled in Fiji15, a distribution of ImageJ 

providing a platform for analysis of 2D or 3D images of fluorescence-labeled cells. 

Characterizing neuronal morphology and quantifying neurite branching in a physiologic or a 

disease context provides a valuable means to screen compounds, that display potential 

neuroprotective and neurotoxic activity, respectively (164, 165). Sholl analysis is commonly 

used to characterize and quantify effects of genetic and pharmacological manipulations on 

CNS cell types, but can also be applied to study retinal vasculature, angiogenesis and 

mammary duct sprouting (166). The resulting Sholl profile based on a cell-fill marker (in this 

study MAP2) depicts the branching pattern of dendrites and axons by plotting the number 

of branches as a function of the distance from a defined location, most commonly the center 

of a cell, namely the soma. Consequently, the number of MAP2+ neurites that intersect with 

those drawn circles are plotted as a function of radial distance from the soma (166, 167). 

Drawbacks of Sholl analysis include labor-intensive image processing, even in case of 

programs allowing semi-automated analyses since pre-processing of digital images is 

inevitable (166, 167). Here, we conducted analysis of linear Sholl plots of our primary 

neurons. Polynomial regression can be used describe relationships between the number of 

intersections and distance to the soma. According to Ferreira et al. the following key indices 

can be extracted from linear Sholl plots (166) (Fig. 3):  

 Critical value (Nm): The maximum of the polynomial function, an indicator of maximal 

branching.  

 Critical radius (rc). The distance at which the Critical value occurs. 

 Mean value of the polynomial function (Nav): Implies the average number of intersections 

between the starting radius and enclosing radius 
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1.4.5.4 Synaptic puncta analysis  

Imaging of spine alterations is an informative and common readout in neuroscience (137, 

168). Since synaptic puncta attributes (e.g. changes in density, size and intensity) are linked 

to function of synaptic signal transduction, neuronal circuits and synaptic plasticity, but also 

synaptotoxicity, there is a wealth of existing image software packages performing analysis 

of synaptic puncta. However, the concurrent analysis often turns out to be a time-consuming 

and labor-intensive task (168-169). In view of the need for more reliable and time-saving 

analysis, Danielson and Lee developed Synaptic Puncta Analysis, henceforth referred to as 

SynPAnal, a software written with JAVA to perform unbiased, semi-automatic quantification 

of synaptic puncta (here Syn+ puncta) in 2D confocal laser scanning microscopy images of 

IF labelled neurons (137). SynPAnal measures fluorescence intensity, and morphometric 

analyses of neurons including dendrite length, spine density, and dimensions as well as 

classification of spine types based on puncta detection at multiple thresholds and semi-

automatic dendrite tracking. Finally, SynPAnal was shown to provide a timesaving, valid and 

effective means to study localization and distribution of synaptic associated proteins in 

dendritic spines and will be employed in this thesis as one key method to analyze the effect 

of experimental manipulation on neuronal cells (74, 75, 137, 168). 
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2. MATERIAL AND METHODS 

2.1 Materials and Reagents 

For more details refer to the protocol described in section neuron-astrocyte co-cultures. 

Whenever possible and specified in a data sheet, catalog number (Cat#), product number 

(Product#) or reference number (Ref#) are listed of each product or model number (Model#) 

in case of laboratory equipment. 

Autoclave, Technoclav50, ibs Tecnomara, Fernwald, Germany 

Binocular stereomicroscope, Bresser Advance ICD, Bresser, Rhede, Germany 

Biophotometer Plus, Eppendorf, Hamburg, Germany 

Cell culture incubator, safe cell UV, Panasonic, Kadoma-Osaka, Japan 

Cell culture incubator, Heraeus CO2 incubator, Fisher Scientific, Pittsburgh, PA, USA 

Centrifuge 5810/5810 R, Eppendorf, Hamburg, Germany 

Centrifuge Eppendorf F45-24-11 and 5417R, Eppendorf, Hamburg, Germany 

Confocal microscope TCS SP5, Wetzlar, Germany 

Confocal microscope TCS SP8, Wetzlar, Germany 

Countess™ II Automated Cell Counter, Thermo Scientific, Waltham, MA, USA 

4°C fridge, Liebherr Profi line, Liebherr, Bulle, Switzerland 

Inverted microscope, Nikon Eclipse TS100, Zeiss, Oberkochen, Germany 

Inverted microscope, Axiovert S100, Minato-Tokyo, Japan 

Lamp KL 1500 LCD, Schott, Mainz, Germany 

Loading balance, Sartorius CP3202S, Data Weighing Systems, Inc., Wood Dale, IL, 

USA 

Magnetic stirrer with heating, RCT basic IKAMAG, IKA-Werke, Staufen, Germany 

Mixer, IKA MS3 digital, Model# ms3d, Fisher Scientific, Schwerte, Germany 

pH Meter, Schott Gerate CG 840 pH Meter, Schott, Mainz, Germany 

Pipetboy, Pipeteboy Acu 2, Inegra Biosciences, Hudson, NH, USA 
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Printer, P93D, Mitsubishi, Tokyo, Japan 

Staining rack, Thomas Scientific, Cat# 8542E40, Swedesboro, NJ, USA 

Thermo Scientific -86°C freezer, tsx series, Model# tsx60086v, Thermo Scientific, 

Waltham, MA, USA 

Vortexer, Vortex Genie 2, Scientific Industries, Bohemia, NY, USA  

Table 1: Lab equipment 

 

BD Luer-Lok tip 20 mL syringe, Cat# 309650, Becton Dickinson, Franklin Lakes, NJ, USA 

Cell strainer von BD Biosciences, Cat# 352350, Becton Dickinson, Franklin Lakes, NJ, 

USA 

Cellstar 50 mL Tubes, Cat# 227261, Greiner Bio-one, Krensmünser, Austria 

Cellstar 15 mL Tubes, Cat# 188271, Greiner Bio-one, Krensmünser, Austria 

Countess cell counting chamber slides, Cat# C10283, Thermo Scientific, Waltham, MA, 

USA 

Facial tissues, 2-ply, Cat# 07730012, Tapira Plus, Heidenheim, Germany 

Microscope round cover glasses #1,5 12 mm Menzel-Gläser 1000 Deckgläser/cover 

slips, Cat# 11846933, Fisher Scientific part of Thermo Scientific, Waltham, MA, USA 

Microscope round cover glasses #1,5 mm (for co-cultures subjected to MTT assay), Cat# 

72296-05, Science Services, München 

Nunclon Delta Surface, sterile 12 well cell cultures plastic dish, Cat# 150628, Thermo 

Scientific, Waltham, MA, USA 

PARAFILM M, Cat# P7793, Sigma, Saint Louis, MO, USA 

Corning universal fit pipet tips, 1-200 uL, Cat# CLS4860, Corning, NY 14831, USA 
 
Plastic pipette tips, Corning universal fit pipet tips, 1-200 uL,  Cat# CLS4867 
 
Safe-lock Eppendorf tubes 1,5 mL, Cat# 2025-12-28, Eppendorf, Germany, Hamburg 

Serological pipette 5 mL, Cat# 86.1253.001, Sarstedt, Nürnbrecht, Germany 
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Serological pipette 15 mL Cat# 86.1254.001, Sarstedt, Nürnbrecht, Germany 

Serological pipette 50 mL, Cat# 356525, Durham, USA 

Tip stack pack 10 uL pipette tips, Cat# 70.1130.460, Sarstedt, Nümbrecht, Germany 

Tip stack pack 20 uL pipette tips, Cat# 70.760.502, Sarstedt, Nümbrecht, Germany 

Tissue culture dish 60, standard with grid, Ref# 83.3901.002, Sarstedt, Nürnbrecht, 

Germany 

Tissue culture flask T75, Cat# 83.3911.002, Sarstedt Nürnbrecht, Germany 

Tissue culture dish, Nunclon delta surface, Cat# 150628, Thermo Scientific, Waltham, 

MA, USA 

Cell strainer von BD Biosciences, Cat# 352350, Becton Dickinson, Franklin Lakes, USA 

Table 2: Disposable synthetic and plastic material 

 

Aβ42, Aβ42-TFA, Cat# A-42-T-1, GenicBio, Shanghai, China 

Aβscr, Aβ-scrambled, Cat# A-42-S-1, GenicBio, Shanghai, China 

Anti-FSP antibody, produced in rabbit, Cat# ABF32, Millipore, Burlington, MA, USA 

Anti-GFAP antibody, produced in mouse, Cat# MAB360, clone GA5, Millipore, Burlington, 

MA, USA 

Anti-GLAST antibody, produced in rabbit, Cat# ab416, Abcam, Cambridge, UK 

Anti-MAP2 antibody, produced in mouse, Cat# M9942, Sigma, Saint Louis, MO, USA 

Anti-Iba1 antibody, produced in rabbit, Cat# 019-19741, Wako Pure Chemical Industries, 

Osaka, Japan 

Anti-MABN50 Olig2, produced in mouse, Cat# MABN50, Millipore, Burlington, MA, USA 

Anti-MAB345 O4, produced in mouse, Cat# MAB245, Millipore, Burlington, MA, USA 

Anti-smooth muscle actin antibody, produced in rabbit, Cat# ab5694, Abcam, Cambridge, 

UK 

Anti-synaptophysin antibody, produced in rabbit, Cat# ab32594, Abcam, Cambridge, UK 
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Anti-VGAT antibody, produced in rabbit, Cat# 131 022, Synaptic Systems, Göttingen, 

Germany 

Anti-VGlutT1 antibody, produced in rabbit, Cat#135 302, Synaptic Systems, Göttingen, 

Germany 

Bovine serum albumine, Cat# A9647-50G, Sigma, Saint Louis, MO, USA 

B-27 Serum-Free Supplement (50X) liquid, Cat# 17504-001 or 17504-044, Gibco, CA, 

Carlsbad, USA 

CellTiter 96 Non-radioactive Cell Proliferation Assay, Cat# S G4000 and G4100, 

Promega, Madison, WI, USA 

Cytosine ß-D-arabinoside, Cat# C1768-100MG, Sigma, Saint Louis, MO, USA  

DAPI Fluoromount-G, SouthernBiotech, Cat# 0100-20, Birmingham, AL, USA 

Destilled water from UKE water supply device, 2. OG, Campus Forschung, Hamburg, 

Germany 

DMSO >/= 99%, Sigma Aldrich, Cat#M81802 Aldrich, Sigma, Saint Louis, MO, USA  

Donkey anti-rabbit Alexa 555, Cat# 31572, Thermo Scientific, Waltham, MA, USA 

Donkey anti-rabbit Alexa 488, Cat# A21206, Thermo Scientific, Waltham, MA, USA 

DPBS 1x no calcium, no magnesium, no phenol red, 500 mL, Gibco, Cat# 14190144, 

Carlsbad, CA, USA 

DNase I grade II, from bovine pancreas, Cat# 10104159001, ROCHE, Basel, Switzerland 

Dumont no. 5 forceps: Cat# 11252-23, Fine Science Tools, Heidelberg, Germany 

Eppendorf Research plus pipette, 10, 100, 1000 uL, Cat# Z683825, Hamburg, Germany 

Ethanol (EtOH), 100%, Cat# 100983, Merck Millipore, Burlington, MA, USA 

Fetal Bovine Serum (FBS), 500 mL, Cat# 10270-106, Gibco, Carlsbad, USA 

5-Fluoro-2’-Deoxyuridine (FUDR), Cat# F0503-100MG, Lot# 110M1212V, Sigma, Saint 

Louis, MO, USA  
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D-(+)-Glucose solution, 45% in H2O, sterile-filtered, BioXtra, suitable for cell culture, 

G8769, Sigma aldrich 

GlutaMAX™-I supplement, Gibco, Cat# 35050-038, Carlsbad, CA, USA 

HEPES buffer, 1M pH 7,3: Cat# 15630-080, Thermo Scientific, Waltham, MA, USA 

HBSS 10X with Calcium and Magnesium, without Phenolred, Cat# 14065056, Thermo 

Scientific, Waltham, MA, USA 

Natriumtetraborat (Borax), Riedel-deHaen, Cat# 11648, RdH Laborchemikalien GbH & 

Ko KG, Germany 

Neurobasal, Cat# 21103-049, Invitrogen, Carlsbad, CA, USA 

ParaffinShandon™ Paraffin, Cat# 501006, Thermo Scientific, Waltham, MA, USA 

Paraformaldehyde (PFA) 16% solution, EM Grade Cat# 15710, Electron Microscopy 

Sciences, Hatfield, PA, USA 

Penicillin Streptomycin (Pen Strep), 100 mL, Cat# 15140-122, Gibco, Carlsbad, USA 

Poly-L-Lysine hydrobromide 25 mg, Cat# p2636-25MG, Lot# SLBP4080V, Sigma, Saint 

Louis, MO, USA  

Primocin, Cat# ant—pm-1, Lot# PML38-04A, Invivogen, San Diego, CA, USA 

0.05% Trypsin-EDTA (1x), 100 mL, Cat# 25300-054, Lot# 1801701, Gibco, Carlsbad, 

USA  

2.5% Trypsin (10x), 100 mL, Cat# 15090-046, Lot# 1797254, Gibco, Carlsbad, USA  

Table 3: Reagents including antibodies 

 

2.2 Animals and primary cell cultures 

All research procedures involving animals were according to and approved by the animal 

care and ethics committee of the UKE. Primary astrocyte and neuronal cultures were 

derived from male or female p0-1 C57BL/6J mice (Charles Rivers, Wilmington, MA, USA) 

as described by Kaech and Banker (74) (Fig 2).  
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2.3 Specific steps of our modified neuron-astrocyte „sandwich„ co-culture assay 

The following section will provide our protocol with slight modifications of the original Banker 

protocol specifying its distinct steps in a sequential manner (Fig. 2). 

1.  Preparation of plastic multi-well plates and glass coverslips 

2.  Preparation of reagents and media 

3.  Propagation and expansion of astrocyte feeder cells 

4.  Seeding of astrocyte feeder cells onto lower glass coverslips 

5.  Preconditioning of astrocyte feeder cells 

6.  Coating of neuronal (upper) glass coverslips 

7.  Preparation and seeding of mixed primary CNS cells onto upper glass coverslips  

8.  Inversion of the neuronal (upper) coverslip over the feeder layer 

9.  Maintenance of co-cultures including monitoring, medium changes and treatment 

 

1. Preparation of 12-well plates and glass coverslips 

One important modification introduced in this study that differs from the classic Banker 

protocol for neuron-astrocyte co-cultures consists in the incorporation of a second glass 

coverslip, that is placed in the bottom of a well of a 24 well plate (12 mm in diameter for 24 

well plates and 18 mm in diameter for 12-well format). Hence, the model in this study does 

not only involve an upper (neuronal) coverslip being suspended over the feeder layer, but 

also a lower (astrocytic) coverslip at the bottom of the well (Fig. 1, 2). Importantly, on top of 

the lower coverslips paraffin wax dots were plated in a triangular fashion before plating of 

astrocytes serving as a spacer or physical barrier between the two cell types and glass 

coverslips, respectively (Fig. 1, 2, 4) (74). Whereas glass coverslips for neurons (upper 

coverslip) require special treatment before use including nitric acid-based treatment and 

banking at 200°C, coverslips used for astrocytes did not require any treatment (74). The 

rationale for this is the importance of proper attachment to glass surface cell in case of 

neurons to facilitate their growth and differentiation in vitro. Conversely, astrocytes are 

known to adhere to glass coverslips without special treatment of glass surfaces (68, 74). To 

attach paraffin wax dots onto glass coverslips placed in wells of a multi-well plates, a 

sufficient amount of paraffin pellets was melted in a glass container over a heating plate. 

Work under sterile conditions and with good pace are crucial. Optimal temperature to 
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produce roundly shaped paraffin wax dots adhering to the plate was found to be at 110°C 

(Fig. 4) Temperatures below that can lead to insufficient adhesion of paraffin wax dots, 

which can potentially lead to detachment later during cell culture. At the same time, paraffin 

should not be too hot in order to avoid spreading of the paraffin over the surface of the plastic 

dish (74). Finally, plastic dishes with coverslips inside the wells of a multi-well plate were 

covered with wax dots and plates were irradiated with UV light under the bench for at least 

30 min. Plates were kept under sterile conditions until use for experiments. Again, for 

coverslips that serve for future upper coverlips, a special pre-treatment was mandatory 

involving nitric acid treatment and backing of the glass coverslips. Glass coverslips were 

placed into ceramic racks, rinsed with ddH20, placed in 65% nitric acid for at least 18h to 

roughen the surface of glass coverslips allowing improved attachment conditions for 

neuronal cells (68, 74). Subsequently, the glass coverslips were rinsed three times for 3 min 

with ddH2O, placed in 96% EtOH for 30 min and again rinsed three times for 3 min with 

ddH2O 5 min and lastly placed under the hood to dry and irradiate with UV for at least 30 

min. Finally, treated and dried coverslips were baked at 200°C for at least four hours. 

Coverslips and plates were kept under sterile conditions (74). 

2. Preparation of reagents and media 

Dissection medium (DM) as well as astrocyte growth medium, henceforth referred to as glial 

growth medium (GGM) were prepared according to previous protocols (67, 70, 74) (Table 
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4). All agents for dissection of mouse tissue and cell culture were subjected to filter-

sterilization with 0.22 µm filter devices under the bench. Throughout work proper  

Medium or solution Components 

Dissection medium (DM) 

(stored at 4°C) 
 

HBSS 1x (HBSS 10x 1:10 in MiliQ water) + 1% P/S + 10 mM 

Hepes (from 1M stock solution, i.e. 1:100 dilution) + 0,6% of 

45% Glucose solution, store at 4°C up to 14 days 

Glial growth medium 

(GGM) (stored at 4°C) 
 

DMEM + 0,6% v/v glucose (from 45% glucose solution, sterile) 

+ 1% P/S + 10% FBS, store at 4°C up to 4 weeks 

poly-L-lysine (PLL) (stored 

at -20°C) 
 

borate buffer (1,24 g boric acid + 1,90 g of borax + 400 mL 

H2O, final pH 8,5, final volume 400 mL (stirred some hours to 

dissolve and filter-sterilized) + polylysine hydrobromide 

(P2636-25mg, Sigma) at a a concentration of 25 mg/25 mL) in 

borate buffer, aliquoted 

neuronal maintenance 

medium (NMM) (stored at 

4°C) 
 

Neurobasal 50 mL + 1% 200 mM Glutamax with a final 

concentration of 2 mM, i.e. 500 uL/50 mL medium + 2% (v/v) 

B27 serum supplement, i.e. 1 mL/50 mL medium + 1% P/S, 

store at 4°C 1 month, only 50 mL aliquots of NMM were 

produced and storage was not longer than 10-12 days 

Table 4: Media and solutions for primary cultures 

technique and preventive measures against contamination were applied (e.g. desinfection 

of surfaces with 70% EtOH, wearing gloves and a face mask) (Fig. 5). Additionally, for each 

day of dissection of pups the following equipment, materials and reagents should be at hand 

(Fig. 5): Cell culture incubator 36.5°C and 5% CO2 laminar flow hood, water bath at 37°C, 

dissection microscope, which was not incorporated into the laminar flow hood, but outside 

of the hood. Thus, mouse tissue dissection occurred under semi-sterile conditions. Further, 

autoclaved fine-tipped dissection tools, and 50 mL vials filled with DM and with 70% EtOH 

for intermediate cleaning of dissection tools throughout the procedure of tissue handling and 

dissection had to be prepared in advance to every dissection (Fig. 5). To avoid overt tissue 

hypoxia and damage, dissected tissue should be kept chilled in an icebox, which should be 

prepared in advance. Further, 15 mL and 50 mL sterile falcon tubes, plastic pipettes, 60 mm 

cell culture dishes, 75cm2 plastic tissue culture flasks, 4x p0-1 C57BL/6J #2020 mouse 

pups, fresh Trypsin 2,5% (10x), DNase I 1mg/mL, cell counter (Countess II Automated Cell 
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Counter, Thermo Scientific, Waltham, MA, USA), Trypan blue, cell strainer with 70 µm mesh 

should be available before onset of dissection (Fig. 5). 

3. Propagation and expansion of astrocyte feeder cells 

Primary mouse cortical astrocytes were derived from mixed CNS cultures from p0-1 

dissected C57BL/6J mouse brains (dissection #1, two weeks before neuronal dissection, 

i.e. dissection #2). All surfaces were wiped down and autoclaved dissection tools were kept 

in 70% EtOH after unpacking, immediately before use they were rinsed with DM. Sterile 60 

mm cell culture dishes were prepared under the bench and filled each with cold filtered DM, 

kept on ice as normally multiple brains were dissected at dissection day and subjected to 

the protocol (Fig. 5). Dissection tools were stored in 50 mL vials filled with 70% EtOH, and 

for each part of the dissection (skin, skull, brain) different dissection tools were used and 

stored separate vials to minimize the risk of contamination (Fig. 5). A towel was then 

moistened with 70% EtOH to carefully wipe head and neck of each pup. Right away, pups 

were decapitated. The head was immersed for a few seconds in 70% EtOH by putting it into 

a cap of a 50 mL plastic falcon. Sterile plastic caps from 15 or 30 mL falcons were stored in 

a bag for this specific step to avoid excessive use of plastic to save resources. After two 

subsequent washes in 70% EtOH heads were transferred immediately to a new 60 mm dish 

filled with chilled DM. Next, the skin flap of the skull was removed using dissection tools. To 

reduce the chance for a contamination each of the different structures (i.e. skin, skull, and 
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brain) were handled with different dissection tools (Fig. 5) Next, a cut along the sagittal 

suture line was performed and the skull was removed in a similar fashion as done with the 

skin flap using bended forceps. Finally, the brain was extracted using curved forceps and 

placed into a 60 mm dish with chilled DM. Under a binocular microscope, hemispheres with 

the correspondent rostral cerebellum were separated by cutting along the inter-hemispheric 

suture using curved forceps (Fig. 5). Curved forceps served for removal of meninges and 

visible blood vessels associated with the choroid plexus. Insufficient removal of meninges 

and choroid plexus will likely lead to contamination with meningeal fibroblasts and 

endothelial cells (68, 74). Both, cerebellum and diencephalon were removed and discarded. 

Accordingly, per mouse two halves of the original cortex and two hippocampi were obtained 

and placed in a 15 mL falcon with chilled DM and placed on ice. Generally, tissue from 4 

mice was pooled to obtain a sufficient amount of cells for both cortical and hippocampal 

cultures. From this step onwards, sterile conditions under the bench were maintained. Under 

the bench tissue was transferred with a 5 mL Pasteur pipette into a 15 mL falcon tube. 

Freshly dissected tissue was kept in 15 mL falcons on ice. After tissue reconstitution, 2 mL 

of DM including tissue pieces were transferred into a 60 mm dish. Total volume of DM should 

reach 4,5 mL DM with 0,5 mL pre-warmed 2,5% Trypsin added. The resulting mixture was 

incubated at 37°C for 15 min in the cell incubator at horizontal agitation with 400 rpm. 60 

mm dishes were covered with parafilm to avoid evaporation and potential changes in 

concentrations of the enzyme during incubation) (74, 75). After 15 min of enzymatic tissue 

digestion with Trypsin, 100 µL of sterile 1mg/mL DNase I was added into the 60 mm dish, 

which then was gently swirled. After approximately 1 min 5 mL of GGM was added to quench 

the enzymatic reaction. In case of dissection #2 (to seed cells for the neuronal coverslip) 

neuronal maintenance medium (NMM) was used instead of GGM to avoid serum-containing 

conditions during neuronal dissection). Gentle trituration with a blue 1000 µL pipet (10 times) 

was followed by transfer of the mixture (10 mL total volume) into a new 15 mL vial. A 

centrifugation step (5 min at 1000 rpm) followed. Trituration is regarded by many 

researchers as a key step as it minimizes variations in the yield and viability of primary CNS 

cells (74, 75). Next, supernatant was decanted to obtain a small pellet. Using a 5 mL plastic 

pipette 2 mL of GGM was added. Gentle trituration was performed with a fire-polished glass 

pipette (7 times). After tissue was able to sink and reconstitute, tissue was subjected to 

another trituration step (7 times). Additional 2 mL of GGM were added to the cell suspension 

as a wash step followed by 5 min centrifugation at 1000 rpm. Again, the resulting 

supernatant was decanted and the pellet resolved in 2 mL GGM. A 70 µm cell strainer was 
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placed over a 50 mL vial. The surface of the cell strainer was incubated with 500 µL of GGM 

1 min before smashing cells through the cell strainer (pre-equilibration of the membrane). 

Subsequently, the cell suspension was mixed by gently pipetting up and down 3 times. Cells 

were then smashed through the cell strainer and the 15 mL falcon washed with an additional 

volume of 500 mL of GGM, which were transferred onto the cell strainer with the 50 mL vial. 

Another fresh 1000 µL pipette tip was used to aspirate the remaining cell suspension from 

the bottom side of the cell strainer to salvage cells that still adhered to the surface of the cell 

strainer). Two halves of cortices yield approximately 1.200.000/mL in a total volume of 4 mL 

(Fig. 5, 6). The cell suspension was then plated into a T75cm2 plastic flask, which was filled 

up to 12,5 mL of GGM according to previously published protocols (74, 94, 116). Next day, 

medium was changed with an intermittent wash step with DPBS 1x (74, 75, 112). Mixed 

CNS cultures were monitored with medium changes and one wash step every 5-7 days. 

Potential contaminating cell types such as microglia or OPCs were removed as described 

previously by de Vellis (74, 75). Briefly, before plating primary astrocytes for co-culture 

experiments onto plates prepared with coverslips and wax dots in advance, mixed CNS cell 

cultures were subjected to overnight shaking at 500 rpm at 37°C to reduce the amount of 

microglia (108). 

4. Seeding of astrocyte feeder cells onto lower glass coverslips 

Plating of astrocyte feeder cells originating from the first dissection (dissection #1) was 

issued 48 hours before “neuronal” dissection (dissection #2). First, the T75 cm2 flask with 

mixed primary CNS cells was put on an orbital shaker for at least 24 hours to get rid of 

contaminating non-astrocytic cells (75). Briefly, before plating T75 cm2 flask was subjected 

to a mechanical shaking off by repetitively exercising force against the ground of the flask 

10x times (75). Subsequently, the T75 cm2 flask was washed 1x with DPBS1x and 

trypsinized for 10-15 min. Trypsin was removed by spinning down 1000 rpm for 5 min. 

80.000 astrocytes were plated per well of a 24-well plate on top of a 12 or 18 mm coverslip 

equipped with 3 wax dots (lower coverslip) (Fig. 2, 4, 5). 

5. Pre-conditioning of astrocyte feeder cells 

Medium was changed 24 h after plating (i.e. 24 h before neuronal dissection) from GGM to 

NMM with a total per-well-volume of 1 mL), which marks the onset of pre-conditioning of the 

NMM medium, where later neurons will be co-cultured. Pre-conditioning facilitates growth 

and maturation of neurons upon initiation of co-cultures (74) (Fig. 1, Fig. 2). 
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6. Coating of neuronal (upper) glass coverslips 

To ensure optimal adhesion of freshly dissected neuronal cells on glass, coverslips were 

placed in wells of a separate multi-well dish (12-well or 24-well plate) and each coverslip 

was treated with PLL at least 24 hours before neuronal dissection. PLL was dissolved at 1 

mg/mL in 0.1 M borate buffer, which was prepared according to Beaudoin et al. III. pH was 

set to 8.5 (1,9 g borax + 1,24 g boric acid in 400 mL H2O) and filter-sterilized (68, 74). 

Approximately 1 mL PLL solution was added to each coverslip, to assure that each glass 

coverslip within a well was fully covered by PLL solution. Drying of coated coverslips should 

be avoided. PLL solution was removed with three washes using DPBS1x shortly before 

plating the neurons. DPBS1x was left just until the plating (68, 74). 

7. Dissection and plating of mouse neurons 

For the second “neuronal” dissection (dissection #2), working steps were similar to that of 

astrocytes preparation explained above. However, serum-free NMM was used according to 

established protocols (Table 4) (74) In case of work with transgenic mice where genotyping 

is mandatory, hippocampi or cortices from mice should not be pooled. Cell counting was 

accomplished semi-automatically by using Countess™ II Automated Cell Counter (Thermo 

Scientific, Waltham, MA, USA). Here, digital images are taken in one focal plane of the 

loaded cell suspension stained with Trypan blue dye and its software analyzes binary 1-bit 
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images. Cell count is based on the Trypan blue dye exclusion method, in which only 

membranes of dead cells are readily penetrated by the Trypan blue dye allowing exclusive 

labelling of dead cells. Semi-automated viable cell counting was preferred over the manual 

mode of cell counting for the sake of time and increase in accuracy by reducing counting 

variability (data not shown). Plating of cells was adapted according to needs, e.g. 200.000 

cells/well were plated for Western blotting (WB) experiments (data not shown), whereas 

50.000 or 25.000 cells were regarded as optimal for imaging of high-density and low-density 

cultures, respectively). Typically, four mice with hippocampi dissected and pooled together 

yield approximately 500.000 cells/mL in 4 mL of a total volume (Fig. 6), whereas two cortices 

yield 1.200.000 cell/mL in 4 mL of total volume. Cell viability was evaluated semi-

automatically using a cell counter based on Trypan blue exclusion and should normally 

range between 85-90% (Fig. 6). One hour after seeding neuronal cells onto Poly-L-lysine-

coated (100 µg/mL end concentration) 12 mm-glass coverslips, coverslips were flipped and 

inverted over the astrocyte feeder layer plated previously onto different wells of distinct 24-

well plastic dish. Co-cultures were regularly monitored and maintained for two weeks in a 

humidified atmosphere of 5% CO2 at 37°C before experimental manipulation as well as 

immunostaining or cell lysis. Medium changes of the co-cultures were performed every four 

days, with the first medium change including the thymidylate synthase inhibitor 5-Fluoro-2’-

Deoxyuridine (FUDR) at a concentration of 10 µM to deplete other mitotic cell types such as 

microglia, oligodendrocytes, fibroblasts and to dampen glial proliferation in the upper 

coverslips. Cytosin ß-D-arabinoside (AraC), also referred to as Cytarabin is often used for 

curbing glial overproliferation, however in comparison to FUDR, increased neurotoxicity was 

associated with the use of AraC (data not shown) (74). Three independent cultures were 

used for all in vitro experiments. 

8. Inversion of the upper coverslip with seeded neurons over the feeder layer 

One hour upon plating of freshly dissected cells onto PLL-coated glass coverslips, coverslips 

were inverted and hanged over the feeder layer (74, 75). Now, wax dots of the lower 

coverslip can function as spacers and ensure proper separation between upper and lower 

coverslip. In our experience, one hour to-inversion-time seems superior to 3 hours to-

inversion-time in terms of time and glial contamination of the upper coverslip later on (no 

data shown; 74). 

9. Maintenance of co-culture including monitoring, medium changes and treatment 
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After inversion of the upper coverslip and commencement of co-culture, daily monitoring of 

the co-cultures was necessary (Fig. 7, 8). Furthermore, media needed to be changed every 

four days removing 50% of medium under of each well of the 12-well plates with co-cultures 

under the bench by using a 1000 µL pipette. Right after withdrawing a proportion of old 

media, the same amount of fresh NMM was added. Here, it is key to add a mitotic inhibitor 

in the very first medium change of the co-culture, whereas subsequent medium changes did 

not include a mitotic inhibitor. FUDR was regularly used at a concentration of 10 µM. AraC 

at a concentration of 2 µM can serve as an alternative - however, we observed better results 

with FUDR (no data shown). Additionally, it is more neurotoxic according to the current 

literature (68, 70, 74, 75). 

 

2.4 Oligomeric Aβ peptide preparation and pre-treatment of astrocytes with Aβ42 and LPS 

Oligomeric Aβ - either Aβscr as an internal (negative) control or Aβ42 serving as the 

treatment - was used to model Aβ-related effects as done in a multitude of other studies 

focusing on synaptotoxicity (33, 173). In this study neurons were not directly exposed to Aβ 

species but co-cultured with Aβ-treated astrocytes to probe indirect (non-cell-autonomous) 

synaptotoxic effects. 2mM stock solutions of Aβ42 or Aβscr were purchased (GenicBio, 

Shanghai, China) and prepared according to Falker et al. (174). Briefly, commercial Aβscr 

or Aβ42 were dissolved in 110 µL ultra-filtered Dimethyl sulfoxide (DMSO) with a subsequent 

centrifugation step 5000 x g 1 min, to obtain 2 mM stock solutions. Corresponding aliquots 

were stored in a -80°C deep freezer and thawed immediately before next use in follow-up 

experiments. Careful pipetting of the appropriate volume was assured during preparation of 

aliquots and during experiments. The working concentration was 2 µM for both Aβscr or 

Aβ42 a concentration, which is similar to previous reports. Based on literature research, 

Aβ42 at a concentration of 2 µM should not influence significantly neurotoxicity, but 

preferentially synaptotoxicity in co-cultured neurons (173). LPS was prepared according to 

Liddelow et al., and different concentrations were tested with 100 ng/mL as the final LPS 

concentration for the experiments (83). 

 

2.5 Immunofluorescence staining and microscopy 

For fluorescence microscopy (Axiovert S100) as well as confocal imaging (SP5) involving 

IF with double immunolabelling was performed with a focus on following markers: astrocyte-
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associated markers (GFAP, Glast), fibroblast markers (S100A4, FSP, a-SMA), microglia-

associated markers (Iba1) (data not shown), oligodendrocyte markers (Olig2 or O4) (data 

for O4 not shown) or neuronal markers (MAP2, Tau, Synaptophysin, Vglut1) (data for Tau 

not shown) were used in different combinations with at least one astrocyte marker.

After 24 h of treatment, the upper coverslip with adherent neurons was removed from the 

cognate wells of co-culture plates and removed with a forceps and placed into a cognate 

labelled well of a new 12-well plate with pre-warmed DPBS1x. Co-culture medium was 

removed and remaining coverslips with the astrocytes were carefully rinsed with pre-warmed 

DPBS1x. Subsequently, DPBS1x of each well was aspirated carefully and pre-warmed 4% 

p-formaldehyde (w/v) and 4% sucrose (w/v) fixation solution were added with 10 min 

incubation time (at RT on agitation). Gentle aspiration and three washing steps with DPBS1x 

assured removal of the fixation solution. After three washes in DPBS1x, cells were 

permeabilized by incubating in DPBS1x containing 0.3% Triton X-100 for 10 minutes at RT.  

Coverslips were pre-incubated in blocking solution (DPBS1x containing 1% bovine serum 

albumin (w/v) (Sigma-Aldrich, Saint Louis, MO, USA)) for one hour. Subsequently, blocking 

solution containing the primary antibody of choice was used for incubation of the coverslips 

over 18 hours. Next day, three washing steps in PBS followed before secondary antibodies 

conjugated to either Alexa Fluor 488 or 594 were used and incubated for 2 hours in the dark. 

Final washing steps involved three washes in DPBS1x in the dark. Coverslips were shortly 

dried and gently mounted avoiding bubbles on microscopy slides for nuclear counterstaining 

with 4ʹ,6-Diamidino-2-phenylindole (DAPI) Fluoromount-G (SouthernBiotech, Birmingham, 

AL, USA). Antibodies were used as following: for IF stainings of neurons anti-Syn 1:250 

(Synaptic Systems, Göttingen, Germany), anti-Vgat1 1:250 (Synaptic Systems, Göttingen, 

Fig. 7 Co-cultured astrocytes monitored over 3 weeks in vitro: Monitoring the evolution of feeder cells in sandwich co-cultures trough serial widefield
imaging of primary mouse cortical astrocytes in co-cultures and confocal microscopy images of fixed and IF stained cortical astrocytes. Images were
taken with an inverted widefield microscope (Nikon Eclipse TS100, Zeiss, Oberkochen, Germany) and Leica SP5 (Leica, Wetzlar, Germany), scale bar = 
25 um.
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Germany), anti-MAP2 1:500 (Saint Louis, MO, USA) were used. All other antibodies were 

used at concentrations of 1:1000, e.g. for astrocyte IF stainings anti-GFAP was used at a 

concentration of 1:1000 (Millipore, Burlington, MA, USA). Images were stored as TIFF files, 

measuring 1024 x 1024 pixels with a 63x immersion oil lens objective and a numerical 

aperture of 1.2 (N.A. = 1.2) using a Leica TCS SP5 confocal laser scanning microscope 

(Leica Microsystems, Mannheim, Germany) equipped multiline Argon, diode 561-nm, HeNe 

595-nm and HeNe 633-nm visible lasers. The emitted fluorescence was detected after 

excitation with Ar laser at different wavelengths λ, either λ = 352 nm for DAPI, λ = 488 nm 

for Syn and λ = 647 nm for MAP2. Briefly, random fields with neurons were imaged, with a 

zoom = 1.5, maintaining equal settings for all neurons of each of the three independent 

experiments. No stack images were taken, as spine classification based on 3D data was not 

feasible. Furthermore, this allowed increasing the throughput in image acquisition. On 

average, for each of the 3 independent experiments 15 neurons per experimental condition 

were analyzed. 

2.6 Image analysis  

To obtain the integrated density (IntDen) or CTGF values of markers of interest specific to 

neurons or astrocytes raw confocal and fluorescence images stored as TIFF files had to 

be converted into and stored as 8-bit images. Alternative to CTCF, in case encircling of 

single cells with the free-hand selection tool single cells was not possible IntDen per field 

served as a final readout.  At first, confocal or fluorescence images were processed via 
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Fig. 8 Co-cultured neurons monitored over 3 weeks in vitro: Monitoring the evolution of neuronal cells in sandwich co-cultures by means of serial
widefield images of primary mouse hippocampal neurons in co-cultures as well as confocal microscopy images of fixed and IF stained hippocampal
neurons. Images were taken with an inverted widefield microscope (Nikon Eclipse TS100, Zeiss, Oberkochen, Germany) and Leica SP5 (Leica, Wetzlar, 
Germany), scale bar = 50 um.
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ImageJ (bundled with Java 1.8.0_172), split into single channels and images. For instance, 

in case of neurons, images were split into red channel (MAP2) and green channel (Syn). 

Sholl analysis was using the advanced Sholl analysis plugin of Fiji software, where the 

geometric center (i.e. soma) was manually set and marked using the point tool in Fiji and 

the image was analyzed with the Fiji plugins Bitmap Sholl Analysis (169, 175). All Sholl 

analyses were carried out with a starting radius of 12 µm progressing with 10 µm intervals 

to a maximum radius of 120 µm, lower threshold was set to 0 and upper threshold to 128. 

All neurons of each group were subjected to same settings. SynPAnaL served for synaptic 

puncta analysis. Here, three randomly-chosen, non-overlapping dendritic segments per 

neuron were analyzed for quantification of synaptic puncta (137). Synaptic puncta were 

recognized as puncta positive for the presynaptic marker Syn showing specific signal 

enrichment and proximity to the dendritic marker MAP2 similarly to other studies in the 

field (67, 96). Spine number and intensity were normalized with an in-built calibration tool 

provided by SynPAnal to the measured length of a given dendritic segment that was 

tracked with the free-hand selection tool in SynPAnal in order to give the number of 

synaptic puncta per 100 µm, the density of puncta per µm2, intensity of synaptic puncta 

per length of 100 µm or per area in µm2. 

 

2.7 MTT assay 

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay is a 

calorimetric method for in vitro cell culture experiments serving as a readout of cell viability 

- or more accurately the metabolic activity of the mitochondrial dehydrogenase in living cells 

(176, 177). MTT as such is a water-soluble, yellow-colored dye (tetrazolium salt) that can 

be enzymatically reduced to purple formazan product dye by the mitochondrial 

dehydrogenase in living cells. The latter can be quantified through a microplate reader with 

a spectrophotometer as the concentration of the formazan dye in solution (its relative 

absorbance) is directly proportional to the amount of metabolically active cells (176, 177). 

The MTT assay has limitations and yields no morphological information, still its convenience 

and rapid performance with a simple two-staged protocol makes it a widely used assay for 

compound testing in different cell systems (178, 179). Effects of 2,5 µM Aβ42 or LPS 

treatment on astrocytes were probed by performing the CellTiter 96® Non-radioactive Cell 

Proliferation Assay (Promega, Madison, WI, USA) according to manufacturer’s instructions 

(180). Astrocytes were treated for 24 hours. Next, after 4h incubation at 37°C, MTT solution 
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was replaced with 100 µL DMSO and vigorously mixed. The absorbances at 550 nm and 

650 nm were measured using a microplate reader (Molecular Devices, CA, USA). The 

percent cell viability was determined by comparing the absorbances between control 

conditions and vehicle-treated control. 

 

2.8 Statistics 
All experiments were repeated at least three independent times (N =/> 3) with distinct culture 

series of co-cultured hippocampal neurons originating from different animals, constantly 

having at least technical duplicates for each experiment. Data analysis and visualization was 

performed either with Graphpad Prism 8 (GraphPad Software Inc, La Jolla, CA). Data were 

represented as mean ± SD if not otherwise specified. Ordinary one-way ANOVA followed 

by a post-hoc Tukey‘s test. A probability of p < 0.05 was considered statistically significant, 

whereas p values of higher than 0.05 were considered as nonsignificant. Nonsignificant 

results were not indicated within bar blots for the sake of readability and clarity of the data. 
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3. RESULTS 
The result part will here not include our modified protocol as such since we already refer to 

the technical details and troubleshooting details of our modified Banker assay in the material 

and methods part. 

3.1 Assessment of yield and viability of acutely dissected primary CNS cultures 
Tissue dissection and digestion are crucial when establishing primary CNS cell cultures and 

should provide an effective means to obtain a sufficient amount of viable primary cells. After 

enzymatic tissue digestion, several centrifugation steps and trituration of tissue pieces, the 

resulting primary CNS cell suspension was assessed in terms of cell amount and viability 

by using the Countess II Automated Cell Counter (Thermo Scientific, Waltham, MA, USA) 

before being used for downstream applications (Fig. 6). The protocol is essentially the same 

for the first dissection (feeder astrocytes) and the second dissection (for neurons plated on 

the upper coverslip), differences only exist in regard to usage of media and the surface used 

for cell plating, i.e. plastic surfaces (in case of astrocytes) or poly-L-lysine-coated, nitric acid 

treated and backed glass coverslips (in case of neurons) (Fig. 2, 4) (70, 74). The mean 

number of primary cortical CNS cells dissected per brain was 1.135.500 +/- 49797, whereas 

in the case of hippocampal tissue the number was 279.125 +/- 16543 per mouse per brain 

(i.e. per 2 hippocampi). The mean life cell fraction in case of cortical tissue 90,09 +/- 0,8622 

% and in case of hippocampal tissue the mean life cell fraction was 93,2 +/- 0,5925 % (Fig. 
6). 

 

3.2 Co-cultured astrocytes monitored and co-cultured over 3 weeks in vitro 
As for upper coverslip with neurons in „sandwich„ co-cultures, lower coverslips with feeder 

cells were monitored over a time of 3 weeks in order to show the presence of GFAP+ 

astrocytes that are crucial for providing paracrine (trophic) support to neurons (74, 75). To 

prove astrocyte differentiation state of feeder cells, IF double staining for different markers 

were used, such as GFAP, Glast, αSMA, FSP and Olig2 for quantification of the relative 

amount of GFAP+ cells within the population of cells plated cells the feeder layer (Fig. 7, 8). 

Importantly, feeder cells showed in its majority positivity for the pan-astrocyte marker GFAP 

without signs of gross contamination with other cells, degeneration, cell death or overt 

reactivity during their use for „sandwich„ co-cultures. This is concordant to previously 

published reports and protocols (74-76). Over time, we observed a steady growth of feeder 

cells reaching sub-confluent to confluent levels typically at 14 days (Fig. 7). 
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3.3 Co-cultured neurons exhibit signs of maturity at 14 DIV offering an optimal time point 

for experimental manipulations 

We monitored co-cultured neurons in neuron-astrocyte co-cultures with lower (astrocytic) 

coverslip and upper (neuronal) coverslip.  Phase-contrast imaging and IF staining at 7, 14, 

19 and 21 DIV of the upper and lower coverslips demonstrated continuous growth and 

differentiation with increasing age of the co-cultures. Importantly, after plating as early as 

One hour, before inversion of the upper (neuronal) coverslip over the astrocyte feeder layer, 

phase-contrast imaging of neurons consistently showed neurons attaching to the glass 

forming small minor neurites, similar to developmental stage 2 according to Banker et al. 

(74). After 7 days in culture, neurites have grown steadily with some of neurites becoming 

longer than the remaining ones, resembling axons (Fig. 8). Further co-culture of neurons 

shows signs of maturity in vitro as of 14 DIV with increased soma size, neurite thickness 

and branching (Fig. 8). In accordance with that, IF images of correspondent neurons at 14 

DIV showed properly differentiated neurons with MAP2+ neurites and Syn+ synaptic puncta 

- again similarly shown as in previous studies (74, 75, 118). In many cases dendritic and 

axonal branches formed crossings or intersections, thus even in low-density-culture settings 

neurons adjacent to each other may develop extensive interconnections. This observation 

was especially true for older cultures, which renders subsequent analysis of neuronal 

morphology including analysis of dendrites or dendritic spines troublesome. Consequently, 

14 DIV was regarded as the optimal time point for experimental manipulations in order to 

model the impact of experimental manipulations on fully differentiated neurons in co-cultures 

(Fig. 8). 

 

3.4 Sandwich co-cultures are devoid of contaminating cells 
Relatively pure feeder astrocytes devoid of contaminating cells such as microglia, 

oligodendrocytes, fibroblasts are crucial to study phenotype of astrocytes and its impact on 

co-cultured neurons (70, 74, 75). Therefore, IF staining of the lower coverslip with different 

markers of other CNS cells were performed. For example, astrocytes, defined as 

GFAP+DAPI+ cells, accounted for of 89,5819 +/- 10,6135% cells in the feeder layer, 

whereas the relative amount of cells without evidence of GFAP positivity, i.e. αSMA+DAPI+ 
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cells or DAPI+ only cells was 3,9429 +/- 7,4126% and 6,6150 +/- 9,6779%, respectively 

(Fig. 9). In experiments of the same tissue preparations, GFAP+DAPI+ cells accounted for 

90,8778 +/- 9,8411% of cells, whereas DAPI+FSP+ cells were found in only 2,9 +/- 5,3653% 

and DAPI+ only cells in 7,1268 +/- 8,6089%. Additionally, cells showing positivity for late 

OPC markers by means of Olig2 expression accounted only for 8,1997 +/- 9,1761% of cells 

within the feeder cell population. Similar values were found in Iba1+ and O4+ cells, where 

the mean cell fraction of GFAP- cells was constantly below 10-20% (data not shown). 

 

3.5 FUDR treatment allows to curb the GFAP+ proliferating glial cell fraction in co-cultures 

In order to probe consequences of experimental manipulations on neuronal health status 

and morphology including dendritic spines a relative high purity of neuronal cells (on the 

upper coverslip) was mandatory. Overgrowth of the upper layer with glia, especially 

astrocytes or microglia and their direct influence on neurons may hinder interpretation and 

analysis of downstream neuronal readouts (74, 75) (Fig. 9). Thus, upper coverslips with 

mixed primary CNS cultures seeded were subjected to IF staining for neuron-specific 

markers such as MAP2 or β-III-Tubulin which enables to evaluate the relative purity of 

neurons (percentage of β-III-Tubulin+ cells) among the total cell population seeded on top 

of the upper coverslip (Fig. 2, 10). In terms of medium changes, slight adjustments in the 
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protocol were made including not only the frequency of medium changes as well as the 

relative amount of old culture medium withdrawn and new volume added. Additionally, the 

first medium change with NMM after setting up the co-cultures was issued regularly after 3 

days involving a single-dose treatment with 10 µM of the thymidylate synthase inhibitor and 

mitotic inhibitor FUDR to curb proliferation and growth the dividing primary cell fraction in 

co-cultures (75). Conversely, the medium changes of NMM later on did not involve addition 

of FUDR in order to avoid adverse effects on neuronal metabolism. Mean percentage of ß-

III-Tubulin+ neurons per field of a given coverslip at 4 DIV was 63,2389 +/- 21,0176%, 

whereas at 14 DIV it was 92,0187 +/- 8,8579%. In contrast, at non-neuronal GFAP+ DAPI+ 

astrocytes accounted for 36,7611 +/- 21,0176% and 7,9812 +/- 8,8579% of all DAPI+ cells 

at 4 DIV and 14 DIV, respectively (Fig. 10). 

 

3.6 Neuron-astrocyte co-cultures are superior to neuron monocultures with respect to 

neuronal growth and differentiation 

After establishment and characterization of the neuron-astrocyte co-culture system, a direct 

comparison was undertaken between neurons in co-cultures versus neurons in 

monocultures. Both types of neuronal cultures were compared at 9 DIV in terms of several 
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readouts of neuronal morphology reflecting overall neuronal health status under in vitro 

conditions, which were as follows: soma size, IntDen of the neuronal marker MAP2 and the 

synaptic marker Syn by means of IF, which in turn correlate with protein production of 

correspondent markers, as well as dendritic complexity by means of Sholl metrics) (Fig. 
11a, 11b) (181, 182). By comparing both type of neuronal cell cultures at the same time 

point the effect of paracrine interactions and trophic support provided by astrocyte feeder 

cells could be assessed. Hence, this approach would provide insights as to whether the 

modified Banker protocol involving „sandwich„ co-cultures of neurons and astrocytes adds 

a benefit for investigations of primary mouse neurons in vitro. Therefore, different seeding 

densities of neurons in monocultures or in co-cultures were prepared (Fig. 11a, 11b). Soma 

size in um2 in neurons in monocultures seeded at a density of 25.000 neurons/well (1x N) 

showed a mean soma size of 180,7070 +/- 101,5301 um2, neurons plated at the double 

density (2x N) showed a soma size of 190,1960 +/- 97,7438 um2, whereas co-cultured 

neurons showed significantly higher mean values of soma size (Fig. 11a). In contrast 

between the group of co-cultured neurons (1x N co-cultured with either 80.000 astrocytes 

(2x A), 2x N co-cultured with 1x A and 2x N co-cultured with 2x A) there was no significant 

difference in the mean neuronal soma size (Fig. 11a). In regard to Sholl analysis, mean 

intersections was analyzed via the Sholl plugin and showed again significantly increased 



 

 
47 

mean number of intersections of co-cultured neurons as compared to monocultures. 1x N 

had 3,1846 +/- 1,3189 mean intersections, 2x N 2,5333 +/- 0,6470, whereas 1x N co-

cultured with 1x A showed 5,0153 +/- 1,3440 mean intersections, 2x N co-cultured with 1x 

A 4,3500 +/- 1,0492 and 2x N co-cultured with 2x A showing with 6,1667 +/- 1,1034 the 

highest number of mean intersections. Likewise, the sum of intersections with 593,1820 +/- 

328,8418 and 481,6670 +/- 138, 9239 for 1x N and 2x N monocultures was significantly 

lower as compared to the  values reached in co-cultured neurons: 1x N co-cultured with 2x 

A showing 1092,3800 +/- 296,4193 sum of intersections, 1x N co-cultured with 1x A 938,167 

+/- 236,8746 and 2x N co-cultured with 2x A showing 1342,22 +/- 238,6329 sum of 

intersections (Fig. 11a). Furthermore, so-called key metrics according to the technical paper 

of Ferreira and colleagues were analyzed as they derive from a polynomial function that can 

be plotted after running the Sholl analysis plugin and use of a built-in heuristic algorithm in 

the Sholl analysis plugin approximating the polynomial function from a linear Sholl plot, thus 

improving local variations of sampled data (169). Interestingly, results of the key metrics 

were similar to the results above. Significant changes in the mean value were observed 

between neurons either subjected to monocultures or co-cultures: For 1x N and 2x N 

monocultures was significantly lower as compared to the values reached in co-cultured 

neurons: 1x N showed a mean value of 3,0000 +/- 1,3505, 2x N a value of 2,3667 +/- 0,6345. 

Conversely, 1x N co-cultured with 2x A showed a Nav of 5,0154 +/- 1,3440, 1x N co-cultured 

with 1x A a mean value of 4,3500 +/- 1,0715, 2x N co-cultured with 2x A showing a mean 

value of 6,1666 +/-1,1034 (Fig. 11a). Whereas other key metrics based on the Sholl analysis 

tool, such as critical radius and intersecting radii were in line to the results above. In contrast, 

another key metric, the so-called critical value, showed no significant differences between 

monocultured and co-cultured neurons (Fig. 11b). In addition, the key metrics, signal 

intensity of the dendritic marker MAP2 and the synaptic marker protein Syn were assessed 
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by means of IntDen values. Here, co-cultured neurons generally showed higher MAP2 signal 

intensity values as compared to neuronal monocultures. However, IntDen for Syn was 

higher in monocultured neurons (Fig. 11b). 

 

3.7 Induction of reactive astrocytes in primary astrocyte cultures through treatment with 

Aβ42 or LPS to model non-cell autonomous effects in AD 

Since the co-culture system is modular with two layers of cells (upper and lower coverslip), 

paracrine, non-cell autonomous effects and mechanisms of neurotoxicity and 

synaptotoxicity can be studied. Each of the cell layer contains a relative pure population of 

cells, namely primary cortical astrocytes in the case of the lower coverslip at the bottom of 

the „sandwich„ co-culture and primary hippocampal neurons in the upper coverslip. Given 

the increasing appreciation of gliosis in different CNS diseases, numerous studies made use 

of astrocyte-neuron co-cultures to study the impact glial cells might have on 

neurodegeneration including neurotoxicity and synaptotoxicity (33, 184-186). We aimed at 

assessing the effect of toxin-exposed astrocytes on neurons using our established assay by 

pre-treating astrocytes either with Aβ42 or LPS or Aβscr and water as the correspondent 

control, respectively. This is based on previous reports demonstrating a conversion of 

astrocytes into a reactive state through both Aβ42 and LPS (90, 187, 188). Similarly, there 

are several published reports suggesting that Aβ42 may also activate astrocytes resulting 

in loss of neuroprotective capacities and even acquirement of neurotoxic and synaptotoxic 
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capacities (189-191) (Fig. 12a). In our setting, the first step included direct treatment of 

primary astrocytes without any neuronal co-culture, where astrocytes were exposed to 24 

hours treatments either with Aβ42 or LPS. There was no significant difference in the number 

of cells between the different treatment conditions suggesting that treatment did not 

significantly influence astrocyte proliferation (Fig. 12b). However, GFAP IntDen of 

astrocytes was significantly elevated in Aβ42-treated astrocytes with 5,0685*10^7 +/- 

11045240,84 arbitrary units (a.u.) as compared to the correspondent control condition Aβscr 

with 3,4956*10^7 +/- 11960517,06 a.u.. In contrast, there was a non-significant elevation of 

GFAP signal intensity upon treatment with LPS with 3,5846*10^7 +/- 14517849,33 a.u. as 

compared to their correspondent control condition 2,6356*10^7 +/- 8720571,991 a.u. (Fig. 
12b). In line with that observation, MTT assay of primary astrocytes with the same treatment 

conditions led to a significant decrease of the OD value upon treatment with Aβ42 at a 

concentration of 2,5 uM, whereas, again, no significant differences in the OD values were 

detected between water and LPS treatment of astrocytes (Fig. 12b). Next, treated 

astrocytes were assessed for Aβ42 uptake through IF staining for the astrocyte-specific 

marker GFAP and 6E10 antibody, which is specific to human Aβ42. As a consequence, 
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treated and fixed primary cortical astrocytes would be detected by 6E10 anti-human Aβ42 

antibody, whereas control astrocytes would not show positivity for Aβ42 (Fig. 12c). 

3.8 Pre-treated astrocytes maintain their phenotype in co-cultures with neurons 

Next, astrocytes were subjected to the same treatment protocol as described above (pre-

treatment), but additionally media were changed after 24 hours of treatment (either with 

water vs. LPS or with Aβscr versus Aβ42) and lastly neurons (co-cultured over 14DIV with 

other naive feeder cells) were inverted over the pre-treated astrocyte feeder cells (Fig. 12a). 

The resulting co-cultures were maintained for 24 hours and both coverslips were 

subsequently fixed and subjected to IF staining with astrocytes being stained for GFAP and 

C3a, both markers for RAs and neurons were stained for MAP2 and Syn. Similar to the 
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previous results no significant difference in cell number was observed between the different 

experimental conditions. However, in regard to the GFAP intensity and C3d intensity values 

significant differences between control and treatment condition were detected. Aβ42-treated 

astrocytes showed a mean GFAP signal intensity of 1,7987*10^7 a.u. and Aβscr-treated 

astrocytes a mean value of 3,9020*10^6 a.u., whereas LPS-treatment of astrocytes was 

associated with a GFAP intensity value of 1,9695*10^7 a.u. and water-treated astrocytes 

showed a mean value of 414684 a.u. (Fig. 13). 

3.9 Co-culture of pre-treated primary astrocytes with neurons is associated with 

synaptotoxic effects  

Next, the impact of pre-treatment of astrocytes on neuronal dendritic spine pathology of co-

cultured neurons was analyzed. Corresponding readout for assessing putative synaptotoxic 

effects Aβ treatment involved Syn+ synaptic puncta (clusters), a common readout which 

was previously introduced and employed by different groups (66, 94). Analysis of Syn+ 

synaptic puncta of designated neuron areas, i.e. 3 dendritic segments per neuron with at 

least five neurons per experiment, was done in a semi-automatic fashion with SynPAnal with 

its built-in dendritic area-drawing and thresholding tool. Comparing Syn+ synaptic puncta of 

co-cultured neurons either treated with pre-treated or naive astrocytes (see above) over 24 

h demonstrated a significant difference in the mean number of synaptic puncta per 100 µm 

length in neurons seeded at high density (50.000), but not at low density (25.000) (Fig. 14a). 
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Similar results were observed another main readout based on SynPAnal namely that of 

puncta density/µm2 (Fig. 14a, 14b). Moreover, assessing the ratio of intensity of Syn+ 

synaptic puncta and dendritic length or area was assessed. A similar effect on Syn+ synaptic 

puncta intensity was seen with the treatment of high density seeded neurons with Aβ42- or 

LPS-pre-treated astrocytes, leading to a significant reduction compared to the control group 

of neurons (Fig. 14a, 14b).   

4. DISCUSSION 

4.1 Neuron-astrocyte co-cultures give rise to fully differentiated mouse neurons amenable 

to experimental manipulations 

In this thesis a protocol was established allowing to obtain cultures of properly differentiated 

primary mouse hippocampal neurons. We were able to maintain neurons regularly up to 

three weeks in vitro with co-cultured astrocyte feeder cells providing trophic paracrine 

support (Fig. 1, 2). Before inversion of neurons over feeder cells marking the onset of co-

cultures, rapid and efficient adhesion of primary hippocampal neurons took place within one 

hour of plating of freshly dissected CNS cells (Fig. 8).  Additionally, we implemented a glial 

depletion step by means of single administration of FUDR of co-cultures in the protocol in 

order to further curb overgrowth of glial cells in the lower part of the co-culture (lower 

coverslip with feeder astrocytes) (Fig. 2, 10). Similar to previous research, we observed that 

the effect of FUDR in curbing glial proliferation is specific to the upper coverslip, where glial 

cells (that may have managed to adhere within one hour after plating together with neurons 

Fig. 14b Probing the effect of astrocytes on synaptic puncta in neurons co-cultured with pre-treated astrocytes: Neurons were exposed to 
paracrine interactions of pre-treated astrocytes by means of co-culture for 24h. Subsequently neurons were stained for IF and analyzed with SynPAnal. 
Data analysis was performed using GraphPad Prism 8 (GraphPad Software Inc, La Jolla, CA), statistical comparison was performed using an ordinary
one-way ANOVA followed by a post-hoc Tukey‘s multiple comparison test. Data is shown as mean ± SEM, scale bar = 50 um.
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subsequently being inverted with their coverslip over the feeder layer) may initiate growth 

due to lack of contact inhibition cues emanating from nearby cells and become expansive 

(74, 75). Conversely, the lower coverslip where glial cells (astrocytes) already have reached 

near confluence before co-cultures are initiated, will be less likely be impacted by FUDR 

treatment. In theory, inhibition of thymidylate synthase, preferentially affects mitotic or 

actively dividing cells, whereas post-mitotic neurons should be spared (74, 75). Importantly, 

we compared FUDR to another commonly used mitotic inhibitor, namely AraC. In our hands, 

AraC was found to exert more neurotoxicity in our cultures (data not shown). This is in line 

with other reports (68, 74, 75). Comparison of monocultured with co-cultured neurons at 9 

DIV suggested a significant overall increase in indices that reflect neuronal health status 

(soma size, Syn IntDen, MAP2 IntDen) as well as dendritic complexity (mean intersections, 

sum of intersections, mean value, critical radius and intersecting radii) (Fig. 11a, 11b). 

Importantly, these observations are in accordance with previous results reported by other 

groups (74, 75). However, our study provided a more comprehensive comparison of mono-

cultured and co-cultured neurons with different relations of seeded neurons and astrocytes 

with a clear positive impact of astrocytes on neuronal growth. Here, an effect-dose 

relationship of feeder cells in regard of neurotrophic effects could be observed (Fig. 11a, 
11b, 14a, 14b). After 14 days of co-culture neurons show proper signs of differentiation by 

means of dendrite formation and presence of synaptic puncta, which is seen by many 

researchers as the time point in vitro, at which proper neuronal differentiation and maturation 

is apparent (65, 74, 116, 123, 137, 171, 173, 192) (Fig. 8). Yet, other studies in the field 

performed experiments with primary neuronal cultures maintained for less than two weeks 

in vitro (189, 191). Certainly, one caveat of this study is the small panel of specific markers 

that has been used for imaging, only showing data for Vglut1 and Synaptophysin as synaptic 

markers. Although other common synaptic marker proteins such as PSD-95 and Vgat have 

been tested in this work (data not shown) with co-cultured neurons showing positivity for 

those markers, lack of sufficient amount of samples and material allowed to perform 

replicates only for a limited combination of markers for IF and subsequent imaging (Fig. 2, 
11a, 11b). Future studies should address a more versatile combination of IF markers and 

not be limited to staining only for DAPI-MAP2-Synaptophysin using for example other triple 

IF staining protocols (e.g. DAPI-Vglut1-MAP2 or DAPI-PSD95-MAP2) which would allow co-

localization analyses (196). Additionally, future studies should leverage more sophisticated 

imaging modalities for spine classification and qRT-PCR and Western blotting for both cell 

layers could add additional value and informative readouts to this assay. Accordingly, this 
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would facilitate dissection of mechanisms and cellular signaling pathways underlying 

paracrine cross-talk between astrocytes and neurons in AD. Lastly, it would be interesting 

to determine whether the beneficial effect of astrocytes in only limited to paracrine support. 

 

4.2 Astrocyte-mediated synaptotoxicity can be modelled using in vitro primary neuron-

astrocyte co-cultures 

Readouts used in this work that reflect overall neuronal health status include soma size, 

CTCF or IntDen of MAP2 stained neurons. Dendritic complexity was evaluated by means of 

Sholl analysis that produces readouts such as mean number of intersections, sum of 

intersections and so forth. Synaptic puncta-associated readouts included readouts such as 

number of Syn+ puncta per 100 µm. These readouts are common in studies testing 

pharmacological compounds with respect to neurotoxicity and synaptotoxicity, but also 

found in research aimed at characterizing und comparing phenotypes in different mouse 

models such as AD mouse models (94, 172, 173). Due to small sample size and the 

necessity to provide enough technical replicates for each co-culture experiment, we decided 

to work with 4 different conditions comparing the effects of pre-treatment of astrocytes either 

with Aβ42 or its control Aβscr and LPS or its correspondent control water (Fig. 12a, 12b, 
13). In previous studies, it has been shown that glial cells represent key elements in 

neurodegenerative and neuroinflammatory conditions with astrocytes attaining a reactive 

phenotype or A1 phenotype as shown only recently by Liddelow et al. (83, 183, 185). To 

study reactiveness of astrocytes or synaptotoxicity and neurotoxicity in the case of neurons 

in vitro, a common practice is administration of agents such as Aβ42 or LPS at similar 

concentrations as we used to treat our primary cells. For instance, Fai-Lau et al. used Aβ42 

at 5 µM to probe direct synaptotoxic effects of Aβ42 on primary hippocampal rat neurons 

(173). Likewise, we used LPS and Aβ42 to treat primary astrocytes at concentrations that 

were published earlier by other groups (83, 99, 186-188, 195) (Fig. 12a, b, c). To the best 

of our knowledge no study probed the indirect effects of LPS and Aβ42 on synaptic puncta 

readouts in a setting as we did. Still, biological effects seen in our treatment groups need to 

be verified more systematically, in the context of dose-effect relationships and incorporate 

also additional negative control conditions for all experiments such as DMSO in the context 

of Aβ42 treatment. Since our treatments were aimed at assessing the indirect toxic effect of 

Aβ42 or LPS we decided to maintain relatively low concentrations of for instance Aβ42, 

which were known to produce no overt toxicity to astrocytes but could result in more subtle 
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effects such as loss of neurotrophic effects (83). We suspected that this in turn could alter 

dendritic spines rather than impacting more gross readouts such as soma size, or dendritic 

complexity. Here, we focused of the presynaptic marker Syn i.e. Syn+ synaptic puncta, a 

commonly used readout to study synaptotoxicity in primary neurons (94). Concretely, in our 

study, treatment of co-cultured neurons with Aβ42 showed an no overt effects on Sholl 

analysis-associated readouts. However, key metrics were affected suggesting some minor 

effects of neuronal dendritic complexity. More importantly, synaptic puncta readouts by 

means of Sholl analysis were significantly changed in the Aβ42 treatment group as 

compared to the Aβscr control group. Although we tested different programmes to analyze 

and quantify synaptic puncta in our experiments such as simple manual analysis using 

ImageJ, finally the semi-automatic analysis software SynPAnal provided a straightforward, 

efficient and a more unambiguous way to detect and quantify puncta (137). Interestingly, 

our co-cultured neurons showed similar numbers of synaptic puncta as other groups 

reported for neurons in co-culture (116, 137). Counterintuitively, compared to neurons 

seeded in higher numbers, in our study, neurons seeded at lower density were not able to 

distinguish and disclose biological effects resulting from different treatments on Syn+ puncta 

readouts (Fig. 14a, 14b). This might be owing to the fact that neurons in vitro, independently 

of being co-cultured, rely on direct interactions with neighbouring neurons. Consequently, in 

neurons seeded at low densities biological effects due to treatment might be more difficult 

to detect since because neurons show more variability in growth and differentiation. 

 

4.3 Neuron-astrocyte co-cultures can serve as a model to study paracrine interactions 

between neurons and astrocytes in neurodegeneration  

Our modified Banker co-culture assay with two coverslips is modular and amenable to 

various modifications: Firstly, it allows to incorporate other cell types of interest such as 

microglia (data not shown), OPCs, or oligodendrocytes, by substituting one cell type or even 

adding a cell type (triple cultures), thus providing an accessible and versatile model to study 

cell-cell interactions in the CNS in various disease settings (75, 183, 191, 193-195). 

Secondly, neurons being suspended and cultured over a feeder layer can be inverted over 

other astrocytes that were pre-treated with compounds to study the phenotype and impact 

of astrocytes on neuronal growth. Pre-treatment of astrocytes either with Aβ42 or LPS in 

serum-free media was associated with signs of activation such as upregulation of GFAP as 

compared to control settings, which is similar to previous research (Fig 12a, b, c). 
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Furthermore, the modularity of the assay permitted treatment or co-culture of naive 

differentiated neurons with pre-treated astrocytes (Fig 13, 14a, b). Interestingly, astrocytes 

maintained their phenotype of upregulation of GFAP upon co-culture with neurons and 

hippocampal neurons cultured with astrocytes pre-exposed to agents known to induce an 

A1 astrocyte phenotype, namely Aβ42 and LPS, resulted in reduced Syn+ synaptic puncta. 

This is in accordance to similar observations made by Liddelow and colleagues (83). 

Astrocytes were cultured in FBS-containing media before any treatment or use for co-

cultures. This could potentially provoke some reactive changes in astrocytes destined for 

co-cultures. Serum-free conditions during the time of co-cultures likely lowered impact of 

previous serum-induced activation of astrocytes and prevented further activation of 

astrocytes as shown by repetitive IF stainings for GFAP in our cultured astrocytes (Fig. 6). 

Yet, other (prospective) astrocyte isolation methods such as immunopanning or FACS-

based isolation would be superior to our method of astrocyte enrichment. This is based on 

Pozzi et al. reporting that astrocytes cultured in FBS-containing media showed a flat, cobble-

stone morphology and with reduced complex morphology as compared to those astrocytes 

cultured in serum-free media (121). Furthermore, Zhang et al., as delineated above, argued 

that single exposure of astrocytes towards serum might already provoke genomic and 

phenotypic changes (33). Nevertheless, with our co-culture protocol we were able to show 

consistent, dose-dependent responses of astrocytes upon Aβ treatment of co-cultures, 

typically up-regulating GFAP when being exposed to Aβ, similar to other pathological 

conditions such as stroke and SCI, with signs of hypertrophy (Fig. 14). Further studies for 

instance with FITC-labeled Aβ could provide further insights into the response of co-cultures 

astrocyte feeder cells upon Aβ treatment (33, 100). Last but not least, the co-culture model 

presented in this work also follows the principle of the 3Rs by this aiding in reducing in vivo 

testing whenever possible and feasible from an experimental perspective (145). Our 

modified Banker co-culture assay integrates the impact astrocytes and non-cell autonomous 

paracrine effects have into the role of neurons in the context of AD and might provide more 

a realistic scenario in vitro AD model as compared to mere addition of astrocytic conditioned 

media or studying effects of various treatments on neurons in isolation (185, 191).  

 

4.4 A technical note: considerations for optimizing our modified Banker co-culture assay  

Regarding further refinements of the presented protocol, several parameters could be 

modified to further improve our assay, which are as follows:  
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1) Age of pups: Embryonal tissue has several advantages over postnatal tissue. Firstly, 

culturing mouse postnatal neurons is more challenging than the culture of embryonal 

mouse neurons given the lower susceptibility of embryonal neurons to damage provoked 

by the harsh conditions during tissue dissection and trituration (67). As a consequence, 

postnatal neurons tend to be less robust and maintaining these cells in a healthy state is 

more difficult. Additionally, postnatal neurons display a higher proportion of non-neuronal 

cells because gliogenesis peaks around the neonatal period with the highest number of 

astrocytes around E18 (67, 192). In contrast to this, cultures of postnatal neurons clearly 

reduce the quantitiy of animals that need to be euthanized since fewer animals per litter 

are required. Remaining animals can be used for further breeding (67). Lastly, at our 

institution logistic efforts, timing and costs were more favorable when working with 

postnatal neuronal cultures as compared to embryonal neuronal cultures. 

2) Enzymatic digestion: Some groups propagated the use of papain since it has been 

shown to be less destructive with certain tissues such as retinal neurons, whereas other 

groups in the field use of DNase I for enzymatic digestion (67, 74). We tested either a 

combination of trypsin and DNase I or Trypsin without DNase I with similar results for 

both. Future studies could compare different combinations of enzymatic digestion (e.g. 

papain with DNase I and trypsin). 

3) Trituration: Many authors in the field argue that trituration of freshly dissected 

hippocampal or cortical tissue marks the most crucial step to obtain consistent neuronal 

in vitro cultures (67, 68, 70, 74, 75, 115). We tested different trituration protocols and 

noticed that a combination of intermittent use of an electronic pipette, fire-polished, sterile 

Pasteur pipettes and a 1000 µL plastic pipette produced more constant, less variable 

results in terms of viability and cell number as compared to other settings, e.g. where 

solely sterile Pasteur pipettes were employed (Fig. 4). This is per se similar to protocols 

published by other groups in the field (68, 74). 

4) Cell counting: Viability as well as cell number of acutely dissected cells derived from 

hippocampi or cortices was measured with the trypan blue dye exclusion method using 

a semi-automatic cell counter. A sufficient viability of freshly dissected single cells in 

suspension with each dissection was essential for the maintenance of co-cultures and 

downstream experiments. When comparing semi-automatic with manual, 

hemocytometer-based cell counting, we observed an advantage of time-to-count using 

the cell counter (data not shown). This in turn, contributes to an overall reduction in assay 

duration as well as stress and damage of cells in suspension before being plated on 
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glass coverslips. Additionally, these factors likely resulted in an average increase in the 

quality of our primary cultures. Again, our viability and number of cells dissected per 

mouse brain was comparable to established protocols and published work (74, 75). 

5) Seeding density of neurons: Density of neurons represents another essential variable 

that has to be taken into account, as insufficient amounts of neurons seeded will likely 

result in suboptimal growth and differentiation of neurons (68, 74). For both, the feeder 

layer (lower coverslip) and neuronal layer (upper coverslip) we found optimal seeding 

densities after having tested different densities based on literature research (74, 75). 

Feeder cells were seeded at either at a density of 40.000 or 80.000 feeder cells per well 

per 12 mm glass coverslip, whereas the amount of neuronal cells seeded on the upper 

coverslip was set to 25.000 (221 cells/mm2) or 50.000 (442 cells/µm2) neurons per well 

per 12 mm nitric acid-treated, poly-L-lysin-coated glass coverslip. Although we tested 

even “ultra-low” densities e.g. 5000 cells resulting in autaptic-like neuronal cultures (data 

not shown), seeding 50.000 neurons was associated with best possible long-term quality 

of cultures and more constant results. We managed to seed less neurons per coverslips 

and keeping seeding density lower than that of other studies deploying monocultures of 

neurons. This effect is most likely due to astrocyte-mediated paracrine support that 

compensates for low neuron densities. Hence, astrocyte paracrine support clearly seems 

to render neurons more stable and durable in in vitro conditions. 

6) Pre-conditioning of astrocytes: The time allowed for pre-conditioning of the feeder 

cells (we regularly pre-conditioned astrocytes for 48-72 hours) represents another 

example and adjustable parameter that certainly impacts the propagation of neuronal 

cultures and could be modified (68, 74, 75). Pre-conditioning lasted for two days. 

7) Time to inversion of the upper coverslip: Time-to-inversion of the neuronal coverslip 

has been compared during the process of establishment of the co-culture assay, where 

we compared three hours of time-to-inversion as done by Kaech and Banker vs. one 

hour time-to-inversion and noticed that neurons regularly adhere and form first dendritic 

projections already after one hour (Fig. 8). 

8) Other minor factors: Other aspects that could be changed to improve our protocol, 

involve the duration of co-cultures until experimental manipulation, concentration of 

FUDR used for glial depletion, incorporating neuronal transfection, duration of 

experimental manipulation as such, etc. pp. (73, 119). As described earlier, there is the 

notion shared by many groups that data encompassing experiments with primary 
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neurons cultured in vitro should ideally be derived from neurons cultured at least for two 

weeks in vitro. This allows to perform experiments on properly differentiated neurons. 

However, using a co-culture approach as in this work, neurons per se reach the state of 

differentiation and expression of synaptic proteins earlier than neurons in monocultures. 

A more detailed comparison at the gene expression and protein level of neurons in 

regard to differentiation status in co-cultures and monocultures could provide further 

insights into the signaling pathways specific to astrocytic support of neurons in vitro.  

9) Throughput: Without increasing pup numbers used for co-cultures one could use 

smaller wells and coverslips to increase technical replicates per experiment or number 

of different treatment conditions with one dissection. We used both formats for our co-

cultures 24-well plates with 12 mm coverslips and 12-well plates with 18mm coverslips. 

Even proof-of-principle experiments with a 96-well format and 5 mm coverslips for co-

cultures were performed. However, the workload and technical skills to establish the 

assay in this small format exceeded the potential benefits that could be derived from this 

kind of experiment since a 96-well co-culture format would be largely limited to MTT and 

LDH assays without any possibility to perform imaging (data not shown; 154, 155). 

10)  Imaging: Superior imaging methods have been stated already above and could 

facilitate to track changes in co-cultures and to perform spine classification (69, 196). 

11)  Prospective cell isolation: Additionally, purity of cognate cell types, i.e. lower coverslip 

for astrocytes and upper coverslips for neurons could be improved by introducing 

immunopanning or FACS-based approaches (83). 

5. SUMMARY  

Current AD models have provided valuable insights into disease mechanisms. Yet, there is 

a substantial lack of effective and targeted disease-modifying therapeutic modalities. One 

reason for the disappointing clinical trials throughout the last years is based on the shortage 

of validated pre-clinical AD models. Clearly, in vivo mouse models mark the gold-standard 

in AD research. However, they complicate investigation of cell-cell interactions and its 

mechanisms (14). On the other hand, cell lines or primary cells may be too reductionistic to 

study AD-related processes or to test drugs. In contrast to emerging and novel iPS cell-

derived or 3D cultures of CNS cells, our modified Banker “sandwich” assay provides a more 

straightforward, less time-consuming and cost-intensive in vitro assay to model AD in a dish 

format (61, 62, 74, 75). We demonstrate that neurons co-cultured with astrocytes in a 

paracrine fashion are maintained in a healthy state at least two weeks in vitro. Additionally, 
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co-cultured neurons show accelerated growth and differentiation as compared to neurons in 

monocultures. Importantly, co-cultures are amenable to experimental manipulations as 

demonstrated in this work via the use of pre-treated astrocytes with Aβ42 and LPS. Hence, 

our model integrates classic aspects of AD such as the Aβ hypothesis as well as the role of 

astrocytes. Different readouts for neurons and astrocytes can be exploited to assess biologic 

alterations in our system. Thus, our approach provides a simple, yet reasonably complex 

and modular system, that has been reproduced independently by other members of our 

laboratory and that reflects some aspects of AD pathogenesis, involving cell-autonomous 

and non-cell autonomous effects on the neuronal phenotype. Finally, our co-culture assay 

may facilitate dissection of non-neuronal pathways causing neurotoxicity and synaptotoxicity 

in different diseases (185, 191, 194). To sum up, the work presented in this thesis shows 

that: 

1. Neurons co-cultured with Astrocytes show signs of growth and differentiation 

2. Manipulation of co-cultures allows modeling both synaptotoxicity and neurotoxicity 

3. Our co-culture system is of potential use to dissect cell-autonomous and non-cell-

autonomous effects on neuronal phenotypes  

4. Our co-culture system is a cost-effective and reproducible method that has been taught 

to and performed in our group with published results (e.g. Mohamadi et al., Mol. 

Neurobiol., 2020; Rojas Charry et al. (submitted manuscript). 

5. The system has been shown in our lab to be of value in the characterization of transgenic 

mouse models (ongoing projects). 

 

Aktuelle AD-Modelle liefern Einblicke in Krankheitsmechanismen. Jedoch existiert ein 

Mangel wirksamer, gezielter krankheitsmodifizierender Therapien. Ein Grund für bisher 

enttäuschende Ergebnisse klinischer Studien sind unzureichend validierte präklinischen 

Modelle. In-vivo-Mausmodelle repräsentieren derzeit den Goldstandard in der Alzheimer-

Forschung. Die Untersuchung von Zell-Zell-Wechselwirkungen gestaltet sich hierbei als 

schwierig (14). Hingegen können Zelllinien oder primäre Zellkulturen zu reduktionistisch 

sein, um Alzheimer-bezogene Prozesse zu untersuchen oder Medikamente zu testen. Im 

Gegensatz zu neuartigen iPS- oder 3D-Kulturen von ZNS-Zellen stellt unser modifizierter 

Banker-Assay eine simple, weniger zeitaufwendige und kostenintensive Methode zur 

Modellierung von AD dar (61, 62, 74, 75). Neuronen in Ko-Kultur mit Astrozyten, in vitro 

überleben zwei Wochen lang in einem gesunden Zustand und zeigen beschleunigtes 
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Wachstum und Differenzierung im Vergleich zu Neuronen in Monokulturen. Zudem sind 

Ko-Kulturen experimentellen Manipulationen zugänglich, wie in dieser Arbeit unter 

Verwendung vorbehandelter Astrozyten mit Aβ42 und LPS dargelegt. Daher integriert 

unser Modell klassische Aspekte wie die Aβ-Hypothese sowie die Rolle der Astrozyten. 

Verschiedene Indizes für Neuronen und Astrozyten ermöglichen biologische 

Veränderungen in unserem System zu bewerten. Somit bietet unser Ansatz ein simples, 

modulares System, das von mehreren Mitgliedern unseres Labors getestet wurde und 

Aspekte der Alzheimer-Pathogenese widerspiegelt, wie etwa zell-autonome und nicht-

zell-autonome Effekte auf den neuronalen Phänotyp. Der vorgestellte Assay kann einen 

Beitrag leisten im Kontext verschiedener Pathologien Neuro- und Synaptotoxizität zu 

untersuchen (185, 191, 194). Zusammenfassend zeigt die vorgestellte Arbeit, dass:  

1. Mit Astrozyten ko-kultivierte Neuronen zeigen Anzeichen des Wachstums und der 

Differenzierung in vitro 

2. Manipulation von Ko-Kulturen ermöglicht Modellierungen sowohl der Synaptotoxizität als 

auch der Neurotoxizität 

3. Unser Ko-Kultursystem helfen kann zellautonome und nicht zellautonome Effekte auf 

neuronale Phänotypen untersuchen 

4. Unser Ko-Kultursystem ist kostengünstig, reproduzierbar und wurde von mehreren 

angelernten Mitarbeitern getestet mit publikationswürdigen Resultaten (e.g. Mohamadi et 

al., Mol. Neurobiol., 2020 oder Rojas Charry et al. (eingereichtes Manuskript). 

5. Das System hat sich in unserem Labor als wertvoll für die Charakterisierung transgener 

Mausmodelle erwiesen (laufende Projekte). 
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6. APPENDIX    

6.1 Abbreviations 

Important abbreviations are introduced and mentioned separately throughout this work. 

More common abbreviations are not introduced within the text as such but can be found in 

the list of abbreviations. 

Ab Antibody 

Aβ Amyloid-β 

aCM Astrocyte conditioned medium 

AD Alzheimer’s disease 

APP Amyloid precursor protein 

et al. Et alii 

BACE-1 ß-site amyloid precursor protein-leaving 

enzyme 1 

°C Degrees Celcius 

C3 Complement 3 

Ca2+ Calcium 2+ ion 

cat# Catalog number 

CNS Central nervous system 

CM Conditioned medium 

C3R Complement 3 receptor 

CTCF Corrected total cell fluorescence 

cv Coverslip 

d Day 

DAPI 4ʹ,6-Diamidino-2-phenylindole 

DAPI+ DAPI-positive 
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DIV Day in vitro 

DM Dissection medium 

DMEM Dulbecco’s modified Eagle’s medium 

DMSO Dimethyl sulfoxide 

e.g. Exemplia gratiae 

ELISA Enzyme linked immunosorbent assay 

FACS Fluorescence-activated cell sorting 

FBS Fetal bovine serum 

FDA Federal drug administration 

Fig.  Figure 

FUDR 5-Fluoro-2′-deoxyuridine 

GFAP Glial fibrillary acidic protein 

GFAP+ GFAP-positive 

GGM Glial growth medium 

h Hour 

HBSS Hank's Balanced Salt Solution 

HEPES Hydroxyethylpiperazine-ethanesulfonic acid 

i.e. id est 

IF Immunofluorescence 

IHC Immunohistochemistry 

IOD Integrated optical density 

iPS Induced pluripotent stem cells 

Lot# Lot number 

LPS lipopolysaccharide 
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LTP Long-term potentiation  

MAP2 Microtubuli-associated protein 2 

MAP2+ MAP2-positive 

max. intersections Maximum of intersections 

mg Miligramm 

mL Mililiter 

Model# Model number 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide 

Nav Mean value 

Nm Critical value 

NMM Neuronal maintenance medium 

PLL hydrobromide Poly-L-lysine hydrobromide 

P0 Postnatal 0 day in vitro 

PSEN1/2 Presinilin 1/2 

µL Microliter 

ug Microgramm 

OPCs Oligodendrocyte precursor cells 

RAs Reactive astrocytes 

Rc Critical radius 

Rpm Rounds per minute 

RT Room temperature 

SEM Standard error of the mean 
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Syn Synaptophysin 

Syn+ Synaptophysin 

TNF-a Tumor necrosis factor-a 

3D Three-dimensional 

µm Micrometer 

UKE University Medical Center Hamburg Eppendorf 

UV light Ultraviolet light 

vs. Versus 

w/v Weight per volume 

Table 5: Abbreviations 

 

6.2 List of figures 

Figure 1: The principle of the Banker sandwich in vitro co-culture assay 

Figure 2: Workflow of the neuron-astrocyte co-culture assay   

Figure 3: Sholl plotting and Sholl-based morphometric values  

Figure 4: Assembling triangular paraffin wax dots on glass coverslips in wells of a 12-well 

plastic dish  

Figure 5: Dissection of cortical and hippocampal mouse tissue to obtain mixed primary 

cultures for downstream neuron-astrocyte co-cultures  

Figure 6: Assessment of cell viability and cell number of viable cells upon acute dissection  

Figure 7: Co-cultured astrocytes monitored over 3 weeks in vitro  

Figure 8: Co-cultured neurons monitored over 3 weeks in vitro  

Figure 9: Purity of feeder astrocytes   

Figure 10: Depletion of glial cells in the neuronal layer (upper coverslip of the sandwich co-

culture) 

Figure 11a: Comparison of morphometric indices in neurons with vs. without co-cultures  
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Figure 11b: Comparison of morphometric indices in neurons with vs. without co-cultures  

Fig. 12a: Experimental setting of reactive astrocyte induction and co-culture with neurons 

Fig. 12b: Direct treatment of astrocytes over 24 h (for induction of reactive astrocytes) 

Fig. 12c: Aβ42-treated astrocytes show signs of Aβ42 uptake 

Fig. 13: Pre-treatment and subsequent co-culture of astrocytes 

Fig. 14a: Probing the effect of astrocytes on synaptic puncta in neurons co-cultured with 

pre-treated astrocytes 

Fig. 14b: Probing the effect of astrocytes on synaptic puncta in neurons co-cultured with 

pre-treated astrocytes 

 

6.3. List of tables 

Table 1: Lab equipment 

Table 2: Disposable synthetic and plastic material 

Table 3: Reagents including antibodies  

Table 4: Media and solutions for primary cell culture 

Table 5: Abbreviations 
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