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Abstract

For the past century, research on neurological disorders has largely focused on the most
prominently affected cell types — the neurons. However, with increasing knowledge of the diverse
physiological functions of glial cells, their impact on these diseases has become more evident.
Thus, many conditions appear to have more complex origins than initially thought.

Since neurological pathologies are often sporadic with unknown etiology, animal models are
difficult to create and might only reflect a small portion of patients in which a mutation in a gene
has been identified. Therefore, reliable /n vitro systems to studying these disorders are urgently
needed. They might be a pre-requisite for improving our understanding of the disease mechanisms
as well as for the development of potential new therapies. In this review, we will briefly
summarize the function of different glial cell types in the healthy central nervous system (CNS)
and outline their implication in the development or progression of neurological conditions. We will
then describe different types of culture systems to model non-cell autonomous interactions /n vitro
and evaluate advantages and disadvantages.
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1. Role of glia in the healthy CNS

The term glia is derived from the Greek word “glue” and was used by Virchow in 1856 to
describe the filling between neurons in the CNS. Remarkably, despite the persistence of a

neuron-centered research for many decades, Virchow had already recognized the importance
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of glial cells in understanding the functionality of the CNS, as he stated in his lecture in
1858: “Hitherto, gentlemen, in considering the nervous system, | have only spoken of the
really nervous parts of it. But if we would study the nervous system in its real relations in the
body, it is extremely important to have a knowledge of that substance also which lies
between the proper nervous parts, holds them together and gives the whole its form in a
greater or less degree”. Today we are only starting to understand the complexity of the
relationship between neurons and glial cells. Improved co-culture techniques have helped to
study different aspects in more details.

Classically, three different types of glial cells are distinguished in the CNS (astrocytes,
oligodendrocytes and microglia), each possessing distinct functions. However, NG2+
oligodendrocyte precursor cells (OPCs) or polydendrocytes can be counted as a fourth glial
cell type due to their various different functions?3. To different extents and in different
combinations, all four cell types have been demonstrated to be involved in either the
development or progression of virtually all known pathologic conditions of the CNS
including neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), Amyotrophic Lateral Sclerosis (ALS), Huntington’s Disease (HD), Multiple
Sclerosis (MS), Spinal Muscular Atrophy (SMA), and other pathologies such as Rett
syndrome (RTT), sleep disorders, addiction, epilepsy, depression, migraine and pathological
pain#-12, Therefore, robust model systems to unravel the distinct role of each individual glial
cell type in a disease state, as well as to study their dynamic interplay, may be very helpful
in identifying novel therapies.

Astrocytes are the most abundant cell type in the CNS. Their number and the ratio
compared to neurons increases with the complexity of the nervous system, indicating their
importance for the development and maintenance of this sophisticated structurel314, In
agreement with the various functions fulfilled by this cell type, the astrocyte population is
very heterogeneous in terms of morphology and gene expression'>-21, The main role of
astrocytes is to provide and maintain homeostasis in the CNS. This includes trafficking of
ions, neurotransmitters and neurohormones, metabolic support in accumulating and
dispersing energy substrates such as lactate, cellular homeostasis (neurogenesis), as well as
organ homeostasis in forming and regulating the blood brain barrier (BBB)12.

Moreover, astrocytes integrate and coordinate synaptic signals with non-synaptic signals and
modulate the activity of the surrounding cells in a plastic manner22:23, Initially, astrocytes
were thought to overlap with each other, but evidence is now pointing towards an ordered
organization, in which individual cells cover independent territories, interfacing with the
microvasculature as well as neurons. As modulators of neuronal communication and activity,
they form a tripartite synapse with pre- and post-synaptic neurons?4. With their multiple
processes and branches, a single astrocyte can contact thousands of synapses
simultaneously1®. In addition, astrocytes are also interconnected via gap junctions forming a
complex network that transports signals via Ca2* waves, although with a much slower speed
than neuronal signaling?3.

Microglia are long-lived tissue specific macrophages of the CNS that comprise
approximately 15-20% of the cells in the brain. Other than the ectodermally produced
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neurons, astrocytes and oligodendrocytes, they originate from the mesodermal hematopoietic
stem cells in the yolk sac. Microglia precursors (myeloid progenitor cells) enter the CNS
during early embryonic development before the BBB is established?>:26,

As the name indicates, microglia are much smaller than astrocytes. They exist in an
amoeboid migratory state while entering the CNS or when activated, and a ramified
“resting” state under regular conditions with a small soma and extensive fine processes. In
the mature CNS, they are evenly dispersed in all regions and each cell occupies a defined
territory (similar to astrocytes). Due to their immobility and absence of activation markers,
“resting” microglia where considered quiescent until recent studies demonstrated their
tireless and constant monitoring of the environment with their fine ramified processes?’.
Thus, in the healthy CNS, microglia function as immune surveyors and are mainly
responsible for clearing debris. Neurons and astrocytes express receptors and secrete
neurotransmitter, and neurotrophins, to constantly signal their good health to the
microglia?8-31. Likewise, microglia express a broad variety of neurotransmitter receptors
that can sense neuronal activity and consequently modulate microglia migration,
inflammatory responses, cytokine release, neuroprotection or neurotoxicity?%:30, As part of
the immune system, microglia secrete modulatory factors such as cytokines and reactive
oxygen species (ROS) and express receptors for chemokines, cytokines and complement-
factors. They also present antigens to infiltrating T lymphocytes via the major
histocompatibility complex (MHC) class 1l complex. After sensing an injury or a
pathological insult, microglial cells rapidly undergo a transformation to an amoeboid
morphology and migrate towards the area of insult?>:26:32_ |nterestingly, a recent study
suggests that microglia cell migration towards injury or dead neurons is guided via
glutamate induced Ca2* waves32.

In addition to their immunological role, microglia are involved in the elimination of
synapses during development (synaptic pruning) via phagocytosis as well as synaptic
plasticity33-35,

Oligodendrocytes are responsible for myelination of neuronal axons in the CNS, which is
necessary for the fast conduction of electrical signals. During development, OPCs originate
in different brain regions and travel long distances to reach their final location. During this
process, OPCs undergo complex proliferation and differentiation mechanisms36:37.
Myelination is initiated shortly after birth when the OPCs have finished their migration to
their site of action. While most extensive myelination takes place within the first year of life
in humans, it persists into young adulthood in some regions of the CNS38 and also continues
throughout adult life3°. Interestingly, myelination in specific regions seems to correlate with
the development of corresponding cognitive functions3840:41, Upon contact with target
axons, immature oligodendrocytes undergo a differentiation process and wrap their plasma
membranes around the neurons in a complex process whose exact mechanism is still under
debate?243, With increasing membrane layers, the cytoplasm is extruded and the remaining
sheets finally consist of up to 160 compact membrane layers of myelin lipids and
proteins**4°, The differentiation from oligodendrocyte precursor cells (OPCs) to mature
oligodendrocytes, as well as the myelination process, is tightly regulated. The signaling
pathways and molecules involved are still poorly understood, partly due to the lack of model
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systems#6:47_ It seems that oligodendrocytes only myelinate during a short window during
differentiation from OPCs*8. While electrical activity of neurons is involved in the initiation
of myelination, astrocytes play a role in the efficiency and speed of the wrapping.
Oligodendrocytes are thought to be able to support 100 times the weight of their own cell
body in membrane*4. During peak myelination, an oligodendrocyte can produce 3 times its
own weight in membrane per day (up to ~ 5000um? of new membrane), which is an
enormous metabolic effort requiring high amounts of oxygen and adenosine triphosphate
(ATP) and a tremendous capacity of the endoplasmic reticulum#546:49. Although in the
healthy nervous system, these cells are very long-living with a turnover of only ~ 1 cell in
300 per year, they are vulnerable to injury and insults involving inflammation and oxygen
deprivation®0. Lost oligodendrocytes can be replaced by remaining NG2 positive OPCs who
are distributed throughout the adult CNS (see section below for NG2+ cells)?L.

Apart from this insulation, oligodendrocytes also provide trophic factors to neurons and
regulate the diameter of axons and the distribution of ion-channels among them*’.

Oligodendrocytes and astrocytes are also tightly connected via gap junctions (similar to
astrocytes among each other), which allow diffusion of ions and small molecules, thus
enabling metabolic exchange, spatial buffering as well as electrical coupling®2.

In addition, oligodendrocytes produce various immune-regulatory factors and express
receptors to receive such signals such as certain MHC subtypes, complement factors,
glutamate receptors, chemokines, cytokines and toll like receptors®3. This indicates that
oligodendrocytes play an active role during inflammation and can closely communicate with
microglia.

NG2+ glia (polydendrocytes or OPCs) are the fourth glial cell type found in the CNS.
These cells are widely distributed throughout the whole CNS and express two typical
markers of the oligodendrocyte lineage, the NG2 chondroitin sulfate proteoglycan (CSPG4)
and platelet-derived growth factor a receptor (PDGFaR)2>4. Apart from the restricted zones
in the adult brain that generate new neurons, these glial cells are the major dividing cell
population. Their best known function is to generate new oligodendrocytes and to a lower
extent astrocytes, thus they are frequently called OPCs®1. However, this self-renewing cell
population is very diverse and has distinct physiological properties. Further, they can receive
synaptic input from neurons and subpopulations of NG2+ cells are capable of firing single
action potentials®5°56, Similar to the other glial cell types, these cells have been implicated
in many neurological disorders®”’.

Communication between glial cells among each other as well as with neurons can occur
via several mechanisms: i) Direct contact mediated by receptors or via gap junctions, ii)
secretion of molecules, iii) secretion of vesicles. Interestingly, all cell types of the CNS have
the ability to secrete exosomes®3:°8-63, Exosomes are small membrane vesicles (50-100nm)
containing a wide variety of cargos including proteins, mRNAs and microRNAs. These
vesicles can attach to neighboring cells or be internalized. Exosome release is activity-
dependent in neurons and has been shown to alter gene expression in the receiving cells as
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well as to modulate immune reactions. In addition to their function in cellular
communication, they are also used for draining obsolete proteins and lipids®9.60.63.64,

2. Importance of glial cells in neurological pathology

As previously mentioned, glial cells have been implicated in the development or progression
of virtually all neurological pathologies and the consequent impairment of proper neuronal
function. It is therefore impossible to give a comprehensive overview of each condition.
Since the cell types in the CNS depend on their close connection and communication, the
aberrant function of one cell type ultimately may lead to impairment of all other cells in the
same environment or circuit. Thus, it is often impossible to discriminate cause and
consequence in this complex pathological cascade, especially for sporadic disorders with
unknown origin. /n vitro systems can help to discern the complexity allowing the study of
individual interactions in more detail. This is an advantage as well as a limitation of /n vitro
systems, since they never represent the whole picture. In the following section, we will try to
cover a broad variety of different pathological conditions to give an idea of the huge impact
of glial cell types on CNS pathology.

Acute insults to the CNS (ischemia, trauma, stroke, toxins)

Stroke is a major cause of death in the world and current therapeutic strategies mainly focus
on neuroprotection. To date, many clinical trials focused on improving neuronal health or
survival, have failed. Therefore, combinatorial approaches aiming to target glial cell types
might be needed. Astrocytes play an important role in stroke recovery, both positive and
negative. If small enough, astrocytes will repair the damage or provide energy to the neurons
by breaking down stored glycogen to generate lactate8568. In the acute phase of stroke,
uptake of glutamate and K+ as well as scavenging of reactive oxygen species (ROS) by
astrocytes is likely reducing the damage caused by ischemia®’. However, if the damage is
too severe and astrocytes die, glutamate will be released due to membrane depolarization,
which can lead to excitotoxicity in neurons®’~70, /n vitro studies have also demonstrated that
oligodendrocytes are sensitive to excitotoxicity after stroke. Apart from the damage caused
by oxidative stress due to the oligodendrocyte’s high metabolic rate, excitotoxicity caused
by extracellular glutamate or ATP could be a major component leading to their death under
hypoxic-ischemic conditions*6:71, In the later phase of recovery after stroke, astrocytes
release many neuroprotective agents such as erythropoietin (EPO) or vascular endothelial
growth factor (VEGF). However, a major problem in stroke therapy is the timing of a certain
treatment, since the same molecule can be detrimental when administered immediately after
stroke, but beneficial in the process of recoveryl2. Two examples are VEGF and MMP9,
which both increase the permeability of the BBB, thus leading to brain edema if
administered too early after stroke’2-74,

Similarly, microglia play a dual role in stroke as they get activated by damaged neurons.
Under ischemic conditions, microglia phagocytose debris and secrete pro-inflammatory
cytokines’®. Galectin-3, a known modifier of immune reactions in the periphery was
recently identified to play an important role in the activation and proliferation of microglia
following stroke. Microglia deficient of galectin-3 showed impaired up regulation of
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activation markers following ischemic injury and impaired response to IGF-1 mediated
mitotic signaling in a cell culture system as well as the corresponding mouse model7®.

Therefore, in stroke, the time window in which a certain treatment can be beneficial or not,
is likely crucial. This information on the organ level is lost in culture models and is certainly
an aspect that needs to be kept in mind when using these to evaluate potential therapeutics.

Alexander Disease

This rare astrocyte disorder leading to neurodegeneration is caused by mutations in GFAP,
the major intermediate filament protein of astrocytes’’. Patients suffer from seizures and
psychomotor delays, gait disturbances, bulbar signs and autonomic dysfunctions leading to
death within the first decade of lifel2. How these mutations cause disease is currently
unknown and could involve loss of regular protein function as well as toxicity of the mutated
protein’”. Cell culture models have helped to demonstrate that overexpression of wild type
(WT) and mutant GFAP causes activation of different stress pathways, disturbance of the
proteasome and enhanced autophagy 879,

Rett syndrome

Epilepsy

The neurodevelopmental disorder Rett syndrome (RTT) is another example in which
astrocytes and microglia seem to play a major role in the development of the pathology. RTT
is caused by dominant mutations in the X-chromosome encoded transcription factor methyl-
CpG-binding protein 2 (MeCP2). RTT is a disease from the autism spectrum that affects
predominantly females and causes reduced brain growth, loss of motor skills, ataxia, loss of
vocalization skills and cognitive abilities, seizures and respiratory dysfunctions89-81,
Although earlier studies clearly demonstrated the impact MeCP2 mutations have on
neuronal morphology, synaptic transmission and activity82-85, recent research uncovered a
major contribution of astrocytes and microglia to the disease phenotype. Cell culture
experiments using mutant astrocytes from a RTT mouse model or medium conditioned with
such, demonstrated a strong impact of mutant astrocytes on the morphology and health of
WT and RTT mutation carrying hippocampal neurons8. More strikingly, the conditioned
medium of WT astrocytes was sufficient to rescue the phenotype of the mutant neurons,
indicating that trophic support can improve their health8®. Similarly, increased glutamate
release by RTT microglia was shown to damage hippocampal neurons in culture®0,
Furthermore, RTT microglia were demonstrated to display reduced phagocytosis /in vitro and
bone marrow transplants leading to the substitution of RTT microglia with WT microglia /in
vivo strongly ameliorated the disease phenotype of the RTT mice8’. Therefore, both
astrocytes and microglia represent valuable targets for future therapeutics. Co-cultures of
hippocampal neurons and mutant astrocytes or microglia are ideal settings for testing
compounds or shRNA libraries for potential therapeutics.

Epilepsy is a chronic brain disorder characterized by a predisposition to seizures as well as
cognitive and emational impairments. The cause is largely unknown, although inflammatory
processes in the brain are likely involved in the pathology. Activation of microglia and
astrocytes associated with secretion of inflammatory cytokines has been extensively
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described®8. Alterations in the expression of glutamate receptors, enzymes, various
membrane transporters, and ion channels on astrocytes have been identified in mouse
models of epilepsy as well as in human patients8%:%0, In addition, the organization of the
non-overlapping territorial distribution of astrocytes was disrupted in several mouse models
as well as in surgically removed tissues from epilepsy patients. The consequences of this
loss of organization is not yet fully understood, but could be related to miscommunication
caused by the connection of several astrocytes to the same synapse instead of the regular
single occupation®?.

Neurodegenerative disorders

As previously mentioned, neurodegenerative disorders such as AD, PD, HD and ALS are
results of many different pathologies with various underlying causes. Often they remain
unidentified until substantial damage has occurred. Therefore, our knowledge of the early
stages of these conditions is relatively sparse, which makes it difficult to distinguish causes
from consequences and hampers a proper understanding of the underlying mechanisms®.
Early intervention is likely a key factor for improvement of therapeutic outcomes. New
reprogramming technologies and culture systems are promising tools to investigate this
earlier disease time points. Although different subtypes of neurons are affected, they share
various hallmarks in disease development. The major risk factor for these disorders is aging,
which suggests that cellular maintenance could play a major role in the manifestation of
these conditions®2. Further, accumulation of protein aggregates, impairment in protein
trafficking and energy metabolism, oxidative stress and formation of free radicals are
common features for all of them12.93, All these pathways are strongly regulated by glial cell
types in the CNS, that are responsible for maintaining homeostasis on the cellular,
metabolic, structural and signaling transmission level%4. Reactive gliosis characterized by
activation and proliferation of glial cells in response to damage can be found in all
neurodegenerative conditions®. There is overwhelming evidence for the involvement of all
glial cell types in neurodegenerative disorders and their description would go beyond the
scope of this review®8:10-12.96-102 |nterestingly, in ALS it has been show that while motor
neurons determine the onset of the disease, astrocytes and microglia are mainly involved in
the disease progression, thus modulating the reaction of these cell types could lead to
substantial benefits for affected patients102-106,

Multiple Sclerosis, Inflammation and injury

Multiple Sclerosis (MS) is a chronic inflammatory disease of the CNS with still unknown
etiology that could involve genetic, metabolic and immunological factorsl%7. It is one of the
most common inflammatory conditions of the CNS and thought to be caused by auto-
immune reactions directed towards myelinl98. In combination with a reduction in
oligodendrocyte number, accumulation of inflammatory cells, demyelinated axons and
reactive glial cells can be observed. In mouse models of MS, microglial activation is
detected prior to disease onset and likely plays an important role in modulating the
inflammatory response in this disorderl09. Astrocytes strongly participate in inflammatory
reactions in the CNS by activating microglia, recruiting leukocytes from the periphery,
modulating the permeability of the BBB and by secreting chemokines!19. Thus, astrocytes
play a key role in MS pathology as well as other inflammatory processes in the CNS110-112
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Oligodendrocytes, which are vulnerable to inflammation induced damage caused by pro-
inflammatory mediators and nitric oxide (NO) become dysfunctional and die during these
reactive processes. Mouse models suggest that in earlier stages of MS, NG2+ OPCs can
likely compensate for the loss of oligodendrocytes and re-myelinate abolished axons13,
Unfortunately, NG2+ cells are highly sensitive to inflammation-induced injury and their
number is strongly reduced during later stages of MS in mouse models14. Thus,
therapeutics aiming to protect this cell population or to modulate the inflammatory action of
astrocytes and microglia, could be highly beneficial for patients suffering from MS or other
inflammatory insults.

Other CNS pathologies

Glial cells are also equally involved in other CNS pathologies and conditions including
psychiatric disorders, addiction and pain transmission#>25.115 Although equally important,
the discussion of these conditions lies beyond the scope of this review.

3 In vitro systems to model non-cell autonomy

In vitro systems have tremendously enhanced our knowledge of the different cell types of
the CNS. They represent an invaluable, affordable and fast tool to test various hypotheses
and provide a platform for screening of potential therapeutics.

Although the goal of in vitro systems is to facilitate research of complex aspects by
concentrating on isolated interactions, the setup, interpretation and comparison of data
generated in individual studies is not always easy. There are many factors that can change
the outcome of an experiment and multiple ways to model different aspects of non-cell
autonomy /n vitro. Often, several types of cultures are used to confirm an interaction. Also,
if available, multiple cell sources should be used to strengthen the observation. Similarly,
independent of the cell type used, the culture conditions can substantially influence the
outcome of an experiment. The isolation process of primary cells, reprogramming methods,
medium composition, growth factors, differentiation protocols, coating substances, as well
as cell density are known to alter communication and gene expression in many ways116-121,

Thus, if possible, validation in an animal model or in tissue from patients increases the
confidence that the observation is related to the disease condition studied. If not possible, the
use of larger sample numbers is strongly advised.

In the following section, we will give an overview over the origin of different cell types used
in in vitro studies of neurological disorders and point out their advantages and disadvantages
(see also table 1). Afterwards, we will describe different culture methods that can be applied.

Human primary cells and cell lines

Many researchers have established human cell lines with characteristics of neurons,
astrocytes, oligodendrocytes or microglia which have been shared with the research
community upon request, while others are commercially availalbe22-124, Often, these were
isolated from primary fetal tissues or biopsies from patients and some were immortalized
with oncogenes, or they originate from naturally occurring cancerous tissue that was
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surgically removed. Most of the time, these cells require further differentiation steps with
adequate signaling molecules or growth factors prior to their use in experiments. These cells
can be useful tools for research as they are generally easy to work with and are well suited
for high throughput analysis due to their fast growth. However, it is important to know the
origin of the cells used, as fetal cells might not perfectly represent the situation found in the
adult CNS. Furthermore, oncogene immortalization might change the characteristics of the
cells and produce a heterogeneous population. Using cell lines, there is also a risk of genetic
drift towards specific phenotypes, which can lead to discrepant results between laboratories
even when using the same culture conditions. If possible, the use of lower passage numbers
is advised since the cells will resemble the parental cell line to a higher extent at that
point125,

Isolation of primary cells can be performed from patient post-mortem biopsies within a short
time period after death. There are published protocols available for astrocyte and microglia
isolation from biopsies'26-131 Another strategy for the production of astrocytes,
oligodendrocytes or neurons is to isolate primary neuronal progenitor cells (NPCs) from
biopsies that can then be differentiated /n vitro into the cell types of interest26:127,

While allowing the ability to study original patient derived cells, using such biopsies has
several disadvantages. The biopsies are of limited availability and need to be of good quality
for successful isolation of cells. Specimen quality and recovery, proper storage and shipment
conditions need to be closely monitored. In addition, such biopsies are expensive and the
isolation process is time consuming requiring a high degree of expertise in tissue culture. In
addition, cells recovered from patients who succumbed to the disorder always represent the
end stage of the disease. At this time, substantial inflammation, cell death or other secondary
effects might have occurred in the affected CNS region that may complicate the
interpretation of the results and influence potential therapeutic drugs.

To circumvent some of these drawbacks of postmortem biopsies, fibroblasts from skin
biopsies of patients or endothelial cells from urine samples can be recovered and
reprogrammed into induced pluripotent stem cells (iPSCs) and then differentiated into
various cell types®8:132-135 Aternatively, lineage committed cell types such as induced
neuronal precursor cells (iNPCs), induced oligodendrocyte precursors (iOPCs) or induced
neurons of different subtypes (iN) can be produced with more direct reprogramming
methods that do not include the production of classic stem cells132136-143 A huge variety of
neuronal subtypes has been successfully generated via direct reprogramming methods and
can be used for studying cell-autonomous as well as non-cell autonomous aspects of various
disorders!42-144_Since these new promising reprogramming techniques are covered in other
sections of this special issue, they will not be discussed in detail here. There are several
advantages of direct reprogramming or direct conversion methods over classical
reprogramming to iPSCs: i) These methods are usually faster to create the cell type of
interest as they bypass at least the first differentiation step. ii) iNPCs are also easier to
culture and maintain compared to iPSCs and still offer the option to generate different cell
types such as astrocytes, oligodendrocytes and neurons from the same precursor cells. iii)
Many of the direct reprogramming protocols do not involve a clonal selection step, which
reduces the impact of clonal variation on the experimental outcome.
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Extensive literature and various protocols are available for generating astrocytes,
oligodendrocytes and various types of neurons including motor neurons, gabaergic neurons,
dopaminergic neurons and hippocampal neurons from human iPSCs and iNPCs or via direct
conversion (see Table 1 for examples). These techniques have improved the disease
modelling of CNS disorders tremendously. Nonetheless, it is important to keep in mind that
although these cells resemble primary cells in many ways, they are only model systems and
might not exactly mirror the situation found in the adult CNS. The method chosen to
generate the cell type of interest can influence the outcome of experiments. For example,
during differentiation of iPSCs or iNPCs to neurons, other cell types such as astrocytes are
generated in high numbers. As stated previously, these cells influence the survival of
neurons in many neurological conditions. Thus, an unrecognized selection towards more
resistant neurons might occur during the differentiation process that could lead to
misinterpretation of the results. In a study using mouse embryonic stem cells carrying a
human mutation in superoxide dismutase 1 causing ALS, Di Giorgio et al noticed reduced
production of motor neurons during differentiation14°. This could be due to reduced
differentiation efficiency or an intrinsic damage of the motor neurons carrying this mutation.
Alternatively, as the authors suggested, the astrocytes that are generated as a side product of
motor neuron differentiation, could have influenced the survival of newly generated motor
neurons as well. In the latter case, the most susceptible motor neurons would likely have
died first. Differentiation techniques generating fewer contaminating other cell types during
the process are therefore likely to produce cleaner results in consequent experiments.

Since microglia originate from a different lineage, they cannot be derived from NPCs. To
date, no protocols for the direct reprogramming of fibroblasts to macrophages are available,
but a few protocols for conventional reprogramming have been described46.147. |n many
neurological disorders, macrophages migrate into the CNS responding to inflammatory
molecules. After migration, they rapidly adapt microglial phenotypes and become
indistinguishable from resident cells148-150, Thus, peripheral blood monocytes, which are
the precursors of macrophages, can be used /n vitro as an alternative to microglia. A recent
publication showed conversion of blood monocytes into ramified microglia-like cells using a
cocktail of different cytokines!®1,

Overall, the reprogramming field bears substantial promise in modelling neurological
disorders as they allow the continuous production and culture of cells of interest from
patients and their use in drug screens and mechanistic studies. Unfortunately, the
reprogramming process is still not fully understood and the derived cells do not always
reproduce disease relevant phenotypes despite the presence of disease causing
mutations152-154,

Three additional considerations need to be kept in mind when using reprogramming
methodologies for modelling neurological conditions:

1. The origin of the biopsy, since the environment and epigenetic memory of skin
or endothelial cells might not be identical with primary cells from the CNS.
Reprogramming does not always remove these epigenetic marks completely, thus
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a certain memory of the cell’s past identity remains and might influence the
outcome of future experiments1®,

2. If the neurological condition was caused by unknown triggers that act in a tissue
specific manner such as neurotoxins or environmental factors affecting cells of
the CNS only, reprogrammed skin fibroblasts or other cell types might not be
suited to reflect this condition. However, to date, many examples exist where
CNS specific disorders of unknown origin were recapitulated when the affected
cell types were generated from fibroblasts via reprogramming
methods?8:132,141,156-158 | fact, skin fibroblasts from ALS patients were
demonstrated to display altered expression of genes that are involved in neuronal
health5. Three potential mechanisms could be responsible for this
phenomenon: i) disease related but so far undiscovered genetic causes, ii)
epigenetic imprints that happened in various cell types of the patient, but are only
detrimental in the CNS iii) metabolic or inflammatory signals that are distributed
via the blood stream during the course of the disease and affect gene expression
and epigenetic organization in various cell types.

3. The time point during the disease course at which the biopsy was taken. Until
now, only few groups pay attention to the fact that the skin biopsy or urine
sample is taken at one distinct time point during a complex and often progressing
neurological disorder without underlying known cause. If metabolic,
inflammatory or other kind of disease relevant information is exchanged between
the CNS and the blood stream, the fibroblasts would reflect the disease stage of a
patient at that moment. Whether these cells, once reprogrammed, are able to
reflect more progressive later stages of the same disease, is currently unknown.

In summary, independent of the cell types used, researchers should always clearly
authenticate the origin and differentiation protocols they use in their experiments to improve
interpretation of data. In addition, when using patient-derived cells, information about the
disease stage and course of the patient should be collected and provided whenever possible.

Often, human astrocytes or oligodendrocytes are used in combination with rodent neurons
for disease modelling126:141.160 Especially for drug screenings where large amounts of
neurons are needed, this might be a good alternative. Valuable insights in several
neurodegenerative disorders are collected from these cultures as they recapitulate many
disease relevant aspects. However, some interactions might be species specific and can
therefore get lost under these conditions. In addition, protocols for the isolation of
astrocytes, oligodendrocyte precursors and microglia from rodents are readily available (see
table 1 for examples). These cells are generally easier to handle than their human
counterparts and can be sufficient to prove the effect of a known disease causing mutation. If
no mouse model exists, the gene of interest can be expressed via lentiviral transduction of
wild type primary rodent glia or neurons to study the impact on their survival or
communication. Moreover, transduction of individual cell types with fluorescent proteins or
the use of primary neurons from fluorescent mouse strains is a simple way to monitor
survival and health of neurons live.
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Culture systems used to study non-cell autonomous interactions in neurological disorders

Co-culture paradigms—There are multiple ways of setting up co-culture systems in
which two or more cell types are cultured in immediate contact with each other (see fig. 1
and table 2). Astrocytes, oligodendrocytes, microglia and neurons attach to cell culture
plastic or glass coverslips, although coating with different proteins of the extracellular
matrix (such as fibronectin, poly-L-ornithine, laminin, poly-L-lysine) is needed depending
on the cell type.

The most commonly used co-culture system is still the c/assic co-seeding of different cell
types. Typically, astrocytes, microglia or oligodendrocytes are seeded first in a monolayer,
then the neuronal cell type of interest is added after the first cell type has attached.

In sandwich co-cultures, one cell type (the neuron for example) is plated on a glass coverslip
which is then layered face down on a monolayer of a different cell type (astrocyte,
oligodendrocyte or microglia). Paraffin dots on the monolayer level ensure the proper
placing of the glass coverslip in contact rangel®1. This setup is particularly interesting for
RNA sequencing of the individual cell types while maintaining their simultaneous
stimulation162.163,

Transwells or inserts allow different cell types to share the same medium while avoiding
direct contact. Specialized inserts can be used to model the BBB by plating endothelial cells
on one side and pericytes or astrocytes on the other (a detailed review on current methods for
modelling the BBB can be found herel64).

Microfluidic chambers allow measuring myelination, axonal signaling and transport, BBB
modelling, as well as circuit interaction between muscles and motor neurons164-168,

Conditioned medium transfer—In these cultures, the two interacting cell types are kept
physically apart from each other and only the medium — or fractions of it - is transferred to
the cell type of interest (see fig. 1 and table 2). In such settings, the impact of secreted
factors on the health, survival, or gene expression of the other cell type is determined.
Although this seems very straight forward, there are some additional thoughts that need to
be considered. As mentioned in the introduction, astrocytes, oligodendrocytes and microglia
are activated by neuronal activity. As an example, the release of lactate and nerve-growth
factor by mouse astrocytes in culture is stimulated by the contact with motor neurons!®°,
Therefore, secretion of certain molecules might only be triggered upon contact and it might
be worthwhile to use conditioned medium from a co-culture instead of a mono-culture to
test on the cell type of interest. The frequency of transfer is another important aspect, since
some molecules might only show an effect when applied several times. Furthermore, the
metabolic needs of astrocytes, oligodendrocytes, neurons and microglia are different and
therefore when transferring medium from one cell type to the other, growth factors or
nutrients might have to be replenished, since the medium could have been depleted by the
donating culture.
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Conclusions

Non-cell autonomous interactions play a crucial role in virtually all pathologic conditions of
the CNS. This aspect that has been neglected for a long time could in part be responsible for
the evident lack of effective treatments for many of these diseases. In order to improve the
development of new therapeutics, the complex interactions between neurons, astrocytes,
oligodendrocytes and microglia have to be taken into account. Co-culture systems are a
valuable tool for studying such interactions and can be used for high-throughput drug and
effector screens. Although these cultures represent a simplified view of the CNS, they are
more complex than usually thought. Many variables can influence the outcome of such
experiments and need to be considered and carefully monitored. New reprogramming
technologies provide us with exciting new and fast protocols to generate various cell types of
the CNS and will have a tremendous impact on disease modelling especially in conditions
without known cause. Clearly, the use of these 7n vitro systems is powerful to improve our
understanding of the various glial interactions in the CNS that lead to neurodegeneration and
they open the possibility to advance future drug development.
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Highlights
Glial cells and their impact on neurological diseases have become evident.
Reliable /in vitro systems to studying these disorders are urgently needed.
In this review, we will briefly summarize the function of different glial cell types.

Glial cells implication in the progression of neurological conditions.
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Figure 1. Scheme of different co-culture settings used to model non-cell autonomous aspects of

neurological disorders

Left panel: different cell types can be combined in classic co-cultures with direct contact or

in sandwich co-cultures with one cell type on a glass coverslip facing upside down.

Alternatively, cells can be seeded in transwells or inserts without direct contact sharing only
the secreted factors in the medium. Right panel: Microfluidic chambers can be used to

model various aspects of neurological disorders such as axonal growth, myelination,

innervation or BBB permeability. Bottom: two systems can be kept in parallel and medium

only can be transferred in between with the option of replenishing nutrients or growth

factors to avoid starvation. See table 2 for applications and exemplary references for the use

of each system.
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